1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Autism Res. Author manuscript; available in PMC 2019 April 16.

-, HHS Public Access
«

Published in final edited form as:
Autism Res. 2019 January ; 12(1): 123-135. d0i:10.1002/aur.1979.

Family History of Immune Conditions and Autism Spectrum and
Developmental Disorders: Findings from the Study to Explore
Early Development

Lisa A. Croen,
Division of Research, Kaiser Permanente, Oakland, California

Yinge Qian,
Division of Research, Kaiser Permanente, Oakland, California

Paul Ashwood,
Department of Medical Microbiology and Immunology, University of California, Davis, California

Julie L Daniels,
Department of Epidemiology, Gillings School of Global Public Health, The University of North
Carolina, Chapel Hill, North Carolina

Daniele Fallin,
Johns Hopkins School of Public Health, Baltimore, Maryland

Diana Schendel,

Department of Public Health, Section for Epidemiology, Aarhus University, Lundbeck Foundation
Initiative for Integrative Psychiatric Research, iPSYCH; National Centre for Register-based
Research, Aarhus University, Aarhus, Denmark, Aarhus, Denmark

Laura A. Schieve,
National Center on Birth Defects and Developmental Disabilities, Centers for Disease Control and
Prevention, Atlanta, Georgia

Alison B. Singer, and
Department of Epidemiology, Gillings School of Global Public Health, The University of North
Carolina, Chapel Hill, North Carolina

Ousseny Zerbo
Division of Research, Kaiser Permanente, Oakland, California

Abstract

Numerous studies have reported immune system disturbances in individuals with autism and their
family members; however, there is considerable variability in findings with respect to the specific
immune conditions involved, their timing, and the family members affected and little
understanding of variation by autism subphenotype. Using data from the Study to Explore Early
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Development (SEED), a multi-site case-control study of children born 2003-2006 in the United
States, we examined the role of family history of autoimmune diseases, asthma, and allergies in
autism spectrum disorder (ASD) as well as other developmental disorders (DD). We investigated
maternal immune conditions during the pregnancy period, as well as lifetime history of these
conditions in several family members (mother, father, siblings, and study child). Logistic
regression analyses included 663 children with ASD, 984 children with DD, and 915 controls
ascertained from the general population (POP). Maternal history of eczema/psoriasis and asthma
was associated with a 20%-40% increased odds of both ASD and DD. Risk estimates varied by
specific ASD subphenotypes in association with these exposures. In addition, children with ASD
were more likely to have a history of psoriasis/eczema or allergies than POP controls. No
association was observed for paternal history or family history of these immune conditions for
either ASD or DD. These data support a link between maternal and child immune conditions and
adverse neurodevelopmental outcomes, and further suggest that associations may differ by ASD
phenotype of the child.

Lay Summary:

Using data from a large multi-site study in the US—the Study to Explore Early Development—we
found that women with a history of eczema/psoriasis and asthma are more likely to have children
with ASD or DD. In addition, children with ASD are more likely to have a history of psoriasis/
eczema or allergies than typically developing children. These data support a link between maternal
and child immune conditions and adverse neurodevelopmental outcomes.

Keywords

autism; autoimmune; pregnancy; asthma; allergy; prenatal

Introduction

Autism spectrum disorder (ASD) is defined by impairments in social interaction and
communication and restricted and repetitive patterns of behavior [American Psychiatric
Association, 2013]. Typically, symptoms manifest by early childhood and persist throughout
an individual’s lifetime [Volkmar, Chawarska, & Klin, 2005]. While the genetic contribution
to ASD etiology is well documented in a subset of individuals [Sandin et al., 2014; Gaugler
et al., 2014] a growing body of evidence is revealing that nongenetic factors also play a
critical role, especially during gestation and the early postnatal period [Hallmayer et al.,
2011; Lyall et al., 2017].

There is strong evidence from animal and human studies that activation of the immune
system, influenced by both genetic and nongenetic components, is involved in ASD etiology
[Meltzer & Van de Water, 2017; Onore, Careaga, & Ashwood, 2012]. Numerous studies
have found immune system dysregulation in individuals with ASD and among their family
members, including disruptions in levels of immune system molecules and increased rates of
clinical immune-mediated conditions. Several studies have provided evidence that disruption
of normal levels of immune molecules (e.g., cytokines, chemokines, immunoglobulins, C-
reactive protein) during gestation [Goines et al., 2011; Jones et al., 2017; Grether et al.,
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2016; Zerbo et al., 2016; Brown et al., 2014; Koks et al., 2016; Mahic et al., 2017], at birth
[Zerbo et al., 2014; Grether et al., 2016; Grether, Croen, Anderson, Nelson, & Yolken, 2010;
Abdallah et al., 2013] or in early childhood [Ashwood et al., 2011b, 2011c; Careaga et al.,
2017; Ashwood et al., 2011a] is associated with ASD. Furthermore, associations between
maternal and child autoantibodies to fetal brain proteins and risk of ASD has been reported
across multiple study populations [Edmiston, Ashwood, & Van de Water, 2017].

Frequently, studies have found that children with ASD have a higher prevalence of allergies,
atopic dermatitis, asthma, and autoimmune diseases including psoriasis [Mostafa, Hamza, &
El-Shahawi, 2008; Magalhaes et al., 2009; Chaidez, Hansen, & Hertz-Picciotto, 2014; Zerbo
et al., 2015; Jyonouchi, Geng, Cushing-Ruby, & Quraishi, 2008] than typically developing
children, but the specific conditions and magnitude of the effect have varied across studies.
Moreover, many studies have reported associations between increased ASD risk and
immune-mediated conditions in the mother [Brown et al., 2015; Andersen, Laurberg, Wu, &
Olsen, 2014; Atladottir et al., 2009; Lyall, Ashwood, Van de Water, & Hertz-Picciotto, 2014;
Lyall, Pauls, Spiegelman, Ascherio, & Santangelo, 2012; Keil et al., 2010; Croen, Grether,
Yoshida, Odouli, & Van de Water, 2005; Comi, Zimmerman, Frye, Law, & Peeden, 1999;
Mouridsen, Rich, Isager, & Nedergaard, 2007; Sweeten, Bowyer, Posey, Halberstadt, &
McDougle, 2003]. There is, however, considerable variability in the specific conditions
found to be associated with ASD risk, and only a handful of studies had information on
presence of these conditions during the pregnancy period [Chen et al. 2016]. Finally, some
studies have investigated ASD risk in association with history of autoimmune conditions in
fathers [Andersen et al., 2014; Atladottir et al., 2009; Keil et al., 2010; Mouridsen et al.,
2007] or any family member [Atladottir et al., 2009; Comi et al., 1999; Mostafa & Shehab,
2010; Valicenti-McDermott et al., 2006] again with varying results [Wu et al., 2015].

The goal of this paper was to further examine the role of family history of autoimmune
diseases, asthma, and allergies in ASD as well as other developmental disorders (DD) in a
large, geographically and demographically diverse US population. Using data from the
Study to Explore Early Development (SEED) multi-site case-control study, we investigated
maternal immune conditions during the pregnancy period, as well as lifetime history of these
conditions in several family members (mother, father, siblings, and study child). The
comprehensive and robust data collection in SEED allowed for more refined exposure
assignments based on both diagnoses and treatment for condition, and more in-depth
analysis of ASD phenotypes, features that were lacking in previous studies. Findings will
contribute to a better understanding of the etiology of ASD and may also aid earlier
identification, intervention and subsequent prevention of these conditions.

Methods and Materials

Study Population

The study population was drawn from the Study to Explore Early Development (SEED), a
multi-site case-control study conducted in six sites across the USA: California, Colorado,
Georgia, Maryland, North Carolina, and Pennsylvania [Schendel et al., 2012]. SEED was
designed to investigate a broad range of potential risk factors for ASD, as well as to
characterize ASD phenotypes and co-morbidities in a large geographically, racially and
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ethnically diverse population. Children born between 2003 and 2006 who lived in a study
site catchment area both at birth and at study enroliment were eligible to participate. Eligible
children were also required to live with an English- (all 6 sites) or Spanish-speaking
(California and Colorado only) caregiver from at least 6 months of age. At each study site,
three groups of children were enrolled at 2-5 years of age: children with ASD, children with
any one of a range of other neurodevelopmental disorders (DD), and children from the
general population (POP). Children with ASD and DD were ascertained from multiple
clinical and educational sources providing services for children with developmental
disorders. Children from the POP control group were randomly sampled from State birth
records in each site. The study was approved by the institutional review boards for each site,
and written informed consent was obtained for all enrolled participants.

Outcome Assessment

For each enrolled child, final study group classification (ASD, DD, or POP) was determined
by an in-person standardized developmental assessment, described in detail elsewhere
[Wiggins et al., 2015] and summarized here. During the study enroliment telephone call, the
primary caregiver completed the Social Communication Questionnaire (SCQ) [Rutter,
Bailey, & Lord, 2003a], a brief screener for ASD. Children who scored >=11 on the SCQ),
and children with a prior ASD diagnosis regardless of their SCQ score, were subsequently
evaluated with the full assessment battery which included the Autism Diagnostic
Observation Schedule (ADOS) [Lord, Rutter, DiLavore, & Risi, 1999; Lord et al., 2000;
Gotham, Risi, Pickles, & Lord, 2007], the Autism Diagnostic Interview Revised (ADI-R)
[Lord, Rutter, & Le Couteur, 1994; Rutter, Le Couteur, & Lord, 2003b], the Mullen Scales
of Early Learning (MSEL) [Mullen, 1995], and the Vineland Adaptive Behavior Scales-
Second Edition (VABS-II) [Sparrow, Cichetti, & Balla, 2005]. Children who scored <11 on
the SCQ and who had no prior ASD diagnosis were evaluated with the MSEL, and VABS-II
if the MSEL standard score was less than 78. All assessors were fully trained on each
assessment. If, during the evaluation, the assessor suspected ASD, the full assessment
battery was administered.

Children with a final classification of ASD (N = 707) were those who met ASD criteria
based on the ADOS and ADI-R. Children with a final classification of DD (A=1270) or POP
(NV=1223) were those who were originally ascertained as DD or POP, respectively, and who
scored below 11 on the SCQ or who scored at or above 11 but did not meet ASD criteria
after the full developmental assessment [Wiggins et al., 2015].

We further defined subgroups of ASD based on severity (mild/moderate, severe), having
sibling(s) with ASD (simplex (none), multiplex (one or more)), and on presence/absence of
intellectual disability (ID) and developmental regression. Severity was defined according to
the ADOS calibrated severity score [Gotham, Pickles, & Lord, 2009], which measures
severity of social communication deficits and restricted interests and repetitive behaviors
separate from co-occurring conditions such as intellectual disability and language delay.
Presence of ASD among siblings was determined by the caregiver interview. ID was defined
by a MSEL Composite Standard Score <70. Regression was based on parent report of
language or social regression on the ADI-R. While only one child per family (index child)
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was recruited into SEED, some families enrolled a sibling as well. Only index children were
included in these analyses.

Family History of Immune Conditions

Covariates

Three categories of immune conditions were examined—autoimmune diseases, asthma, and
allergies. The information on these conditions was collected during a computer-assisted
telephone interview with the primary caregiver, on various paper forms/questionnaires
(autoimmune disease survey, maternal and paternal medical history forms) completed by the
primary caregiver or parent, and abstracted by research staff from prenatal medical records
[Schendel et al., 2012]. We collected information on the presence and age at first diagnosis
of 32 distinct autoimmune conditions and asthma for the birth mother, birth father, siblings
of the index child, and the index child; history and age of onset of allergies for the birth
mother, birth father, and index child; and medications taken for these conditions by the birth
mother from 3 months prior to conception through the date of delivery of the index child,
and by the index child. Information about siblings was collected only on the autoimmune
disease survey which asked about autoimmune diseases and asthma but not allergies. Among
the children who completed the clinic visit and had a final classification, the autoimmune
disease survey was completed by the primary caregiver for 672 (95%) children with ASD,
997 (79%) children with DD, and 925 (76%) POP controls, of whom 99% completed the
maternal medical history form, 97% completed the caregiver interview, and 85% had an
abstracted prenatal medical record.

The primary exposures of interest were maternal autoimmune diseases, asthma, and allergies
during the pregnancy of the study child. A mother was categorized as having these
conditions if (a) she reported them on the autoimmune disease survey or maternal medical
history form with age of first diagnosis or onset prior to the child’s delivery date, (b) she
reported during the caregiver interview the use of medication to treat these conditions during
pregnancy, or (c) the prenatal medical record indicated treatments for these conditions
during pregnancy.

Secondary exposures of interest included family history of these immune conditions
(maternal, paternal, index child, or family (mother, father, or siblings)). History was defined
as presence of these conditions at any point in life up to the date of data collection (i.e.,
including conditions diagnosed before or after the delivery of the index child).

We examined several factors previously found to be associated with ASD [Lyall et al., 2017]
or maternal immune conditions during pregnancy as potential confounders, including
maternal age and education at date of delivery of index child, maternal race-ethnicity,
household income at time of caregiver interview, and child sex. Maternal age and child sex
were ascertained during study enrollment. Maternal education, race-ethnicity, and household
income were collected during the caregiver interview.
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Statistical Analysis

Results

Children with a completed autoimmune disease survey and maternal medical history form
comprised the final analytic sample (A=2562; 663 ASD, 984 DD, and 915 POP). Initial
analyses compared the distributions of each potential confounder by outcome group and
separately by exposure status using chi-square tests to assess statistical significance.

For both primary and secondary exposure definitions, we ran separate unadjusted and
adjusted logistic regression models to estimate the association between each immune
condition and ASD versus POP controls, and DD versus POP controls. Adjusted logistic
regression models included maternal race-ethnicity (white, black, Asian, Hispanic-race not
specified, other/unknown), maternal education (high school or below, some college/
bachelor’s degree, advanced degree, unknown), current household income at time of
caregiver interview (<$30,000, $30,000-$70,000, $70,000-$110,000, $110,0001, unknown),
maternal age at birth (continuous), and child’s sex. Only conditions with at least 10 affected
women in each study group were analyzed as individual conditions.

We also investigated whether associations with the maternal immune conditions differed by
treatment status of the mother during pregnancy. Treatment might indicate active status or
severity of the disease. To investigate whether associations varied by child sex or ASD
phenotype, we also ran separate models for males and females, ASD+ID and ASD-1D, ASD
+ regression and ASD-regression, ASD simplex and ASD multiplex, and ASD mild/
moderate and ASD severe.

The distribution of demographic covariates is shown for each study group in Table 1. As
expected, the proportion of males was significantly higher in the ASD group compared to
the DD and POP groups. Mothers of ASD cases were significantly more likely to be non-
White, and to have a lower educational attainment at time of birth of index child and lower
current household income compared with mothers of POP controls. Most ASD cases were
classified as mild/moderate, simplex, having ID, and not experiencing developmental
regression (Table 2).

Maternal Immune Conditions Present during Pregnancy

The frequency of maternal immune conditions present in the mother by the delivery of the
study child is shown in Table 3. Maternal allergy was the most frequently reported immune
condition (47%-51%) with no significant differences in occurrence across the three study
groups. Maternal asthma occurred in 25%-30% of women and was reported significantly
more often among mothers with children with ASD than mothers of POP children (£=0.05).
Maternal autoimmune diseases were present during pregnancy in 17%-21% of women, and
significantly more common among children with DD than POP controls (P=0.03). The most
common maternal autoimmune condition reported across the study groups was eczema/
psoriasis (10%—-13%). All other conditions were rare, occurring in less than 2% of the study
population.
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After adjustment for covariates, the odds of ASD were between 20% and 30% higher among
women with any autoimmune condition, eczema/psoriasis, or asthma when compared to
POP controls; however, no increase in odds was observed among women with allergies
(Table 4). A minority of women with eczema/psoriasis (overall 6%; 6% ASD, 6% DD, 6%
POP) or allergies (overall 22%; 23% ASD, 22% DD, 20% POP) were treated with
medication during pregnancy. In contrast, most women with asthma received treatment
during pregnancy (overall 76%; 77% (N=152) ASD, 80% (N=225) DD, 71% (/N=165) POP),
and odds of ASD were significantly elevated among the treated group (Table 4). The type of
asthma medication taken by mothers during pregnancy was available for only a subset of
ASD cases (=55, 36%) and POP controls (A=51, 31%). There were no ASD versus POP
differences in types of asthma medications taken (beta-2 adrenergic receptor agonists
(B2AR): 87% vs. 92%, P=0.41; steroids: 38% vs. 41%, P=0.75). Patterns similar to the ASD
results across all three immune conditions were observed for risk of DD compared to POP
controls (Table 4).

The adjusted association between each maternal immune condition and ASD is displayed
separately for males and females and several ASD phenotypes (Table 5). For each immune
condition, odds ratios were similar for male and female children. However, the association
with maternal autoimmune conditions, and specifically eczema/psoriasis, was significantly
elevated among children with ASD without ID (ORadj=2.17, 95% CI 1.45- 3.25), children
from multiplex families (Oradj=3.37, 95% CI 1.70-6.68), and children with mild/moderate
severity (ORadj=1.59, 95% CI 1.09-2.32). In contrast, a significant association with
maternal asthma was observed among children with ASD with ID (ORadj=1.41, 95% ClI
1.07-1.87) and children who experienced developmental regression (ORadj=1.56, 95% ClI
1.09-2.22). Maternal allergies were not associated with ASD for any phenotypic subgroup
analyzed.

Family History of Immune Conditions

Like the pregnancy period, lifetime maternal history of eczema/psoriasis and asthma but not
allergy were associated with a 20%-36% elevation in odds of ASD and DD (Table 6).
History of eczema/psoriasis and allergy diagnosed in the index child was significantly
associated with ASD (37%—48% higher odds) but not DD. Paternal history and family
history of any of the immune conditions, however, were not associated with increased risk of
ASD or DD (Table 6).

Discussion

In this large and diverse study population with robust exposure and outcome assessment, the
maternal immune conditions assessed during pregnancy were relatively common, occurring
in 17%-50% of all women. Pregnancy and lifetime maternal eczema/psoriasis and asthma
were associated with a 20%—-40% increased odds of both ASD and DD. There was some
indication that risk estimates varied by specific ASD phenotypes in association with these
exposures. In addition, children with ASD were more likely to have a history of eczema/
psoriasis or allergies than POP controls.
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In this study we found an association with maternal autoimmune conditions and ASD risk
which is in line with previous literature [Andersen et al., 2014; Atladottir et al., 2009; Brown
et al., 2015; Lyall et al., 2014; Lyall et al., 2012; Keil et al., 2010; Croen et al., 2005; Comi
et al., 1999; Mouridsen et al., 2007; Sweeten et al., 2003]. Several specific autoimmune
diseases have been reported to be associated with elevated risk of ASD in past studies (e.g.,
rheumatoid arthritis, thyroid disease, inflammatory bowel disease, systemic lupus
erythematosus); however, these conditions occurred very infrequently in our study
population, precluding further analyses. Women with eczema/psoriasis diagnosed by
delivery, the most commonly reported autoimmune disease during pregnancy in this study,
were significantly more likely to have children with ASD, consistent with some [Croen et
al., 2005] but not other [Mouridsen et al., 2007; Keil et al., 2010] previous studies. Although
not yet defined as a specific autoimmune condition, several studies have reported
associations between ASD and the presence of maternal autoantibodies, where an as yet
unknown auto-inflammatory process in the mother led to the increased presence of
antibodies reactive to fetal brain proteins.

Asthma is one of the most common chronic diseases among pregnant women, [Meakin, Saif,
Jones, Aviles, & Clifton, 2017] with up to 45% of pregnant women seeking medical help
and at least 6% being hospitalized [Murphy 2015]. Our finding of an association between
maternal asthma during pregnancy and ASD and DD is consistent with previous studies
showing links between maternal asthma and risk for neurodevelopmental disorders including
ASD, intellectual disability and attention-deficit/hyperactivity disorder (ADHD) [Croen et
al., 2005; Lyall et al., 2014; Theoharides, Tsilioni, Patel, & Doyle, 2016; May-Benson,
Koomar, & Teasdale, 2009; Langridge et al. 2013; Leonard, de Klerk, Bourke, & Bower,
2006]. Furthermore, a recent mouse model showed that induction of maternal asthma during
pregnancy led to offspring with ASD-like behaviors including deficits in social interactions
and repetitive behaviors as well as significantly longer body length and higher body weight
than controls throughout neonatal development [Schwartzer et al. 2017; Schwartzer,
Careaga, Chang, Onore, & Ashwood, 2015].

The significant association we observed with asthma among women treated for asthma could
indicate that more severe asthma increases ASD risk or that asthma must be active during
the pregnancy period to impact neurodevelopment. During mid-gestation, cytokines
associated with allergic responses (e.g., interleukin-4) have been shown to be elevated in
maternal blood of mothers whose child was diagnosed with ASD [Goines et al., 2011; Jones
et al., 2017], suggesting that an active asthma process in pregnancy may be responsible.
Interestingly, elevated levels of IL-4 in amniotic fluid and newborn blood spots have also
been associated with ASD risk [Krakowiak et al., 2017], again suggesting that a prolonged
or sustained immune response is associated with ASD risk. Although treatment for asthma
in the mothers during pregnancy could reflect severity of or persistent maternal asthma, it is
possible that the treatment per se negatively impacted neurodevelopment. Recent studies of
B2AR agonists, medications commonly used to treat asthma, have identified increased risk
of ASD with exposure during pregnancy [Croen et al., 2011; Gidaya et al., 2016]. Where we
had medication history we saw no difference in the frequency of reported B2AR use among
mothers of ASD and POP children. Further studies are necessary to disentangle the effects
of treatment and immunological effects of asthma and risk for ASD.
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The observation of no association between ASD and maternal allergy during pregnancy
contrasts with an earlier study conducted in northern California that found a significantly
elevated risk of ASD among women with an allergy diagnosis recorded in prenatal medical
records [Croen et al., 2005]. In that study, the prevalence of maternal allergy was 25%,
roughly half the rate reported in the present study. The high prevalence of allergy reported in
this study suggests that a more heterogeneous group of allergic conditions was included than
in the previous report, with potentially different mechanisms of action (e.g., IgE mediated
and non-IgE mediated allergies). Therefore, the null findings should be interpreted with
caution, and future studies that delineate the specific types of allergies are warranted.

Our results suggest that different maternal immune conditions during pregnancy may be
associated with different ASD phenotypes. We found that maternal eczema/psoriasis was
associated with increased risk of ASD among children without 1D, children from multiplex
families, and children with mild/moderate ASD severity. In contrast, maternal asthma was
associated with increased risk of ASD among children with 1D and children who
experienced regression. While ours is the first study to examine ASD phenotypes in relation
to these maternal conditions, a strong inflammatory profile marked by increased levels of
cytokines associated with asthma has been previously reported for mothers of children with
ASD+ID [Jones et al., 2017], consistent with our results. The exact role of specific cytokines
or immune mediators in the development of specific behavioral or comorbid phenotypes in
unclear. Future studies with sufficient sample size could further explore phenotypic
variability in relation to these exposures and to specific immune responses elicited.

Our finding that children with ASD were more likely to have a history of autoimmune
diseases or allergies than POP controls is consistent with findings from previous studies
[Gurney, McPheeters, & Davis, 2006; Magalhaes et al., 2009; Bakkaloglu et al. 2008;
Jyonouchi 2010; Angelidou et al. 2011; Zerbo et al., 2015; Chang et al. 2013; Tsai, Chang,
Mou, Sung, & Lue, 2013; Yaghmaie, Koudelka, & Simpson, 2013; Chen et al. 2014; Billeci
et al. 2015; Mostafa et al., 2008]. ASD-relevant behaviors have also been observed in
models of early life exposure to food allergies [de Theije et al. 2014]. Immune activation in
cells taken from children with ASD also exhibit an activated immune profile, one which was
associated with worse behavioral symptoms [Careaga et al., 2017; Onore et al., 2012].
Immune conditions may be considered co-morbid features of ASD and may reflect potential
treatment targets that could alleviate or reduce behavioral impairments. Interestingly, no
significant associations were shown with immune conditions in children and DD status. This
is in line with previous studies that suggest immune profiles in ASD are unique when
compared to DD [Onore et al., 2012; Ashwood et al. 2008]. We also did not observe any
association between paternal history of autoimmune diseases, asthma, or allergies and ASD
or DD, contrary to findings from a recent meta-analysis of four studies that reported a
significant 27% increase in risk of ASD associated with paternal history of autoimmune
disease [Wu et al., 2015]. The inconsistency in findings across studies could be due to
differences in how paternal history of these conditions were ascertained and age of the
fathers.

Since different maternal immune conditions were associated with risk of ASD and DD, these
data suggest a potential biological framework whereby increased immune activation during
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gestation rather than a specific disease process drives neurodevelopmental changes. This
notion is supported by evidence from animal models that demonstrate associations between
increased maternal immune activation during pregnancy and behavioral and brain
abnormalities in the offspring [Bauman et al. 2014; Shi, Fatemi, Sidwell, & Patterson, 2003;
Shi, 2009; Giulivi, Napoli, Schwartzer, Careaga, & Ashwood, 2013; Onore, Schwartzer,
Careaga, Berman, & Ashwood, 2014; Rose et al. 2017; Schwartzer, Careaga, Onore,
Rushakoff, & Berman, 2013].

Several studies have shown genetic links within the major histocompatibility complex
(MHC) region and neuropsychiatric disorders such as schizophrenia, autism and bipolar
disorder [Torres et al. 2016; Mokhtari & Lachman, 2016] The MHC region encodes both
immune molecules such as human leukocyte antigen (HLA), complement proteins and
cytokines, as well as many non-immune molecules. In addition, studies have linked various
HLA molecules with autoimmune diseases and asthma [Kontakioti, Domvri, Papakosta, &
Daniilidis, 2014; Prinz 2017]. It is possible that a genetic association with asthma and
autoimmune diseases may also explain some of the risk for autism. An investigation
studying the connections between HLA genetic risk factors in the MHC region with
autoimmunity/asthma and autism in the same subjects would be warranted. As all immune
responses are governed by genetic mechanisms the role of immune genes in
neurodevelopmental risk in the context of maternal immune activation needs further
investigation.

Pregnancy is a time when epigenetic changes help the genome adapt to the maternal
environment. Activation of the maternal immune system may alter the regulation of gene
expression in the developing fetal brain or immune system. For example, perinatal exposure
to maternal asthma has been shown to alter DNA methylation of immune-related genes in
human infants, suggesting that maternal asthma has long-lasting effects on the offspring’s
immune function that may make them more susceptible to developing further allergies
[Gunawardhana et al. 2014]. In nonhuman primates, immune activation during pregnancy
led to offspring with altered behaviors and immune responses [Rose et al., 2017]. In this
study, immune conditions in the mother were linked to increased risk of ASD in the child.
Moreover, we observed increased risk of immune conditions in children with ASD. The
exact epigenetic changes as a consequence of early life immune activation requires further
analysis.

In this large and diverse study population drawn from several geographic areas across the
United States, all ASD and DD status was validated by a comprehensive in-person
developmental assessment protocol using gold-standard diagnostic instruments. Our case-
control design, including a DD group, allowed us to look at the specificity of our findings to
ASD. The comprehensive data collection battery allowed us to conduct analyses by specific
ASD subgroups. The immune conditions were ascertained from several different sources,
including maternal interview, self-reported questionnaires, and medical records, likely
resulting in more complete ascertainment than previous studies that relied on only one
source. Finally, we controlled for several potential confounders.
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Despite these strengths, several study limitations deserve mention. While this is a large study
population, the prevalence of most autoimmune diseases is quite low among individuals of
reproductive age, resulting in very small numbers of children exposed to specific conditions.
Thus, we were not able to conduct adjusted or stratified analyses of several autoimmune
conditions that have been reported to increase risk of ASD in previous studies. We had no
information on the status (active, flaring-up, or dormant) of the autoimmune conditions and
asthma during the pregnancy period, and no indication of severity, other than whether
women were being treated with medication for the disorder during pregnancy. Information
on specific type of medications taken to treat asthma was not available for the majority of
our study sample, and we were thus unable to fully disentangle treatment and disease
indication effects. Observed associations were modest and given the multiple analyses that
were performed, significant findings could be due to chance. Finally, while several families
of potentially-eligible children did not respond to the SEED invitation letter, analyses of data
from one SEED site with the most complete data available to assess nonresponse indicated
that maternal age, education, and race-ethnicity were associated with nonresponse but other
pregnancy variables were not (unpublished analysis). All multivariable analyses were thus
adjusted for all three aforementioned demographic factors.

In conclusion, these data support a link between maternal and child immune conditions and
ASD, and further suggest that associations may be influenced by disease severity in the
mother and ASD phenotype of the child.

Acknowledgments

Grant sponsor: Centers for Disease Control and Prevention; Grant number: U10DD000180, Colorado Department
of Public Health; Grant number: U10DD000181, Kaiser Foundation Research Institute (CA); Grant number:
U10DD000182, University of Pennsylvania; Grant number: U10DD000183, Johns Hopkins University; Grant
number: U10DD000184, University of North Carolina at Chapel Hill; Grant number: U10DD000498, Michigan
State University.

References

Abdallah MW, Larsen N, Grove J, Bonefeld-Jorgensen EC, Norgaard-Pedersen B, Hougaard DM, &
Mortensen EL (2013). Neonatal chemokine levels and risk of autism spectrum disorders: findings
from a Danish historic birth cohort follow-up study. Cytokine, 61, 370-376. doi:10.1016/j.cyto.
2012.11.015 [PubMed: 23267761]

American Psychiatric Association. (2013). Diagnostic and statistical manual of mental disorders (5th
ed). Washington, DC.

Andersen SL, Laurberg P, Wu CS, & Olsen J (2014). Attention deficit hyperactivity disorder and
autism spectrum disorder in children born to mothers with thyroid dysfunction: a Danish nationwide
cohort study. BJOG, 121, 1365-1374. doi:10.1111/1471-0528.12681 [PubMed: 24605987]

Angelidou A, Alysandratos KD, Asadi S, Zhang B, Francis K, Vasiadi M, ... Theoharides TC (2011).
Brief report: “allergic symptoms” in children with Autism Spectrum Disorders. More than meets the
eye?. Journal of Autism and Developmental Disorders, 41, 1579-1585. doi:10.1007/
510803-010-1171-z [PubMed: 21210299]

Ashwood P, Enstrom A, Krakowiak P, Hertz-Picciotto I, Hansen R, Croen L, ... Van de Water J (2008).
Decreased transforming growth factor betal in autism: a potential link between immune
dysregulation and impairment in clinical behavioral outcomes. Journal of Neuroimmunology, 204,
149-153. doi:10.1016/j.jneuroim.2008.07.006. [PubMed: 18762342]

Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah I, & Van de Water J (2011a). Elevated
plasma cytokines in autism spectrum disorders provide evidence of immune dysfunction and are

Autism Res. Author manuscript; available in PMC 2019 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Croen et al.

Page 12

associated with impaired behavioral outcome. Brain, Behavior, and Immunity, 25, 40-45. doi:
10.1016/j.bbi.2010.08.003

Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah IN, & Van de Water J (2011b). Altered
T cell responses in children with autism. Brain, Behavior, and Immunity, 25, 840-849. doi:10.1016/
j.bbi.2010.09.002

Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah IN, & Van de Water J (2011c).
Associations of impaired behaviors with elevated plasma chemokines in autism spectrum disorders.
Journal of Neuroimmunology, 232, 196-199. doi:10.1016/j.jneuroim.2010.10.025 [PubMed:
21095018]

Atladottir HO, Pedersen MG, Thorsen P, Mortensen PB, Deleuran B, Eaton WW, & Parner ET (2009).
Association of family history of autoimmune diseases and autism spectrum disorders. Pediatrics,
124, 687-694. doi:10.1542/peds.2008-2445 [PubMed: 19581261]

Bakkaloglu B, Anlar B, Anlar FY, Oktem F, Pehlivanturk B, Unal F, ... Gokler B (2008). Atopic
features in early childhood autism. European Journal of Paediatric Neurology, 12, 476-479. doi:
10.1016/j.ejpn.2007.12.008 [PubMed: 18272414]

Bauman MD, losif AM, Smith SE, Bregere C, Amaral DG, & Patterson PH (2014). Activation of the
maternal immune system during pregnancy alters behavioral development of rhesus monkey
offspring. Biological Psychiatry, 75, 332-341. doi:10.1016/j.biopsych.2013.06.025 [PubMed:
24011823]

Billeci L, Tonacci A, Tartarisco G, Ruta L, Pioggia G, & Gangemi S (2015). Association between
atopic dermatitis and autism spectrum disorders: A systematic review. American Journal of
Clinical Dermatology, 16, 371-388. doi: 10.1007/s40257-015-0145-5 [PubMed: 26254000]

Brown AS, Sourander A, Hinkka-Yli-Salomaki S, McKeague IW, Sundvall J, & Surcel HM (2014).
Elevated maternal C-reactive protein and autism in a national birth cohort. Molecular Psychiatry,
19, 259-264. doi:10.1038/mp.2012.197 [PubMed: 23337946]

Brown AS, Surcel HM, Hinkka-Yli-Salomaki S, CheslackPostava K, Bao Y, & Sourander A (2015).
Maternal thyroid autoantibody and elevated risk of autism in a national birth cohort. Progress in
Neuro-Psychopharmacology & Biological Psychiatry, 57, 86-92. doi:10.1016/j.pnpbp.2014.10.010
[PubMed: 25445476]

Careaga M, Rogers S, Hansen RL, Amaral DG, Van de Water J, & Ashwood P (2017). Immune
endophenotypes in children with autism spectrum disorder. Biological Psychiatry, 81, 434-441.
doi:10.1016/j.biopsych.2015.08.036 [PubMed: 26493496]

Chaidez V, Hansen RL, & Hertz-Picciotto | (2014). Gastrointestinal problems in children with autism,
developmental delays or typical development. Journal of Autism and Developmental Disorders,
44,1117-1127. doi:10.1007/s10803-013-1973-x [PubMed: 24193577]

Chang HY, Seo JH, Kim HY, Kwon JW, Kim BJ, Kim HB, ... Hong SJ (2013). Allergic diseases in
preschoolers are associated with psychological and behavioural problems. Allergy Asthma
Immunology Research, 5, 315-321. doi:10.4168/aair.2013.5.5.315

Chen MH, Su TP, Chen YS, Hsu JW, Huang KL, Chang WH, ... Bai YM (2014). Is atopy in early
childhood a risk factor for ADHD and ASD? a longitudinal study. Journal of Psychosomatic
Research, 77, 316-321. doi:10.1016/j.jpsychores.2014.06.006 [PubMed: 25280829]

Chen SW, Zhong XS, Jiang LN, Zheng XY, Xiong YQ, Ma SJ, ... Chen Q (2016). Maternal
autoimmune diseases and the risk of autism spectrum disorders in offspring: A systematic review
and meta-analysis. Behavioural Brain Research, 296, 61-69. doi:10.1016/j.bbr.2015.08.035
[PubMed: 26327239]

Comi AM, Zimmerman AW, Frye VH, Law PA, & Peeden JN (1999). Familial clustering of
autoimmune disorders and evaluation of medical risk factors in autism. Journal of Child
Neurology, 14, 388-394. doi:10.1177/088307389901400608 [PubMed: 10385847]

Croen LA, Connors SL, Matevia M, Qian Y, Newschaffer C, & Zimmerman AW (2011). Prenatal
exposure to B2-adrenergic receptor agonists and risk of autism spectrum disorders. Journal of
Neurodevelopmental Disorder, 3, 307-315. doi: doi:10.1007/s11689-011-9093-4

Croen LA, Grether J, Yoshida C, Odouli R, & Van de Water J (2005). Maternal autoimmune diseases,
asthma and allergies, and childhood autism spectrum disorders: a case-control study. Archives of

Autism Res. Author manuscript; available in PMC 2019 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Croen et al.

Page 13

Pediatrics & Adolescent Medicine, 159, 151-157. doi:10.1001/archpedi.159.2.151 [PubMed:
15699309]

de Theije CG, Wu J, Koelink PJ, Korte-Bouws GA, Borre Y, Kas MJ, ... Kraneveld AD (2014).
Autistic-like behavioural and neurochemical changes in a mouse model of food allergy.
Behavioural Brain Research, 261, 265-274. doi: 10.1016/j.bbr.2013.12.008 [PubMed: 24333575]

Edmiston E, Ashwood P, & Van de Water J (2017). Autoimmunity, autoantibodies, and autism
spectrum disorder. Biological Psychiatry, 81, 383-390. doi:10.1016/j.biopsych.2016.08.031
[PubMed: 28340985]

Gaugler T, Klei L, Sanders SJ, Bodea CA, Goldberg AP, Lee AB, ... Buxbaum JD (2014). Most
genetic risk for autism resides with common variation. Natural Genetics, 46, 881-885. doi:
10.1038/ng.3039

Gidaya NB, Lee BK, Burstyn I, Michael Y, Newschaffer CJ, & Mortensen EL (2016). In utero
exposure to beta-2-adrenergic receptor agonist drugs and risk for autism spectrum disorders.
Pediatrics, 137, €20151316. doi:10.1542/peds.2015-1316 [PubMed: 26738885]

Giulivi C, Napoli E, Schwartzer J, Careaga M, & Ashwood P (2013). Gestational exposure to a viral
mimetic poly(i:C) results in long-lasting changes in mitochondrial function by leucocytes in the
adult offspring. Mediators Inflammation, 2013, doi:10.1155/2013/609602

Goines PE, Croen LA, Braunschweig D, Yoshida CK, Grether J, Hansen R, ... Van de Water J (2011).
Increased midgestational IFN-gamma, 1L-4 and IL-5 in women bearing a child with autism: A
case-control study. Molecular Autism, 2, 13. doi:10.1186/2040-2392-2-13 [PubMed: 21810230]

Gotham K, Pickles A, & Lord C (2009). Standardizing ADOS scores for a measure of severity in
autism spectrum disorders. Journal of Autism Developmental Disorder, 39, 693-705. doi:10.1007/
$10803-008-0674-3

Gotham K, Risi S, Pickles A, & Lord C (2007). The autism diagnostic observation schedule: revised
algorithms for improved diagnostic validity. Journal of Autism Developmental Disorder, 37, 613—
627. doi:10.1007/s10803-0060280-1

Grether J, Ashwood P, Van de Water J, Yolken RH, Anderson MC, Torres AR, ... Croen LA (2016).
Prenatal and newborn immunoglobulin levels from mother-child pairs and risk of autism spectrum
disorders. Frontiers Neuroscience, 10, 218. doi:10.3389/fnins.2016.00218

Grether J, Croen L, Anderson M, Nelson K, & Yolken R (2010). Neonatally measured
immunoglobulins and risk of autism. Autism Research, 3, 323-332. doi:10.1002/aur.160 [PubMed:
21182209]

Gunawardhana LP, Baines KJ, Mattes J, Murphy VE, Simpson JL, & Gibson PG (2014). Differential
DNA methylation profiles of infants exposed to maternal asthma during pregnancy. Pediatrics
Pulmonology, 49, 852-862. doi:10.1002/ppul.22930

Gurney JG, McPheeters ML, & Davis MM (2006). Parental report of health conditions and health care
use among children with and without autism: National Survey of Children’s Health. Archives of
Pediatrics & Adolescent Medicine, 160, 825-830. doi:10.1001/archpedi.160.8.825 [PubMed:
16894082]

Hallmayer J, Cleveland S, Torres A, Phillips J, Cohen B, Torigoe T, ... Risch N (2011). Genetic
heritability and shared environmental factors among twin pairs with autism. Archives of General
Psychiatry, 68, 1095-1102. doi: 10.1001/archgenpsychiatry.2011.76 [PubMed: 21727249]

Jones KL, Croen LA, Yoshida CK, Heuer L, Hansen R, Zerbo O, ... Van de Water J (2017). Autism
with intellectual disability is associated with increased levels of maternal cytokines and
chemokines during gestation. Molecular Psychiatry, 22, 273-279. doi:10.1038/mp.2016.77
[PubMed: 27217154]

Jyonouchi H (2010). Autism spectrum disorders and allergy: observation from a pediatric allergy/
immunology clinic. Expert Review of Clinical Immunology, 6, 397-411. doi: 10.1586/eci.10.18.
[PubMed: 20441426]

Jyonouchi H, Geng L, Cushing-Ruby A, & Quraishi H (2008). Impact of innate immunity in a subset
of children with autism spectrum disorders: a case control study. Journal of Neuroinflammation, 5,
52. d0i:10.1186/1742-2094-5-52 [PubMed: 19025588]

Autism Res. Author manuscript; available in PMC 2019 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Croen et al.

Page 14

Keil A, Daniels JL, Forssen U, Hultman C, Cnattingius S, Soderberg KC, ... Sparen P (2010). Parental
autoimmune diseases associated with autism spectrum disorders in offspring. Epidemiology, 21,
805-808. doi:10.1097/EDE.0b013e3181f26e3f [PubMed: 20798635]

Koks N, Ghassabian A, Greaves-Lord K, Hofman A, Jaddoe VW, Verhulst FC, & Tiemeier H (2016).
Maternal C-reactive protein concentration in early pregnancy and child autistic traits in the general
population. Paediatrics Perinatal Epidemiology, 30, 181-189. doi:10.1111/ppe.12261

Kontakioti E, Domvri K, Papakosta D, & Daniilidis M (2014). HLA and asthma phenotypes/
endotypes: a review. Human Immunology, 75, 930-939. doi:10.1016/j.humimm.2014.06.022
[PubMed: 24994462]

Krakowiak P, Goines PE, Tancredi DJ, Ashwood P, Hansen RL, Hertz-Picciotto I, & Van de Water J
(2017). Neonatal cytokine profiles associated with autism spectrum disorder. Biological
Psychiatry, 81, 442-445. doi:10.1016/j.biopsych.2015.08.00 [PubMed: 26392128]

Langridge AT, Glasson EJ, Nassar N, Jacoby P, Pennell C, Hagan R, ... Stanley FJ (2013). Maternal
conditions and perinatal characteristics associated with autism spectrum disorder and intellectual
disability. PLoS One, 8, doi: 10.1371/journal.pone.0050963

Leonard H, de Klerk N, Bourke J, & Bower C (2006). Maternal health in pregnancy and intellectual
disability in the offspring: a population-based study. Annals of Epidemiology, 16, 448-454. doi:
10.1016/j.annepidem.2005.05.002 [PubMed: 16182562]

Lord C, Risi S, Lambrecht L, Cook EH Jr., Leventhal BL, DiLavore PC, ... Rutter M (2000). The
autism diagnostic observation schedule-generic: a standard measure of social and communication
deficits associated with the spectrum of autism. Journal of Autism Developmental Disorder, 30,
205-223.

Lord C, Rutter M, DiLavore P,C, & Risi S (1999). Autism diagnostic observation schedule. Los
Angeles, CA: Western Psychological Services.

Lord C, Rutter M, & Le Couteur A (1994). Autism diagnostic interview-revised: a revised version of a
diagnostic interview for caregivers of individuals with possible pervasive developmental disorders.
Journal of Autism Developmental Disorder, 24, 659-685.

Lyall K, Ashwood P, Van de Water J, & Hertz-Picciotto | (2014). Maternal immune-mediated
conditions, autism spectrum disorders, and developmental delay. Journal of Autism Developmental
Disorder, 44, 1546-1555. doi: 10.1007/s10803-013-2017-2

Lyall K, Croen L, Daniels J, Fallin MD, Ladd-Acosta C, Lee BK, ... Newschaffer C (2017). The
changing epidemiology of autism spectrum disorders. Annual Review of Public Health, 38, 81—
102. doi:10.1146/annurev-publhealth031816-044318

Lyall K, Pauls DL, Spiegelman D, Ascherio A, & Santangelo SL (2012). Pregnancy complications and
obstetric suboptimality in association with autism spectrum disorders in children of the Nurses’
Health Study Il. Autism Research, 5, 21-30. doi:10.1002/aur.228 [PubMed: 21972225]

Magalhaes ES, Pinto-Mariz F, Bastos-Pinto S, Pontes AT, Prado EA, & deAzevedo LC (2009).
Immune allergic response in Asperger syndrome. Journal of Neuroimmunology, 216, 108-112.
doi:10.1016/j.jneuroim.2009.09.015 [PubMed: 19840888]

Mahic M, Mjaaland S, Bovelstad HM, Gunnes N, Susser E, Bresnahan M, ... Lipkin WI (2017).
Maternal immunoreactivity to herpes simplex virus 2 and risk of autism spectrum disorder in male
offspring. mSphere, 2, doi: 10.1128/mSphere.00016-17

May-Benson TA, Koomar JA, & Teasdale A (2009). Incidence of pre-, peri-, and post-natal birth and
developmental problems of children with sensory processing disorder and children with autism
spectrum disorder. Frontiers in Integrative Neuroscience, 3, doi:10.3389/neur0.07.031.2009.

Meakin A, Saif Z, Jones A, Aviles P, & Clifton V (2017). Review: Placental adaptations to the
presence of maternal asthma during pregnancy. Placenta, 54, 17-23. doi:10.1016/j.placenta.
2017.01.123 [PubMed: 28131319]

Meltzer A, & Van de Water J (2017). The role of the immune system in autism spectrum disorder.
Neuropsychopharmacology, 42, 284-298. doi:10.1038/npp.2016.158 [PubMed: 27534269]

Mokhtari R, & Lachman H (2016). The major histocompatibility complex (MHC) in schizophrenia: A
review. Journal of Clinical and Cellular Immunology, 7(6). doi:10.4172/2155-9899.1000479

Mostafa G, Hamza R, & El-Shahawi H (2008). Allergic manifestations in autistic children: Relation to
disease severity. Journal of Pediatric Neurology, 6, (2). 115-123.

Autism Res. Author manuscript; available in PMC 2019 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Croen et al.

Page 15

Mostafa G, & Shehab A (2010). The link of C4B null allele to autism and to a family history of
autoimmunity in Egyptian autistic children. Journal of Neuroimmunology, 223, 115-119. doi:
10.1016/j.jneuroim.2010.03.025 [PubMed: 20452682]

Mouridsen SE, Rich B, Isager T, & Nedergaard NJ (2007). Autoimmune diseases in parents of children
with infantile autism: a case-control study. Developmental Medicine and Child Neurology, 49,
429-432. doi:10.1111/j.14698749.2007.00429.x [PubMed: 17518928]

Mullen E,M (1995). Mullen scales of early learning. Circle Pines, MN: American Guidance Service,
Inc.

Murphy VE (2015). Managing asthma in pregnancy. Breathe (Sheff), 11, 258-267. doi:
10.1183/20734735.007915 [PubMed: 27066119]

Onore C, Careaga M, & Ashwood P (2012). The role of immune dysfunction in the pathophysiology
of autism. Brain Behaviour Immunology, 26, 383-392. doi:10.1016/j.bbi.2011.08.007

Onore C, Schwartzer J, Careaga M, Berman R, & Ashwood P (2014). Maternal immune activation
leads to activated inflammatory macrophages in offspring. Brain Behaviour Immunology, 38, 220-
226. doi:10.1016/j.bbi.2014.02.007

Prinz JC (2017). Autoimmune aspects of psoriasis: Heritability and autoantigens. Autoimmunity
Review, 16, 970-979. doi:10.1016/j.autrev.2017.07.011

Rose DR, Careaga M, Van de Water J, McAllister K, Bauman MD, & Ashwood P (2017). Long-term
altered immune responses following fetal priming in a non-human primate model of maternal
immune activation. Brain Behavior Immunology, 63, 60—70. doi:10.1016/j.bbi.2016.11.020.

Rutter M, Bailey A, & Lord C (2003a). SCQ: Social communication questionnaire. Los Angeles, CA:
Western Psychological Services.

Rutter M, Le Couteur A, & Lord C (2003b). ADI-R: The autism diagnostic interview-revised. Los
Angeles, CA: Western Psychological Services.

Sandin S, Lichtenstein P, Kuja-Halkola R, Larsson H, Hultman CM, & Reichenberg A (2014). The
familial risk of autism. JAMA, 311, 1770-1777. doi:10.1001/jama.2014.4144 [PubMed:
24794370]

Schendel DE, Diguiseppi C, Croen LA, Fallin MD, Reed PL, Schieve LA, ... Yeargin-Allsopp M
(2012). The study to explore early development (SEED): A multisite epidemiologic study of
autism by the Centers for Autism and Developmental Disabilities Research and Epidemiology
(CADDRE) network. Journal of Autism Developmental Disorder, 42, 2121-2140. doi:10.1007/
$10803-012-1461-8

Schwartzer JJ, Careaga M, Chang C, Onore CE, & Ashwood P (2015). Allergic fetal priming leads to
developmental, behavioral and neurobiological changes in mice. Translational Psychiatry, 5, €543.
doi: 10.1038/tp.2015.40 [PubMed: 25849982]

Schwartzer JJ, Careaga M, Coburn MA, Rose DR, Hughes HK, & Ashwood P (2017). Behavioral
impact of maternal allergic-asthma in two genetically distinct mouse strains. Brain Behaviour
Immunology, 63, 99-107. doi: 10.1016/j.bbi.2016.09.007

Schwartzer JJ, Careaga M, Onore CE, Rushakoff JA, & Berman RF, P., A. (2013). Maternal immune
activation and strain specific interactions in the development of autism-like behaviors in mice.
Translational Psychiatry, 3, €240. doi:10.1038/tp.2013.16 [PubMed: 23481627]

Shi L, Fatemi SH, Sidwell RW, & Patterson PH (2003). Maternal influenza infection causes marked
behavioral and pharmacological changes in the offspring. Journal of Neuroscience, 23, 297-302.
[PubMed: 12514227]

Shi L, S.S.E.P,, Malkova N, Tse D, Su Y, & Patterson PH (2009). Activation of the maternal immune
system alters cerevellar development in the offspring. Brain Behaviour Immunology, 23, 116-123.

Sparrow SS, Cichetti DV, & Balla DA (2005). Vineland adaptive behavior scales (2nd ed). Retrieved
from

Sweeten TL, Bowyer SL, Posey DJ, Halberstadt GM, & McDougle CJ (2003). Increased prevalence of
familial autoimmunity in probands with pervasive developmental disorders. Pediatrics, 112, e420.
[PubMed: 14595086]

Theoharides TC, Tsilioni I, Patel AB, & Doyle R (2016). Atopic diseases and inflammation of the
brain in the pathogenesis of autism spectrum disorders. Translational Psychiatry, 6, e844. doi:
10.1038/tp.2016.77 [PubMed: 27351598]

Autism Res. Author manuscript; available in PMC 2019 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Croen et al.

Page 16

Torres A, Sweeten T, Johnson R, Odell D, Westover J, Bray-Ward P, ... Benson M (2016). Common
genetic variants found in HLA and KIR immune genes in autism spectrum disorder. Frontiers
Neuroscience, 10, 463.

Tsai JD, Chang SN, Mou CH, Sung FC, & Lue KH (2013). Association between atopic diseases and
attention-deficit/hyperactivity disorder in childhood: a population-based case-control study. Annals
of Epidemiology, 23, 185-188. doi:10.1016/j.annepidem.2012.12.015 [PubMed: 23375343]

Valicenti-McDermott M, McVicar K, Rapin I, Wershil BK, Cohen H, & Shinnar S (2006). Frequency
of gastrointestinal symptoms in children with autistic spectrum disorders and association with
family history of autoimmune disease. Journal of Developmental Behaviour Pediatrics, 27, S128—
S136.

Volkmar F, Chawarska K, & Klin A (2005). Autism in infancy and early childhood. Annual Review of
Psychology, 56, 315-336. doi:10.1146/annurev.psych.56.091103.070159

Wiggins LD, Reynolds A, Rice CE, Moody EJ, Bernal P, Blaskey L, ... Levy SE (2015). Using
standardized diagnostic instruments to classify children with autism in the study to explore early
development. Journal of Autism Developmental Disorder, 45, 1271-1280. doi:10.1007/
$10803-014-2287-3

Wu S, Ding Y, Wu F, Li R, Xie G, Hou J, & Mao P (2015). Family history of autoimmune diseases is
associated with an increased risk of autism in children: A systematic review and meta-analysis.
Neuroscience Biobehaviour Reviews, 55, 322-332. d0i:10.1016/j.neubiorev.2015.05.004

Yaghmaie P, Koudelka CW, & Simpson EL (2013). Mental health comorbidity in patients with atopic
dermatitis. Journal of Allergy Clinical Immunology, 131, 428-433. doi: 10.1016/j.jaci.2012.10.041
[PubMed: 23245818]

Zerbo O, Leong A, Barcellos L, Bernal P, Fireman B, & Croen LA (2015). Immune mediated
conditions in autism spectrum disorders. Brain Behaviour Immunology, 46, 232-236. doi:10.1016/
j.bbi.2015.02.001

Zerbo O, Traglia M, Yoshida C, Heuer LS, Ashwood P, Delorenze GN, ... Croen LA (2016). Maternal
midpregnancy C-reactive protein and risk of autism spectrum disorders: the early markers for
autism study. Translational Psychiatry, 6, e783. doi:10.1038/tp.2016.46 [PubMed: 27093065]

Zerbo O, Yoshida C, Grether JK, Van de Water J, Ashwood P, Delorenze GN, ... Croen LA (2014).
Neonatal cytokines and chemokines and risk of autism spectrum disorder: The early markers for
autism (EMA) study: A case-control study. Journal of Neuroinflammation, 11, 113. doi:
10.1186/1742-2094-11-113 [PubMed: 24951035]

Autism Res. Author manuscript; available in PMC 2019 April 16.



Page 17

Croen et al.

(Sv) v (59) v9 (s€) e umouxun

(r've) 51 (e'22) 612 (z'€2) vsT MOTI<

(092) 8 (e'v2) 6€C (L€2) 16T M0TT-0.L

(6'12) 002 (2'52) €52 (9°s2) 0.1 M0L-0€

1000"> 1000"> (zeT) et (z'12) 60T (0'2) 65T Mog >
9QWOdU | PloYyssnoH 1ua1ind

(eT) et 1) v1T (1) 8 umouxun

(L'62) 2L2 (L€2) eeT (e'12) 8T 8a1faq srenpels

(+°65) ¥vS (5'59) 9vs (2'79) 60 afa|10D awos % 862|100

1000"> 1000"> (56) L8 (7'6T) T6T (8'sT) 0T $s9] 10 |00Y2S YBIH
uorreonp3 felere N

(T9) 95 (ToL (e9) ey umousun /1Yo

(s2)ee (7'q) €5 (Tv) Le SluedsiH

(o) 2v (8¢) L€ (98) L5 uelsy

(zzn) ztt (8LT) SLT (6'6T) 2€T oelg

1000"> 1000"> (5'72) 289 (0'99) 679 (T'19) Sov aNUM
A1d1uyIgEeoey rURIe N

(862) €L (5'82) 08¢ (5'82) 681 19

(0'2€) 6EE (e'g€) LvE (8eg) vze Ge-1¢

(¥'22) S0z ('22) oze (972) €91 0€-92

(52) 69 (8'01) 901 (oTm) €L Ge-Te

L16T°0 ¥90°0 (z€) 62 (Te)1e (T2 T 0z =>
(sJeah ui) aby feuore N

(z'vs) 96 (¥°99) €59 (e28) oS aleN

1000"> 1000"> (g'sy) 6TY (9ee) Tee (921) 211 alewsad
XS PIYD
aneAd dOdshnad  aneAd dodsAasy (%) N (GT6=N)dOd (%) N (¥86 =N) aa (%) N (€99 =N) asv olyde sBowea

syuIg 9002-€00¢ ‘(@33S) awdojanaq Ale3 alojdx3 03 Apnis ‘uolreindod Apms ay Jo sonsiIzIoRIRYD
‘T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Autism Res. Author manuscript; available in PMC 2019 April 16.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Croen et al.

Table 2.

Page 18

Phenotypic Characteristics of ASD Cases, Study to Explore Early Development (SEED), 2003-2006 Births

Phenotypes

ASD (N=663) N (%)

ASD Severity
Mild/moderate
Severe

Sibling(s) with ASD
No (Simplex)
Yes (Multiplex)

ID Status
No
Yes

Regression
No
Yes

Language Regression

Social Regression

397 (59.9%)
264 (39.8%)

606 (91.40)
57 (8.60)

249 (37.56)
414 (62.44)

475 (71.64)
188 (28.36)
111 (16.74)
141 (21.27)
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Risk of ASD Associated with Maternal Immune Conditions Present by Date of Delivery of Index Child,
Stratified by Child Sex and ASD Subtypes, Study to Explore Early Development, 2003-2006 Births

Table 5.

Maternal exposure ASD vs POP Adj OR™ (95% Cly ASD (n/N)  POP (n/N)
Autoimmune (all) 1.29 (0.97-1.70) 131/663 155/915
Male 1.32 (0.95-1.83) 107/546 80/496
Female 1.20 (0.70-1.86) 24/117 751419
With ID” 0.95 (0.67-1.35) 62/414 155/915
Without ID” 1.93 (1.36-2.74) 69/249 155/915
Simplex 1.21 (0.91-1.62) 114/606 155/915
Multiplex 2.27 (1.20-4.28) 17/57 155/915
Regression 1.25 (0.82-1.92) 37/188 155/915
No Regression 1.31 (0.96-1.78) 94/475 155/915
Mild/Moderate ASD 1.46 (1.06-2.01) 86/397 155/915
Severe ASD 1.03 (0.70-1.53) 44/264 155/915
Eczema/Psoriasis 1.39 (1.00-1.95) 89/663 95/915
Male 1.50 (1.01-2.22) 75/546 50/496
Female 1.06 (0.53-2.09) 14/117 45/419
With 1D 0.97 (0.63-1.49) 39/414 95/915
Without ID” 2.17 (1.45-3.25) 50/249 95/915
Simplex” 1.24 (0.87-1.75) 741606 95/915
MultipIeXA 3.37 (1.70-6.68) 15/57 95/915
Regression 1.41 (0.85-2.32) 26/188 95/915
No Regression 1.40 (0.97-2.02) 63/475 95/915
Mild/Moderate ASD 1.59 (1.09-2.32) 60/397 95/915
Severe ASD 1.04 (0.65-1.68) 28/264 95/915
Asthma 1.26 (0.99-1.60) 198/663 233/915
Male 1.30 (0.98-1.72) 165/546 123/496
Female 1.15 (0.71-1.86) 33/117 110/419
With ID 1.41 (1.07-1.87) 129/414 233/915
Without ID 1.08 (0.77-1.50) 69/249 233/915
Simplex 1.23 (0.96-1.57) 178/606 233/915
Multiplex 1.62 (0.89-2.94) 20/57 233/915
Regression 1.56 (1.09-2.22) 67/188 233/915
No Regression 1.16 (0.88-1.52) 131/475 233/915
Mild/Moderate ASD 1.40 (1.06-1.85) 128/397 233/915
Severe ASD 1.09 (0.78-1.53) 70/264 233/915
Allergy 1.13 (0.91-1.41) 336/663 463/915
Male 1.16 (0.89-1.50) 282/546 260/496
Female 1.02 (0.65-1.58) 54/117 203/419
With ID 1.09 (0.84-1.41) 196/414 463/915
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Maternal exposure ASD vs POP Adj OR* (95% C|) ASD (n/N) POP (n/N)
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Without ID 1.19 (0.88-1.61) 1407249 463/915
Simplex 1.11 (0.88-1.39) 304/606 463/915
Multiplex 1.53 (0.86-2.73) 32/57 463/915
Regression 1.19 (0.85-1.68) 98/188 463/915
No Regression 1.12 (0.88-1.43) 238/475 463/915
Mild/Moderate ASD 1.28 (0.99-1.66) 212/397 463/915
Severe ASD 0.95 (0.71-1.29) 122/264 463/915

A
Test for heterogeneity £ < 0.005.

*
Adjusted for child sex, family current income, maternal age, race, and education.
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