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ARTICLE INFO ABSTRACT

Keywords: Although genetic variation is a major risk factor of neurodevelopmental disorders, environmental factors during
Autoimmune disease pregnancy and early life are also important in disease expression. Animal models demonstrate that maternal
Inflammation

inflammation causes fetal neuroinflammation and neurodevelopmental deficits, and brain transcriptomics of
neurodevelopmental disorders in humans show upregulated differentially expressed genes are enriched in im-
mune pathways. We prospectively recruited 200 sequentially referred children with tic disorders/obsessi-
ve—compulsive disorder (OCD), 100 autoimmune neurological controls, and 100 age-matched healthy controls. A

Innate immunity

Maternal immune activation
Tics

Tourette syndrome

Obsessive-compulsive disorder
Neurodevelopmental disorders
Transcriptome

structured interview captured the maternal and family history of autoimmune disease and other pro-
inflammatory states. Maternal blood and published Tourette brain transcriptomes were analysed for over-
lapping enriched pathways. Mothers of children with tics/OCD had a higher rate of autoimmune disease

Cytokines compared with mothers of children with autoimmune neurological conditions (p = 0.054), and mothers of
healthy controls (p = 0.0004). Autoimmunity was similarly elevated in first- and second-degree maternal rela-
tives of children with tics/OCD (p < 0.0001 and p = 0.014 respectively). Other pro-inflammatory states were also
more common in mothers of children with tics/OCD than controls (p < 0.0001). Upregulated differentially
expressed genes in maternal autoimmune disease and Tourette brain transcriptomes were commonly enriched in
innate immune processes. Pro-inflammatory states, including autoimmune disease, are more common in the
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mothers and families of children with tics/OCD. Exploratory transcriptome analysis indicates innate immune
signalling may link maternal inflammation and childhood tics/OCD. Targeting inflammation may represent
preventative strategies in pregnancy and treatment opportunities for children with neurodevelopmental

disorders.

1. Introduction

There is a substantial genomic contribution to most common neu-
rodevelopmental disorders such as autism spectrum disorder (ASD),
attention-deficit hyperactivity disorder (ADHD), tic disorders such as
Tourette syndrome, and OCD (Cross-Disorder Group of the Psychiatric
Genomics Consortium, 2019). Furthermore, genomic research has un-
covered shared genetic architecture across neurodevelopmental and
neuropsychiatric disorders, with key overlapping loci involving synaptic
plasticity and neurodevelopmental processes. (Cross-Disorder Group of
the Psychiatric Genomics Consortium, 2019; Schork et al., 2019) Brain
transcriptomic analyses demonstrate downregulation of neuronal genes
implicated in genome-wide association studies (GWAS), but upregula-
tion of genes related to microglial function, suggesting inflammation
may be an important environmental factor in the pathophysiology of
neurodevelopmental disorders. (Lennington et al., 2016; Lisboa et al.,
2019; Voineagu et al., 2011; Velmeshev et al., 2019) Microglia consti-
tute 15% of brain cells and are important in synaptic pruning, neuronal
differentiation, and neural circuit formation, (Paolicelli and Ferretti,
2017) and exposure to inflammation can affect microglial function in
the perinatal and postnatal periods. (Estes and McAllister, 2016; Frick
and Pittenger, 2016; Bilbo et al., 2018) Evidence for microglial activa-
tion and immune dysregulation in neurodevelopmental disorders aligns
with an increasing understanding of the role of immune signalling in
healthy neurodevelopment and disease. (Deverman and Patterson,
2009; Kipnis et al., 2012; Attwells et al., 2017; Martino et al., 2020)

Epidemiological studies associate immune dysregulation in preg-
nancy with adverse neurodevelopmental outcomes in children. (Estes
and McAllister, 2016; Dalsgaard et al., 2015; Mataix-Cols et al., 2018)
Animal models and early clinical studies demonstrate that cytokines
induced by maternal immune activation correlate with altered brain
morphology, neural circuits, microglial functioning, behaviour, and
cognition in offspring. (Gumusoglu and Stevens, 2019; Rudolph et al.,
2018)

Among the neurodevelopmental disorders, Tourette syndrome and
OCD frequently co-exist, are closely genetically linked, and both involve
cortico-striatal pathway dysfunction. (Cross-Disorder Group of the
Psychiatric Genomics Consortium, 2019; Yu et al., 2015; Hirschtritt
et al., 2015) We designed a case-control study to investigate the fre-
quency of inflammatory conditions in mothers and other relatives of
children with tic disorders/OCD compared with children with autoim-
mune neurological conditions and healthy controls using a structured
interview. Autoimmune disease was chosen as the primary exposure
because the clinical features and biological biomarkers aid accurate
reporting. Other pro-inflammatory states that were captured in mothers
included asthma, eczema, smoking, anxiety/depression, pre-eclampsia
and infection. (Bilbo et al., 2018; Furman et al., 2019) Moreover, we
explored putative disease mechanisms by comparing maternal blood
transcriptomes with published Tourette syndrome brain transcriptome
data. (Lennington et al., 2016)

2. Methods
2.1. Participant selection

Tic/OCD cohort: We performed a prospective study of 200 children
aged < 16 years diagnosed with a tic disorder and/or OCD according to

DSM-5 criteria and sequentially referred to a specialist clinic at the
Children’s Hospital at Westmead, Sydney, Australia, from February
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2018 to June 2019 (Diagnostic and Statistical Manual of Mental Disor-
ders, 2013).

Controls: We recruited a positive control group of 100 children with
autoimmune neurological conditions treated at the Children’s Hospital
at Westmead, anticipating that they will have elevated familial auto-
immunity due to the heritability of autoimmune disease. (Farh et al.,
2015) The autoimmune neurological disorders included central nervous
system (CNS) autoimmune demyelinating diseases (n = 54, 54%),
autoimmune encephalitis (n = 14, 14%) and opsoclonus myoclonus
ataxia syndrome (n = 10, 10%) and were diagnosed according to stan-
dard diagnostic or classification criteria (supplementary Fig. 1).

We also recruited a negative control group of 100 healthy age- and
sex-matched children of hospital workers and their acquaintances. The
inclusion criterion for healthy controls was absence of neuro-
developmental disorders in the child and siblings, but other childhood
diseases, including autoimmune diseases, were acceptable in the pro-
band and siblings.

Cases and controls were excluded if a sibling or relative was already
recruited to the study, consent was declined, or the maternal history was
unavailable (supplementary Fig. 2). The demographics of each group are
summarised in Table 1.

2.2. Procedure

2.2.1. Structured interview

A circa 50-question structured interview with over 400 data items
was completed with the child’s primary caregiver(s) either by phone or
in person by a neurologist (HFJ) (supplementary text 1). The interview
collected data regarding maternal immune conditions including auto-
immune disease, asthma, atopy, and pre-eclampsia and infection during
pregnancy with the proband, as well as autoimmunity and neuropsy-
chiatric disorders in all first- and second-degree relatives. Postnatal
immune factors in the proband were also captured such as recurrent
infections, atopy, and autoimmune disease (see interview for defini-
tions). For children with tics/OCD, data regarding tic/OCD onset,
exacerbating and relieving factors, impact on function, and subjective
efficacy of treatments were obtained. The clinician (RCD, SSM) recorded
the child’s comorbidities after a semi-structured clinical review, using
DSMS-5 criteria. (Diagnostic and Statistical Manual of Mental Disorders,
2013)

As autoimmune disease in the mothers was the primary exposure,
diagnoses were classified as ‘definite’ or ‘possible’ depending on the
level of supporting evidence for the diagnosis. ‘Definite’ diagnoses
required specific treatment for the autoimmune disease, verifying
documentation from a health practitioner, or a repeat blood test to
confirm relevant autoantibodies (supplementary text 2). ‘Possible’
autoimmune disease diagnoses and inflammatory but not autoimmune
conditions such as sarcoidosis, were only analysed with the ‘definite’
autoimmune disease group in a secondary analysis. For relatives other
than the mothers, it was not feasible to obtain verifying documentation,
and autoimmune diseases were reported a priori.

2.2.2. Examination of the Pro-Inflammatory state in mothers with
autoimmune disease: cytokine and transcriptome analyses

We selected 20 mothers with definite autoimmune disease from the
tic/OCD cohort and 15 age-matched mothers from the healthy control
cohort for immunological studies to investigate shared immune path-
ways. Blood samples were taken at the time of recruitment into the
study. Cytokine analysis was performed for all mothers, and whole blood
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Table 1
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Method of Interview and Demographics of Probands in the Tics/OCD and Control Groups. Statistical comparisons using chi-squared, independent t-tests, and

Mann Whitney U tests.

Ties/OCD (n = Autoimmune Neurological Healthy Controls (n Tiecs/OCD vs Autoimmune Tics/OCD vs Healthy
200) Controls (n = 100) = 100) Neurological Controls Controls
p-value p-value

Method of Interview

Person interviewed 0.27 0.097

-Mother 164 (82%) 75 (75%) 89 (89%)

-Father 9 (4.5%) 16 (16%) 5 (5%)

-Mother and father 27 (13.5%) 7 (7%) 6 (6%)

-Other 0 (0%) 2 (2%) 0 (0%)

Mode of interview 0.44 0.0043

-Phone 136 (68%) 63 (63%) 52 (52%)

-In person 64 (32%) 37 (37%) 45 (45%)

-Other 0 0 3 (3%)

Demographics

Age of proband at
interview (y)

-Mean (4SD) 11.0 (£3.1) 12.4 (+£5.1) 10.7 (+£3.4) 0.012 0.44

Sex of proband

-Male 146 (73%) 43 (43%) 76 (76%) <0.0001 0.58

-Female 54 (27%) 57 (57%) 24 (24%)

Ethnicity”

-Caucasian 167 (83.5%) 56 (56%) 79 (79%) <0.0001 0.91

-Middle Eastern/North 13 (6.5%) 17 (17%) 4 (4%) 0.0043 0.44
African

-Southern/Central Asian 12 (6%) 14 (14%) 13 (13%) 0.020 0.039

-Aboriginal/Torres Strait 8 (4%) 1 (1%) 2 (2%) 0.28 0.50

-Other 21 (10.5%) 20 (20%) 14 (14%) 0.024 0.37

Maternal age (y)

-At interview (mean 42.2 (+£5.8) 42.0 (£7.4) 41.6 (£5.9) 0.80 0.43
(+£SD))

-At birth of proband (mean  31.2 (+5.0) 29.6 (+4.7) 31.0 (+4.6) 0.0088 0.66
(£SD))

Paternal age (y)

-At interview (mean 44.7 (+6.8)" 44.3 (£7.9) 44.1 (£6.6) 0.61 0.46
(£SD))

-At birth of proband (mean 33.7 (£6.4)" 32.0 (£5.6) 33.4 (£5.7) 0.021 0.82
(£SD))

Mean number of relatives

—1st-degree relatives 3.2 (+£0.9) 3.6 (£1.4) 3.4 (+£0.8) 0.030 0.021
(+SD)

—2nd-degree relatives 8.0 (+2.7) 8.9 (+3.2) 8.1 (+1.9) 0.020 0.19
(+SD)

Abbreviations: SD, standard deviation; y, years.

2 Total response output i.e. if > 2 ethnicities were reported, two ethnicities were recorded, and the individual was counted twice (Statistics New Zealand, 2005).

b'n =199,

RNA-sequencing analysis was performed in 14 samples from each group
that passed RNA quality control testing (supplementary Table 1).

2.2.2.1. Cytokine assays. Serum was taken and stored at —80° Celsius
until analysis. We used a panel that measured fifteen important pro- and
anti-inflammatory cytokines (eotaxin, G-CSF, IFNo2, IFNY, GRO, IL-10,
IL-12(p70), IL-13, IL-17A, IL-1ra, IL-6, IL-8, IP-10, MCP-1, TNF«) using a
multiplex, bead-based immunoassay Milliplex® Map Human Cytokine/
Chemokine Magnetic Bead Panel (Milliplex® Map system, Millipore
Corporation, Missouri, USA) according to the manufacturer’s procedure.
The plate was read using the Luminex® 200™ platform (supplementary
text 3).

2.2.2.2. Transcriptome analysis. Venous blood samples were collected
in PAXgene™ blood RNA tubes (Qiagen, Hilden, Germany). The RNA
transcriptomes were prepared by the Australian Genomics Research
Foundation (AGRF), Adelaide, Australia, using Illumina’s TruSeq
stranded RNA sample preparation protocol. The RNA stranded samples
were sequenced on the Illumina NovaSeq 6000 next generation
sequencing platform 100 bp paired end run. The cleaned sequence reads
were aligned against the Homo sapiens genome (Build version hg38), and
the STAR aligner (v2.5.3a) was used to map reads to the genomic
sequences.

2.3. Statistical analysis

We performed statistical analyses using SAS v9.4 and GraphPad
Prism v8.2.0. We compared characteristics of the tic/OCD and control
groups using independent t-tests, chi-squared tests, and Mann-Whitney
U tests. We calculated odds ratios (OR) and 95% confidence intervals
(CD) for associations between clinical features of children with tics/OCD
and maternal autoimmunity without adjusting for multiple testing. We
performed multivariate logistic regression to adjust for maternal
neuropsychiatric disorders and perinatal factors associated with neu-
rodevelopmental disorders which significantly differed between tic/
OCD and control groups in univariate analyses. Any missing data were
excluded from the analysis and noted in the tables. Cytokine profiles of
cases were compared with healthy controls using the Mann-Whitney U
test, and no adjustment was made for multiple comparisons.

Maternal transcriptome data were analysed by BSG and AGRF in the
R statistical environment (R Core Team (2013)) with Tidyverse (2019).
(Wickham, 2019) Differential gene expression (DGE) was determined
using Empirical analysis of Digital Gene Expression data in R (edgeR)
v3.26.8 using R 3.6.1. (Robinson et al., 2010) The top 1000 differentially
expressed genes (DEGs) were tested for pathway enrichment in Gene
Ontology (GO) terms, Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Reactome pathways using the -clusterProfiler and
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ReactomePA v1.28.0 packages. (Young et al., 2010; Kanehisa and Goto,
2000; Yu and He, 2016; Yu et al., 2012) Gene Set Enrichment Analysis
(GSEA) was also performed on the top 1000 DE genes and normalised
enrichment scores were visualised using pheatmap v1.0.12. Published
Tourette brain transcriptome Bam files mapped to hgl9 were accessed
with the authors’ permission from www.synapse.org, (Lennington et al.,
2016) and gene-level counts for UCSC refSeq genes were generated
using HTSeq v0.11.2. Counts were background corrected (cpm > 1 in at
least one sample), normalised, and case-control DGE was determined as
above.

The primary statistical comparison of this study was the prevalence
of maternal autoimmunity between the three study groups (at any time
and at delivery of the proband), and all other comparisons should be
considered as hypothesis generating only. Throughout the paper we
present unadjusted p-values, and the reader should use their judgment in
attributing significance for each comparison.

Ethical Approval

Ethical approval was granted by the Sydney Children’s Hospitals
Network Human Research Ethics Committee (HREC/18/SCHN/227,
HREC/12/SCHN/395).

3. Results
3.1. Description of cases with Tics/OCD

The diagnoses and comorbidities of the 200 children with tics/OCD
are outlined in Table 2. One hundred and seventy-eight (89%) children
had a tic disorder, 141 (70.5%) children had Tourette’s syndrome, and
76 (38%) children had OCD. One hundred and fifty-four (77%) children
had a diagnosis of at least one comorbidity, including OCD, and 109
(54.5%) children had two or more comorbidities. Forty-one (21.1%)
children reported an abrupt onset (defined as reaching maximum
severity within a week) to their initial tics or OCD symptoms, and 90
(45%) children identified a trigger at onset, most commonly an illness or
stressful event. The clinical courses varied (supplementary text 1), but
stress, tiredness, and infection were common exacerbating factors of tics
or OCD symptoms (Table 2). Eighty-one (40.5%) children were reported
to have a loss of learning ability, social skills, or other skills since the
onset of their symptoms. A significant minority had a severe clinical
course prompting presentation to a hospital (n = 46, 23%) or prolonged
absence from school (n = 18, 9%). One hundred and forty-six (73%)
children received psychological therapy, and 126 (63%) children were
treated with at least one medication (Table 2).

Table 2
Diagnoses, Comorbidities and Clinical Features of the 200 Children with Tics/
OCD (see interview in supplementary material for further details).

Characteristic Number of
Cases
n (%)
Tic disorders 178 (89%)
Provisional tic disorder 10 (5%)
Chronic motor tic disorder 26 (13%)
Chronic vocal tic disorder 1 (0.5%)
Tourette’s syndrome 141 (70.5%)
Obsessive compulsive disorder 76 (38%)
Obsessive-compulsive disorder without tics 22 (11%)
Obsessive-compulsive disorder and tic disorder 54 (27%)
Age at onset of tics (mean (£SD))" 6.1 (+2.9)
years
Age of onset of OCD (mean (+SD))" 8.1 (£3.2)
years

Comorbidities

Autism spectrum disorder 57 (28.5%)

Significant learning disability* 28 (14%)
Attention-deficit hyperactivity disorder 67 (33.5%)
Oppositional defiant disorder/Conduct disorder 26 (13%)
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Table 2 (continued)

Number of
Cases

Characteristic

Any anxiety disorder(s) 127 (63.5%)

Depression or mood disorder 22 (11%)
Other neuropsychiatric comorbidities 7 (3.5%)
Neurological comorbidities® 15 (7.5%)
Onset of Tics/OCD
Onset to maximum intensity within 1 week 41/194
(21.1%)
Triggers at Onset
Reported trigger at onset of tics/OCD 90 (45%)
-Infection/illness 46 (23%)
-Stress/life event 38 (19%)
-Medication 4 (2%)
-Vaccination' 10 (5%)
-Other 3 (1.5%)
No reported trigger at onset 109 (54.5%)
Unknown 1 (0.5%)
Clinical Course®
Monophasic 5 (2.5%)
Chronic static 3 (1.5%)
Mild fluctuations 36 (18%)
Moderate fluctuations 46 (23%)
Severe fluctuations 20 (10%)
Relapsing remitting 46 (23%)
Chronic progressive 43 (21.5%)
Other 1 (0.5%)
Exacerbating factors of tics/OCD at any time in clinical course
Stress 179/199
(89.9%)
Tiredness 152/196
(77.6%)
Infection 100/189
(52.9%)
Other 51/200
(25.5%)

Loss of skills in at least one domain at onset or with
subsequent exacerbations in tics/OCD
Markers of Severity (at any time in clinical course)

81 (40.5%)

Emergency department or hospital admission 46 (23%)
Unable to attend school for > 3 consecutive months 18 (9%)
Treatment for Tics/OCD or comorbidities

Psychoeducation only 34 (17%)

146 (73%)
126 (63%)
78 (39%)
70 (35%)
57 (28.5%)
45 (22.5%)

Any psychology

Any pharmacological

-Any anti-depressant”

-Any alpha agonist

-Any neuroleptic

-Any stimulant/atomoxetine

Improvement in symptoms (including comorbidities)
reported with treatments'

Antibiotics’ 63/128
(49.2%)
Non-steroidal anti-inflammatory drugs’ 33/118
(28.0%)

Any alpha agonists

Any anti-depressant

Any neuroleptic

Any stimulant/atomoxetine

44/70 (62.9%)
53/73 (72.6%)
44/55 (80%)

32/43 (74.4%)

a

b

n = 176, unknown in 2 cases.
n = 75, unknown in 1 case.

¢ Defined as needing special education i.e. special school placement or support
unit.

4 Eating disorder, post-traumatic stress disorder, bipolar disorder, psychosis.

¢ Includes epilepsy (all types), strabismus, migraine, and single cases of
paroxysmal movement disorder, idiopathic intracranial hypertension and
sensorineural hearing loss.

f Five caregivers reported infection and vaccination as a trigger.

8 See supplementary material for graphs which were presented to caregivers
during the interview.

h Selective serotonin reuptake inhibitors (SSRIs), serotonin-noradrenaline
reuptake inhibitors (SNRIs) or tricyclic antidepressants (TCAs).

! Improvement with any treatment within the medication class is counted.

I Prescribed or administered for any indication.
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3.2. Prevalence of definite autoimmune disease in mothers and reported
autoimmunity in other first- and second-degree relatives

Sixty-one (30.5%) mothers of children with tics/OCD had definite
autoimmune disease at any time, compared with 20 (20%) mothers of
neurological autoimmune controls (p = 0.054), and 12 (12%) mothers of
healthy controls (p = 0.0004, adjusted OR 2.70, 95%CI 1.28-5.68)
(Fig. 1A, supplementary Tables 2 and 7). Thirty-eight (19%) mothers of
children with tics/OCD had a definite autoimmune disease at the time of
the delivery of the proband, compared with 13 (13%) mothers of
neurological autoimmune controls (p = 0.19), and 9 (9%) mothers of
healthy controls (p = 0.025) (Fig. 1B). The probands and the probands’
siblings in the tic/OCD group had higher rates of autoimmune disease
compared with healthy controls (p = 0.0003 and p = 0.018 respectively,
Fig. 1D and 1E), and autoimmunity in any first-degree relative was more
common in the tic/OCD group, compared with control groups (Fig. 1F).
Among second-degree relatives, autoimmunity was more commonly
reported in maternal grandmothers and maternal aunts of children with
tics/OCD compared with healthy controls (p = 0.011 and p = 0.023
respectively, Fig. 1G), independent of reported autoimmune disease in
the mother. Rates of autoimmunity in paternal second-degree relatives
were similar between groups, except that paternal uncles of healthy
controls had a higher proportion of autoimmune disease than paternal
uncles in the tic/OCD group (p = 0.0009, Fig. 1H).

The autoimmune diseases of mothers of children with tics/OCD were
heterogeneous, and only psoriasis was overrepresented compared with
healthy controls (p = 0.0052) (supplementary Table 3 and supplemen-
tary Fig. 3). The increased odds of maternal autoimmunity in the tics/
OCD group remained after adjusting for maternal neuropsychiatric
disorders and perinatal factors associated with neurodevelopmental
disorders (supplementary Tables 4-7). Only five (2.5%) mothers in the
tics/OCD group had taken systemic immunomodulatory treatments
during pregnancy, which was consistent with the management of the
more frequent autoimmune diseases as well as clinical practice to

Brain Behavior and Immunity 94 (2021) 308-317

minimise medications during pregnancy. Secondary analysis of the
combined definite autoimmune diseases, possible autoimmune diseases,
and inflammatory disorders revealed similar results to our primary
analysis in maternal, first- and second-degree relatives (supplementary
Table 8).

3.3. Other Pro-inflammatory factors in the mothers and children in the
Tics/OCD cohort compared with controls

Mothers of children with tics/OCD had a greater number of pro-
inflammatory conditions than mothers of neurological autoimmune
and healthy controls (both p < 0.0001), independent of the sex of the
child (Fig. 2a and 2b, supplementary Table 9a). Supplementary Table 9b
shows the rates of pro-inflammatory diseases and conditions in mothers
and probands in the tics/OCD and control groups. Anxiety/depression,
asthma, infection in pregnancy, preeclampsia or pregnancy-induced
hypertension, and smoking in pregnancy were more frequent in
mothers of children with tics/OCD compared with mothers of healthy
controls (p-values range from < 0.0001 for anxiety/depression to 0.022
for asthma). Asthma, recurrent infections, and hospitalisation for
infection were also more frequent in the children with tics/OCD
compared with healthy controls (p-values < 0.0001 to 0.0088, supple-
mentary fig. 4 and supplementary Tables 9a and 9b).

The clinical features in the children with tics/OCD that had the
highest odds ratios with definite maternal autoimmunity were a chronic-
progressive course and symptom improvement with non-steroidal anti-
inflammatory drugs (NSAIDs), (OR 2.5, 95th CI 1.2-4.9, and OR 2.7,
95th CI 1.2-6.3 respectively, supplementary table 10). Infectious trigger
at onset, comorbid diagnoses and pharmacological treatment were not
associated with maternal autoimmune disease.

3.4. Cytokine measurements in mothers with autoimmune disease

Interferon-alpha and G-CSF were elevated in the mothers of children

Maternal Autoimmune Disease

Maternal Autoimmune Disease

Paternal Autoimmune Disease

Proband with Autoimmune

Any Sibling(s) with Autoimmune

(at any time) (at delivery of proband) Disease Disease
A 40 B 40 C 40 40 40
Ak * *kk *
30 30 30 30 30
20 ® 20 R 20 R 20 R 20
10 10 10 10 10
0 0 0 0 0
& 7 & & & P 5 S
g & S & S & R A S
& & < & & & < & & T
C " ‘\0 %Q O
Any First-Degree Relative(s) Maternal Second-Degree Relatives Paternal Second-Degree Relatives
with Autoimmune Disease
*
F 0 —2 H w Bl Tics/OCD * p<0.05
*% **  p<0.005
Bl Neurological Al
9 *** < 0.0005
30 30 Healthy *%% 50,0001
R 20 x20
10 10
0 0
Q S Y Y > >
A 4 Q‘P\% ~z~°°\@ @"e& b"&e v“&\“ o“y\“
<« & 0@«“ &

Fig. 1. Frequency of autoimmune disease in the mothers and other first- and second-degree relatives of children with tics/OCD compared with neurological
autoimmune and healthy controls. The prevalence of reported autoimmune disease present in mothers at any time (A), mothers at delivery of proband (B), fathers
(C), probands (D), any siblings (E), any first-degree relative(s) (F), and maternal and paternal second-degree relatives (G and H respectively) of children in each
group. Elevated rates of autoimmune disease (noted with an asterisk(s)), were present in the tic/OCD cohort for mothers at any time, mothers at delivery of proband,
probands, any siblings, maternal aunts, and maternal grandmothers. Paternal uncles of healthy controls had higher rates of autoimmune disease compared with the

tics/OCD group. Abbreviations: Al, autoimmune.
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Fig. 2. Heat maps depicting the number of pro-inflammatory states in mothers of children with tics/OCD compared with neurological autoimmune and healthy
controls. Data presented for definite autoimmune disease, anxiety/depression, asthma, pro-inflammatory pregnancy complications (infection, pre-eclampsia,
gestational diabetes), smoking and total accumulative exposome. Each row represents one mother, and each column represents a pro-inflammatory state/pro-in-
flammatory states as labelled. The right column is shaded according to the accumulative number of exposures. A. Heat maps demonstrating a greater number of
recognised pro-inflammatory states in mothers of children with tics/OCD compared with neurological autoimmune and healthy controls (p < 0.0001 for both). B.
Heat maps showing that the number of pro-inflammatory factors in mothers of children with tics/OCD did not differ by sex of the proband (p = 0.36).

with tics/OCD and autoimmunity (p = 0.033 and p = 0.015 respec-
tively), whereas interferon gamma-induced protein 10 (IP-10) and
eotaxin were reduced compared to mothers of healthy controls (p =
0.0095 and p = 0.017 respectively, supplementary fig. 5).

3.5. Transcriptomic analyses

Mothers with autoimmune disease who had children with tics/OCD
(n =14) had upregulated DEGs enriched in the neutrophil degranulation
pathways and Toll-like Receptor (TLR) Cascades, compared with
mothers of healthy controls (q-values = 2.0e-4 and 2.3e-2 respectively,
ReactomePA, Fig. 3A). Gene ontology and KEGG pathway enrichment
analysis showed an overrepresentation of DEGs associated with the
innate immune and inflammatory responses (Fig. 3C and 3E).

The Tourette brain transcriptomes showed similar enrichment in
innate immune pathways in Reactome, GO and KEGG analysis of DEGs
(Fig. 3B, 3D and 3F). (Lennington et al., 2016) Additionally, GSEA
demonstrated that the most enriched pathways common to both
maternal blood and Tourette brain were neutrophil degranulation,
innate immune system, and interleukin and cytokine signalling (Fig. 3G
and supplementary fig. 6).

4. Discussion

Systemic chronic inflammation is a major contributor to the

313

expression of common disease such as cardiovascular disease, cancer,
and neurodegeneration, (Furman et al., 2019; Yuan et al., 2019) and
transcriptome studies have provided new insight into a role for
inflammation in neurodevelopment and related disorders. (Lennington
et al., 2016; Lisboa et al., 2019; Voineagu et al., 2011; Velmeshev et al.,
2019) We explored whether inflammation in mothers and other first-
and second-degree relatives is associated with expression of tics/OCD in
children, focusing on autoimmune disease. (Dalsgaard et al., 2015;
Mataix-Cols et al., 2018; Murphy et al., 2010)

Autoimmune disease and other inflammatory states were more
common in mothers of children with tics/OCD than controls, both at the
time of delivery of the proband and at the time of interview. Although
some mothers in our cohort were diagnosed with autoimmunity after the
proband’s delivery, autoimmune dysregulation typically begins years
before the clinical manifestations of disease, (Arbuckle et al., 2003) and
maternal autoimmunity has been associated with offspring neuro-
developmental disorders irrespective of time of onset. (Mataix-Cols
et al., 2018, Nielsen et al., 2021)

The autoimmune diseases in our cohort were heterogeneous with
variable innate, T-cell, and autoantibody mechanisms, and larger sam-
ple numbers are likely needed to identify a prevailing cytokine signa-
ture. Maternal psoriasis was the only specific condition that was
elevated in mothers in the tics/OCD cohort. Psoriasis is an auto-
inflammatory disorder involving the Th17/IL-23 axis, and within this
pathway, IL-17A has been strongly implicated in animal models of



H.F. Jones et al.

cLecse

ecfs RAC? CD3DEIE * 4
, Rfuses tir
f FRoarcs

N “B’E"Rﬁsss g
n® CVBA sibLecs o

BRKp WASF2
FADD, No:

Feiric . co

fRo1 RNASET2
witp2s stozhs HES NCEWPT

sieLeCy o
Rgeh , BAOAT &rsc vl Z

cHISLT
sw Hsts m <

pecAM1

fisPain

POLRID (0crins® = INNATE IMMUNE SYSTEM
cxem oo 2°’°B NEumome DEGRANULATION
KeyF1 §O83 C
sidme &
Rafoc || TYROBP gaup o corLt HSPATB
Py Uncisb  SERPINASS cprrr TNFRSF1B,IRAKZ®
NP2 e Siotecs e CoART gyogis® Hspsoratbvila 8 FCOA
Py CRISPLOZ 2 PR3 cho 100413
ono Lcfiz  ANTIMICROBIAL PEPTIDES /Slotecs  mwpo~, T-Ec
P orter| | 6l CLiY?A ; Fent ofsz PsMgQTME
. NFKBIA
CEAGAME ® cora

REGULATION OF TLR BY ENDOGENOUS LIGAND
AZOM13 D58 NEUTROPHIL DEGRANULATION

Wi INTERFERON SIGNALING

TRIME
50083 "HLA-DQAT IRFT

CYTOKINE SIGNALING IN IMMUNE SYSTEM .ADFBT g

Brain Behavior and Immunity 94 (2021) 308-317

RIV25
et ofiLA-E INTERFERON GAMMA SIGNALING

o
b firon
HAR P10

NEUTROPHIL_DEGRANULATION

CELL SURFAGE.INTERACTIONS. AT THEVASCULAR WALL |

£ piKscs S i TOLL_LIKE_RECEPTOR_CASCADES
2.1 AQGRG3 S0 \CAM HLA-DRE1 DISEASE N
s AR . sidhas . METABOLISM_OF_AMINO_ACIDS_AND_DERIATIVES
- DNLT | cuiTe s Pt “hacBra MAPK_FAMILY_SIGNALING_CASCADES
M ke SAMHDT ey o IFITM2 HEMOSTASIS I'*
Lvﬁs d . TOLL_LIKE_RECEPTOR_4_TLR4_CASCADE
Py P o TURTLRITLRZ OASGADE ot 5
3 RS Lper TLRZGASCADE 1,y colz, Cor1 Froar | wve M PEPTIDE_LIGAND_BINDING_RECEPTORS
e 7" myDpss: MAL('"RAP) CASCADE INITIATED ON PLASMA MEMBRANE ‘-mm&um;sm . v HMR, CLASS_|_MHC_MEDIATED_ANTIGEN_PROCESSING_PRESENTATION
PRz TRANSPORT_OF_SMALL_MOLECULES
3 Akt . clarp
. S TR CASCADE;;051 CSF2RB cxcuywmmh Laviks o gxela TRANSCRIPTIONAL_REGULATION_BY_TPS3
wcEupt e INFECTIOUS_DISEASE
y 1 egis,
TLR TLRETLRACASRACE Edchomge  uze LOPT ara SRS S ANTIGEN_PROCESSING_UBIQUITINATION_PROTEASOME_DEGRADATION
TLR4 CASSANE MAP2KS T s VESICLE_MEDIATED_TRANSPORT
I s o DISEASES_OF_SIGNAL_TRANSDUCTION_BY_GROWTH_FAGTOR_RECEPTORS.
3 . NEDDYLATION
b T e CELLULAR_RESPONSES_TO_EXTERNAL_STIMULI
R fos °- 0. GTade EFPECTORS
RNA_POLYMERASE_l_TRANSCRIPTION
POST_TRANSLATIONAL_PROTEIN_MODIFICATION
Y™ SIGNALING_BY_RHO_GTPASES.
BRcz & MEMBRANE_TRAFFICKING
LEISHMANIALINFECTION
C D ASPARAGINE_N_LINKED_GLYCOSYLATION
- I CELL_CYCLE
Proten digeston and absorpton N tigen processing and preseniation ADAPTIVE_INMUNE_SYSTEM
Logoneliosis | Rneumatoit artvits [ CELL_CYCLE_MITofic
Rheumatoid artvvits | TNF signating patrway [ T
DEUBIQUITINATION
Pregosome | Phagosome IMMUNOREGULATORY_INTERACTIONS_BETWEEN_A_LYMPHOID.
Staphylococcus aureus infection | Leishmaniasis METABOLISM_OF_RNA
Fructose and mannose metabotism N i HODOPSIN_LIKE_RECEPTORS
o vaara [ GPCR LIGAND_BINDING
3 One carbon pool by folate. | Epstcin-Barrvius inecion [ HETOLSI. O LiPDS
H 1L-17 signaling patreey. | Graft-versus-host disoaso SIGNALIN
£ Teberouioss o oo SIONALING_BY RECEPTOR_TYROSINE_KINASES
g — st wesin | SEVELOPMENTAL BI0LOGY
S Saimonela inection | Type | diabetes melitus G_ALPHA_I_SIGNALLING_EVENTS
Il NOD-ke receptor signaing patrway. [N 7 e aitretaion [ EXTRACELLULAR_MATRIX_ORGANIZATION
g Leshmanioss N NEURONAL SYSTEM
Allograf rejection DEGRADATION_OF_THE_EXTRACELLULAR_MATRIX
Inflammatory boweldiscase (120) N Asthma MUSCLE_CONTRAGTION
NF-kappa 8 sgnaling paty Inflammatory bowel disease (120) ] o -OF -CARBOHYORATES
Intestal immune network or lgA procucton | i myocari e TEN. DEVELOPMENT
et myocardits o
RIGH1ke receptor signaling pathway
— nenza A atoral Bocd Tourste Bran
Tollike receplor sgnaling pai: 17 st
Amoebisi upreguiated O |
Carbon metabols I dovnreguiated I . ‘:"m o
ral protein ineraction with cytokin.
Homologous recombination
3 2 4 6 . . .
~logiofP) “eg10P)
leukocyte acivation immune effector process
immune responss eytokine-mediated signaiing patiay
defense respanse tobacterium eukocyte actvation
g el actvation innate immne response
2 defense response regulation of immune response
o myeloid leukocyte activation response to cytokine
<] ponse o cytoi
immune system process positive reguiation of immune system process
pattern recogriton receptor inaing pathway leukocyte mediated immunity
follike receptor ignaling patiway infammatory response
complex of ollagen imers cellar response to cyioking simuius
o 1 2 3 4 s o s 0 s 2
-log10(P) “log10(P)

Fig. 3. Analysis of the top 1000 differentially expressed genes (DEGs) in the blood transcriptomes of mothers of children with tics/OCD with autoimmune disease
compared with controls (A, C, E), and the top 1000 DEGs in brain transcriptomes of individuals with Tourette syndrome compared with controls (B, D, F). (Len-

nington et al.,

2016) Panels A and B: Reactome Pathway Analysis of the upregulated genes within the top 1000 DEGs for maternal blood transcriptomes (A) and

Tourette brain transcriptomes (B). Neutrophil degranulation pathways are enriched in both datasets (q-values: 2.0e-4 and 8.1e-8 respectively) and innate immune
pathways are enriched in Tourette brain transcriptomes (q-value: 6.4e-13). Genes represented by points coloured according to 1ogFC. Node sizes are binned according
to the number of genes. Panels C and D: Middle row: The top 20 KEGG pathways enriched in DEGs for maternal blood transcriptomes (C) and Tourette brain
transcriptomes (D) indicating common innate immune response pathways. Bars are coloured by the proportion of measured genes which are upregulated (tan) and
downregulated (blue). The x-axis represents the unadjusted p-value. Panels E and F: The top 10 GO terms enriched in up- and down-regulated DEGs. Maternal blood
transcriptome data is on the left (E) and Tourette brain transcriptome data is on the right (F). The x-axis represents the unadjusted P-value. (G) Heatmap of nor-
malised enrichments scores (NES) of GSEA of ranked gene lists for both datasets trimmed to only demonstrate pathways with enrichment in both datasets. The full
heatmap is provided in Supplementary Fig. 6C. GSEA demonstrates that the most upregulated pathways common to both maternal blood and Tourette brain were
neutrophil degranulation, innate immune system, and interleukin and cytokine signalling. Abbreviations: GO, gene ontology; GSEA, gene set enrichment analysis;
KEGG, Kyoto Encyclopedia of Genes and Genomes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

maternal immune activation. (Reed et al., 2020) Psoriasis in mothers has
also been associated with neurodevelopmental disorders in children in
epidemiological cohorts and linked with ADHD in GWAS studies. (Croen
et al., 2005; Tylee et al., 2018)

Although autoimmunity was most evident in the mothers and
maternal female relatives in our tic/OCD cohort, there were also higher
observed rates of autoimmune disease in fathers of children with tics/
OCD, as reported in epidemiological studies. (Mataix-Cols et al., 2018)
Coinheritance of immune and neurodevelopmental disorders could be
related to genes with dual immune and neurodevelopmental functions,
as exemplified by some rare variants in OCD, (Cappi et al., 2016) tran-
scription genes which regulate expression of immune and neuronal
signalling pathways, (Autism Spectrum, 2017) or heritable epigenetic
modifications. (Nardone and Elliott, 2016; Network, 2015)

Other disorders known to be pro-inflammatory such as asthma, pre-
eclampsia, and depression, were more frequent in mothers of children
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with tics/OCD, concordant with epidemiological studies in neuro-
developmental disorders, and may be cumulative in their effects and
risk. (Gong et al., 2019; Gumusoglu et al., 2020; Lee and Giuliani, 2019;
Ayano et al., 2019) These disorders have innate immune activation in
common, such as TLR signalling and activation. (Kumar et al., 2009)
TLRs are pathogen- and damage-associated molecular pattern recogni-
tion receptors, which are highly expressed in microglia and neurons, and
have been implicated in neurodevelopmental disorders, neuropsychi-
atric disorders, and stress-mediated neuroinflammation (Keri et al.,
2017; Enstrom et al., 2010; De Miranda et al., 2010; Garate et al., 2013).

Brain transcriptomic studies of neurodevelopmental disorders have
shown downregulation of synaptic and neuronal genes, but upregulation
of inflammatory genes. (Lennington et al., 2016; Lisboa et al., 2019;
Voineagu et al., 2011) The inflammatory signal reported in brain tran-
scriptomic studies is generally not explained but presumed to be envi-
ronmental or secondary. (Voineagu et al., 2011) Given our hypothesis
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that maternal autoimmunity is involved in the expression of neuro-
developmental disorders in offspring, we performed transcriptomic
analysis to determine if there were shared differentially expressed genes
with brain transcriptomic studies. The transcriptomic data showed that
common innate immune pathways were enriched in maternal autoim-
munity and the neuroinflammation reported in Tourette brain samples
including neutrophil degranulation, TLR cascades, and interleukin and
cytokine signalling. Shared differential expression of genes in the TLR
cascades highlights that these ‘sensors’ of the innate immune system
could be important intermediaries in the immune-neurodevelopmental
interface, an hypothesis which is supported by robust preclinical data.
(Bilbo et al., 2018; De Miranda et al., 2010) Upregulation of inflam-
matory genes is similarly evident in brain transcriptomes in OCD and
ASD, and suggest our findings may be extrapolated to other neuro-
developmental disorders. (Lisboa et al., 2019; Voineagu et al., 2011)
Maternal autoimmunity was not clearly associated with a distinct
tics/OCD phenotype, although children of mothers with autoimmune
disease were more likely to have a chronic progressive course and report
improved symptoms with NSAIDs. Responsiveness to the
cyclooxygenase-2 inhibitor, celecoxib, has been reported in both Tour-
ette syndrome and OCD. (Miiller, 2004; Sayyah et al., 2011) Infection
provocation at onset and infection-associated symptom worsening were
frequently reported irrespective of a maternal history of autoimmunity.
(Singer et al., 2000) Abrupt, infection-provoked onset of tics or OCD is
described in ‘Paediatric Autoimmune Disease associated with Strepto-
coccal Infection” (PANDAS), and ‘Paediatric Acute-onset Neuropsychi-
atric Syndrome’ (PANS), controversial entities proposed to be distinct
disorders. However, our data suggest that infection-related exacerba-
tions are common in tics/OCD in general and that PANDAS and PANS
may represent a continuum with tic disorders and OCD, rather than
separate disorders. The reporting of stress- and infection-related exac-
erbations suggests a role for immune-CNS crosstalk in the clinical course
of tics/OCD. (Tian et al., 2012; Yirmiya and Goshen, 2011; Olvera
Alvarez et al., 2018) Acute stress-induced neuronal activation triggers
microglia and astrocytes to produce high levels of pro-inflammatory
cytokines which stimulate the hypothalamus-pituitary-adrenal (HPA)
axis and sympathetic nervous system, (Yirmiya and Goshen, 2011;
Berens et al., 2017) and infection in the periphery provokes macro-
phages and immune cells to produce cytokines which provoke a pro-
inflammatory response within the CNS. (Yirmiya and Goshen, 2011)
Our data also showed that children with tics/OCD had an excess of
immune conditions, including autoimmune disease, many of whom did
not have a parent with autoimmunity. Our findings indicate a role for
immune dysregulation in the pathogenesis of tics/OCD postnatally, or
shared pathogenic mechanisms between immune and neuro-
developmental disorders. (Wang et al., 2019; Perez-Vigil et al., 2016;
Orlovska et al., 2017; Tsai et al., 2016) Previous studies have also shown
higher rates of autoimmune disease in individuals with OCD and Tour-
ette syndrome, (Perez-Vigil et al., 2016) and increased rates of OCD with
specific autoimmune conditions. (Tylee et al., 2018; Wang et al., 2019)
As expected, there were high rates of anxiety, depression and other
neuropsychiatric disorders in the mothers, fathers and second-degree
relatives of children with tics/OCD. Some neuropsychiatric disorders
are reported to be independently associated with autoimmune disease
such as depression and psoriasis, (Kurd et al., 2010) but in our cohort the
association between maternal autoimmune disease and tics/OCD in
children remained after adjusting for maternal neuropsychiatric disor-
ders. Anxiety and depression were the most common neuropsychiatric
disorders in first-degree relatives of children with tics/OCD, including
mothers, and could reflect environmental stressors not captured in our
study such as financial strain and relationship conflict. The rates of tics
and OCD in the parents of children with tics/OCD were lower than
previously reported and may result from under-reporting or under-
diagnosis. (Yu et al., 2015; Hirschtritt et al., 2015)
Important limitations to our study are latency in reporting and po-
tential reporting bias. (O’Rourke et al., 2019) We sought to mitigate the
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effects of these limitations by verifying key diagnostic information about
autoimmune disease and recruiting a positive control group of children
with neurological autoimmune diseases whose parents were more likely
to be aware of immune-related diseases in family members. In most
instances, we interviewed the child’s mother which may have resulted in
more reporting of autoimmune disease and neuropsychiatric conditions
in maternal second-degree relatives compared with paternal second-
degree relatives, but this effect would have been consistent across pa-
tient and control groups. Similarly, blood samples used for analyses of
cytokine profiles and transcriptomes were drawn years after delivery of
the probands. However, given the chronic nature of autoimmune dis-
ease, we propose the immunological profiles detected reflect the
maternal immune dysregulation present during pregnancy. Future
studies should prospectively collect maternal and neonatal blood sam-
ples to further examine this association. A small proportion of mothers
included in the biological investigations were taking immune therapy at
the time of sample collection (4 of 20), which could have theoretically
affected the findings.

There are important pro-inflammatory conditions, such as obesity,
that were not investigated in our study and should be included in further
research. A role for the microbiome in microglial maturation and
functioning, gut-brain crosstalk, and neuropsychiatric disorders is also
emerging, (Cryan et al., 2019; Rogers et al., 2016) and maternal and
proband microbiomes should be included in future studies. (Martino
et al., 2020) The high numbers of comorbidities and pharmacotherapies
prescribed in our case cohort are consistent with children seen in a
tertiary clinic and highlight that the generalisability of our findings to a
community sample is uncertain.

Although we have emphasised the pro-inflammatory effects of the
maternal diseases associated with tics/OCD in our study, the negative
effects on fetal neurodevelopment are likely to be multi-factorial and
include neuronal genetic factors (for depression) (Pearson et al., 2013)
and thyroid hormone dysregulation (for autoimmune thyroid disease).
(Brown et al., 2015) Other variables, including perinatal complications,
were comparable between groups, (Williams et al., 2019) and medica-
tion use was adjusted for by logistic regression modelling.

Our findings demonstrate that maternal pro-inflammatory states,
including autoimmune disease, are associated with tics/OCD in chil-
dren, and support a possible role for maternal inflammation, in addition
to immunogenetic and ‘neurogenic’ mechanisms in the aetiology of tic
disorders and OCD. (Mataix-Cols et al., 2018) The breadth of immune
conditions, including the heterogeneity of autoimmune diseases, and
overlapping pathways in transcriptomic analysis of maternal blood and
Tourette brain samples indicate that the innate immune response may be
an important factor in disease expression. Inflammation is likely to be a
more modifiable risk factor than susceptibility genes, and prospective
studies which comprehensively assess pro-inflammatory states in
mothers during pregnancy paired with detailed immunophenotyping,
genomic and epigenomic testing, and careful evaluation of postnatal
pro-inflammatory exposures in children, are needed to fully assess the
role of inflammation as an environmental risk factor for neuro-
developmental disorders. Further understanding of the role of the im-
mune system in neurodevelopment could unveil opportunities to
mitigate risk to children by reducing exposure to inflammation and open
new avenues for treatment.
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