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Abstract

Objective—Epidemiological data have suggested maternal infection and fever to be associated
with increased risk of ASD. Animal studies show that gestational infections perturb fetal brain
development and result in offspring with the core features of autism and have demonstrated that
behavioral effects of maternal immune activation (MIA) are dependent on genetic susceptibility.
The goal of this study was to explore the impact of ASD-associated CNVs and prenatal maternal
infection on clinical severity of ASD within a dataset of prenatal history and complete genetic and
phenotypic findings.

Method—We analyzed data from the Simons Simplex Collection sample including 1971 children
with a diagnosis of ASD aged 4 to 18 years who underwent array CGH screening. Information on
infection and febrile episodes during pregnancy was collected through parent interview. ASD
severity was clinically measured through parent-report interview and questionnaires.

Results—We found significant interactive effects between presence of CNVs and maternal
infection during pregnancy on autistic symptomatology, such that individuals with CNVs and
history of maternal infection demonstrated increased rates of social communicative impairments
and repetitive/restricted behaviors. In contrast, no significant interactions were found between
presence of CNVs and prenatal infections on cognitive and adaptive functioning of individuals
with ASD.

Conclusion—Our findings support a gene-environment interaction model of autism impairment,
in that individuals with ASD-associated CNVs are more susceptible to the effects of maternal
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infection and febrile episodes in pregnancy on behavioral outcomes, and suggest that these effects
are specific to ASD rather than to global neurodevelopment.
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Introduction

Autism spectrum disorder (ASD) has a strong genetic basis and converging lines of evidence
implicate genetic factors as a predominant cause of ASD.1 DNA microarrays enabled the
discovery of rare and recurrent copy number variants (CNVs) as important contributors to
ASD and led to rapid gains in the understanding of autism genetics and the identification of
individuals genetically susceptible to autism.23 Hotspots of recurrent CNVs, including those
at 16p11.2, 22q11.2, 1g21.1, 7911.23, and 15g911-q13, have been shown to be strongly
associated with ASDs.3-

A number of risk factors related to early fetal environment have been found in
epidemiological research to be associated with increased rates of ASD.6 Taken together,
these environmental insults share in common the activation of the maternal immune system.
Maternal immune activation (MIA) as a risk factor in ASD has been supported by a number
of population-based cohort studies, which found associations between autism risk and
maternal viral infection in the first trimester, bacterial infection in the second trimester,
influenza, and febrile episodes during pregnancy.’-® These epidemiological findings are
supported by evidence from rodent and non-human primate model studies of autism-like
behaviors in offspring following MIA induction via systemic administration of synthetic
double-stranded RNA (dsRNA) or lipopolysaccharide (LPS) to mimic infection in the
pregnant mother. Studies of offspring behavior after MIA have shown that gestational
infections trigger a maternal immune response that can perturb fetal brain development, by
acting indirectly on the fetal brain chiefly through interleukin (IL) 6, and result in offspring
with the core features of autism.%10 Although mounting evidence supports the connection
between a strong immune response during gestation with risk of development of autistic
traits, most mothers who develop an infection during pregnancy do not give birth to autistic
children. The hypothesis that genetic susceptibility combined with a strong immune reaction
during gestation results in increased autism severity and a greater likelihood of a diagnosis
of ASD is supported by rodent model studies showing that offspring of mothers from an
inbred strain predisposed to exhibit ASD-like behaviors were more severely affected
following MIA than pups of a species-typical strain, demonstrating that behavioral and
immunological effects are strain-dependent.1! These findings also demonstrated evidence
for genetic subtypes in ASD due to differential behavioral profiles associated with
gestational age and the onset of the environmental insult (eg: MIA).11 Furthermore, the
combination of MIA and genetic susceptibility (CNVs) produces more severe behavioral
profiles than either one of these factors alone, suggesting the heterogeneity of behavioral
phenotypes associated with ASD may have three distinct etiological contributions: genetic,
environmental, and a combination of these factors.1! In the current study we investigate this
gene-environment interaction hypothesis by evaluating the interactive effects of maternal
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infection in pregnancy and the presence of CNVs considered likely to play a contributing
role in symptoms of ASD (ASD-associated CNVSs) using a dataset of parent-reported
prenatal history and genetic and phenotypic findings.

Methods and Materials

Study Population

Participants included 1971 children (1711 males, 260 females, 79% Caucasian, 89% non-
Hispanic) with ASD between the ages of 4 and 18 years (Mean = 9.0, SD = 3.6) from the
Simons Simplex Collection (SSC; see sfari.org). Individuals were selected for this analysis
from the total sample in Distribution 14 of 2761 children with ASD if complete genetic,
maternal pregnancy history, and phenotypic information was available.

The SSC is a project funded by the Simons Foundation Autism Research Initiative (SFARI)
to identify de novo genetic variants related to ASD. Data was collected across 12 sites in
North America. Inclusion criteria for the SSC required that the child meet ASD clinical
cutoffs on the Autism Diagnostic Observation Schedule!?2 (ADOS) and on the Autism
Diagnostic Interview- Revised!® (ADI-R) as well as meet diagnostic criteria for ASD using
the Diagnostic and Statistical Manual of Mental Disorders (DSM-I1V-TR).14 Probands were
excluded for conditions that might jeopardize the validity of diagnostic instruments, and for
family history that might decrease likelihood of discovery of de novo events; a complete
listing of inclusion and exclusion criteria can be found on www.sfari.org.®

This study was approved by the University of Washington institutional review board, and
appropriate informed consent was obtained from all participants across all sites.

Genetic Analysis

CNV data were extracted from published array CGH experiments on 2,478 individuals from
the SSC collection. These arrays were designed to identify recurrent CNVs or hotspots
flanked by high identity repeat sequences including segmental duplications and non-
recurrent CNVs in the genomic backbone.> A dichotomous variable was used to indicate
presence of any rare recurrent CNV previously identified to be enriched in individuals with
autism. 153 individuals in our sample had at least one recurrent large hotspot event
identified by Girirajan and colleagues (see Table, Supplemental Digital Content 1, for a
complete list of previously identified CNVs).?

Maternal Infection and Febrile Episodes

Information on maternal infections and febrile episodes during pregnancy with the proband
were collected as part of a larger medical history interview conducted with one or both
parents (primarily mothers) during enrollment into the SSC. The specific infectious illnesses
reported and the numbers of mothers who endorsed these infections during varying points of
the pregnancy are outlined in Table 1. A dichotomous variable was created for history of
maternal infection during the entire pregnancy as there was no significant difference
between onset of infection during pregnancy and a similar pattern of results was seen
regardless of trimester when the infection occurred.
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Autism Presentation

Results

Degree of autistic impairment for the probands for whom array CGH results were available
was determined through parent-report measures of symptoms related to ASD: ADI-R, the
Repetitive Behavior Scale-Revised (RBS-R), and the Social Responsiveness Scale (SRS).
The ADI-R is a standardized semi-structured parent interview aligned with DSM-1V criteria
used to aid in ASD diagnosis.3 Three domains of the ADI-R were used as metrics of
autistic symptomatology: Reciprocal Social Interaction (RSI), Communication (COM), and
Restricted, Repetitive, and Stereotyped Patterns of Behavior (RRSB). The RBS-R is a parent
report questionnaire regarding the presence and significance of restricted and repetitive
behaviors that yields a total raw score summing 6 subscales: Stereotyped, Self-Injurious,
Compulsive, Routine, Sameness, and Restricted Behaviors.16:17 The Social Responsiveness
Scale (SRS) is a 65-item rating scale assessing social awareness, social information
processing, capacity for reciprocal social communication, social anxiety/avoidance, and
autistic preoccupations and traits that yields a total T score using for quantitative
measurement of ASD related traits.18 Higher scores across all measures suggest greater
number of ASD-related behaviors, suggesting greater impairment in ASD symptoms.

In addition to parent-reported measures of the degree of autism-related symptoms, we also
investigated the relationship between genetic susceptibility, maternal infections, and
cognitive and adaptive functioning. Verbal and nonverbal 1Q was measured using age
appropriate standardized assessment of cognitive functioning, including the Differential
Abilities Scale — 2" Edition (DAS-11)19, the Wechsler Intelligence Scale for ChildrenZ?, or
the Mullen Scales of Early Learning.2! Adaptive functioning was assessed via the Vineland
Adaptive Behavior Scales, 2"d Edition — Survey Interview Form, a standardized parent
interview that provides a general assessment of functioning across communication, daily
living skills, and socialization domains.22 The composite standard score was used as a
measure of adaptive functioning.

Analytical Strategy

To investigate the main and interactive effects of the presence of any ASD-associated CNV
and self-reported infection or fever episode during pregnancy on ASD severity, we
conducted a series of univariate two-way analyses of variance to maximize sample size for
each dependent variable. Due to the low frequency of each individual infection (see Table
1), we did not investigate the effects of any single infection on autism severity, and instead
used a dichotomous variable to indicate whether the mother reported experiencing any
infectious illness or febrile episode during her pregnancy. Finally, we separately examined
the interactions between maternal infection or fever in pregnancy and presence of CNV on
severity of symptoms on the ADI-R, SRS, and RBS-R for individuals with deletions and
individuals with duplications.

Several potential confounding factors were examined to determine whether they should be
entered as covariates into statistical analyses. It is feasible that earlier onset of ASD
symptoms may relate to better recall of events on the medical history interview during
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pregnancy since events may have been more salient to parents at the time. However, the age
that the first developmental abnormality manifested did not differ between probands
exposed to infection during pregnancy versus those who were not, t(1946) = 0.39, p = .70,
suggesting that parental recall of events during pregnancy was not confounded with earlier
symptom presentation. Additionally, proband age at the time of medical history interview
did not differ between probands exposed to infection during pregnancy versus those who
were not, 1(1989) = 0.11, p = .92; consequently, recall bias based on length of time since
proband pregnancy is unlikely. Therefore, proband age and age of symptom presentation
were not entered as covariates in analyses.

We also attempted to address the potential impact of several external factors on the presence
of CNV status and maternal infection. There were no differences between probands with/
without CNVs and with/without maternal prenatal infections in maternal age at proband
birth (F(3, 1955) = 1.85, p = .14), paternal age at proband birth (F(3, 1955) = 1.24, p = .29),
maternal education (F(3, 1915) = 0.38, p = .77), and annual household income (F(3, 1829) =
0.75, p = .52). As a result, these demographic variables were not entered as controls into
interaction analyses.

Interaction between CNVs and Maternal Infection

As summarized in Table 2 and illustrated in Figure 1, we observed a statistically significant
interactive effect of presence of CNV and maternal infection on all domains of the ADI-R,
including Reciprocal Social Interaction (RSI; F(1, 1967) = 7.56, p = .006), Communication
(COM; F(1, 1737) = 7.54, p = .006), and Restrictive, Repetitive, and Stereotyped Patterns of
Behavior (RRSB; F(1, 1967) = 5.74, p = .017). Similarly significant interactive effects were
observed on impairment on the Repetitive Behavior Scale — Revised (RBS-R; F(1, 1966) =
6.36, p = .012) and the Social Responsiveness Scale (SRS; F(1, 1958) = 6.00, p = .014).
Individuals with ASD-associated CNVs and maternal infection had increased impairment
across all measures relative to individuals with CNVs but no maternal infection, individuals
with maternal infection but no CNVs, and individuals with neither risk factor. No significant
interactive effects of presence of a CNV and maternal infection or fever episode during
pregnancy on cognitive or adaptive functioning were observed.

Deletions vs. Duplications

We observed a significant interaction between presence of a deletion of a region implicated
in ASD and maternal self-reported infection or fever in pregnancy on ASD severity as
measured by the ADI-R (RSI domain: F(1, 1900) = 8.78, p = .003; COM domain: F(1,
1676) = 7.37, p=.007; RRSB domain; F(1, 1900) = 9.84, p = .002). The interactive effect
was observed when only individuals with duplications were compared to those without
CNVs on the RBS-R: F(1, 1880) = 6.88, p = .009. No other significant interactive effects
were observed (see Figure, Supplemental Digital Content 2, which shows autism
symptomatology and cognitive and adaptive functioning of children with ASD-associated
CNVs and history of maternal infection or fever during pregnancy by type of copy number
event, N=1971, error bars = 95% Confidence Interval).
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Main Effects of Presence of CNVs

There was a main effect of CNV presence on nonverbal 1Q (F(1, 1968) = 5.49, p =.019) but
not on verbal 1Q (F(1, 1968) = .225, p = .635), and on adaptive functioning, (F(1, 1968) =
3.87, p =.049), such that individuals with a CNV showed more impaired nonverbal 1Q and
poorer adaptive functioning. No main effects of the presence of a CNV were found on the
ASD-related measures (ADI RSI domain (F(1, 1968) = .442, p = .506), ADI COM domain
(F(1, 1738) = .746, p = .388), and ADI RRSB domain (F(1, 1968) = 1.36), p = .243)). No
effects were found on social responsiveness via the SRS (F(1, 1959) = 1.08, p =.299) nor on
restrictive/repetitive behaviors via the RBS-R (F(1, 1967) = .675, p = .411).

CNVs in our sample were evenly distributed in regards to the inheritance pattern, with 23%
(40 of 173) CNVs paternally inherited, 27% (47 of 173) maternally inherited, 25% de novo
CNVs (43 of 173), and the rest (43 of 173) with unknown inheritance. A possible
confounding interaction is that maternally inherited CNVs increase maternal susceptibility
to infection as well as offspring ASD symptomatology. However, we found no difference in
prevalence of infections for individuals with maternally inherited CNVs (x2 = .526).

Main Effect of Maternal Infection

We saw a significant main effect of self-reported maternal infection or fever episode during
pregnancy on the ADI-R in the RRSB domain (F(1, 1968) = 6.67, p = .010), a trend toward
significance in the RSI domain (F(1, 1968) = 3.35, p = .068) and no effect in the COM
domain (F(1, 1738) =.074, p = .785). No effects were observed on the SRS (F(1, 1959) =.
935, p =.334) nor on the RBS-R (F(1, 1967) = 1.20, p = .273). No main effects of maternal
infection or fever during pregnancy on cognitive (Verbal 1Q (F(1, 1968) = 3.013, p = .083);
Nonverbal 1Q (F (1, 1968) = 2.38, p = .123)) or adaptive functioning (F(1, 1968) = 2.36, p
=.124) were observed.

Discussion

We found strong evidence supporting the interaction between genetic susceptibility as
defined by the presence of ASD-associated CNVs and environmental insults in the form of
maternal infection or fever during pregnancy in the etiology of increased severity of autism
symptomatology in children with ASD. Individuals with a CNV and prenatal history of
maternal infection/illness presented with greater autistic impairment, but showed no
difference in cognitive or adaptive functioning, than children with either risk factor alone or
neither risk factor. This pattern was reflected across all domains of ASD impairment and
resulted in clinically relevant changes in behavioral outcomes. For instance, in the case of
social responsiveness on the SRS, mean T scores bordered on the moderate/severe
impairment cut-off for all groups except those individuals with both risk factors, whose
mean score fell solidly in the severe category, using descriptive categories provided by the
SRS (see Table 2 and Figure 1). The observed interactive effect between ASD-associated
CNVs and maternal infection or fever in pregnancy on autism symptomatology as measured
by the ADI-R was driven primarily by deletions.
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In our large sample of well-characterized individuals with ASD, we extend previous work
that identifies genetic susceptibility? and environmental insults®-8 as independent risk
factors in ASD by illuminating the relationship between these risk factors and ASD
symptom presentation. Our findings support previous research on hotspots of recurrent
CNVs associated with ASDs in which individuals with an identified CNV are more likely to
demonstrate clinically related impairments.3-> Replicating results of previous work on CNV
hotpots associated with cognitive and adaptive functioning, we found increased impairments
in non-verbal 1Q, but not verbal 1Q, and poorer adaptive functioning associated with
presence of any ASD-associated CNV.>

Our findings also support epidemiological and rodent model experiments that identify MIA
in pregnancy as associated with an increased risk of ASD. We observed significantly more
impairment in repetitive and restrictive behaviors among children with ASD whose mothers
reported prenatal infection or fever over 101F during pregnancy with the proband. These
findings mirror recent large epidemiological studies indicating approximately a 30%
increase of risk in ASD when maternal infections result in hospitalization, suggesting
immune-mediated mechanisms play a role in the etiology of ASD.23 Our findings also
reflect work on rodent models which suggests that gestational infections, activating a
maternal immune response, perturb fetal brain development mainly via IL-6 and result in
offspring with the core autism characteristics.910.24

Most importantly, our finding of the significant interactive effect of ASD-associated CNVs
and maternal infection or fever in pregnancy parallels recent rodent model work in
characterizing the relationship between genetic susceptibility and environmental insult.
Schwartzer et al'l compared the effects of maternal immune activation on pups of mothers
from an inbred strain predisposed to exhibit ASD-like behaviors to pups of a species typical
strain and found greater behavioral impairment in pups with both genetic susceptibility and
exposure to maternal immune activation than in pups with either risk factor alone,
concluding that behavioral and immunological effects are strain-dependent. Our similar
finding that individuals genetically predisposed to ASD in the form of CNVs with exposure
to maternal infection and fever had more severe behavioral phenotypes than those with the
genetic risk factor or environmental insult alone further supports the hypothesis that the
effect of maternal infection or immune activation may be dependent on genetic
predisposition.

Interestingly, maternal infection alone and in interaction with ASD-associated CNVs
impacted ASD symptom severity, but not cognitive or adaptive severity. Previous research
suggests a link between elevated cytokine levels present in altered immune profiles and
severity of behavioral outcomes, particularly with deficits in social interaction and
communication.2> Mouse models support the role of cytokines as putative in core behavioral
features of autism: administration of IL-6 during pregnancy alone is enough to induce
autism-like traits in the offspring,? and it has been proposed that cytokines affect behavior
by altering levels of specific hormones, namely oxytocin and serotonin.2® Further, gene-
ontology analysis of all mouse and human CNV genes has shown overrepresentation of
immune system function and enrichment for neurodevelopment, specifically, for those
within genomic hotspots.2”-28 Postmortem studies also found upregulated immune system
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genes in autism brains with environmental rather than genetic etiology; these dysregulated
immune related genes seemed to also play a role in synaptic development and function.29 A
potential mechanism underlying the effects of maternal infection and fever on neural
development that results in ASD-like behaviors is the major histocompatibility complex
(MHC) | — myocyte enhancer factor (MEF) 2 pathway which is altered in MIA offspring
resulting in lower synapse density, and represents a common molecular pathway
downstream of both genetic mutations and environmental factors that contribute to ASD.30
Therefore, it is possible that CNVs that alter the immune system as well as pathways in
neural synapse development, when combined with a severe activation of the maternal
immune system early during gestation, lead to alteration in a common molecular pathway
and result in the core behavioral features of ASD.

This study has several strengths: the SSC is the largest collection of well characterized
children with ASD with complete phenotypic and genotypic information available to date,
gathered as part of a collaborative, multi-site study. To our knowledge, this is the first study
to investigate the interactive effects of genetic susceptibility and environmental insults on
the degree of autistic impairment in humans. A consideration in the interpretation of this
study is that we relied on parent self-report of infection during pregnancy. However,
previous studies which have compared patient reports of illness in pregnancy against
available medical records found fairly good agreement between the two sources, suggesting
that maternal-reported data on infection is a valuable, albeit imperfect, source of medical
history data.” In the current study, we focused on copy number variants in general, but
future work should examine closer the role of other structural changes. In addition, we did
not investigate the contributions of individual infections or specific recurrent CNVs on
autism severity because of the rarity of specific events; a larger cohort study in the future
may be useful to elucidate the effects of particular infections on maternal immune activation
and resultant autism impairment. Finally, all the children considered in this study have a
diagnosis of ASD. As such our conclusions extend previous epidemiological, genetic, and
animal model work identifying risk factors for ASD by examining the specific contribution
to ASD symptom presentation rather than autism etiology per se. Also, since ascertainment
was limited to participants with ASD, our conclusions pertaining to cognitive and adaptive
severity were restricted to some extent. Differential patterns of cognitive and adaptive
severity in a sample ascertained on the diagnosis of intellectual disability would further
elucidate the relationship between behavioral phenotypes associated with maternal infection
and CNVs. Future population-based studies are needed to further explore and characterize
the relationship between these risk factors.

In conclusion, our results suggest that children with de novo or inherited ASD-associated
CNVs may be more susceptible to environmental insults due to maternal immune activation
during fetal development, as demonstrated by observed significantly stronger impairments
across all domains of autism severity among our large sample of children with ASD. While
the discovery of CNVs associated with autism has advanced ASD understanding, further
examination of the interactive factors that link genotype with the complex autistic
presentation is still needed.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Autism symptomatology and cognitive and adaptive functioning of children with ASD-
associated copy number variants (CNVs) and history of maternal infection or fever during
pregnancy. N=1971. Error bars = 95% Confidence Interval. As shown in graph C (p =.010),
a main effect for presence of infections is demonstrated. As shown in graphs G (p =.019)
and H (p = .049), main effects for presence of CNV are demonstrated. As shown in graphs

A-E: (A) p=.006; (B) p=.006; (C) p=.017; (D) p=.012; (E) p = .014, significant

interactions are observed. No significant interactions are observed in graphs F-H.
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Table 1
Reported infectiousillnesses and observed copy number variants (CNVs) in probands
(N=1971)
# of exposed probands # of exposed probands # of non-exposed # of non-exposed
with CNVs without CNVs probandswith CNVs probandswithout CNVs

Any infection or fever 29 366 124 1452
Other viral infection 10 154 141 1640
Maternal fever over 101F 10 63 141 1738
Influenza 7 94 144 1708
Herpes type 2 (HSV-2) 2 31 148 1770
Herpes type 1 (HSV-1) 1 37 150 1763
Chicken pox 1 3 150 1799
Shingles 1 1 150 1801
Viral hepatitis 0 3 151 1799
Infectious mononucleosis 0 2 151 1799
Measles 0 0 151 1802
Mumps 0 0 151 1802
Rubella 0 0 151 1802
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