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Abstract

Prenatal exposure to maternal immune activation (MIA) has been implicated as a risk factor for
the development of autism spectrum disorder (ASD), though the conditions under which this
elevated risk occurs are unclear. Animal literature demonstrates that antibiotic use, which affects
the composition of the maternal gut microbiota, modifies the effect of MIA on
neurodevelopmental outcomes in the offspring. The aim of this study was to assess whether
antibiotic use during pregnancy modifies the association between MIA and subsequent risk of
ASD, in a prospective birth cohort with 116 ASD cases and 860 typically developing child
controls. There was no evidence of interaction between fever or genitourinary infection and
antibiotic use on the odds of ASD in unadjusted or adjusted analyses. However, we found evidence
of an interaction between flu, specifically in second trimester, and antibiotic use at any point
during pregnancy on the odds of ASD in the child. Among women who received an antibiotic
during pregnancy, flu in trimester two was not associated with ASD (aOR=0.99 [0.43-2.28]).
Among women who were not exposed to an antibiotic at any point during pregnancy, flu in second
trimester was significantly associated with increased odds of ASD (aOR=4.05 [1.14-14.38],
p=0.03), after adjustment for child sex, child birth year, maternal age, gestational age, C-section
delivery, and low birth weight. These findings should be treated as hypothesis-generating and
suggest that antibiotic use may modify the influence that maternal immune activation has on
autism risk in the child.
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We looked at whether the association between activation of the immune system during pregnancy
and risk of the child developing autism ASD differed among women who did or did not take an
antibiotic at any point during pregnancy. We examined 116 children with ASD and 860 without
ASD and found that flu in second trimester was associated with increased ASD, but only among
women who did not take an antibiotic during pregnancy. No other immune activation exposures
seemed to interact with antibiotic use.
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Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by two
core domains of symptoms: impairment of social communication, and restricted, repetitive
behaviors, interests, or activities (American Psychiatric Association, 2013). The prenatal
period and early-life period are considered to be the critical windows for the development of
ASD, given the brain’s susceptibility to environmental stressors (Landrigan, 2010; Lyall et
al., 2014; Rice & Barone Jr, 2000; Rodieret al., 1996; Schlotz & Phillips, 2009).

Prenatal exposure to maternal immune activation (MIA) has been implicated as a risk factor
for the development of neuropsychiatric disorders, and, in particular, schizophrenia and ASD
(Careaga et al., 2017; Croen et al., 2019; K&hler-Forsberg et al., 2018; Lydholm et al.,

2019). Animal studies have demonstrated that maternal immune activation leads to
behavioral abnormalities such as decreased social approach and ultrasonic vocalizations, and
increased repetitive grooming and marble burying behavior in the offspring (Bauman et al.,
2014; Harvey & Boksa, 2012; Malkovaet al., 2012; Schwartzer et al., 2013; Smithet al.,
2007). These behavioral changes are paralleled by alterations in the immune profiles of
offspring, in particular levels of IL-6 and IL-17a (Choi et al., 2016; Hsiao et al., 2012;
Mandal et al., 2011; Smith et al., 2007).

Human studies have also found a strong link between prenatal exposure to MIA and risk of
ASD in the offspring. Bacterial (Atladottir et al., 2010; Fang et al., 2015; Lee et al., 2015),
viral (Atladéttir et al., 2010; Lee et al., 2015), and genitourinary infections (Fang et al.,
2015; Zerbo et al., 2013), as well as fever (Brucato et al., 2017; Croen et al., 2019; Hornig et
al., 2018; Zerbo et al., 2013) have been implicated as risk factors for ASD. However, there is
substantial heterogeneity in the findings across these studies. A meta-analysis and systematic
review by Jiang et al. found that overall, maternal infections, particularly those requiring
hospitalization, increase the risk for ASD (Jiang et al., 2016). Specifically they concluded
that any maternal infection in the second trimester, bacterial infections overall and in
particular during the second and third trimesters, and viral infections over the entire
pregnancy (but not within a particular trimester) were associated with higher risk of ASD
(Jiang et al., 2016). Despite the evidence that an activated immune system in the pregnant
mother is associated with higher risk for neurodevelopmental abnormalities in the child, the
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conditions under which this elevated risk occurs, such as the responsiveness of a mom’s
immune system or gut microbiome, are unclear.

Human gut microbiota—the assemblage of microbes living in our gastrointestinal tract—and
their genetic material (the gut microbiome) have emerged as key players in health and
disease (Shreiner et al., 2015). Exposure to antibiotics, often taken for infection, can lead to
long-term changes to the gut microbiome (Jakobsson et al., 2010). Animal studies suggest
that maternal exposure to antibiotics, by modulating the maternal gut microbiome, may lead
to the neurodevelopmental and behavioral abnormalities observed in the context of maternal
immune activation (Kim et al., 2017; Lammert et al., 2018; Wang et al., 2019). For example,
Kim et al. found that MIA-associated phenotypes (i.e. increased repetitive behaviors,
anxiety, social interaction deficits, cortical patches) manifested only in the presence of
specific maternal gut microbiota that promote differentiation of Th17 cells and subsequent
section of 11-17a. Treatment of pregnant dams with a broad-spectrum antibiotic altered the
composition of the gut microbiota, leading to a decrease in the amount of Th17 cells in the
intestine, decreasing IL-17a levels in the circulating maternal plasma. These microbial and
immune changes prevented the neurodevelopmental and behavioral abnormalities typically
seen in the context of MIA. In other words, among pregnant dams exposed to immune
activation, antibiotic use protects against the MIA-associated neurodevelopmental
abnormalities seen in the offspring (Kim et al., 2017). However, this has not been assessed in
humans.

The aim of this study was to assess whether antibiotic use during pregnancy modifies the
association between prenatal exposure to maternal immune activation and subsequent risk of
autism spectrum disorder, in a prospective cohort with high rates of autism. We hypothesized
that antibiotic use would be protective against ASD in the presence of maternal immune
activation.

Our sample consisted of mother-child pairs from the Boston Birth Cohort (BBC), a
prospective birth cohort recruited from the Boston Medical Center (Wang et al., 2014; Wang
et al., 2002). Initiated in 1998, the BBC was designed to investigate environmental and
genetic determinants for preterm delivery. Subsequently, the BBC was extended to postnatal
follow-up to study child health outcomes including ASD. Because it is enriched for preterm
deliveries, it is a useful cohort for studying autism epidemiology, given that preterm delivery
is a risk factor for the development of ASD (Kuzniewicz et al., 2014). The BBC has been
described in detail elsewhere (Brucato et al., 2017; Wang et al., 2002), but briefly: Women
with a live, singleton birth at Boston Medical Center are eligible for recruitment.
Pregnancies involving IVF, chromosomal abnormalities, major birth defects, and preterm
deliveries due to maternal trauma are excluded. Eligible participants are contacted 2472
hours following birth for consent and study enrollment. Since 2003, children who seek
postnatal care at Boston Medical Center are able to be followed up for developmental
outcomes, such as ASD status. Most pregnant women in the Boston Medical Center are
urban, low-income minority individuals who receive healthcare through public assistance
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based insurance programs (Brucato et al., 2017; Wang et al., 2014; Wang et al., 2002). The
institutional review board of Johns Hopkins Bloomberg School of Public Health and Boston
University Medical Center approved the study.

Outcome Classification

Electronic medical record ICD-9-CM diagnostic codes from inpatient, outpatient, and
emergency department visits at the Boston Medical Center (October 1, 2003 through
September 31, 2015) were used to classify children as ASD cases or neurotypical controls.
ICD-9 codes were used since the majority of the diagnostic window occurred when ICD-9
was in use. Children were classified as having ASD if their medical recordings contained
any of the ICD-9-CM codes at least once: 299.00, 299.01, 299.80, 299.81, 299.90, or 299.91
(Brucato et al., 2017). Children were classified as neurotypical controls if they were never
diagnosed with any of the following conditions: ASD, attention deficit hyperactivity disorder
(ADHD), intellectual disability (ID), developmental delay (DD), oppositional defiant
disorder (ODD), conduct disorder (CD), or congenital anomalies.

Definition of maternal immune activation

Maternal immune activation is defined as an elevated inflammatory state that follows one of
multiple possible exposures, such as infection (e.g. bacterial, viral), fever, psychosocial
stress or psychopathology, and other inflammatory conditions such as obesity or gestational
diabetes (Boulanger-Bertolus et al., 2018; Knuesel et al., 2014; Pantham et al., 2015). The
details of defining maternal immune activation in these BBC data have previously been
described elsewhere (Brucato et al., 2017). Briefly, maternal immune activation was defined
as one of any of the following exposures: prenatal flu, prenatal fever (excluding
intrapartum), prenatal genitourinary (GU) tract infections, and intrapartum (labor and
delivery) fever. A standardized self-report postpartum questionnaire was administered to the
mother 24-72 hours following delivery for self-report of flu, fever, and GU infection.
Intrapartum fever was defined as a >38° C maternal temperature during labor and delivery
and was abstracted from electronic medical records (EMR). For flu and fever, overall as well
as trimester-specific variables were used, and an overall variable only was used for
genitourinary infection. All individuals were dichotomized as “exposed” or “unexposed” for
these MIA variables. Women who did not have self-report information on prenatal flu, fever,
or GU infections or who were missing information on intrapartum fever were treated as
missing that exposure.

Definition of antibiotic use during pregnancy

Mothers were classified as exposed versus unexposed to antibiotic use during any time of
pregnancy including labor and delivery. This dichotomous exposure was determined from
three sources of information. First, in the standardized postpartum questionnaire, mothers
were asked ‘What medicines did you take during your pregnancy excluding vitamins?’.
Women could list up to 5 medications and indicate which trimester the medication was
taken. Entries listing any of the antibiotics found in Table S12 or including the word
“antibiotic” were classified as being an antibiotic, and the mother designated “exposed”.
Second, inpatient and outpatient antibiotic treatments during the entire pregnancy were
extracted from the EMR. Similarly, medications were classified as antibiotics if they
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contained the word “antibiotic” or any of the medications in Table S12. Intrapartum (labor
and delivery) antibiotics were extracted from medical charts. Women with inpatient or
outpatient antibiotic prescriptions that overlapped any pregnancy period were also
considered to be exposed. We combined these three sources of information to obtain one
aggregate, binary variable representing whether or not a woman was exposed to an antibiotic
during pregnancy or the labor and delivery period, if any of these three sources indicated
exposure (Table S1). Women who did not have EMR antibiotic information and who did not
report antibiotic use on the standardized questionnaire and who did not receive an
intrapartum antibiotic were classified as not exposed to antibiotics during pregnancy.

Correspondence between medical charts/EMR and maternal self-report was high among
women with no exposure recorded in a medical chart/EMR: only 4 of 282 (1.5%) self-
reported antibiotic use discordant with their EMR and medical charts. However, among the
684 women with medical chart/EMR record of exposure, 471 (68.9%) did not self-report
antibiotic use, indicating either true discordance (such as not taking prescribed antibiotics)
or lack of familiarity with antibiotics among women self-reporting.

While EMR data included information on the specific type of antibiotic prescribed and at
what point during pregnancy, data were too sparse after stratifying by ASD, MIA, and
antibiotic use to incorporate timing or type of antibiotic as part of the analysis. Importantly,
we looked at any antibiotic exposure throughout pregnancy, not exposure to an antibiotic for
treatment of the MIA. Therefore, antibiotic use could have been prescribed for a number of
other reasons (e.g. receiving intravenous ampicillin for group B strep prophylaxis), For a list
of which antibiotics were extracted from the postpartum maternal questionnaire and the
EHR records, see Supplemental Table 12.

Covariate definitions

Given the relatively small number of observations and complicated relationships between
perinatal factors, we sought to minimize the number of covariates in analytic models. We
considered all potential confounders and effect modifiers, but chose only covariates with
observed marginal associations with ASD as adjustment factors with parsimony in mind.
These included: maternal age at delivery, child birth year, child sex, gestational age (weeks),
mode of delivery (C-section or vaginal birth), and low birth weight (<2500 grams). These
variables were all obtained from medical charts.

Race was self-reported by choosing one of the nine categories: Black/African American
(Black, African American, Haitian, Cape Verdean, Caribbean), Asian (Asian and Pacific
Islander), White, Hispanic, mixed race, and all others. However, race was not included as a
covariate in our regression models because of sparseness across racial categories, even when
collapsing across the two most predominant racial groups in our sample (Black and White,
non-Hispanic).

Analytic dataset

A complete-case analysis was carried out. Out of 1,196 mother-child pairs (ASD or
neurotypical control), 24 were excluded for missing information on any covariates, 58 for
missing antibiotic use, and 150 for missing any of the overall-pregnancy MIA exposures (i.e.
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trimester level MIA exposures could still be missing). This left 976 pairs in our analytic
sample (n=108 ASD, n=841 neurotypical). Individuals retained in the analytic sample
(n=976) did not differ significantly from those excluded (n=220) on any of our predictors,
outcomes, or covariates (Table S2).

Statistical analyses

Results

All data cleaning and analyses were performed in R Studio version 1.1.383 (R version
3.4.3). Descriptive characteristics of the analytic sample were stratified by ASD and
antibiotic use. We first carried out unadjusted and adjusted logistic regression models
examining the main effect of each of 10 MIA exposures (flu overall and in each trimester,
fever overall and in each trimester, GU infection overall, intrapartum fever) with ASD as the
outcome. Then, we conducted a series of 10 logistic regression models with each MIA
exposure as a predictor, antibiotic use as an interaction term, and ASD diagnosis as the
outcome. We ran both unadjusted models and models adjusted for child sex, child birth year,
maternal age, gestational age, C-section delivery, and low birth weight. Models with an
interaction term p-value < 0.10 were suggestive of possible interaction and were followed up
with stratified analyses. These models estimated the association between MIA and odds of
ASD, stratified by antibiotic use (unadjusted and adjusted for the covariates above). For
significant associations, we also performed Fisher’s exact test of independence between the
MIA exposure and ASD, stratified by antibiotic use, given our small sample size.

Lastly, we carried out sensitivity analyses. First, we repeated our regression modeling
excluding children less than three years old to account for the possibility that ASD diagnosis
would be much less likely before the age of three (n=113 ASD remaining). Second, we used
a more stringent classification of ASD, requiring 2 or more ICD-9 CM codes for ASD
diagnosis on different clinical visits (n=94 ASD remaining).

Sample characteristics

Out of 976 children, 116 (11.9%) had a diagnosis of ASD, and 70.1% of mothers used an
antibiotic during pregnancy or in labor and delivery. Sixty one percent (61%) of this study
population was Black, non-Hispanic, 8.5% were white, non-Hispanic, and the remainder
(30%) were other races. The age of ASD diagnosis ranged from 1 to 15 years, with a mean
of 7.8 (SD 3.3). Three children were diagnosed prior to the age of 3.

Children with ASD were significantly more likely to be exposed to antibiotics during
gestation, to be male, to have a more recent birth year, to have an older mother, to be born at
an earlier gestational age, to be delivered by C-section, and to be born at a low birth weight
(Table 1). Children with maternal exposure to antibiotics were more likely to be male, to be
younger/have a later birth year, to have an earlier gestational age, and to be born by C-
section.

The frequency of maternal immune activation exposures, stratified by ASD status and by
antibiotic use during pregnancy, are shown in Table 2. The most common type of maternal
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immune activation was genitourinary infection (30.7%), followed by flu (19.5%) fever
(9.3%), and intrapartum fever (6.7%).

Main effect of maternal immune activation on odds of ASD

In unadjusted models, flu in overall pregnancy (OR 1.16, 95% CI 0.72-1.86) and second
trimester (OR 1.54, 95% CI 0.82-2.88) and fever overall (OR=1.53, 95% CI 0.85-2.77), in
second trimester (OR=1.82, 95% CI 0.73-4.52), and third trimester (OR=1.89, 95% ClI
0.76-4.73), as well as intrapartum fever (OR=1.21, 95% CI 0.58-2.51) were associated with
higher odds of ASD, though none of these associations were significant. In adjusted models,
flu overall (OR=1.43, 95% CI 0.86-2.36), in trimester 2 (OR=1.50, 95% CI 0.77-2.93), and
trimester 3 (OR=1.34, 95% CI 0.65-2.76) as well as fever overall (OR=1.78, 95% CI 0.95-
3.33), in trimester 2 (OR=1.55, 95% CI 0.58-4.15), in trimester 3 (OR=2.63, 95% CI 1.00-
6.89), and intrapartum fever (OR=1.27, 95% CI 0.59-2.71) were all associated with
increased odds of ASD, particularly fever in trimester 3 (p=0.05). Genitourinary infection
was not associated with elevated odds of ASD in either unadjusted or adjusted models (Table
3, Figure 1).

Interaction between maternal immune activation and antibiotic use

In unadjusted and adjusted models, there was evidence of an interaction between flu in
second trimester and antibiotic use on odds of ASD (adjusted interaction term OR=0.23,
95% CI 0.05-0.96, p=0.04) (Table S9). No other regression models showed evidence of any
significant interaction at p<0.10. We could not carry out interaction models for intrapartum
fever because of sparse data (Table S3-S11).

We further examined the association between flu in second trimester and ASD risk, stratified
by antibiotic use in pregnancy or labor and delivery. Among women who received an
antibiotic, there was no significant association between flu in trimester two and odds of
ASD, in either unadjusted (OR=1.08, 95% CI 0.49-2.35, p=0.85) or adjusted (OR=0.99,
95% CI 0.43-2.28, p=0.99) models (Figure 2 and Table 4). In this subgroup, male sex was
associated with higher odds of ASD (OR=3.37, 95% CI 2.05-5.53, p<0.0001) and greater
gestational age with reduced odds of ASD (OR=0.81, 95% CI 0.73-0.89, p<0.0001).

However, among women who did not receive an antibiotic during pregnancy, flu in the
second trimester significantly increased the odds of ASD in the child, in the unadjusted
model (OR=3.81, 95% CI 1.27-11.49, p=0.02) and after adjusting for confounders
(OR=4.05, 95% Cl=1.14-14.38, p=0.03), though the confidence intervals are wide,
reflecting the small sample size in this stratum (Table 2). In this subgroup, male sex was also
associated with increased odds of ASD (OR=5.83, 95% CI 2.14-15.86, p<0.001). The
fisher’s exact test for independence between flu in trimester 2 and ASD resulted in an OR of
1.08 (95% CI 0.58-1.92), p=0.77 among women who took an antibiotic and an OR of 1.5
(95% CI1 0.50-4.01), p=0.44 among those that did not take an antibiotic (data not shown).

Lastly, we carried out two sensitivity analyses. First, we restricted our analysis to children 3
years of age or older. The magnitude, significance, and interpretation of the interaction
finding did not change (data not shown). Second, we restricted ASD cases to those with 2 or
more ICD-9-CM codes instead of one at two separate clinical visits (n=88 ASD). The
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association between flu in trimester 2 and odds of ASD remained positive and significant for
the group with no antibiotic use during pregnancy but in unadjusted models only (OR=3.4,
95% ClI 1.03-11.20, p<0.05). In the adjusted model, the association was no longer
significant (OR=3.15, 95% CI 0.80-12.41, p=0.10).

Discussion

In this birth cohort, as previously reported by Brucato et al., we observed increased risk for
ASD in children born to mothers who experienced maternal immune activation (MIA)
during pregnancy, specifically fever. Flu exposure also showed increased risk for ASD, but
this was not statistically significant. However, among women who experienced MIA due to
flu, and were exposed to antibiotics during pregnancy, the risk for ASD was attenuated; in
contrast, the association between flu exposure and increased risk of ASD remained among
those without antibiotic use. This effect modification was statistically significant for the
combination of second trimester flu exposure and antibiotic use, implying exposure to an
antibiotic during pregnancy in the context of MIA may protect against the increased risk for
ASD in the child. Our finding was specific to second trimester, and was not replicated in
first or third trimester, or in overall pregnancy. We also did not find any evidence of
significant interactions between other non-flu MIA exposures and antibiotic use.

The findings from our study support recent animal literature demonstrating that antibiotics
mitigate the maternal immune activation insult on the risk for ASD in the developing
offspring, and suggest that the maternal gut microbiome may play a critical role in
modulating the immune system’s response on the developing brain (Kim et al., 2017;
Lammert et al., 2018; Wang et al., 2019).

The present study was motivated specifically by the animal experiments performed by Kim
et al. 2017. The MIA-associated phenotypes (increased repetitive behaviors, anxiety, social
interaction deficits, as well as cortical patches) that are typically considered to be autism-like
symptoms, require secretion of 11-17a, which occurs through differentiation of Th17 cells,
which themselves are promoted by the presence of specific maternal gut bacteria. Kim et al.
demonstrated that treatment of pregnant dams with vancomycin, a broad-spectrum
antibiotic, prevented the neurodevelopmental abnormalities associated with MIA by
decreasing the amount of Th17 cells in the small intestine, thus decreasing levels of IL-17a
circulating in the maternal plasma. Critically, transplantation of the mouse intestinal
microbiome with commensal bacteria from humans previously found to induce Th17 cells
also led to the neurodevelopmental abnormalities (Kim et al., 2017). In sum, this
demonstrates that the composition of the maternal gut microbiome, as well as factors that
influence it such as antibiotics or probiotics, seem to determine whether exposure to
maternal immune activation leads to increased risk of neurodevelopmental abnormalities in
the offspring (Kim et al., 2017; Lammert et al., 2018; Wang et al., 2019). Notably, animal
research has shown that the influence of MIA on the offspring is modified by the genetic
strain of the mice (Morais et al., 2018; Schwartzer et al., 2013), and that strains differ in
their immune and microbiota profiles, in a sex-dependent manner (Coretti et al., 2017).
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In this study, we found that flu in the second trimester increased risk for ASD in the child,
among women who did not receive any antibiotic during pregnancy or labor and delivery.
Viral infections during pregnancy have previously been implicated with increased for ASD,
though findings have not been specific to a particular trimester, and bacterial infections
during second and third trimester in particular, have been associated with increased ASD
risk (Atladdttir et al., 2010; Fang et al., 2015; Jiang et al., 2016; Lee et al., 2015). One
possibility is that women who self-reported having the flu during pregnancy may not have
truly had influenza, but might have had a different infection, perhaps of bacterial nature.
Influenza infection can also increase risk for a secondary bacterial pneumonia, which would
be appropriately treated by antibiotics. We also cannot rule out that the possibility that other
trimester-specific flu/fever exposures would have been implicated had enough observations
been present. There were more flu exposures across and within each trimester, compared to
fever exposures, among each of the four groups (ASD/TD x antibiotic use; see Table 2).
Further, because this study was enriched for preterm births, infections in third trimester
might not be adequately captured due to early delivery. Further, women may not recall first-
trimester infections or may not have known they were pregnant during that time. For these
reasons, our second-trimester finding may not necessarily reflect a true critical window
compared to other trimesters. Prior literature stresses the importance of considering ASD
risks in the context of specific infectious agents as well as the timing in pregnancy.

In this study, antibiotic exposure could have happened at any point during pregnancy. It is
most intuitive that antibiotics would have the strongest modifying effect for more proximal
infection exposures. Therefore, the signal we observe may be ‘noisier’ due to collapsing
antibiotic exposure across all trimesters. However, we were not powered enough to look at
both MIA and antibiotic use within each trimester. It is plausible that an earlier infection/
fever might have long lasting immune consequences that could still be modified by later
exposure to antibiotics. This remains to be tested in future studies, however.

To our knowledge, this is the first prospective birth cohort study in humans to test for
interaction between maternal immune activation and antibiotic use in pregnancy on child
ASD risk. However, this study was motivated by a number of earlier publications examining
antibiotic use or treatment of infection on ASD. Fever-associated risk for ASD or
developmental disabilities has been found to be decreased among mothers who took
antipyretic medications during pregnancy, implying that treatment for the maternal immune
activation was protective (Zerbo et al., 2013). The literature regarding treatment with
antibiotic use in particular on ASD risk has been mixed. A 2012 study of the Danish
National Birth Cohort found a small but elevated risk of ASD and infantile autism among
women who self-reported taking an antibiotic in pregnancy, though the study did not
disentangle whether the association was causal or due to confounding by indication
(Atladottir et al, 2012).

A much larger number of studies have examined the associations between infections,
antibiotic use and ASD risk in the postnatal period. While these studies may involve a
different mechanism of action than that in the pregnancy period, they do add further
evidence that inflammatory processes and medications influence the developing brain. A
2018 study using Danish registry data found that infections since birth treated with anti-
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infective agents were associated with increased risk of being diagnosed with a mental
disorder or redeeming a prescription for psychotropic medication. Antibiotic use in
particular was associated with increased risk for a mental disorder (Kéhler-Forsberg et al.,
2018). A study out of the Autism Treatment Network similarly found that antibiotic use and
ear infections were associated with increased risk for ASD, and the antibiotic in particular
seemed to account for the association between ear infection and ASD (Bittker & Bell, 2018).
However, another recent study also using Danish registry data aimed to assess whether otitis
media, previously associated with risk for ASD (Adams et al., 2016), was itself associated
with ASD or whether antibiotic treatment for otitis media was the true risk factor
(Wimberley et al., 2018). The authors found that exposure to exposure to otitis media and
antibiotic use were both independently associated with increased risk for ASD. Otitis media
remained significantly associated with ASD even after controlling for exposure to
antibiotics. There was no evidence of any interaction between otitis media and antibiotic use
on ASD, given that the risk for ASD among children who were exposed to both otitis media
and antibiotics did not change meaningfully from the risk among children only exposed to
antibiotics (Wimberley et al., 2018).

This study should be interpreted in the context of several limitations. First, our sample size
was small when looking at the interaction of MIA with antibiotic use on ASD status,
resulting in large confidence intervals. When we assessed for interaction between flu in
trimester 2 and antibiotic use on odds of ASD using Fisher’s Exact Test, we saw qualitative
evidence of an interaction, but neither strata were significant. The sensitivity analysis using a
more stringent ASD case definition (2 or more codes) also rendered our findings not
statistically significant. It is also possible that children were diagnosed with ASD outside of
the Boston Medical Center, in which case this information may not be included in the EMR
data. This is a limitation of the study, though we note there is considerable contact between
children and BMC medical providers, with each child on averaging having an average of 39
visits, with a range of 1 to 463, as indicated in prior publication by this group (Brucato et al.,
2017). Therefore, findings should be treated as preliminary, hypothesis-generating, and in
need of replication in a larger cohort. Our small sample also meant that we could not
separate antibiotic use by type of antibiotic or by trimester. Future studies in larger cohorts
are needed to replicate our findings and more fully explore these associations. Another
limitation of this study is that we used a complete-case analysis, which has the potential to
introduce biases. However, complete cases did not differ significantly from those excluded,
and ASD outcome was not associated with complete case status either unadjusted or after
adjusting for covariates (Hughes et al, 2019).

Next, while medical charts/EMR demonstrated high sensitivity in detecting antibiotic use
during pregnancy, sensitivity by self-report was low. This could reflect low awareness of
medications taken during labor and delivery, lack of familiarity with types of medications
during pregnancy, or low adherence to prescriptions. Prior literature has also shown that
while concordance between self-report and health record data is strong for medications used
chronically, there tends to be much lower concordance for shorter-term medication use,
including antibiotic use during pregnancy (Cheung et al., 2017; Laursen et al., 2019;
Palmsten et al., 2018; Pisa et al., 2015; Sarangarm et al., 2012). Lastly, we relied on self-
report information on infections. Therefore, our data may be susceptible to recall errors.
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However, we do not think recall errors, if any, differ by ASD status, since women recalled
their infectious exposures just after the birth of their child, years prior to ASD diagnosis. For
women who did not have antibiotic information in EMR (because only women with an
antibiotic prescription are included in EMR), we assumed that these women were not
exposed to antibiotics, provided that they also did not self-report antibiotic use on the
standardized questionnaire and did not receive intrapartum antibiotic. In light of these
limitations, our findings should be interpreted with caution and serve as hypothesis-
generating.

Our study had a number of strengths, however. First, we assessed for the first time the
interaction between maternal immune activation and antibiotic use on ASD. Within a
prospective, enriched-risk birth cohort, we demonstrated that the association between
maternal immune activation is modified by the use of antibiotics during pregnancy.
Antibiotic use and ASD were both assessed by EMR data, and we relied on self-report of
infections shortly after birth. The reason we used maternal self-report of infection is because
infections recorded in EMR data would likely only capture the most severe infections that
required treatment. We felt that using self-report information would increase sensitivity and
decrease misclassification.

The interaction effect we found was maintained after adjusting for demographic factors and
clinical variables. The findings from this study are in line with recent animal literature
showing that antibiotic use affects the maternal gut microbiome, modifying the influence of
maternal immune activation on neurodevelopment and autism-like symptoms in the
offspring.

Given the animal literature showing the interaction between maternal infection/fever and
antibiotic use, we sought to examine this question specifically, and did not assess for the
main effect of antibiotic use on ASD risk. However, antibiotics also carry risks to the mother
and developing fetus, and prior literature has shown that antibiotics themselves might
increase the risk of ASD (Adams et al., 2016; Atladottir et al., 2012; Bittker & Bell, 2018;
Champagne-Jorgensen et al., 2018; Eshraghi et al., 2018; Koéhler-Forsberg et al., 2018;
Moya-Pérez et al., 2017). Another important consideration is that this study did not look at
the effect of treatment of an infection with an antibiotic on ASD risk. Rather, antibiotics
could have been prescribed for any reason. Future studies are needed to assess whether
treatment of infection with antibiotics modifies the risk of ASD in the child.

The gut microbiome is malleable across the life course, which makes it an attractive target
for intervention (Clemente et al., 2012). Early immunological and metabolic programming
by the microbiota and their metabolites may have long-term consequences for human health,
including neurodevelopment (Ajslev et al., 2011; Borre et al., 2014; Johansson et al., 2011;
Kallioméki et al., 2008; C. H. Kim, 2018; Matamoros et al., 2013; Penders et al., 2006;
Rautava et al., 2012; Sylvia & Demas, 2018).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Regression M odels Estimating Association between Maternal mmune Activation

Exposures and Odds of ASD.
Forest plot showing adjusted odds ratio (OR) and 95% confidence intervals for the

association between prenatal GU infection, flu (overall and trimester-specific), and fever
(overall and trimester-specific), and intrapartum fever and Autism Spectrum Disorder.
Models are adjusted for child sex, child year of birth, maternal age, gestational age, delivery

type, and low birthweight.
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Figure 2. Log Odds (95% CI) for Association between Flu in Trimester 2 and ASD, Stratified by
Antibiotic Use during Pregnancy.
Model 1 was unadjusted. Model 2 was adjusted for child sex, child year of birth, maternal

age, gestational age, delivery type, and low birthweight.
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