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Abstract

Autism and Tourette syndrome are complex enigmatic disorders. Both are childhood
neurological syndromes affecting behavior, social interaction, movement, and language. Like
many complex disorders, autism and Tourette syndrome are thought to have complex genetic and
environmental etiologies. Similarly, autoimmune and inflammatory (AI) disorders have complex
multigenic and environmental origins. Genetic loci for Al disorders have previously been shown
to cluster non-randomly in several regions throughout the human genome, suggesting in some
cases, shared genetic etiologies. Here, we show that genetic loci for autism and Tourette
syndrome tend to cluster with each other and also tend to cluster with previously defined loci for
inflammatory disorders. This suggests a genetic relationship between autism and Tourette

syndrome, as well as a genetic relationship of both with disorders of immune dysregulaton.



Introduction

Autism and Tourette syndrome are found in all populations, cultures, and racial groups
[1,2]. Both disorders are considered spectrum disorders with a range of clinical symptoms and
intermediate phenotypes including individuals with high function to those with profound
disability [3,4]. Although both disorders are distinct clinical entities, there are a number of
epidemiological and clinical characteristics that are similar between autism and Tourette
syndrome including disease prevalence, sex ratio, overlapping traits or intermediate phenotypes,
and co-morbidity. The prevalence in the population is similar, with approximately 2-5 cases per
10,000 for autism [2] and approximately 5 per 10,000 for Tourette syndrome [5]. The age of
diagnosis for autism is approximately 2-4 years [2] while the age of onset of tics in Tourette
syndrome is 2-11 years, with a mean of age of onset of 5.6 years [5]. In both syndromes there is
a skewed sex ratio of approximately 4:1 males versus females [2,5]. It has been suggested that
the prevalence for both disorders has been increasing, although in both cases it is unclear
whether this is a true increase or a change in diagnostic classification and reporting [3,6].

Both disorders were earlier thought to have neuropsychological origins but now both are
considered to have complex genetic, environmental, or developmental etiologies [1,2]. In both
disorders there is little evidence of degenerative neuropathology, however in both cases subtle
anomalies in brain imaging have been observed [7-10]. Autism is characterized primarily by
social withdrawal, language impairment, and repetitive behaviors [2], while Tourette syndrome,
often grouped with obsessive compulsive disorder (OCD), is generally characterized by vocal
and motor tics, behavior problems, impulse control, and compulsive behaviors [1]. Individuals

with one disorder sometimes share characteristics of the other, such as verbal and motor tics



being found in some autistic individuals, as well social withdrawal found in some Tourette
syndrome or OCD patients [3,11,12]. Both disorders have overlapping clinical characteristics
associated with attention deficit hyperactivity disorder (ADHD) [1,5], and co-localization of loci
between autism and ADHD has been noted [13]. Co-morbidity for autism and Tourette syndrome
has been shown with a dual diagnosis of autism and Tourette syndrome [14-17] within individual
patients. Moreover, in both disorders individual clinical characteristics of the respective disorder
has been observed in unaffected parents and family members [1,2]. Immune imbalances have
been demonstrated in both autism and Tourette syndrome and suggestions of immune or

infectious etiology have been made for both disorders [18-21].

Genetics of Autism and Tourette syndrome

The familal nature of both autism and Tourette syndrome has been well established.
Through twin studies and family studies, both disorders have been shown to have a significant
genetic component with a high heritability estimate of approximately 90% for autism [2,22] and
89-94% for Tourette syndrome [1]. Linkage studies using whole genome scanning approaches
have been used in both autism and Tourette syndrome. In both disorders, multiple loci have been
identified on different chromosomes suggesting heterogeneity and non-Mendelian inheritance.
In most studies, candidate loci are of suggestive significance, rather than confirmed, and in no
case has a specific gene been identified for either disorder. As with many genome scans of
complex heterogeneous disorders, there are concerns with regard to replication between different

studies within a given disorder.



Autism

At least eleven studies have reported whole genome scans of autism or autistic spectrum
disorders using sib pair and family studies [4,23-32]. In these reports, no loci of major effect
were found, however, all studies found multiple loci of suggestive significance. These loci
include positive genome scan results on chromosome 1p, 1q, 2p, 2q, 3p, 3q, 4p, 5p, 6q, 7q, 139,
15q, 16p, 19p, 19q, Xq, and, Xqg-ter, among others (supp.1, supp. 2). Each study analyzed
different patient collections, using somewhat different diagnostic criteria, statistical models, and
different polymorphic marker panels. Even so, there was replication and overlap of findings
between studies (fig 1a-1d; supp. 1), particularly on chromosomes 2q, 7q, 15q, 16p, and 19q. In

no case have genes been identified as the source of the genetic linkage.

Tourette syndrome

Likewise, genome-scanning approaches have been used in Tourette syndrome and
related disorders such as OCD, by at least 6 groups [33-39]. Also, as before, in most
studies no loci of major effect were found, however multiple loci of suggestive
significance were identified, including 1p, 2p, 2q, 4p, 4q, 5p, 6p, 79, 8p, 8q, 11p, 11q,
12p, 12q, 13q, 14q, 16p, 17p, 19p, 20q, and 21q. (supp.1, supp. 2). Replication between

different studies has been shown on chromosomes 1p, 2q, 4p, 11q, and 13q.

Immune imbalance in Autism and Tourette syndrome
Both autism and Tourette syndrome have long been suspected to have an immune or
infectious component [20,40-43]. The immune component suggested in both disorders is not of a

classical autoimmune pattern, such as found in Type I diabetes or multiple sclerosis, with overt



immune cellular infiltration or immune mediated tissue destruction. It may involve subtle
antibody mediated effects on brain structures or dysregulation of immune mediators in the
context of developmental/ neuroimmune interactions.

Autism has been shown to be associated with cytokine imbalances [44-46] as well as
antibody abnormalities including antibodies directed against brain and neuronal factors [47-49].
infectious agents [50-51], and food allergies [52] have also been suspected to play a role in disease
etiology. Autism has been treated with immunological approaches [53]. Interestingly, the
frequency of autoimmune disorders has been shown to be increased in families of autistic patients
[54] while language impairment and auditory processing deficits have been shown in infants of
families with a history of autoimmune disorders [55].

Recently, an association between autism and bowel inflammation has been suggested [56-
57] with MMR vaccination in the context of enterocolitis being suggested to play a part in autistic
disorder [56,58,59]. The role, if any, of vaccination has been highly debated [60-62], and evidence
for this association has not been confirmed in larger studies [63].

Similarly, Tourette syndrome and related disorders have been associated with
immune imbalances [18,44,64-66] suggesting an immune component in the etiology of
Tourette syndrome. Antibodies have been found in Tourette syndrome patients to
phospholipids [67], putamen [68], and other neural and brain epitopes [69]. An
association of Tourette syndrome and OCD with streptococcal infections has been
demonstrated [70-71] as well. Increased titers of anti-streptococcal antibodies have been
found in Tourette syndrome patients [72-73]. These observations and the similarity of
Tourette syndrome to the post streptococcal disorder Syndenhamn’s chorea have

suggested an antibody mediated or autoimmune model in the etiology of Tourette



syndrome and OCD [74-77]. Rat models of Tourette syndrome using serum from
neuronal antibody positive patients resulted in neuronal dysfunction, unprovoked audible
vocalizations and increased stereotypies [78-79]. Interestingly, the B-cell marker D8/17
has been found in autism, Tourette syndrome, and OCD patients [80-82].

Paradoxically, none of the whole genome scans that studied autism or Tourette
syndrome have found statistically significant linkage to the major histocompatibility
complex (MHC) on human chromosome 6p. Recently, Torres and coworkers have
demonstrated linkage of the MHC to autism spectrum disorder [83]. Immunological
aspects of both autism and Tourette syndrome have been recently reviewed

[18,20,42,43,64,78].

Clustering of Loci in Autoimmune / Inflammatory disorders

Classical autoimmune disorders are common chronic conditions of immune
dysregulation affecting approximately 4% of the population. These include over 30
diseases such as Type 1 diabetes (IDDM), multiple sclerosis (MS), rheumatoid arthritis
(RA), psoriasis (PS), systemic lupus erythematosus (SLE), among many others. Table 1
lists Al disorders described in this study. These disorders involve perturbations in
humoral or cellular immune compartments that often lead to chronic immune mediated
destruction of organ or tissue targets. In each case, the entire clinical phenotype is largely
determined by the extent and functional consequences of immune attack on the target
organ. Interestingly, a higher incidence of other autoimmune disorders, but not

necessarily the primary disorder, has been demonstrated in families of patients with



specific autoimmune disorders. Likewise, co-morbidity of multiple inflammatory or

autoimmune disorders within individuals has been well documented.



The genetics of human autoimmune and inflammatory disorders have long been
studied with traditional methods in the context of the major histocompatibility complex
(MHC) on chromosome 6p. Many autoimmune or inflammatory disorders have been
linked to the MHC through family or sib-pair studies. Recently, autoimmune and
inflammatory disorders have been studied using whole genome scanning approaches to
identify non-MHC loci. As with other complex disorders, few single genes of major
effect have been found in these conditions. However, in each disease, multiple loci of
suggestive significance have been found throughout the genome (supp. 1).

It has been shown that MHC and non-MHC loci for many autoimmune and
inflammatory disorders linked through whole-genome scanning approaches tend to
cluster or co-localize in a statistically significant manner in both mouse and human [84-
86]. For example, in addition to the MHC, co-localized clusters (supp. 1) of loci from
different autoimmune/ inflammatory disorders can be found at over 30 position in the
human genome including; 1p21-22, 1q24-25, 1q42, 2922, 2q32-36, 3q21, 4928, 5p15,
5pll, 5q31-33, 6pl2-ql1, 6q27, 7p15-21, 7q21-22, 7q31, 8922, 9p22, 10p12, 11p15,
11p13-14, 12p12-13, 14q31-32, 15q11, 15926, 16q12-21, 17p13, 17922, 19p13, 19q13,
20pl1, 20q13, 21922, 22q12-13, and Xp11 (supp.1). Clustering of non-MHC loci, has
also been shown in animal models of autoimmune and inflammatory disorders including
Type I diabetes, systemic lupus erythematosus [84,87], experimental autoimmune
encephalomyelitis, experimental autoimmune orchitis [88,89] and arthritis [90].

Explanations for loci clustering may include simple coincidental localization,
statistical aberrations, hotspots of recombination in the genome, or uneven

distribution of genes and polymorphism in the genome. However, in some cases,
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clusters of autoimmune/ inflammatory loci may have a more biologically and
clinically relevant basis. For example, the single gene CTLA4 on chromosome 2q,
has been associated with at least seven different autoimmune disorders including,
multiple sclerosis, Type I diabetes, Grave’s disease, autoimmune hepatitis, celiac
disease, rheumatoid arthritis, and Hashimoto’s thyroiditis [91,92]. More importantly,
overlapping of autoimmune/ inflammatory loci may correspond to dense clusters of
evolutionarily conserved functionally related immune genes, such as the MHC, 6p21;
cytokine clusters, 5q31-33; NK receptors, 12p12-13; IAN cluster, 7q36; among others
[93,94]. Polymorphisms and susceptibility haplotypes within these clusters may not
be disease specific, but may perturb basic immune pathways important in multiple

conditions [85,91,95].

Results
Comparison of loci in autoimmune/ inflammatory disorders, Autism, and Tourette
syndrome.

Diseases compared in this study are shown in table 1. These include all genome
scan studies from autistic disorders, Tourette syndrome and related disorders, and a
majority of all autoimmune and inflammatory genome scans. In most cases, independent
groups have studies the same or similar disorder. Figures la-1d are selected composite
maps of genetic loci from all three classes of disorders; autism, Tourette syndrome, and
autoimmune disorders identified in whole genome scans (see supp. 1, supp. 2 for
complete datasets). Data from other types of genetic studies (i.e. chromosomal deletions)

are not included. Data from one genome wide scan for ADHD has also been included but
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is not included in statistical comparisons. Linkage results shown here are all peak
markers of genome scan studies of autism, Tourette syndrome, and autoimmune/
inflammatory disorders with significance values of Lod > 1.0 or p-values < 0.05. All
data above minimum thresholds from all studies are shown. There has been no selection
against individual genome scan studies or individual data points, other than as described
above. Each linkage is arbitrarily assigned a 10-centimorgan confidence interval position
found on the LDB human composite chromosomal map [96]. Actual confidence intervals
are quite often unavailable, due to the practice of reporting only peak markers. Ten
centimorgans corresponds to the approximate average resolution of genome scans of this
type. The thickness of each line is proportional to the significance value (Lod or p-
value). All markers, references, and supporting information for all genome studies can be
found in the supplementary figures and tables (supp. 1, supp. 2).

As shown in Fig l1a-1d and in the complete dataset (supp 1& 2) loci for all three
classes of disorders are non- randomly distributed throughout the genome. This genome
wide comparison includes frequent overlapping or coincidence of linkage for all three
classes of disorder (autism, Tourette syndrome, & autoimmune). Overlap between linkages
for Al and autism include: 1q44, 2922, 3921, 6q27, 6p21-p15, 6q11, 7p21-p15, 7cen-q11,
7q31,9q34, 10p12, 13q12, 13q22-32, 15q11, 15q15-g21, 15926, 16p13, 19p13, 19cen-ql3,
20p13-p12. Coincidence of loci between autoimmune/ inflammatory and Tourette
syndrome occurs at: 4p15, 6p25, 6¢cen, 6g21, 13q14-21, 21q22. Co-occurrence of loci
between all three types of disorders is found at: 1p22-p13, 2p16-p13, 2q32-q37, 4928,
S5pl5, S5pll-qll, 7q36, 8p23, 8q21-q22, 11p14-p13, 12p12-13, 17p13. Of particular

interest are regions where replication has occurred between independent groups within a
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single disease type (i.e. autism or Tourette syndrome). The chromosomal region 11q24-25
(fig 1c) has been replicated in four independent studies of Tourette syndrome and has also
been linked to autism, SLE and celiac disease. On chromosome 15, autism has been linked
to 15q15-g21 in two independent studies, as well as to asthma, and interestingly to dyslexia
(supp.1) in three independent studies.

In addition to simple marker co-localization, a striking number of identical
polymorphic markers have been linked to both autism and autoimmune/ inflammatory
disorders or Tourette and autoimmune/ inflammatory disorders. Table 2 summarizes
polymorphic markers that have been linked to both autism and Al disorders or Tourette
syndrome and Al disorders with identical markers. As shown in Table 2, approximately
804 positive markers (Lod > 1.0, p< 0.05) were reported in all autoimmune/ inflammatory
genome scan studies described here, 237 markers were positive in autism, and 88 were
reported for Tourette/ OCD. Of the 237 autism markers, 89 (37.6%) were found to be
statistically significant in both autoimmune disorders and autism. Of a total of 88 markers
reported for Tourette/ OCD, a majority, 53 (60.3%), were reported significant for both
autoimmune disorders and Tourette syndrome. All positive polymorphic markers (lod >
1.0, p > 0.05) markers for all diseases can be found in supp 2. Identical markers found
across disease types can be found in supp 3. Of particular note, given the suggestions of
bowel inflammation in autism, are co-localization of markers including identical markers

linked to both autism and coeliac disease or autism and Crohn’s disease.
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Genome wide statistical analysis of Autism, Tourette syndrome and
Inflammatory/Autoimmune disorders

A randomization test was used to determine if co-localization of loci for autism
and Tourette syndrome, autism and Al disorders, and Tourette syndrome and Al
disorders could be shown to be statistically significant on a genome-wide scale. For each
of the three disease categories autism, Tourette syndrome, and Al disorders, unavailable
disease locus confidence intervals were approximated by merging the disease loci that are
within 10 ¢cM into contiguous intervals (CI). Significance of clustering of the diseases
was evaluated by a randomization test as follows. For each pair of diseases categories,
CIs for the disease with fewer studies were randomly repositioned on a 10cM grid
covering the human genome, while the CIs for the disease with larger number of studies
were kept fixed. This was done because the large number of studies made it difficult to
determine which markers identify independent regions. After each repositioning the
number of independent CIs was calculated as the number of randomly repositioned CIs of
the first disease that are not within 10cM of a CI from the second (fixed) disease. The
p-value was taken to be the proportion of the replications resulting in a number of
independent intervals no greater than that in the observed data (based on 10,000
replications). As previously described [85], all data from the short arm of chromosome 6
was excluded from statistical analysis due to the strong effect of the MHC on
autoimmune disorders.

As shown in Table 3, co-localization of Tourette syndrome loci with Al loci was

found to be statistically significant on a genome-wide scale (P = 0.01). Co-localization of
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Tourette syndrome and autism loci approached, but did not reach, statistical significance
(P=0.062). Co-localization of autism and Al disorders could not be determined to be
statistically significant on a genome wide scale. However, we believe that this does not
preclude description of overlap of loci between autism and Al disorders on an individual

locus-by-locus basis.

Discussion

The genetic basis of autism and Tourette syndrome, as well as the genetic
components of autoimmune and inflammatory disorders are unclear. Whole genome
scans suggest that these disorders are not due to single genes of large effect, but may be
influenced by multiple genes, each of moderate to low effect, influencing disease
susceptibility. The increasing availability of genomic scale information has allowed
novel comparisons across species and across disease with the goal of gaining insight into
genetic organization and its relationship to disease.

Here we show a cross disease comparison of candidate loci from autism, Tourette
syndrome and multiple autoimmune/inflammatory disorders and the comparative
genomic positions of polymorphism data from each disorder. In numerous cases, loci
identified in genome scans cluster or co-localize between autism and Tourette syndrome.
Moreover, loci found for both autism and Tourette syndrome co-localize with loci
identified in autoimmune disorders at multiple locations in the genome. In particular, this
clustering quite often occurs in genomic locations, which have been replicated by
independent groups within a given disease (ex. 1p22.1-21.2 [TS, Aut], 2p11.2-11.1[TS],

2q32.1-32.3 [Aut], 5p15.3 [Aut], 7p21.2 [Aut], 11q24.1 [TS], 13q14.13-q21.1 [TS]).
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Additionally, within this simple marker co-localization, the observation that linkage of a
high percentage of identical polymorphic markers between autism and autoimmune
disorders or Tourette syndrome and autoimmune disorders provides evidence that simple
co-localization may not be coincidental.

Overlapping or co-localization of Autism and Tourette syndrome loci alone is
interesting given overlapping clinical characteristics between autism and Tourette
syndrome, suggesting a shared genetic basis between these neurodevelopmental disorders
of language and movement. Co-localization of Autism and Tourette syndrome loci with
loci of disorders of immune dysregulation is consistent with a hypothesis of a relationship
between immune phenomena and both autism and Tourette syndrome. While there is
little evidence of classical immune mediated tissue destruction in either autism or
Tourette syndrome, there is evidence of immune imbalance in both disorders. Also, co-
localization of linkage between autism and inflammatory gut disorders such as Crohn’s
disease and celiac disease, allows a testable genetic approach in teasing out a potential
relationship between autism and enterocolitis. Of additional interest is linkage of autism
and Tourette syndrome to 4p16.3-16.1. This region was recently genetically linked to
SLE patients having neuropsychiatric manifestations that, like Tourette syndrome [67],
have been associated with antiphospholipid antibodies [97].

Immune influence on neuronal development is well established. Families of
cytokines, chemokines, signal transduction molecules, molecules of cell-cell contact, as
well as developmental regulatory molecules originally characterized in the immune
system have pleiotropic and overlapping functional effects on the developing immune

system and the developing brain. Similarly, considerable overlap has been noted between
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hematopoetic and neuronal stem cell lineages. In addition, prenatal or neonatal infection
has been shown to have a profound influence on brain development with neonatal
infection used as a model for autism [98,99].

Co-localization of genetic loci between these clinically distinct disorders suggests
a genetic relatedness between all three types of diseases and suggests an underlying
genetic basis for immune pathological mechanisms in the etiology of both autism and

Tourette syndrome.
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Figures

Fig 1. Selected clusters of linkage data from Autism, Tourette syndrome, and

Autoimmune/ Inflammatory disorders.

All polymorphic markers are positioned on a common reference map based on
LDB gmaps. Chromosome band and centimorgan position are shown above and
below respectively for each chromosomal region. All markers are arbitrarily
assigned a 10-centimorgan interval at the peak marker reported. Line weight is

proportional to LOD score of p-value.
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Table 1. Diseases Compared

Abbreviations Diseases # of Genome
on Figures Scans
Aut Autism 12
Tou Tourette syndrome 6
OCD Obsessive compulsive disorder 1
ADHD Attention deficit hyperactivity disorder 1
DYS Dyslexia 7
AR Allergic rhinitis 1
ANK Ankylosing spondylitis 1
AS Asthma 8
AD Atopic dermatitis 1
Celiac Celiac disease 8
COPD Chronic obstructive pulmonary disease 1
CD Crohn's disease 10
GD Graves disease 4
IBD Inflammatory bowel disease 1
MS Multiple sclerosis 8
PS Psoriasis 6
RA Rheumatoid arthritis 4
SLE Systemic Lupus Erythematosus 8
SLE-NP Systemic Lupus Erythematosus-NP 1

IDDM Type | diabetes 12
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Table 2. Polymorphic markers found positive between
autoimmune and autism or autoimmune and Tourette

Disease Group Total positive markers Shared with Al

Autoimmune 804 -
Autism 237 89 (37.6%)
Tourette/OCD 88 53 (60.3%)

The complete dataset can be found as supplement # 3
https://www.quickbase.com/db/8gsiujvy?nt=1



Table 3. Statistical association of
all three classes of disease

Tourette vs autoimmune P =0.010

Tourette vs Autism P=0.062

Autism vs autoimmune P=0.311

P-values are based on 10,000 replications
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Read Me:

The Supplemental material provided isfor review purposes.
It isthe authors intent that:

Supplement 1 will take atake the final form
of individual web based images as found at this web address:
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Supplement 2 will take the final form of a searchable web based database as found here:
https://www.qui ckbase.com/db/8jp3dz49

Supplement 3 will also take the form of aweb based searchable database as found here:
https://www.quickbase.com/db/8gsiujvy
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