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ARTICLE INFO ABSTRACT

Keywords: Prenatal and early childhood infections have been implicated in autism. Many autism susceptibility genes (206
Autism Autworks genes) are localised in the immune system and are related to immune/infection pathways. They are
Infection enriched in the host/pathogen interactomes of 18 separate microbes (bacteria/viruses and fungi) and to the
Immune

genes regulated by bacterial toxins, mycotoxins and Toll-like receptor ligands. This enrichment was also ob-
served for misregulated genes from a microarray study of leukocytes from autistic toddlers. The upregulated
genes from this leukocyte study also matched the expression profiles in response to numerous infectious agents
from the Broad Institute molecular signatures database. They also matched genes related to sudden infant death
syndrome and autism comorbid conditions (autoimmune disease, systemic lupus erythematosus, diabetes, epi-
lepsy and cardiomyopathy) as well as to estrogen and thyrotropin responses and to those upregulated by dif-
ferent types of stressors including oxidative stress, hypoxia, endoplasmic reticulum stress, ultraviolet radiation or
2,4-dinitrofluorobenzene, a hapten used to develop allergic skin reactions in animal models. The oxidative/
integrated stress response is also upregulated in the autism brain and may contribute to myelination problems.
There was also a marked similarity between the expression signatures of autism and Alzheimer's disease, and 44
shared autism/Alzheimer's disease genes are almost exclusively expressed in the blood-brain barrier. However,
in contrast to Alzheimer's disease, levels of the antimicrobial peptide beta-amyloid are decreased and the levels
of the neurotrophic/myelinotrophic soluble APP alpha are increased in autism, together with an increased ac-
tivity of a-secretase. SAPPa induces an increase in glutamatergic and a decrease in GABA-ergic synapses creating
and excitatory/inhibitory imbalance that has also been observed in autism. A literature survey showed that
multiple autism genes converge on APP processing and that many are able to increase sAPPalpha at the expense
of beta-amyloid production. A genetically programmed tilt of this axis towards an overproduction of neuro-
trophic/gliotrophic sAPPalpha and underproduction of antimicrobial beta-amyloid may explain the brain
overgrowth and myelination dysfunction, as well as the involvement of pathogens in autism.

APP processing
Beta-amyloid
Sappalpha

1. Introduction

Many of the genes associated with autism are localised in barrier
systems and are enriched in blood/brain, intestinal, skin and placental
barrier proteomic datasets. In addition, several are localised to the re-
spiratory cilia that sweep noxious particles from the airways. (Carter,
2016). This barrier function is relevant to the passage of the many
environmental pollutants and drugs that have been implicated in
autism in epidemiological studies. These include tetrachlorodibenzo-p-
dioxin. Pesticides and heavy metals, bisphenol A and phthalates, flame
retardants, solvents and air pollutants (Grandjean and Landrigan, 2014;
Rossignol et al., 2014), many of which are endocrine disruptors capable
of modifying foetal and childhood neurodevelopmental pathways (de
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Cock et al. 2012, 2014; Gore et al., 2014; Kajta and Wojtowicz, 2010;
Kalkbrenner et al., 2014). Autism genes are also selectively targeted by
this same group of chemicals and by related pesticides and endocrine
disruptors or by endogenous hormones and neurotransmitters relevant
to autism (Carter and Blizard, 2016).

In evolutionary terms, barrier function is perhaps more relevant to
the passage of pathogens. Barriers form a seal against invading patho-
gens and such interfaces are also endowed with immunological defence
mechanisms designed to inactivate those that breach this seal. In the
host/pathogen evolutionary battle, several pathogens have learnt to
circumvent barrier systems or the associated immune defence (Doran
et al., 2013b; Steukers et al., 2012; Metz-Boutigue et al., 2010). Re-
spiratory cilia also play an important role in clearing mucus-entrapped
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Table 1
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Prenatal and postnatal infections associated with the development of autism: The effects of infection in animal models are also shown.

Prenatal infection in mothers associated with autism in
offspring

Postnatal infections associated with autism in
children

Animal experiments

Congenital rubella (Trottier et al., 1999; Chess et al.,
1978)

Maternal bacterial infections requiring hospitalisation or
multiple infections during pregnancy (Zerbo et al.,
2015)

Viral infection necessitating maternal hospitalisation in
the first trimester or maternal bacterial infection in
the second trimester (Atladottir et al., 2010)

Maternal genital infections or bacterial infections in the
third trimester (Fang et al., 2015)

Maternal reports of presumed cervical-vaginal infection
during pregnancy (yeast, bacterial or viral (Joseph
et al., 2017)

Relationships with influenza infection possibly related
to maternal fever rather than the infectious agent
(Atladottir et al., 2012)

General infection during pregnancy not linked to any
specific trimester (Lee et al., 2015)

Urinary infection during pregnancy (Wilkerson et al.,
2002)

A synergistic gene/environment interaction between
autism-related copy number variations and
maternal infection associated with autism in the
offspring (Mazina et al., 2015)

Maternal report of cervical-vaginal infection during
pregnancy is associated with increased risk of
autism spectrum disorder with intellectual
disability, (Joseph et al., 2017)

High maternal T. gondii IgM antibody levels associated
with a decreased risk of childhood autism, while low
maternal T. gondii IgG antibody was associated with
increased risk. The authors suggested that lowered
1gG levels might relate to sub-optimal maternal
immune function (Spann et al., 2017; Grether et al.,
2016)

Influenza infection at the end of the first year of life
or at the end of the follow-up period (age 16)
(Abdallah et al., 2012)

High levels of measles antibody in autistic children
(Singh and Jensen, 2003)

Increased HERV-H and HERV-W retrovirus-positive
peripheral blood mononuclear cells in autistic
patients (Balestrieri et al., 2012)

Mycoplasma species, Chlamydia pneunomiae, and
human herpes virus-6 coinfections have been
reported at higher frequencies in the blood of
autistic patients (Nicolson et al., 2007)

Association with a high titre of Varicella zoster
(chicken pox) antibodies (Gentile et al., 2014)

Higher levels of HSV-2 herpes virus IgM antibodies
(indicative of acute infection) in a sample (N = 40)
of autistic children (Mora et al., 2009)

Auditory disorders and infection have a high
prevalence in a subgroup of autistic children
followed from 0 to 15 years of age (Doshi-Velez
et al., 2014)

Association with a higher prior frequency of the
bacterial skin infection impetigo (caused by
Staphylococcus aureus, and less frequently by
Streptococcus pyogenes), has been reported along
with infantile feeding problems (vomiting, reflux,
colic and failure to feed) (Whiteley, 2004)

High levels of antibodies to Candida albicans
reported in autistic children (Hughes and Ashwood,
2018)

Post-mortem studies

Relatively higher levels of polyoma viruses in the
temporal cortex post-mortem (BK virus, JC virus,
and simian virus 40). Polyviral infections were also
more frequent in the autistic group (Lintas et al.,
2010).

Neonatal Borna virus infection in rats induces pathological and
behavioural changes relevant to autism and schizophrenia
(Hornig et al. 2001a, 2001b; Lancaster et al., 2007; Pletnikov
et al. 1999, 2003)

Prenatal infection with the influenza virus HIN1 strain on
embryonic day 16 induces cerebellar changes in fragile X
mental retardation protein, glutamate and REELIN signaling in
the mouse offspring, as observed in autism and schizophrenia
(Fatemi et al., 2016)

Prenatal group B streptococcus (GBS) infection in rats leads to
reduced thickness of periventricular white matter in the male
offspring, which also show autistic-like behaviours (abnormal
social interaction and communication, impaired processing of
sensory information and hyperactivity). Inactivated GBS also
leads to placental damage (Allard et al., 2016; Bergeron et al.,
2013).

Prenatal lipopolysaccharide administration (gestational day
9.5) in rats produces reduced cerebral dopaminergic activity
and autistic relevant social deficits in male pups (Kirsten et al.,
2012) and in male mice offspring which also show increases in
the number of dendritic spines in the granule cells of the
dentate gyrus (Fernandez et al., 2016)

Prenatal administration of the viral mimic
polyinosinic:polycytidylic acid (Poly IC) produces autistm
relevant behaviour in the male mouse offspring (Xuan and
Hampson, 2014).

Lipopolysaccharide administration at postnatal day 3 activates
microglia and increases cell proliferation in the subventricular
zone and the dentate gyrus of the hippocampus, together with
an increase in the oligodendrocyte population, without
hypermyelination. LPS-exposed rats showed impairments in
communicative and cognitive functions (Pang et al., 2016).

pathogens and pollutants (Stannard and O'Callaghan, 2006).

Maternal infection or immune activation during pregnancy have
been associated with autism in children and animal studies have shown
that prenatal infection has relevant effects on neurodevelopmental
pathways (Boksa, 2010; Brown, 2012; Cordeiro et al., 2015; Fatemi
et al. 2005, 2008; Harvey and Boksa, 2012; Cordeiro et al. 2015, 2015;
Labouesse et al., 2015; Patterson, 2011). In the human dorsolateral
prefrontal cortex, autism genes are relatively selectively expressed in
the prenatal period (Birnbaum et al., 2014), a factor that is relevant to
prenatal infection or exposure to pollution. Some of the pathogens
implicated in autism are detailed in Table 1, which also includes details
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of prenatal infection studies in animal models. Recently it has also been
shown that fungal mycotoxins are elevated in the body fluids of autistic
children (deoxynivalenol and de-epoxydeoxynivalenol in urine; and
aflatoxin M1, ochratoxin A and fumonisin B1 in serum and Ochratoxin
A in urine and serum (De Santis et al., 2017b; De Santis et al., 2017a)).
It has also been reported that the levels of D-arabinitol, a marker of
candidiasis fungal infection, are elevated in the urine of autistic chil-
dren (Kaluzna-Czaplinska and Blaszczyk, 2012). Higher levels of anti-
bodies to Candida albicans have also been reported in autistic children
(Hughes and Ashwood, 2018). The levels of a phenylalanine metabolite
of Clostridia species, 3-(3-hydroxyphenyl)-3-hydroxypropionic acid, are
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also elevated in the urine of autistic children (Shaw, 2010).

Recent studies from the Danish register have also shown a link be-
tween postnatal infections and autism and many other psychiatric
disorders (Kohler-Forsberg et al., 2018). It has also been reported that
neonatal and postnatal infections are more common in autism patients,
particularly in the first 28 days of life and up to the age of three
(Sabourin et al., 2018). These data suggest an enhanced vulnerability to
infections in early childhood.

Previous studies have noted significant overlaps between disease
susceptibility genes and host/pathogen interactomes, where pathogen
involvement is suspected. For example, the Epstein-Barr virus causes B
cell lymphoma, and has been implicated in multiple sclerosis, and its
host interactome overlaps with susceptibility genes for both these dis-
eases (Gulbahce et al., 2012). The interactomes of oncogenic viruses
also relate to cancer genes (Rozenblatt-Rosen et al., 2012) suggesting
important gene/environment interactions that may condition disease
susceptibility. In relation to autism, the host arms of the herpes simplex
(HSV-1) or Toxoplasma Gondii interactomes are enriched in autism
susceptibility genes, as well as in those for many other psychiatric or
neurological disorders (Carter 2013a, 2013b; Ngo et al., 2017). Pa-
thogens have also been implicated in Alzheimer's disease and Alzhei-
mer's disease susceptibility genes also overlap with the interactomes of
numerous bacterial, fungal viral and protozoan pathogens. The upre-
gulated genes of the Alzheimer's disease hippocampal transcriptome
also match those upregulated by multiple and diverse pathogens
(Carter, 2017).

In this study, the host pathogen interactomes of 18 fungal, bacterial,
viral and parasite pathogens were analysed in relation to 206 autism
susceptibility genes derived from the Autworks/genotator analysis
(Nelson et al., 2012). This set of genes is the same as those shown to
relate to barrier and ciliary function and to environmental chemicals
implicated in autism (Carter, 2016; Carter and Blizard, 2016) and are
derived from the initial Autworks study (Nelson et al., 2012). Certain
pathogens also possess or secrete toxins, for example bacterial lipopo-
lysaccharide or fungal mycotoxins, whose effects on genes are catalo-
gued at the Comparative Toxicogenomics database (Davis et al., 2015).
These chemical/gene interactomes were also compared with the 206
autism genes.

A recent microarray study of leukocytes in autistic male toddlers
(aged 1-4 years) revealed an expression signature enriched in transla-
tion and immune/inflammation functions (Pramparo et al., 2015). Post-
mortem studies of cortical tissue in older autistic subjects have also
been reported, and these too are enriched in immune response genes
(Gupta et al., 2014; Ellis et al., 2016). The leukocyte microarray dataset
was compared with numerous immune and other microarray datasets
housed at the Molecular signatures database (MSigDB) which contains
several thousand microarray gene sets related to immune, infection and
other functions (Liberzon et al., 2015b).

The infection data in autism suggest a vulnerability to both prenatal
and early childhood infections. Recent studies have shown an im-
balance of amyloid precursor protein processing in autism blood and
brain leading to the increased production of secreted soluble APP alpha
(sAPPa) and reduced production of beta-amyloid (Af). Alpha-secretase
activity (producing sAPPa) is also increased in the autistic brain. It has
been suggested that the neurotrophic effects of SAPPa may contribute
to brain overgrowth in autism (Ray et al., 2011) as well as in fragile X
syndrome (Ray et al., 2016; Sokol et al., 2006a; Westmark et al., 2016;
Bailey et al. 2008, 2013) and that dampening sAPPa production with
metabotropic glutamate receptor agonists may be effective in these
conditions (Sokol et al., 2011). It has also been shown that acampro-
sate, a mixed NMDA receptor antagonist and positive allosteric GABA
receptor modulator reduced plasma sAPPa levels in autistic youths
(Erickson et al., 2014). The gene for fragile X syndrome, fragile X
mental retardation 1 (FMR1), is within the Autworks autism gene set.

APP processing involves the activity of a number of proteases which
are able to generate the antimicrobial peptide A (via beta and gamma
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secretase) or a secreted soluble fragment, secreted app alpha (SAPPa)
which has neuroprotective and neurotrophic properties (Selkoe and
Hardy, 2016) (Turner et al., 2003). sAPPa has also been shown to
protect myelinated axons from demyelination and to promote re-
myelination and an increase in the number of mature oligodendrocytes
(Llufriu-Daben et al., 2018). Abnormal myelination in the autistic brain
has been reported in several brain scan studies (Deoni et al., 2015;
Gozzi et al., 2012; Radua et al., 2011; Carmody and Lewis, 2010).
sAPPa is produced by alpha secretases (ADAM10, ADAM9, ADAM17
(Allinson et al., 2003)). The formation of sSAPPa inhibits the production
of AP (Peron et al., 2018).

Ap is antimicrobial peptide with broad-spectrum activity against a
number of bacteria, fungi and viruses, including Herpes simplex (HSV-
1) and influenza A. (Kumar et al., 2016; Soscia et al., 2010; White et al.,
2014) (Bourgade et al., 2016). Given the numerous infections asso-
ciated with autism, either prenatally or in early childhood it is possible
that the diminished production of AP could contribute to a generalised
diminished ability to combat multiple pathogens.

This sAPPa/Af} imbalance could well explain several features of
autism including problems in brain overgrowth and myelination as well
as susceptibility to infection. A literature survey was therefore under-
taken to investigate the relationships between the autism susceptibility
genes and the various aspects of APP processing.

2. Methods

The original 206 Autworks genes (Nelson et al., 2012) are listed in
Supplementary Table 1. Pathway analysis of these autism susceptibility
genes (ASGs) was performed using the consensus path database (CDPD)
(Kamburov et al., 2011) http://cpdb.molgen.mpg.de/. For the purposes
of this review, this analysis was restricted to immune and infection
related pathways and to other comorbid medical conditions of interest
or to pathways related to autism epidemiology (for example, endocrine
disruption). The distribution of the autism genes in immune organs and
cell types was analysed using Funrich which accesses genomic and
proteomic expression data from > 1.5 million annotations (Pathan
et al., 2015) (http://www.funrich.org/).

The host/pathogen interactomes of two fungal species (Candida al-
bicans, Cryptococcus Neoformans), 7 viral species (Borna virus, human
cytomegalovirus, Dengue virus Ebola virus, Herpes simplex (HSV-1),
human endogenous retroviruses HERV-W and HIV-1, Epstein-Barr, he-
patitis C and influenza A viruses, 3 bacterial species (Chlamydia
Pneumoniae, Porphyromonas Gingivalis, Helicobacter Pylori) and 2 pro-
tozoans (Toxoplasma Gondii and Trypanosoma Cruzi) were obtained by
literature survey and from extant databases. These referenced inter-
actomes can be accessed at http://www.polygenicpathways.co.uk/HPIL.
htm. The Dengue virus interactome (DenHunt) is from a recent pub-
lication (Karyala et al., 2016) and is posted at http://proline.biochem.
iisc.ernet.in/DenHunt/. The HIV-1 interactome is from the HIV-1,
human interaction database (Fu et al., 2009).http://www.ncbi.nlm.nih.
gov/genome/viruses/retroviruses/hiv-1/interactions.

The mycotoxin and bacterial toxin interactomes are from the
Comparative toxicogenomics database http://ctdbase.org/(Davis et al.,
2015).

The up regulated (N = 1448) genes from the autism toddler leu-
kocyte study (all significant genes) were compared with MSigDb gene
expression datasets (MSigDB) http://software.broadinstitute.org/gsea/
msigdb/index.jsp. This database contains several thousand microarray
expression datasets, related to diverse stimuli including infections
(Liberzon et al., 2015a). These included Hallmark gene sets re-
presenting well-defined biological states processes, chemical and ge-
netic perturbations (CGP), canonical pathways (CP) and immunological
signatures (C7). For the searched gene sets, most of the data outputs
were restricted at source (by MSigDb) to the top regulated genes
(usually ~ 200-300).


http://cpdb.molgen.mpg.de/
http://www.funrich.org/
http://www.polygenicpathways.co.uk/HPI.htm
http://www.polygenicpathways.co.uk/HPI.htm
http://proline.biochem.iisc.ernet.in/DenHunt/
http://proline.biochem.iisc.ernet.in/DenHunt/
http://www.ncbi.nlm.nih.gov/genome/viruses/retroviruses/hiv-1/interactions
http://www.ncbi.nlm.nih.gov/genome/viruses/retroviruses/hiv-1/interactions
http://ctdbase.org/
http://software.broadinstitute.org/gsea/msigdb/index.jsp
http://software.broadinstitute.org/gsea/msigdb/index.jsp
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2.1. Statistics

The statistics from the Consensus path (CDPD) or Molecular sig-
natures database (MSigDb) or from Funrich in relation to the various
gene inputs (206 autism susceptibility genes or N genes from the autism
toddler microarray study) are generated online by CPDB or MSigDb.
The significance of enrichment is based on the hypergeometric test,
with the significance p value corrected for false discovery (q value)
(Benjamini and Hochberg, 1995).

For the interactome data, assuming a human genome of 26846
genes and 206 autism genes, one would expect 206/26846 autism genes
to be found in any comparator set (0.77%). For example the Influenza
virus interactome contains 2665 host genes, of which one might expect
2655*%(206/26846) to be autism genes, providing an expected value of
23.7. The observed value is 51, (observed/expected = 2.6). The sig-
nificance of enrichment was calculated using the hypergeometric test,
again corrected for false discovery, as for the CPDB and MSigDb data.

3. Results
3.1. Host/pathogen interactome overlaps with autism susceptibility genes

The ASGs were significantly enriched in all of the 18 pathogen in-
teractomes, most significantly so for C. Neoformans, the Borna virus
and the human cytomegalovirus. The pathogen profile was distinct
when comparing the significance levels between a similar study in
Alzheimer's disease (78 genes from genome-wide association studies;
GWAS), where the highest ranked pathogens were C. albicans, the
Epstein-Barr virus and the oral pathogen P. gingivalis. In addition, the
Borna virus, HERV-W and Ebola virus interactomes were not sig-
nificantly enriched in Alzheimer's disease GWAS genes (Fig 1).

3.2. Bacterial and fungal toxins and toll-like receptor ligands target autism
susceptibility genes

Autism genes were significantly enriched as the targets of a number
of bacterial toxins including pertussis, shiga, cholera and E. coli en-
dotoxin toxins as well as bacterial cell wall components
(Lipopolysaccharides (Toll-like receptor TLR4 ligand), lipoteichoic acid
(TLR2 ligand), Peptidoglycan (TLR2 ligand) or compounds released
from bacteria (N-Formylmethionine-leucyl-phenylalanine (binding to
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formyl peptide receptors), and the proteasome inhibitor lactacystin).
These compounds also included phycocyanin, derived from cyano-
bacteria/blue-green algae. The most significant effect was for pertussis
toxin (p = 2.94E-15) which has been used as a vaccine adjuvant
(Burnette, 1997).

A number of mycotoxins also targeted the autism genes, including
three whose levels are elevated in the serum or urine of autistic patients
(deoxynivalenol, otrachotoxin A and fumonisin B1) (see introduction).

The autism genes were also targeted by 3 Toll-like receptor ligands,
Pam3CSK4 (TLR2 ligand), the viral mimic Polyinosinic: polycytidylic
acid (TLR3 ligand) and CPG-oligonucleotide (TLR9 ligand) (Fig 2).

3.3. Immune locations of the autism genes

While many of these genes, particularly those involve in neuro-
transmission, evidently play an important role in brain function, they
are also localised in barrier and ciliary locations (see introduction), and
as shown in Table 2, in many immune locations, as well as in the brain.
Those genes include those whose function is more classically associated
with neurotransmission include acetylcholine (acetylcholinesterase
ACHE) dopamine receptors (DRD1, DRD4, catechol-O-methyl trans-
ferase (COMT), dopamine beta hydroxylase and monoamine oxidase
(DBH, MAOA), dopamine transporter SLC6A3), beta2 adrenoceptor
(ADRB2), serotonin receptors (HTR1B, HTR2A, HTR2C, HTR3C),
transporter (SLC6A4) and tryptophan hydroxylase (TPH1, TPH2),
gamma-aminobutryric acid (GABA) receptors (ABAT, GABBRI1,
GABBR2, GABRA1, GABRAS5, GABRB3,GABRG2,GABRG3), GABA
transaminase and glutamate decarboxylase (ABAT, GAD1) and gluta-
matereceptors (GRIA2, GRIK2, GRIN2A) and transporters (SLC1A1
SLC25A12) receptors as well as calcium (CACNA1C, CACNAIG,
CACNA1H) or sodium (SCN2A, SCN3A) channels. These are high-
lighted in bold in Table 2. Overall, many of the ASG's are expressed in
plasma and in immunocompetent organs (spleen, bone marrow, tonsils
appendix and lymph nodes), in plasma and serum as well as in Leu-
kocytes, neutrophils, dendritic cells, monocytes and macrophages,
platelets, diverse T cell subtypes and in B cells.

3.4. Pathway analysis of the 206 autism susceptibility genes

The results of this analysis are shown in Table 3, with references to
the relationships of the pathways to autism. This analysis was restricted
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Fig. 2. The number of ASG's (of 206) (left axis) overlapping
with genes targeted by bacterial or fungal toxins (myco-

Mycotoxi

toxins) or by Toll-like receptor ligands. The identities on the

Bacternial

1.00E-03  X-axis (e.g. Pertussis toxin (94: 20.8) show the compound,

appended with the total number of genes in each interactome

(98 in this case) followed by the enrichment ratio (20.8 fold).

1.00E-06 The FDR-corrected p value for enrichment is shown on the

N\
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MSLP2
Citrinin (51]15.3)

Zearalenone (258] 5.6)

15-acetyldeoxynivalenol (95]9.6)
Zeranol (4414.8)

lactacystin
T-2 Toxin (71]9.2)
fumonisin B1 (238]3.6)*
kojic acid (434]3.0)

Peptidoglycan

Phycocyanin

Shiga Toxin 2
endotoxin,

Cholera Toxin
Aflatoxin B1 (5664 1.59)

Pertussis Toxin (94
lipoteichoic acid
deoxynivalenol (425]5.5)*

ochratoxin A (751]3.1)*

LPS, E. coli 026
LPS, E coli 055-B5

to diverse medical conditions and to pathogen and immune/in-
flammation related pathways, as well as to endocrine and pollution
related pathways.

3.4.1. Comorbid disease pathways

In relation to other diseases, the autism genes were most highly
enriched in the sudden infant death syndrome (SIDS) pathway.

The next highest ranked overlap related to spinal cord injury
pathways. A relationship with autism is not immediately apparent al-
though such injuries result in marked immune and inflammatory acti-
vation (Anwar et al., 2016; Russo et al., 2016) that could be regarded as
similar to the reaction to infection.

The autism genes also overlapped with the Amyotrophic lateral
sclerosis (ALS) KEGG pathway. The relationship with autism unclear,
although rates of ALS and bleeding disorders shown to be increased
among relatives of schizophrenic and autistic probands, compared to
relatives of normal probands in Ashkenazi Jews (Goodman, 1994).

The autism genes were also enriched in pathways related to the
Antiarrhythmic  Pathway and cardiomyocyte  hypertrophy/
Hypertrophic cardiomyopathy and to inflammatory bowel disease.
Comorbidity with autism has been observed for asthma, inflammatory
bowel disease, infections, cerebral palsy, dilated cardiomyopathy,
muscular dystrophy, and schizophrenia, and shared innate immunity
pathways have already been noted between autism and these condi-
tions (Nazeen et al., 2016; Doshi-Velez et al., 2015).

Other significantly enriched pathways included alcoholism and type
2 diabetes/Insulin receptor signaling cascade (Table 2). Autism has
been associated with a family history of alcohol use disorders
(Sundquist et al., 2014) and adolescents and young adults with autism
are more likely to develop type II diabetes (Chen et al., 2016).

The autism genes were also slightly enriched in the Alzheimer's
disease pathway. Numerous pathogens have been implicated in
Alzheimer's disease (Itzhaki et al., 2016) and Af is a broad-spectrum
antibacterial/antifungal peptide (Kumar et al., 2016; Soscia et al.,
2010) with antiviral activity against the influenza and herpes simplex
viruses (White et al., 2014; Bourgade et al. 2015, 2016). Serum AP
levels are decreased in patients with severe autism, while the levels of a
secreted neurotrophic alpha-secretase APP degradation product sAPPa
are increased (Ray et al. 2011; Sokol et al., 2006b; Westmark et al.,
2016; Ray et al., 2016). A decreased production of antimicrobial Af
hints at a reduced ability of pathogen destruction, a theme that is de-
veloped in a later section.

Pam3CSK4 peptide (28]32.6)

right hand axis which is set to a maximum of 0.05. The left
hand Y axis is set to a maximum of 20 for clarity (Aflatoxin
B1 is shaded and affects 69 ASG's). MSLP2 = macrophage
stimulatory lipopeptide 2, from mycoplasma bacteria; Pam
(3) CSK(4) = a synthetic triacylated lipopeptide that mimics
the acylated amino terminus of bacterial lipopolysaccharide,
stimulating ~ TLR1/TLR2  dimers:. Poly I-C
Polyinosinic:polycytidylic acid, a viral double stranded RNA
mimic activating TLR3. CPG oligonucleotide (a ligand for
TLR9 which binds bacterial and viral DNA).

1.00E-09

1.00E-12

1.00E-15

Poly I-C (92| 12.7)

CPG-oligonucleotide (190]6.2)

3.4.2. Epilepsy and autism

Epilepsy and autism are also comorbid conditions which may pivot
around an excitatory/inhibitory balance (Bozzi et al., 2018). There is no
specific “epilepsy pathway” in any of these pathway analysers. How-
ever, a number of autism genes relate to calcium or sodium channels
(CACNA1C, CACNA1G, CACNA1H, SCN2A, SCN3A) or to glutamate
ionotropic (GRIA2, GRIK2, GRIN2A) and metabotropic (GRMS8) or
GABA ionotropic (GABRA1, GABRA5, GABRB3, GABRG2, GABRG3)
and metabotropic (GABBR1,GABBR2) receptors. The GABA synthetic
enzyme glutamate decarboxylase (GAD1) and GABA transaminase
(ABAT), the high affinity glutamate transporter (SLC1A1) the mi-
tochondrial glutamate/aspartate carrier (SLC25A12) are also ASG's.
Several presynaptic proteins (glutamate receptor interacting protein 1
(GRIP1) synaptosome associated protein 25 (SNAP25)), syntaxin 1A
(STX1A) and synapsinl (SYN1) or postsynaptic proteins including
Neuropilin (NRP) and tolloid (TLL)-like 1 (NETO1) which regulates
NMDA receptors (Refseq gene definition), SHANK2 and SHANKS3 (from
a family of synaptic proteins that may function as molecular scaffolds in
the postsynaptic density of excitatory synapses (Refseq gene definition)
are also autism susceptibility genes. Neurexins (NRXN1, NRXN2) and
neuroligins (NLGN1, NLGN3, NLGN4X, NLGN4Y) are involved in the
formation of both glutamatergic and GABAergicsynapses (Craig and
Kang, 2007). These 33/206 ASG's are relevant to the excitation/in-
hibition imbalance in epilepsy. Several pathways relevant to epilepsy
and autism including neurexins and neuroligins, GABAergic and glu-
tamatergic synapses, calcium signaling and long-term potentiation are
enriched in autism genes (Table 3).

3.4.3. Macrocephaly and autism

Autism has been associated with macrocephaly and brain over-
growth (Sacco et al., 2015). Several growth factors including brain
derived neurotrophic factor, BDNF, Epidermal growth factor (EGF),
hepatocyte growth factor (HGF) and neurotrophin 3 (NTF3) as well as
the neurotrophic receptor kinase NTRK2 are within the Autworks genes
set and a number of growth related pathways are significantly over-
represented in the autism gene set (Table 3). A recent genetics study has
also highlighted the presence of brain growth related genes within
autism gene sets (Li et al., 2017). Genes common to brain growth and
autism reported in this paper also include several within the Autworks
gene set (CDH8; HEPACAM; MAOA; MCPH1; MECP2; NIPBL;
NLGN1; NRXN1; NSD1; PAX6; PTEN;RAB39B; RELN; UBE3A).

Prenatal infection or inflammation can produce macrocephaly in
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Sites of expression of the autism susceptibility genes according to functional enrichment data (Funrich). Those more typically associated with neurotransmitter
function (e.g. monoamines, acetylcholine, serotonin, GABA, glutamate and ion channels) are highlighted in bold.

Site of expression

No. of genes/

206

Gene symbols

Plasma

Brain

Spleen

Bone marrow

Tonsils

Appendix

Lymph nodes

161

133

109

99

98

96

95

ABAT; ADA; ADRB2; ADSL; AGAP1; AHI1; ANKRD11; APBA2; APC; AR; ARVCF; ARX; ATP10A;
ATP1A1; AUTS2; AVPR1A; BCL2; BDNF; C4B; CACNA1C; CACNA1G; CACNA1H; CADPS2; CALB1;
CD38; CDH10; CDHS8; CDH9; CDKL5; CEP41; CFTR; CNTN4; CNTNAP2; COL11A1; COMT; CREBBP;
CRH; CSMD3; CTSD; DBH; DDX53; DISC1; DLGAP2; DLX2; DMPK; DOCK4; DRD1; EGF; EGR2; EIF4E;
EN2; FMR1; FOXP1; FOXP2; GABBR1; GABBR2; GABRA1; GABRB3; GABRG3; GAD1; GAP43; GFAP;
GJA1; GPR50; GPX1; GRIN2A; GRIP1; GRMS8; GSTM1; HGF; HIRA; HLA-DRB1; HTR2C; HTR3C;
IL1RAP; IL1RAPLI; IL6; ITGA4; ITGB3; JMJD1C; KIF17; KLF16; LEP; MAG; MAOA; MAPK1; MAPK3;
MARK]1; MCPH1; MECP2; MET; MIF; MTNR1A; NETO1; NF1; NFKB1; NIPBL; NLGN1; NOS1; NOS2;
NPAS2; NRCAM; NRP2; NRXN1; NRXN2; NSD1; NTRK2; NUB1; OXTR; PARK2; PAX6; PCDH10;
PCDH11Y; PCDH19; PECAM1; PER1; PON1; PRKCB; PTCHD1; PTEN; PTGS2; PTK2; PXN;
RAB11FIP5; RAPGEF4; RBFOX1; REEP3; RELN; RFC1; RFX4; RNF212; RORA; RP1L1; RPL10; RPP25;
SCN2A; SCN3A; SEMAS5A; SEZ6L2; SHANK2; SHANK3; SLC19A1; SLC1A1; SLC25A12; SLC6A4;
SLC6A8; SNAP25; SRC; SSTR5; STS; STX1A; SYN1; SYNGAP1; TAC1; TNF; TPH1; TPH2; TUBA1B;
TXNRD2; UBE3A; UPF3B;

ABAT; ACHE; ADA; ADORA2A; ADSL; AGAP1; ANKRD11; APBA2; APC; AQP4; ARVCF; ARX; ASMT;
ATP10A; ATP1A1; AUTS2; AVP; AVPR1A; C4B; CACNA1G; CACNA1H; CADPS2; CALB1; CD38;
CDH9; CDKL5; CNTN4; CNTNAP2; COMT; CSMD3; CTSD; DISC1; DLGAP2; DMPK; DOCK4; DRD1;
DRD4; DYX1C1; EGR2; EIF4E; FOXP1; FOXP2; GABBR1; GABBR2; GABRA1; GABRAS; GABRB3;
GABRG2; GAD1; GAP43; GFAP; GJA1; GPX1; GRIA2; GRIN2A; GRMS8; GSTM1; HEPACAM; HTR1B;
HTR2C; ILIRAPLI; IL6; KIF17; KLF16; MAG; MAOA; MAPK1; MAPK3; MAPKS8IP2; MARK1; MCPH1;
MECP2; MIF; MOG; MTHFR; MTNR1A; MTNR1B; NCS1; NETO1; NF1; NIPBL; NLGN1; NLGN3;
NLGN4X; NLGN4Y; NOS1; NOS2; NRCAM; NRP2; NRXN1; NRXN2; NTF3; NTRK2; PARK2; PAX6;
PCDH10; PCDH11Y; PCDH19; PER1; PRKCB; PTEN; PTK2; PXN; RAB11FIP5; RAB39B; RAPGEF4;
RBFOX1; RELN; RFC1; RIMS3; RORA; RPL10; SCAMP5; SCN2A; SCN3A; SCT; SHANK2; SHANKS3;
SLC19A1; SLC25A12; SLC6A3; SLC6A4; SLC6AS8; SNAP25; SRC; STX1A; SYN1; SYNGAP1; TPH2;
TUBA1B; TXNRD2; UBE3A; UPF3B;

ABAT; ACHE; ADA; ADORA2A; ADRB2; ADSL; AGAP1; ANKRD11; APC; AQP4; ARVCF; AUTS2;
BCL2; BDNF; CACNA1G; CADPS2; CD38; CDKL5; CNTN4; COMT; CREBBP; CSMD3; CTSD; CXorf36;
DDX53; DISC1; DRD1; DYX1C1; EGF; EIF4E; EN2; FOXP1; FOXP2; GABBR2; GABRA1; GJA1; GPX1;
GRIA2; GRIK2; HEPACAM; HGF; HLA-DRB1; HTR2A; HTR2C; IL10; ILIRAP; ILIRAPL1; ITGB3;
JMJDIC; KIF17; LEP; MAG; MAOA; MAPK1; MAPK3; MAPKS8IP2; MARK1; MCPH1; MECP2; MET;
MIF; MTHFR; NCS1; NF1; NFKB1; NIPBL; NPAS2; NRCAM; NRXN2; NSD1; NTF3; NTRK2; NUB1;
OXTR; PCDH10; PCDH19; PECAM1; PON1; PRKCB; PTEN; PTK2; PXN; RAB11FIP5; RAB39B;
RAPGEF4; RELN; RFC1; RIMS3; RORA; RPL10; SCT; SEMASA; SHANK2; SHANK3; SLC19A1;
SLC1A1; SLC25A12; SLC6A3; SLC6AS8; SRC; SSTRS5; STS; SYN1; TAC1; TPH1; TUBA1B; TXNRD2;
UBE3A; UPF3B;

ABAT; ACHE; ADA; ADRB2; ADSL; ANKRD11; APC; AQP4; ARVCF; ATP1A1; BCL2; BDNF;
CACNA1G; CD38; CDH9; CDKL5; CFTR; CNTNAP2; COMT; CREBBP; CSMD3; CTSD; CXorf36;
DDX53; DISC1; DLGAP2; DRD1; EGF; EIF4E; EN2; FMR1; FOXP1; FOXP2; GABBR2; GAD1; GJA1;
GPX1; GRIA2; GRIK2; HGF; HLA-DRB1; HTR2A; HTR2C; IL10; ILIRAP; ILIRAPLI; IL6; ITGB3;
MAPK1; MAPK3; MAPK8IP2; MARK1; MCPH1; MECP2; MET; MIF; NCS1; NF1; NFKB1; NLGN1;
NPAS2; NRCAM; NRP2; NSD1; NTF3; NTRK2; OXTR; PARK2; PCDH10; PCDH11Y; PECAM1; PON1;
PRKCB; PTEN; PTGS2; PTK2; PXN; RAB39B; RAPGEF4; REEP3; RFC1; RIMS3; RORA; RPL10;
SHANK2; SLC19A1; SLC1A1; SLC25A12; SLC6A8; SNAP25; SRC; SSTR5; STS; TAC1; TPH1; TUBA1B;
TXNRD2; UBE3A; UPF3B;

ACHE; ADA; ADSL; ANKRD11; APC; AQP4; ARVCF; ATP1A1; AUTS2; BCL2; BDNF; C4B; CACNA1G;
CD38; CDHY9; CDKL5; CFTR; CNTN4; COMT; CREBBP; CSMD3; CTSD; CXorf36; DDX53; DISC1;
DLGAP2; DRD1; EGF; EIF4E; EN2; FMR1; FOXP1; FOXP2; GABBR2; GABRA1; GJAl; GPX1; GRIA2;
GRIK2; HGF; HLA-DRB1; HOXA1; HTR2A; HTR2C; IL10; ILIRAPL1; IL6; MAG; MAOA; MAPK1;
MAPK3; MARK1; MCPH1; MECP2; MET; MIF; NCS1; NF1; NFKB1; NLGN1; NLGN3; NOS2; NPAS2;
NRCAM; NTF3; NTRK2; OXTR; PARK2; PCDH10; PCDH19; PECAM1; PON1; PRKCB; PTEN; PTGS2;
PTK2; PXN; RAB39B; RAPGEF4; RFC1; RIMS3; RORA; RPL10; SEMAS5A; SHANK2; SLC1A1;
SLC25A12; SLC6A3; SLC6A8; SRC; SSTR5; STS; SYN1; TAC1; TPH1; TUBA1B; TXNRD2; UPF3B;
ACHE; ADA; ADSL; ANKRD11; APC; AQP4; ATP1A1; AUTS2; BDNF; C4B; CACNA1G; CALB1; CD38;
CDHS; CDH9; CDKL5; CFTR; CNTNAP2; COMT; CSMD3; CTSD; CXorf36; DDX53; DISC1; DLGAP2;
DMPK; DRD1; EGF; EIF4E; FMR1; FOXP1; FOXP2; GABBR2; GABRA1; GRIA2; GRIK2; GSTM1;
HEPACAM; HGF; HLA-DRB1; HOXA1; HTR2A; HTR2GC; IL10; IL1RAPL1; IL6; MAG; MAOA; MAPK1;
MAPK3; MARK1; MCPH1; MECP2; MET; MIF; NF1; NFKB1; NOS2; NPAS2; NRCAM; NTF3; NTRK2;
OXTR; PARK2; PAX6; PCDH11Y; PECAM1; PON1; PTEN; PTGS2; PTK2; PXN; RAB39B; RAPGEF4;
RFC1; RIMS3; RORA; RPL10; SCN2A; SEMASA; SHANK2; SHANK3; SLC1A1; SLC25A12; SLC6A3;
SLC6A4; SLC6AS; SRC; SSTR5; STS; SYN1; TAC1; TPH1; TUBA1B; TXNRD2; UPF3B;

ABAT; ACHE; ADA; ADSL; ANKRD11; APC; AQP4; AR; ARVCF; BCL2; BDNF; CACNA1G; CALB1;
CD38; CDH10; CDHY9; CDKL5; CFTR; COMT; CREBBP; CSMD3; CTSD; CXorf36; DDX53; DISC1;
DLGAP2; EGF; EIF4E; EN2; FMR1; FOXP1; FOXP2; GABBR2; GJA1l; GPX1; GRIA2; GRIK2; GSTM1;
HGF; HLA-DRB1; HOXA1; HTR2A; HTR2C; IL10; IL1RAPL1; IL6; MAG; MAPK1; MAPK3; MAPKSIP2;
MARK1; MCPH1; MECP2; MET; MIF; NCS1; NF1; NFKB1; NLGN1; NOS2; NPAS2; NRCAM; NTF3;
NTRK2; NUB1; OXTR; PCDH10; PCDH19; PECAM1; PON1; PRKCB; PTEN; PTK2; PXN; RAB39B;
RAPGEF4; RFC1; RIMS3; RORA; RPL10; SEMAS5A; SHANK2; SLC19A1; SLC1A1; SLC25A12; SLC6A3;
SLC6AS8; SRC; SSTR5; SYN1; TAC1; TPH1; TUBA1B; TXNRD2; UPF3B;

(continued on next page)
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Site of expression

No. of genes/
206

Gene symbols

ADRB2; ADSL; ANKRD11; APBA2; APC; AR; ATP1A1; AUTS2; BCL2; BDNF; C4B; CACNA1G;
CACNA1H; CADPS2; CALB1; CDKL4; CDKL5; CNTN4; CNTNAP2; COL11A1; COMT; CREBBP;
CSMD3; CTSD; DBH; DDX53; DISC1; DLX2; EIF4E; FMR1; FOXP1; GABBR1; GABBR2; GAD1; GAP43;
GFAP; GRIK2; GRIN2A; GRPR; HIRA; IL1RAP; ITGA4; ITGB3; MAG; MAPKS8IP2; MARK1; MECP2;
MET; MIF; MTHFR; NF1; NFKB1; NIPBL; NLGN1; NOS1; NOS2; NPAS2; NRCAM; NSD1; NUB1;
PCDH10; PCDH11Y; PON1; PRKCB; PTGS2; PTK2; PXN; RAB11FIP5; RAPGEF4; RBFOX1; REEP3;
RELN; RFC1; RORA; RP1L1; SCN2A; SCN3A; SEZ6L2; SLC19A1; SLC25A12; SNAP25; SRC; STS;
STX1A; TNF; TPH1; TUBA1B; UBE3A; UPF3B;

ABAT; ADA; ADSL; ARVCF; BCL2; CADPS2; CD38; CFTR; COMT; CREBBP; CTSD; DHFR; DLX2;
EIF4E; FMR1; GAD1; GFAP; GPX1; HIRA; ITGA4; ITGB3; JMJD1C; MAPK1; MAPK3; MIF; NF1; NSD1;
OXTR; PRKCB; PTK2; RELN; RFC1; RPL10; SEZ6L2; SLC25A12; SRC; TUBA1B; UPF3B;

ABAT; ADSL; ATP1A1; BCL2; C4B; CALB1; COMT; CTSD; DHFR; EIF4E; FOXP1; GFAP; GPX1;
GSTM1; HLA-DRB1; ITGA4; ITGB3; KLF16; MAPK1; MAPK3; MECP2; MIF; NFKB1; NUB1; PON1;
PRKCB; PXN; RFC1; SLC25A12; SRC; UBE3A; UPF3B;

ABAT; ADORA2A; AUTS2; CACNA1G; CD38; CNTN4; CTSD; DYX1C1; FOXP1; GABBR2; GPX1;
IL1RAP; ITGB3; JMJD1C; MAPK1; MAPKS8IP2; MIF; NIPBL; NOS2; NSD1; NUB1; PRKCB; PXN;
RAB39B; RIMS3; RORA; SLC19A1; SRC; TNF; TUBA1B; TXNRD2;

ADORA2A; ADSL; ANKRD11; APC; ATP1A1; BDNF; CACNA1G; COL11A1; COMT; EIF4E; GFAP;
GPX1; GSTM1; HTR2A; ITGB3; MAPK1; MIF; NRCAM; PECAM1; PON1; PRKCB; PTEN; PTGS2; PTK2;
SLC25A12; SLC6A4; SRC; TAC1; TUBA1B; TXNRD2;

ADSL; AR; ARVCF; ATP1A1; BCL2; C4B; COMT; CTSD; DBH; EIF4E; GFAP; GPX1; GSTM1; HLA-
DRB1; ITGB3; MAOA; MAPK1; MARK1; MECP2; MIF; NETO1; NF1; NFKB1; PON1; PRKCB; PXN;
SEZ6L2; SLC25A12; SRC;

ACHE; ADORA2A; ADSL; ATP1A1; BCL2; COMT; CTSD; GFAP; GPX1; HLA-DRBI; IL6; ITGB3;
MAPK1; MAPK3; MECP2; MIF; NFKB1; NOS2; PTK2; RAB39B; RPL10; SLC25A12; TUBA1B;

ADSL; ANKRD11; APC; ATP1A1; C4B; COMT; CTSD; DBH; EIF4E; GFAP; GPX1; HLA-DRB1; ITGB3;
MAPK1; MIF; NFKB1; PON1; RAB11FIP5; RELN; RFC1; RPP25; TXNRD2;

ADORA2A; ATP1A1; CD38; CREBBP; EGR2; EIF4E; FMR1; FOXP1; GPX1; IL10; KLF16; MAPK1;
MECP2; MIF; NFKB1; NIPBL; PTK2; RFC1; RPL10; TUBA1B;

ADSL; ATP1A1; BCL2; C4B; COMT; CTSD; DBH; EIF4E; GFAP; GPX1; HLA-DRB1; ITGB3; MAPK1;
MAPK3; MECP2; MIF; NFKB1; PON1; PXN; SLC25A12;

ADORAZ2A; ADSL; ATP1A1; COMT; CTSD; EIF4E; GPX1; HLA-DRB1; IL6; MAOA; MAPK1; MAPK3;
MIF; MTHFR; PECAM1; RPL10; SLC25A12; TNF; TUBA1B;

ADORA2A; ATP1A1; CD38; COMT; FOXP1; GPX1; IL10; IL6; ITGB3; MIF; NOS2; PECAM1; PERI;
PRKCB; PTGS2; PXN; TAC1; TUBA1B;

ADRB2; FOXP1; GJA1; SCN2A; SLC25A12; SLC6A3; STX1A; SYN1; TACI;

ADORA2A; GPX1; HGF; MIF; NOS2; PRKCB; STX1A;

Serum 89
Jurkat A3 T Cells 38
CD8 T cells 32
Leukocytes 31
Platelets 30
Monocyte 29
B Cell 23
Neutrophil 22
T cells 20
CD4 (found on T helper cells, monocytes, macrophages, 20
and dendritic cells)

Dendritic cells 19
Monocytes 18
Lymphocytes 9

Neutrophils 7

Macrophages 7

ADORA2A; CD38; CRH; IL10; PTK2; TAC1; TNF;

animal models. For example, influenza infection in mice on day 9 of
pregnancy increased pyramidal cell density in the offspring at birth and
increases in both pyramidal and non-pyramidal cell density 14 weeks
after birth as well as brain enlagement in the adult progeny (Fatemi
et al., 2002). Similarly, bacterial lipopolysaccharide administration at
day 9 of pregnancy produced brain overgrowth in the offspring. This
effect was enhanced in PTEN heterozygotes and was related to in-
creased NADPH oxidase-phosphoinositide-3-kinase pathway signaling
and hyperproliferation of neural stem and progenitor cells and in-
creased forebrain microglia (Le Belle et al., 2014). Prenatal lipopoly-
saccharide administration in monkeys also produces brain enlargement
in the offspring characterised by increased gray and white matter
growth (Willette et al., 2011) These studies show that infection or in-
flammation per se can induce brain overgrowth and that these effects
can be gene-regulated. However, it should be noted that viruses, no-
tably the Zika virus but also the cytomegalovirus and rubella and rarely
herpes simplex can also induce microcephaly (Devakumar et al., 2018),
factors that may depend upon the timing of infection and on the par-
ticularities of the host/pathogen interactions.

3.4.4. Pathogen-related pathways

In relation to pathogens, The ASG's were significantly enriched in
pathways related to Leishmaniasis, hepatitis B, tuberculosis, pertussis
(whooping cough), malaria, amoebiasis, toxoplasmosis, Chagas disease,
influenza and salmonella infection, as well as in the NOD-like receptor
pathway which is involved in viral detection and activation of antiviral
and immune responses (Coutermarsh-Ott et al., 2016). The Toll-like
receptor signaling pathway is also involved in the recognition of diverse
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pathogens (Akira and Takeda, 2004) and was also enriched in ASG's, Of
the pathogens, relationships with autism were only found for influenza
infection, malaria and toxoplasmosis. Influenza infection at the end of
the first year of life or at the end of the follow-up period (age 16) have
been associated with autism (Abdallah et al., 2012). Two studies did not
find associations between prenatal influenza infection and autism. It
has also been proposed that any such risk may be due to activation of
the maternal immune system following infection rather than to direct
foetal infection (Zerbo et al., 2017; Mahic et al., 2017). An onset of
autism following recovery from severe malaria has been reported in
some cases from Tanzania (Mankoski et al., 2006). In relation to pre-
natal toxoplasmosis infection, two recent studies have reported that
high maternal T. gondii IgM antibody levels associated with a decreased
risk of childhood autism, while low maternal T. gondii IgG antibody
was associated with increased risk. The authors suggested that lowered
IgG levels might relate to sub-optimal maternal immune function
(Spann et al., 2017; Grether et al., 2016).

Leishmaniasis, caused by trypanosome parasites has not been linked
to autism. The parasites are absolutely dependent on host-derived
purines for survival (Boitz et al., 2013) and two ASG's (adenylosucci-
nate lyase (ADSL) and dihydrofolate reductase (DHFR)) are involve in
purine synthesis (see Supplementary Table 1). ADSL deficiency can
cause severe psychomotor retardation, microcephaly, seizures, and
autistic features (Jurecka et al., 2015).

3.4.5. Immune-related pathways
The ASG's were significantly enriched in many immune-related
pathways including interleukin pathways (IL6, IL3, IL2, 3, 4, 5 and 9),
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Pathway enrichment analysis of the 206 ASG's using the Consensus path database (CPDB). The first column denotes the pathway and its source (e.g. KEGG or
reactome; PID = Pathway interaction database) and the number of ASG's relative to the total number of genes in the pathway (e.g. 23/159 for the SIDS pathway).
The significance of enrichment (q value) calculated by CPDB is based on the hypergeometric test. The autism genes involved are shown in the final column. The genes
in bold represent a signaling module common to many of these pathways (MAPK1: MAPK3: NFKB1: SRC: TNF: PTK2: IL6: PRKCB).

Pathway q-value Autism Genes involved
Medical conditions
Sudden infant death Susceptibility (SIDS) Pathways (23/159) 8.94E-14 SLC6A4; RORA; BDNF; GABRA1; TAC1; NTRK2; HTR2A; C4B; NFKB1; DLX2; AQP4; GJA1;
Wikipathways MECP2; TPH1; TPH2; AR; SNAP25; IL10; AVP; IL6; MAOA; TNF; CREBBP
Spinal Cord Injury (15/116)Wikipathways 2.03E-08 PTGS2; AQP4; GAP43; GJA1; NOS2; MIF; IL6; MAPK3; NOS1; TNF; MAG; LEP; MAPK1;
BDNF; GFAP
Amyotrophic lateral sclerosis (ALS) (6/51)KEGG 0.0008 NOS1; GRIA2; GPX1; TNF; BCL2; GRIN2A
Antiarrhythmic Pathway, Pharmacodynamics (6/55) PharmGKB 0.001 CACNA1H; GJA1; CACNA1C; CACNA1G; ADRB2; ATP1A1
MicroRNAs in cardiomyocyte hypertrophy (6/102)Wikipathways 0.01 PRKCB; MAPK3; TNF; NFKB1; MAPK1; EGF
Hypertrophic cardiomyopathy (HCM) (5/83) KEGG 0.02 IL6; ITGB3; CACNA1C; ITGA4; TNF
Alcoholism (10/180)KEGG 0.002 SLC6A3; ADORA2A; NTRK2; DRD1; MAPK3; MAOA; GRIN2A; MAPK1; BDNF; CRH
Inflammatory bowel disease (IBD) (6/65)KEGG 0.002 IL10; HLA-DRB1; RORA; IL6; TNF; NFKB1
Type II diabetes mellitus (5/48)KEGG 0.003 MAPK1; CACNA1C; MAPK3; TNF; CACNA1G
Insulin receptor signaling cascade (10/238)Reactome 0.009 SRC; ITGB3; PTK2; SYNGAP1; MAPK3; MAPK1; NF1; EIF4E; EGF; GRIN2A
Alzheimers Disease (6/144)Wikipathways 0.04 NOS1; CACNA1C; MAPK3; TNF; MAPK1; GRIN2A
Epilepsy related pathways
Neurexins and neuroligins (12/57) (Reactome) 1.89E-09 STX1A; APBA2; NLGN3; NLGN1; NLGN4Y; NLGN4X; NRXN2; NRXN1; DLGAP2; GRIN2A;
SHANK3; SHANK2
GABAergic synapse (12/88) KEGG 1.88E-07 SRC; PRKCB; GABRG3; GABRG2; CACNA1C; ABAT; GABRAS5; GABBR1; GABBR2; GABRB3;
GABRA1; GAD1
Calcium signaling pathway (16/186) KEGG 3.0E-07 CACNA1H; ADORA2A; NOS2; AVPR1A; CD38; NOS1; CACNA1C; PRKCB; CACNAI1G;
ADRB2; GRIN2A; HTR2A; HTR2C; OXTR; GRPR; DRD1
Glutamatergic synapse (11/114) KEGG 1.54E-05 PRKCB; GRIA2; GRIK2; CACNA1C; SHANK2; MAPK3; GRIN2A; GRM8; MAPK1; SHANKS3;
SLC1A1
Long-term potentiation (7/67) (KEGG) 0.0003 CACNA1C; GRIA2; PRKCB; MAPK3; GRIN2A; MAPK1; CREBBP
Growth related
Brain-Derived Neurotrophic Factor (BDNF) signaling pathway (15/144) 9.54E-08 SRC; NTF3; MAPK3; EGR2; GRIP1; NTRK2; GRIA2; CDKL5; MAPK1; NFKB1; EIF4E; APC;
Wikipathways BDNF; GABRB3; SYN1
Signaling of Hepatocyte Growth Factor Receptor (8/34) Wikipathways ~ 7.91E-07  SRC; PTK2; MAPK3; PTEN; MAPK1; PXN; HGF; MET
Activated NTRK2 signals through FYN (3/4) (Reactome) 0.00015 SRC; BDNF; NTRK2
NCAM signaling for neurite out-growth (7/59) Reactome 0.0002 CACNA1H; SRC; PTK2; CACNA1C; CACNA1G; MAPK3; MAPK1
VEGFA-VEGFR2 Signaling Pathway (13/236) Wikipathways 0.0003 PTGS2; ITGB3; PTK2; SRC; PRKCB; MAPK3; MAPK1; PXN; EIF4E; NFKB1; GJA1; NRP2;
BCL2
Neurotrophin signaling pathway (7/119) KEGG 0.004 NTF3; NTRK2; MAPK3; MAPK1; NFKB1; BDNF; BCL2
Infectious agents and pattern recognition
Leishmaniasis (10/72)KEGG 5.13E-06 PTGS2; NOS2; PRKCB; MAPK3; IL10; HLA-DRB1; ITGA4; MAPK1; TNF; NFKB1
Hepatitis B (11/146)KEGG 0.0002 SRC; MAPK1; EGR2; PRKCB; IL6; PTEN; TNF; NFKB1; MAPK3; CREBBP; BCL2
Tuberculosis (12/177)KEGG 0.0002 SRC; NOS2; MAPKS3; IL10; HLA-DRB1; CTSD; IL6; MAPK1; TNF; NFKB1; CREBBP; BCL2
Pertussis (8/75)KEGG 0.0002 NOS2; IL10; IL6; MAPK3; TNF; C4B; NFKB1; MAPK1
Malaria (6/49)KEGG 0.0007 PECAM1; IL10; IL6; MET; TNF; HGF
Amoebiasis (8/109)KEGG 0.001 NOS2; PTK2; COL11A1; IL10; PRKCB; IL6; TNF; NFKB1
Toxoplasmosis (8/118)KEGG 0.002 NOS2; MAPK3; IL10; HLA-DRB1; MAPK1; TNF; NFKB1; BCL2
Chagas disease (American trypanosomiasis) (7/104)KEGG 0.004 NOS2; MAPK3; IL10; IL6; MAPK1; TNF; NFKB1
Influenza A (8/175) KEGG 0.01 PRKCB; MAPK3; HLA-DRB1; IL6; MAPK1; TNF; NFKB1; CREBBP
Salmonella infection (5/86)KEGG 0.02 IL6; NFKB1; NOS2; MAPK1; MAPK3
Viral carcinogenesis (8/206)KEGG 0.03 SRC; EGR2; UBE3A; MAPK3; MAPK1; PXN; NFKB1; CREBBP
NOD-like receptor signaling pathway (5/57) 0.006 IL6; NFKB1; TNF; MAPK1; MAPK3
Toll-like receptor signaling pathway (5/102)Wikipathways 0.03 IL6; MAPK3; TNF; MAPK1; NFKB1
General immune and inflammation related
Interleukin 6 pathway (7/74)NetPath 0.0008 MAPK3; IL6; MAPK1; AR; EIF4E; NFKB1; CREBBP
Signaling by Interleukins (13/270)Reactome 0.001 SRC; ITGB3; PTK2; MAPK3; SYNGAP1; IL6; MAPK1; NF1; ILILRAP; HGF; NFKB1; EGF;
GRIN2A
Fc-epsilon receptor I signaling in mast cells (6/62)PID 0.002 PTK2; PRKCB; MAPK3; MAPK1; PXN; NFKB1
TWEAK (TNFSF12 tumor necrosis factor superfamily member 12) 0.002 IL6; NFKB1; TNF; MAPK1; MAPK3
Signaling Pathway (5/42)Wikipathways
AGE-RAGE pathway (6/66)Wikipathways 0.002 SRC; NOS2; PRKCB; MAPK3; MAPK1; NFKB1
(
Cytokine Signaling in Immune system (15/376)Reactome 0.002 SYNGAP1; ITGB3; PTK2; SRC; EIF4E; IL6; MAPK3; GRIN2A; NF1; ILIRAP; HGF; NFKB1;
EGF; TNF; MAPK1
Thymic stromal lymphopoietin (TSLP)Signaling Pathway (5/47) 0.003 IL6; SRC; MAPK1; MAPK3; NFKB1
Wikipathways
1L3 (5/51)NetPath: 0.004 NFKB1; MAPK1; MAPK3; PRKCB; BCL2
TGF Beta Signaling Pathway (5/55) 0.006 NFKB1; TNF; EGF; CREBBP; MAPK3
Kit receptor signaling pathway (5/59)Wikipathways 0.007 SRC; MAPK1; MAPK3; PRKCB; BCL2
Hematopoietic cell lineage (6/87)KEGG 0.007 CD38; ITGB3; HLA-DRB1; ITGA4; IL6; TNF
Platelet activation, signaling and aggregation (10/229)Reactome 0.007 PECAM1; ITGB3; PTK2; SRC; PRKCB; RAPGEF4; MAPK3; MAPK1; HGF; EGF
IL4 (5/63)NetPath 0.008 MAPK1; NFKB1; PTK2; CREBBP; MAPK3
Hemostasis (16/493)Reactome 0.008 PECAM1; NOS2; PTK2; SRC; PRKCB; ITGA4; ITGB3; DOCK4; RAPGEF4; MAPK3; NOS1,;
MAPK1; MAG; JMJD1C; HGF; EGF
TNF alpha Signaling Pathway (6/93)Wikipathways 0.008 IL6; MAPK3; TNF; NFKB1; MAPK1; CREBBP
Interleukin-2 signaling (9/202)Reactome 0.009 SRC; ITGB3; PTK2; SYNGAP1; MAPK3; MAPK1; NF1; EGF; GRIN2A

(continued on next page)
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Pathway q-value Autism Genes involved

T cell receptor (10/244)NetPath 0.01 PECAM1; PTK2; SRC; MAPK3; MAPK1; PXN; ATP1A1; ADA; NFKB1; CREBBP

Interleukin-3, 5 and GM-CSF signaling (9/211) Reactome 0.01 SRC; ITGB3; PTK2; SYNGAP1; MAPK3; MAPK1; NF1; EGF; GRIN2A

1L2 (5/76)NetPath 0.015 EIF4E; NFKB1; MAPK1; BCL2; MAPK3

Leukocyte transendothelial migration (6/118)KEGG 0.02 PECAM1; PTK2; PRKCB; ITGA4; RAPGEF4; PXN

DAP12 signaling (10/282)Reactome: 0.02 SRC; ITGB3; PTK2; MAPK3; SYNGAP1; PTEN; MAPK1; NF1; EGF; GRIN2A

Response to elevated platelet cytosolic Ca2+ (5/87)Reactome 0.02 HGF; PECAM1; ITGB3; PRKCB; EGF

CXCR4-mediated signaling events (5/88)PID 0.02 SRC; HLA-DRB1; PTK2; PXN; PTEN

IL9 (2/12)NetPath 0.03 MAPK3; MAPK1

Inflammatory mediator regulation of TRP channels (5/99)KEGG 0.03 SRC; PRKCB; HTR2A; HTR2C; ILIRAP

B cell receptor signaling (5/102)INOH 0.03 NFKB1; MAPK1; MAPK3; PRKCB; SRC

Immune System (26/1174)Reactome 0.04 PTK2; ITGA4; RAPGEF4; EIF4E; EGF; UBE3A; PARK2; MAPK3; MAPK1; NF1; NFKB1; SRC;
ITGB3; PRKCB; C4B; HLA-DRB1; CTSD; SYNGAP1; TNF; IL1RAP; HGF; IL6; PTEN; GRIN2A;
CREBBP; BCL2

Endocrine pathways

Ghrelin (7/39)NetPath 5.23E-05 SRC; PRKCB; DRD1; MAPK3; MAPK1; SSTR5; HTR2C

Corticotropin-releasing hormone (9/92)Wikipathways 0.0002 CACNA1H; GJA1; PTK2; PRKCB; MAPK3; MAPK1; NFKB1; CRH; BCL2

Prolactin (8/70)NetPath 0.0002 SRC; PTK2; CTSD; MAPK3; MAPK1; PXN; NFKB1; CREBBP

Leptin signaling pathway (8/76)Wikipathways 0.0003 SRC; PTK2; MAPK3; LEP; PTEN; MAPK1; EIF4E; NFKB1

Prolactin Signaling Pathway (8/76)Wikipathways 0.0003 SRC; NOS2; PTK2; CTSD; MAPK3; MAPK1; PXN; NFKB1

Nongenotropic Androgen signaling (5/31)PID 0.0007 SRC; AR; PTK2; MAPK1; MAPK3

Gastrin-CREB signaling pathway via PKC and MAPK (16/382)Reactome 0.001 SRC; ITGB3; AVPR1A; NF1; TAC1; GRPR; AVP; SYNGAP1; MAPK3; GRIN2A; HTR2A;
HTR2C; OXTR; MAPK1; PTK2; EGF

Gastrin (5/41)NetPath 0.002 NFKB1; PTK2; PXN; MAPK1; MAPK3

Signaling by Leptin (10/193)Reactome 0.003 SYNGAP1; ITGB3; PTK2; SRC; LEP; MAPK3; MAPK1; NF1; EGF; GRIN2A

Insulin secretion (6/86)KEGG 0.006 STX1A; SNAP25; PRKCB; CACNA1C; RAPGEF4; ATP1A1

Thyroid hormone signaling pathway (7/119)KEGG 0.007 SRC; ITGB3; PRKCB; MAPK3; MAPK1; ATP1A1; CREBBP

Androgen receptor signaling pathway (6/89)Wikipathways 0.007 SRC; PTK2; UBE3A; PTEN; AR; CREBBP

Oxytocin signaling pathway (8/159)KEGG 0.008 CD38; PTGS2; PRKCB; SRC; CACNA1C; MAPK3; MAPK1; OXTR

Glucocorticoid receptor regulatory network (5/80)PID 0.017 1IL6; NFKB1; MAPK1; CREBBP; MAPK3

GnRH signaling pathway (5/92)KEGG 0.025 SRC; CACNA1C; MAPK3; PRKCB; MAPK1

Estrogen signaling pathway (5/100)KEGG 0.03 GABBR1; SRC; GABBR2; MAPK1; MAPK3

AndrogenReceptor (6/143)NetPath 0.03 SRC; PTK2; PTEN; AR; PXN; NSD1

Insulin Signaling (6/160)Wikipathways 0.05 SNAP25; MAPK3; PRKCB; PTEN; MAPK1; EIF4E

Pollution

Overview of nanoparticle effects (5/15)Wikipathways 5.71E-05 IL6; PTGS2; PTK2; TNF; BCL2

Aryl Hydrocarbon Receptor (6/46)Wikipathways 0.0005 PTGS2; SRC; MAPK1; NF1; NFKB1; TNF

Number of pathways, (in brackets) affected by each of these genes

MAPK1/MAPK3 (55): NFKB1 (37): SRC (35): PRKCB (31); TNF (30): PTK2 (26): IL6 (25): CREBBP/GRIN2A (16) ITGB3 (15); EGF (14); NOS2 (12); BCL2/CACNA1C/NF1 (10); IL10/
PXN/SYNGAP1 (9); HLA-DRB1/PTEN (8); EIF4E/HGF (7); ITGA4/PECAM1 (6); AR//NOS1 PTGS2/RAPGEF4 (5); ATP1A1/CTSD/GJA1/HTR2A/IL1RAP (4); BDNF/C4B/
CACNA1G/CACNA1H/CD38/CRHLEP/SNAP25/UBE3A (3); ADRB2/AQP4/AVP/EGR2/GABBR1/GABBR2/GABRA1/MAG/MAOA/NTRK2/RORA/STX1A/TAC1 (2); ABAT/
ADORA2A/APBA2/AVPR1A/COL11A1/DLX2/DOCK4/DRD1/GABRA5/GAD1/GAP43/GFAP/GPX1/GRIK2/JMJD1C/MECP2/MET/MIF/NLGN1/NLGN3/NLGN4X/NLGNY/

NSD1/0XTR/SHANK2/SHANK3/SLC6A3/SLC6A4/TPH1/TPH2 (1)

Tumor necrosis factor (TNF) related and cytokine pathways and T- and
B-cell pathways. A limited number of ASG's were also enriched in
Pattern recognition receptor pathways (nucleotide-binding oligomer-
ization domain-like receptors (NOD) and Toll-like receptors (TLR).
Immune activation is covered in the discussion. Allergy related path-
ways (Fc-epsilon receptor I signaling in mast cells and thymic stromal
lymphopoietin (TSLP) Signaling Pathway) were also enriched in ASG's.
Maternal or infantile atopic diseases (asthma, eczema, food allergies
and food intolerance) all involve activation of mast cells. These are
located around blood vessels in all tissues, including the brain and mast
cell derived inflammatory and vasoactive mediators increase blood-
brain barrier permeability (Theoharides et al., 2016b). TSLP is involved
in allergic diseases including asthma, food allergies and inflammatory
bowel disease (Wang, 2016; Park et al., 2016; Tan et al., 2016), which
in turn are also associated with autism (Theoharides et al., 2016b).

3.4.6. Endocrine related pathways

Several hormonal pathways, including androgen, estrogen, and
thyroid hormone, gonadotrophin releasing hormone, prolactin and
oxytocin signaling were enriched in ASG's. There are evidently relevant
to the implication of endocrine disruption in neurodevelopmental dis-
orders (Colborn, 2004). Ghrelin and leptin pathways were also enriched
in ASG's. Blood ghrelin levels are decreased in autistic boys while leptin
levels are increased. Ghrelin plays an important role in apoptosis and
inflammation in addition to its effects on satiety (Al Zaid et al., 2014).

Leptin also plays a role in neurodevelopment and increased circulating
leptin is often found in childhood neurodevelopmental disorders in-
cluding autism and Rhett disorder (Valleau and Sullivan, 2014).

3.4.7. Pollution-related pathways

The ASGs were also enriched in pathways related to the effects of
nanoparticles (found for example in vehicle emissions), and in the aryl
hydrocarbon receptor pathway. The links between infection and pol-
lution in relation to the aryl hydrocarbon receptor are covered in the
discussion.

In general and for most types of pathways, it should be noted that
the overlap between the ASG's involved many common genes related to
inflammatory cytokine (Interleukin 6 and tumor necrosis factor: IL6,
TNF) intracellular signaling modules. For example ASG's common to
many pathways included (N pathways in brackets) MAP kinases
MAPK1/MAPK3 (55): Nuclear factor NF-kappa-B NFKB1 (37): proto-
oncogene, non-receptor tyrosine kinase (SRC) (35): protein kinase c
beta (PRKCB) (31): TNF (30): protein tyrosine kinase 2 (PTK2) (26):
IL6 (25): (Table 2).

Interestingly, the top 10 ASG's affected by the most exogenous
chemicals from the comparative toxicogenomics database were (N
chemicals in brackets) TNF (1652), map kinases MAPK1 (1179),
MAPKS3 (1154), IL6 (1082), apoptosis regulator BCL2 (997), cycloox-
ygenase PTGS2 (977), nitric oxide synthase NOS2 (862), androgen
receptor AR (584), nuclear factor kappa B subunit 1 NFKB1 (469), IL10
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(443) (unpublished data from (Carter and Blizard, 2016)), highlighting
a similar cytokine signaling module within foreign chemical and im-
mune/infection pathways.

3.5. Host/pathogen interactome overlaps with misregulated genes in
leukocytes from autistic children

The combined up and down regulated genes from the autism tod-
dlers leukocyte microarray were all enriched in all interactomes from
viral, bacterial, fungal and protozoan datasets (Fig 3).

3.5.1. Analysis of the leukocyte disrupted genes in autistic toddlers

The differentially expressed genes in this study have already been
shown to be enriched in immune/inflammation function and in protein
translation (Pramparo et al., 2015). The upregulated genes in this
autism leukocyte study were reanalysed using MSigDb which uses ca-
nonical pathways from multiple sources (KEGG, Biocarta, Reactome,
pathway interaction database, signaling gateway). As this review is
primarily concerned with pathogens and the immune system, the sub-
sequent analysis and figures are primarily restricted to this aspect, al-
though certain other features germane to autism are also reported.

MSigDb microarrays (upregulated genes) that significantly over-
lapped with the upregulated genes from the autism toddlers leukocyte
study included those related to influenza, respiratory syncytial virus,
lymphocytic choriomeningitis virus or Leishmania major infection, as
well as those related to the toll-like receptor (TLR4) ligand, lipopoly-
saccharide, or to the yellow fever YF17D vaccine (one based on a live,
attenuated viral strain) (Table 4).

The most significant infection/immune pathways influenced by the
upregulated genes in the autism toddler leukocytes related to influenza
infection, and specifically those involved in influenza viral RNA
Transcription and Replication. With regard to the enrichment in protein
translation pathways already reported in this study (Pramparo et al.,
2015), one might also consider that these host processes are usurped by
many viruses to synthesise their own proteins (Flint et al., 2008). Nu-
merous immune signaling networks were also represented. These in-
cluded T cell receptor signaling, Genes involved in MHC class II antigen
presentation, Fc-epsilon receptor I signaling in mast cells, Fc epsilon RI
signaling and Fc gamma R-mediated phagocytosis, as well as several
cytokine and chemokine pathways. Haemostasis and platelet activation
pathways were also significantly enriched. Platelets, although primarily
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concerned with haemostasis/blood clotting, also play an important role
in the innate immune system, possessing a variety of receptors, in-
cluding adhesion and junction molecules, Toll-like and chemokine re-
ceptors as well as cytokines, chemokines and antimicrobial peptides
(Iannacone, 2016) (Table 4).

3.5.2. Other microarray datasets

The up-regulated genes in the autism toddlers leukocyte study were
also enriched in genes upregulated in the Alzheimer's disease (AD)
hippocampus post-mortem, both in early (incipient) and late stages of
the disease. These upregulated AD genes are also enriched in MsigDB
upregulated gene datasets from multiple pathogen microarrays (viral,
fungal, bacterial and protozoan) as well as in genes upregulated by Toll-
like receptor ligands (Carter, 2017). This concords with the diverse
viral, fungal and bacterial pathogens that have been associated with AD
or detected in the AD brain (Itzhaki et al., 2016).

The upregulated genes in the autism toddler's leukocyte study were
also enriched in upregulated gene sets related to the autoimmune dis-
ease, systemic lupus erythematosus (SLE) and to both type 2 and type 1
diabetes. Several studies have noted that autism is more frequent in
children born from mothers with systemic lupus erythematosus and
other autoimmune diseases including Type 1 diabetes, adult rheuma-
toid arthritis or hypothyroidism (Vinet et al., 2015; Brimberg et al.,
2013; Libbey and Fujinami, 2010; Comi et al., 1999). There are also
many reports of autoimmunity in autism patients (Gottfried et al., 2015;
Gesundheit et al., 2013; Becker, 2012; Brown and Mehl-Madrona,
2011). Type 2 diabetes mellitus and related risk factors (obesity and
dyslipidaemia) have also been associated with autism (Chen et al.,
2016).

The upregulated autism genes also concurred with those related to
estrogen and thyrotropin responses and to those upregulated by dif-
ferent types of stressors including oxidative stress (hydrogen peroxide),
hypoxia and endoplasmic reticulum stress, ultraviolet rediation or 2,4-
dinitrofluorobenzene, a hapten used to develop allergic skin reactions
in animal models (Eisen et al., 1952). Food and skin allergies such as
atopic dermatitis are common in autism patients (Billeci et al., 2015;
Theoharides et al., 2016a).

Lymphocyte mitochondria from autistic children (aged 2-5 years)
have lower pyruvate dehydrogenase activity and generate more hy-
drogen peroxide than controls (2-fold increase) (Giulivi et al., 2010).
Increased mitochondrial DNA damage related to oxidative stress has
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Table 4
A comparison of the upregulated genes in the leukocytes of autistic toddler with those upregulated in infection/immune datasets from MSigDB.
Description N Genes in Autism FDR q- Reference
MsigDB set Overlap value
Genes up-regulated in peripheral blood mononuclear cells (PBMC) from infant with acute 200 54 3.00E-33 C7|(loannidis et al., 2012)
influenza infection.
Genes up-regulated in PBMC from infant with acute respiratory syncytial virus infection. 200 48 4.15E-27 C7|(loannidis et al., 2012)
Genes up-regulated in PBMC from patients with acute influenza infection. 172 41 5.30E-23 C7|(Ramilo et al., 2007)
Genes up-regulated in Ly6c/CXCR5 expressing CD4 T cells during acute infection of lymphocytic 200 43 2.76E-22 C7|(Hale et al., 2013)
choriomeningitis virus
Genes up-regulated in T reg cells (2h): medium versus TNF [GenelD = 7124]. 200 43 2.76E-22 C7|(Nagar et al., 2010)
Genes up-regulated in PBMC 7 days after stimulation with yellow fever YF17D vaccine. 200 39 9.25E-19 C7|(Querec et al., 2009)
Genes up-regulated in CD8 T cells at the peak expansion phase (day8 after lymphocytic 200 39 9.25E-19 C7|(Kaech et al., 2002)
choriomeningitis virus -Armstrong infection).
Genes up-regulated in comparison of unstimulated dendritic cells (DC) at 0 h versus DCs 200 36 2.50E-16 C7|(Napolitani et al., 2005)
stimulated with lipopolysaccharide (TLR4 agonist) for 8 h.
Genes up-regulated in dendritic cells infected by Leishmania major: 2h versus 24h. 200 36 2.50E-16 C7|(Favila et al., 2014)
Genes up-regulated in comparison of unstimulated dendritic cells (DC) versus 1 day DC 200 35 1.55E-15 C7|(Abbas et al., 2005)
stimulated with LPS (TLR4 agonist).
Genes up-regulated in bone marrow-derived macrophages with IL6 [GeneIlD = 3569] knockout 200 35 1.55E-15 C7|(El Kasmi et al., 2006)
and 45 min of stimulation by: LPS versus IL10 [GeneID = 3586] and LPS.
Genes up-regulated by STATS5 in response to IL2 stimulation. 200 23 4.72E-07 Hallmark
Pathway analysis (canonical pathways from MSigDb)
Genes involved in Influenza Viral RNA Transcription and Replication 169 33 2.69E-15 Reactome
Genes involved in Influenza Life Cycle 203 34 5.83E-14 Reactome
Genes involved in Immune System 933 78 6.46E-14 Reactome
Genes involved in Adaptive Immune System 539 56 1.03E-13 Reactome
Genes involved in Hemostasis 466 47 4.24E-11 Reactome
TCR signaling in naive CD4™ T cells 66 17 5.41E-10 PID
TCR signaling in naive CD8* T cells 53 15 1.89E-09 PID
T Cell Receptor Signaling Pathway 49 13 7.31E-08 Biocarta
T cell receptor signaling pathway 108 18 1.71E-07 KEGG
Genes involved in Costimulation by the CD28 family (CD28 is essential for T-cell proliferation 63 14 1.89E-07 Reactome
and survival, cytokine production, and T-helper type-2 development. [provided by RefSeq,
Jul 2011])
IL-7 Signal Transduction 17 8 4.96E-07 Biocarta
IL8- and CXCR2-mediated signaling events 34 10 1.37E-06 PID
Genes involved in TCR signaling 54 12 1.66E-06 Reactome
CXCR4-mediated signaling events 102 16 1.93E-06 PID
CXCR4 is a CXC chemokine receptor specific for stromal cell-derived factor-1 (Refseq).
Genes involved in The role of Nef in HIV-1 replication and disease pathogenesis 28 9 2.34E-06 Reactome
Genes involved in Platelet activation, signaling and aggregation 208 23 2.42E-06 Reactome
Genes involved in cytotoxic T-lymphocyte associated protein 4 (CTLA4) inhibitory signaling 21 8 2.63E-06 Reactome
CTLA4 transmits an inhibitory signal to T cells (Refseq)
Fc-epsilon receptor I signaling in mast cells 62 12 6.84E-06 PID
Genes related to chemotaxis 45 10 1.55E-05 SIG
Lck and Fyn tyrosine kinases in initiation of TCR Activation 13 6 2.19E-05 Biocarta
Genes involved in MHC class II antigen presentation 91 13 6.29E-05 Reactome
Fc epsilon RI signaling pathway 79 12 7.40E-05 KEGG
Genes involved in HIV Infection 207 20 8.44E-05 Reactome
Fc gamma R-mediated phagocytosis 97 13 1.15E-04 KEGG
Genes related to IL4 rceptor signaling in B lymphocytes 27 7 1.83E-04 SIG
Genes involved in MAP kinase activation in TLR cascade 50 9 2.36E-04 Reactome
TNFR1 Signaling Pathway 29 7 2.65E-04 Biocarta
Genes involved in Antigen Activates B Cell Receptor Leading to Generation of Second Messengers 29 7 2.65E-04 Reactome
Fc Epsilon Receptor I Signaling in Mast Cells 41 8 3.37E-04 Biocarta
Role of Tob in T-cell activation 21 6 3.45E-04 Biocarta
Genes involved in Nef-mediates down modulation of cell surface receptors by recruiting them to 21 6 3.45E-04 Reactome

clathrin adapters

also been observed in peripheral blood monocytic cells from autistic
children (Napoli et al., 2013). Lower mitochondrial oxidative phos-
phorylation has been reported in granulocytes from autistic children.
accompanied by increased free radical production (Napoli et al., 2014).

Endoplasmic reticulum stress is caused by a number of mutated
proteins related to autism (cell adhesion molecule 1 (CADM1), G pro-
tein-coupled receptor 37 (GPR37), neuroligin 3(NLGN3) (Fujita et al.,
2010; Fujita-Jimbo et al., 2012; Ulbrich et al., 2016). ER stress can also
be induced by viruses (Frabutt and Zheng, 2016), pollutants including
pesticides (Mostafalou and Abdollahi, 2013) and heavy metals
(Thevenod and Lee, 2013; Shinkai and Kaji, 2012) or bisphenol A or
phthalates (Asahi et al., 2010; Peropadre et al., 2015).
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4. APP processing and autism genes

A literature survey showed that many of the 206 autism suscept-
ibility genes (in bold in the subsequent section) target APP expression,
transport or processing, with several exerting effects that increase
sAPPa production and/or decrease AP production (see Fig. 3). These
effects are illustrated in Fig. 4. Other ASG's are involved in the signaling
networks downstream of sAPPa activation. For example MAPKI,
MAPK3 and NFKB1 mediate the neurotrophic and neuroprotective
actions of sSAPPa (Cheng et al., 2002) while NFKB1 prevents apoptosis
induced by AB(Guo et al., 1998). The kinase SRC binds to ADAM10
(Ebsen et al., 2014) and is involved in the 5HT4 serotonin receptor-
mediated activation of alpha-secretase (Pimenova et al., 2014). sAPPa
also partially exerts its neuroprotective effects via signaling though



C.J. Carter Neurochemistry International 126 (2019) 36-58

ADORA2A; (ADRB2/CACNAILC); (APBA2/KIF17);
(AR/CREBBP); ASMT; ATP10A (Pe {/); AVP; AVPR1A;

(BDNF /CADPS2 /NTRK2) CACNA1G; FMR1 (ko);
GABRA1;GABRA5;GABRB3; GABRG2; GRIA2; GRIN2A;
(MTNR1A; MTNR1B/GPR50); SLC19A1(folate) ;TAC1

CD38; DISC1; LEP

ACHE (ko); CNTN4; OXTR; PRKCB; SRC; TSPAN12

EGF, GRIK2;HGF/MET

ATP10A (Pe 1M); IL10; UBE3A

APBA2/KIF17

HTR2A; HTR2C; MAPK1

ADAM10 substrates:
ATP1A; CACNA1C; CACNA1H; CDH10; COL11A1;
EGF; GABRG2; MET; NLGN1; NLGN3; NRCAM;
NRXN1;NRXN3; PAX6; SLC1A1; SLC6AS8; SCN3A; TNF

¢

AR;CACNAILG;
DIPK2A

DISC1;FMR1;

CNTNAP2; FOXP1;MAPKS8IP2;
GFAP; MAG; MECP2;NETO1;NF1

MOG;MAPK1; ; RBFOXL;RELN;
MAPK3; SNAP25; STX1A;

NFKB1 SYN1
Fig. 4. A resume of the effects of autism susceptibility genes on APP processing in relation to alpha (ADAM10) beta and gamma

secretases. = Stimulation; = inhibition; = binding to gene, RNA or protein. Pe | = phosphatidylethanolamine reduction; Pe { = phosphatidylethanolamine increase;
KO = gene knockout; P = phosphorylation; Genes in brackets or/represent binding partners.

insulin and the insulin like growth factor (IGF1R) receptors (Jimenez also regulates the transport of an NMDA receptor/APP complex

etal., 2011). C30rf58 (now named divergent protein kinase domain 2A; (Cousins et al., 2013).

DIPK2A) is a ligand for the insulin like growth factor receptor (Bareja Kainic acid can enhance amyloidogenic processing of APP via its

et al., 2017). IGF1 is known to increase the ADAM10-mediated shed- receptor (GRIK1) leading to increased production/secretion of AR-re-

ding of sAPPa (Jacobsen et al., 2010). lated peptides from activated astrocytes (Ourdev et al., 2018). Kainate
Protein kinase C beta (PRKCB) activation also correlates with in- also increases ADAMI10 activity in B cells and in the hippocampus

creased alpha-secretase processing of APP in the guinea pig neocortex (Sturgill et al., 2011; Ortiz et al., 2005). The high affinity glutamate
(Rossner et al., 2001). sAPPa induces gliogenesis and upregulates glial transporter (SLC1A1) is relevant to these effects.

fibrillary acidic protein (GFAP) levels (Kwak et al. 2010, 2014; Bailey Etazolate, a selective GABA(A) receptor modulator, stimulates
et al., 2013; Baratchi et al., 2012). sAPPa production in rat cortical neurons and in guinea pig brains via

A number of neurotransmitter receptors modulate APP processing to alpha-secretase (Marcade et al., 2008). In cell cultures, baicalein, a
favour sAPPa production For example glutamatergic AMPA receptor GABAA receptor modulator reduces the production of Af} by increasing
stimulation (GRIA2) increases non-amyloidogenic a-secretase-medi- sAPPa processing (Zhang et al., 2013). Gamma-amino butyric acid

ated APP processing and inhibits AR production in cultured mouse GABAA receptors associated with autism include GABRA1, GABRAS5,
cortical neurones (Hoey et al., 2013). Synaptic activation facilitates GABRB3, GABRG2, GABRG3 while the GABA synthesis enzyme glu-

non-amyloidogenic APP processing and cell survival, primarily through tamate decarboxylase (GAD1) and GABA transaminase (ABAT) are also
synaptic NMDA receptors and specifically those containing GRIN2A relevant to GABA transmission. sAPPa secretion is also increased by
—subunits (Rush and Buisson, 2014). NMDA receptor activation also serotonin receptor HTR2A and HTR2C activation (Nitsch et al., 1996).
upregulates ADAM10 and (-catenin proteins in mouse cortical neurones The serotonin transporter (SLC6A4) is relevant to these effects, as are

(Wan et al., 2012). Neuropilin tolloid-like 1 (NETO1) is a component of two tryptophan hydroxylases involved in serotonin synthesis (TPH1,
the NMDA receptor complex associating with GRIN2A and GRIN2B and TPH2) and tryptophan 2,3-dioxygenase (TDO2). Adenosine receptor
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(ADORA2A) inhibition, favours the non-amyloidogenic pathway,
counteracting AP production, formation (Cellai et al., 2018). Adenosine
is metabolised to inosine by adenosine deaminase (ADA). Activation of
the beta-2 adrenoceptor (ADRB2) decreases cerebral amyloid plaques
through the up-regulation of a-secretase activity and by decreasing the
phosphorylation of APP in APP/PS1 mice. This receptor also activates
ADAM10 in B cells.(Chai et al., 2017; Padro et al., 2013). ADRB2 is
directly coupled to a calcium channel subunit CACNA1C (Patriarchi
et al., 2016). APP also binds to this particular calcium channel subunit
(Yang et al., 2009). Downregulation or pharmacological inhibition of a
further calcium channel subunit (CACNA1G) increases AP} production
via reductions in non-amyloidogenic processing, accompanied by a
decrease in the levels of mature ADAM10 (Rice et al., 2014). The
neuropeptide, substance P (TAC1) reduces AP production in favour of
sAPPa via alpha-secretase stimulation (Marolda et al., 2012). Inhibition
of acetylcholinesterase (ACHE) in human neuroblastoma cells (SH-
SY5Y) increases ADAM10 levels in membrane compartments and the
secretion of sAPPa (Zimmermann et al., 2004). The tetraspanin
(TSPAN12) promotes ADAM10 maturation and enhances the alpha-
secretase metabolism of APP resulting in sAPPa production (Xu et al.,
2009). Amyloid plaque formation is reduced in ubiquitin protein ligase
(UBE3A) deficient mice possibly via increased activity of ADAM10
(Singh et al., 2017). Angelman syndrome is a neurodevelopmental
disorder associated with the loss of maternal expression of UBE3A.
Total APP, sAPPa and A levels are elevated in the plasma of patients
with Angelman Syndrome and the increases in APP and, sAPPa levels
were positively correlated with BDNF levels (Erickson et al., 2016).
Presynaptic proteins co-assembling with APP in transport vesicles in-
clude SNAP25 and synapsin 1 (SYN1) (Brunholz et al., 2012). APP also
associates with syntaxin 1-containing microdomains (STX1A) an effect
that inhibits the APP-BACE1 interaction and beta cleavage of APP
(Sakurai et al., 2008).

Melatonin, synthesised by acetylserotonin O-methyltransferase
(ASMT) stimulates non-amyloidogenic processing and inhibits the
amyloidogenic processing of APP by stimulating o -secretases and down
regulating both p- and y-secretases (Shukla et al., 2017). This effect is
mediated by melatonin receptors (MTNR1A, MTNR1B) in human
neuronal SH-SY5Y cells (Panmanee et al., 2015). A related G-protein
coupled receptor (GPR50) with homology to melatonin receptors does
not itself bind melatonin, but inhibits MTNR1A and MTNR1B by het-
erodimerisation (Levoye et al., 2006). Bradykinin and vasopressin
(AVP) can increase alpha-secretase processing of APP in PC-12 or NRK-
49F cells accompanied by a decrease in A, an effect mediated by va-
sopressin g-protein-coupled receptors (AVPR1A) (Nitsch et al., 1998).
Leptin (LEP) reduces BACE1 expression and AP production in cultured
human neuroblastoma SH-SY5Y cells. It also reduces gamma-secretase
expression in mouse brains (Marwarha et al., 2014; Niedowicz et al.,
2013). Folic acid (transported by SLC19A1) decreases A deposition in
APP/PS1 transgenic mice brain and increases the expression of the
alpha-secretases ADAM9 and ADAM10 (Tian et al., 2016). Receptor for
Advanced Glycation End products (RAGE) shedding is also mediated by
ADAM10 which is stimulated by pituitary adenylate cyclase-activating
polypeptide and by oxytocin via G-protein coupled receptors including
the oxytocin receptor (OXTR) (Metz et al., 2012).

Brain-derived neurotrophic factor (BDNF) reduces AR production
via increased alpha-secretase and reduced BACE] activity (Nigam et al.,
2017; MacPherson, 2017). BDNF signals via the growth factor receptor
NTRK2 which is a gamma-secretase substrate (Tejeda et al., 2016).
Depletion of the ankyrin repeat domain protein (ANKRD11) in cortical
neurones decreases both BDNF and NTRK2 levels (Ka and Kim, 2018)
Ca+ +-dependent secretion activator 2 (CADPS2) is associated with
secretory vesicles containing BDNF and neurotrophin-3 (NTF3). It en-
hances BDNF and NTF3 release in the cerebellum (Sadakata and
Furuichi, 2009). EGF also stimulates alpha-secretase activity (Slack
et al., 1997) but can also stimulate APP proteolysis via gamma secretase
(Amigoni et al., 2011). APP level, sAPPa secretion, and AP production
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in HEK293 cells transfected with either wild-type APP(751) or APP
(751) carrying the Swedish mutation are all elevated by hepatocyte
growth factor (HGF).(Liu et al., 2003). Reelin (RELN) is an APP ligand
and increases sAPPa levels in COS7 cells overexpressing APP (Rice
et al., 2013). CD38 synthesizes and hydrolyzes cyclic adenosine 5’-di-
phosphate-ribose, an intracellular calcium ion mobilizing messenger
that regulates inflammatory processes. CD38 knockout in APPs-
wePS1AE9 (APP.PS) mice decreases beta and gamma secretase activity
and AP deposition (Blacher et al., 2015). Contactin 4 (CNTN4) func-
tions as an adhesion molecule playing a role in axon development. APP
binds to CNTN4 and CNTN4 increases sAPPa levels (Rice et al., 2013).
ATP10A is an aminophospholipid translocase which transports phos-
phatidylserine and phosphatidylethanolamine from one side of a bi-
layer to another. Phosphatidylserine inhibits gamma-secretase activity
(Holmes et al., 2012) but is without effect on ADAM10 (Grimm et al.,
2013). Knockout of phosphatidylethanolamine synthesis increases a-
secretase cleavage and decreased y-secretase processing of APP (Nesic
et al., 2012)

Disrupted in schizophrenia (DISC1) binds to and regulates the
traffic of APP and DISC1 knockdown in mature primary cortical neu-
rons increases sAPPa and decreases AP production (Shahani et al.,
2015).

Certain autism genes increase AP rather than sAPPa levels. For
example cathepsin D (CTSD) possesses beta-secretase activity
(Chevallier et al., 1997) and is involved in the amyloidogenic proces-
sing of APP (Chevallier et al., 1997; Sadik et al., 1999). However CTSD
can also degrade A (McDermott and Gibson, 1996). Corticotropin re-
leasing hormone (CRH) increases Af} levels via an increased activity of
gamma-secretase (Futch et al.,, 2017). The cytokine interleukin 10
(IL10) increases AP levels in APP transgenic mice and impairsglial AP
phagocytosis (Chakrabarty et al., 2015). IL10 also reduces ADAM10
expression in mast cells (Faber et al., 2014) while TNF stimulates
gamma-secretase activity (Kuo et al., 2008). Cyclooxygenase 2 (PTGS2)
also promotes AP generation via mechanisms that involve Pros-
taglandin-E2-mediated potentiation of gamma-secretase activity (Qin
et al., 2003).

APP-binding protein (APBA2), an adaptor protein regulating APP
transport and processing, suppresses the amyloidogenic but not amy-
loidolytic processing of APP, inhibiting AP production (Sano et al.,
2006; Miller et al., 2006). sAPPa levels in the cortex and hippocampus
are decreased in APBA2 deficient mice (Saito et al., 2008). Kinesin 17
(KIF17) is potentially involved in APP transport via its binding to
APBA2 (Muresan and Ladescu, 2015). Mitogen-activated protein kinase
8 interacting protein 2 (MAPKS8IP2) is also involved in APP transport
and bridges APP to a form of the motor protein kinesin (Matsuda et al.,
2003). It also binds to the cytoplasmic AICD region of APP (Scheinfeld
et al., 2002). methyl CpG binding protein 2 (Rett syndrome) (MECP2) is
also involved in BDNF and APP axonal transport which are impaired in
MECP2 deficient mice (Roux et al., 2012). MECP2 also inhibits
ADAM10 in neural progenitor cells via microRNA mir-197 (Wang et al.,
2018). MECP2 is phosphorylated by the kinase CDKL5 (Mari et al.,
2005). Neurofibromin 1 (NF1) Binds to APP in melanosomes and this
interaction may play a role in melanosome transport (De Schepper
et al., 2006).

APP transcription is also controlled by certain autism genes. For
example fragile X mental retardation 1 (FMR1) binds to the coding
region of APP mRNA (Westmark and Malter, 2007). Brain sAPPa levels
are also increased and A levels decreased in FMR1 knockout mice,
together with increased surface expression of ADAM10 (Pasciuto et al.,
2015).

The RNA binding protein (RBFOX1) regulates APP splicing, indu-
cing exon7 skipping (Alam et al., 2014). A beta secretase, BACE2. is a
target of the forkhead transcription factor FOXP2 (Oswald et al., 2017).
APP is also a transcriptional target of the androgen receptor (AR)
(Takayama et al., 2009). Forkhead box P1 (FOXP1) is recruited to AR
binding sites, including those on the APP gene (Takayama et al., 2014).
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AR also increases the transcription and activity of the AR degrading
enzyme neprilysin and decreases beta amyloid levels (Yao et al., 2008).
The AR ligand testosterone has also been shown to increase the secre-
tion of sAPPa (Goodenough et al., 2000). CREB binding protein
(CREBBP) is a coactivator for the androgen receptor (Fronsdal et al.,
1998). The androgen receptor (AR) also co-precipitates with ADAM10
in the nucleus of human androgen-dependent PC cells (Arima et al.,
2007). Parkin (PARK2) increases presenilin-1-associated gamma-se-
cretase activity and reduces presenilin-2-linked caspase-3 activation via
direct effects on the presenilin promoters (Duplan et al., 2013).

A number of autism genes (proteins) are also substrates for the
alpha-secretase ADAM10. These include the ATPase (ATP1A), the cal-
cium channel subunits CACNA1C and CACNA1H, sodium channel
subunit SCN3A, cadherin (CDH10), collagen (COL11A1), the GABA
receptor subunit (GABRG2) and the glutamate (SLC1A1) and creatine
(SLC6A8) transporters (Kuhn et al., 2016), neuroligins (NLGLI,
NLGL3) (Suzuki et al., 2012; Saftig and Lichtenthaler, 2015), neurexins
(NRXN1 and NRXN3) (Tong et al., 2017; Borcel et al., 2016), the ad-
hesion molecule NRCAM (Kuhn et al., 2016) and the growth factor EGF
(Sahin et al., 2004). The HGF tyrosine kinase receptor (MET) is also
processed by ADAM10 and ADAM17 (Chalupsky et al., 2013). ADAM10
also acts as a TNF sheddase (Mezyk-Kopec et al., 2009). Paxillin (PXN)
affects ADAM10 by regulating the shuttling of ADAM10 into vesicles in
melanoma cells (Lee et al., 2013).

Aquaporin (AQP4) plays a role in the clearance of A in brain via
lymphatic clearance, transcytotic delivery, and glial degradation (Yang
et al., 2016). AP is able to promote apoptosis in human neuroblastoma
cells, an effect related to decreased expression of the anti-apoptotic
gene, BCL2 (Clementi et al., 2006).

sAPPa has been shown to promote remyelination following CNS
demyelination in mice (see above). It also promoted the reappearance
of CNTNAP2 (contactin associated protein 2) adjacent to the nodes of
Ranvier (Llufriu-Daben et al., 2018) sAPPa -induced remyelination was
associated with the reappearance of the myelin basic protein (MBP). It
is also likely to have affected the myelin associated oligodendrocyte
proteins (MAG and MOG).

Finally, in primary hippocampal neurones, sAPPa increases the
number of glutamatergic synapses, as well as the layer thickness of
postsynaptic densities while decreasing GABAergic synapses (Hesse
et al.,, 2018). This might be expected to affect a number of synaptic
scaffold proteins (GRIP1, SHANK2, SHANK3,SNAP25, STX1A, SYN1,
SYNGAP1) as well as glutamatergic (GRIA2, GRIK2, GRIN2A, GRMS8)
and GABAergic (GABBR1, GABBR2, GABRA1l, GABRA5 GABRB3,
GABRG2, GABRG3) receptors and associated transporter (SLC1A1) or
related synthesis (GAD1) and degradative (ABAT) enzymes.

This excitatory/inhibitory imbalance has also been observed in
autism and might also explain the increased propensity for epileptic
conditions in autism patients (Uzunova et al., 2016), although these are
as likely to be related to the numerous calcium and sodium channels
and ionotropic glutamate and GABA receptors within the autism gene
set. Neuronal APP levels are markedly increased in the temporal lobe in
patients with intractable epilepsy with no evidence of beta-amyloid
deposition (Sheng et al., 1994). However, CSF levels of A or sAPPa
were unaltered in patients with seizures (Shahim et al., 2014). Post-
mortem studies in a small study autistic patients (idiopathic or 5q11.2-
q13 duplication), some with epilepsy recorded as the cause of death,
have also shown intraneuronal deposits of AB17-40/42, a form gen-
erated by alpha and gamma secretase, rather than the toxic form af Ap
produced by beta and gamma secretase, suggesting an increase in alpha
secretase processing. SAPPa levels were not measured (Wegiel et al.,
2012). Thus far, the role of sAPPalpha in autism-related epilepsy is
unclear and further research is needed.

Alzheimer's disease and autism.

Given the opposing effects of the two diseases on APP processing,
one might expect an inverse relationship between the incidence of the
two conditions. However, as noted above, there have been no studies
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relating autism to Alzheimer's disease risk and the early mortality in
autism might preclude the later development of Alzheimer's disease.

A microarray study of the cerebellar transcriptome in autistic pa-
tients has also shown an abundance of misregulated transcripts related
to Alzheimer's disease pathways. Expression of the NMDA receptor
subunit, GRIN1 and map kinase MAP3K1 was elevated while the ex-
pression of the gamma-secretase subunit presenilin 2 was reduced. The
authors proposed a model of NMDA glutamate receptor-mediated ERK
kinase activation of a-secretase activity that could result in the in-
creased formation of sAPPa (Zeidan-Chulia et al., 2014). There is also
genetic evidence for a relationship between autism and Alzheimer's
disease.

GWASdD is a database curating genome-wide association studies
where p values are < 1X10-3 (Li et al., 2012). GWASdb contains 1591
Alzheimer's disease genes, 44 of which are within this Autworks gene
set. KEGG pathway enrichment analysis was not considered viable for
so few genes but, based on KEGG pathway genes, many are involved in
adhesion/integrin/semaphorin related properties (CDH8; CDHY;
CNTN4; CNTNAP2; CNTNAP5; EGF; ITGA4;NRCAM; NRP2; NRXN1;
PTK2; RELN; SEMAS5A) Gaba (GABBR2; GABRB3; GABRG3;) or glu-
tamate synapses (GRIK2; GRIN2A; GRIP1; GRMS8; NETO1) cytokine-
related (IL1RAP; IL1RAPL1; ) calcium and sodium channels or sensors
and ion pumps (ATP10A; CACNA1G; CADPS2; NCS1; SCN2A;
SCN3A), growth related (EGF; NTRK2) adrenaline receptor and ta-
chykinins (ADRB2, TAC1) and diverse others (AGAP1; AUTS2;
CSMD3; DISC1; DLGAP2; MCPH1; MECP2; NIPBL; NOS2; PARK2;
RAPGEF4; RBFOX1; RORA). The autism genes are thus highly en-
riched in Alzheimer's disease genes which represent 44/206 (21.4%) of
the total ASG's.

Previous work has shown that the autism genes are highly enriched
in genes related to barrier function (Carter, 2016).104/206 (50.4%) of
the ASG's are expressed in blood brain barrier proteomics datasets from
mouse cerebral arteries (Badhwar et al., 2014), and 75/206 (36.4%)
from mouse brain microvessels and basal lamina (Chun et al., 2011).
34/44 of the overlapping autism/Alzheimer's genes (77.3%) are
common to the combined artery and microvessel datasets. The blood-
brain barrier is compromised in Alzheimer's disease (Carter, 2017) and
in psychiatric disorders including autism (Kealy et al., 2018) where the
expression of barrier-forming tight junction components is decreased,
and that of pore-forming claudins is increased in the cortex and cere-
bellum (Fiorentino et al., 2016).

The genes common to both Alzheimer ‘s disease and autism are thus
almost exclusively concerned with the blood brain barrier function
which is designed to limit the entry of both pathogens and pollutants.

5. Myelination and the integrated stress response in the autism
brain

In the original toddlers leukocyte study, the authors noted that
several modules concerned with protein synthesis, translation initia-
tion, elongation and termination were misregulated. The genes upre-
gulated in the autistic toddlers leukocyte study also included genes
related to oxidative stress, hypoxia and endoplasmic reticulum stress
(Pramparo et al., 2015) (See above and Table 5).

This is related to the integrated stress response that shuts down
protein synthesis in response to diverse stressors. This is achieved by
the activation of any of four tranlation initiation factor EIF2a kinases
by heat (fever) or oxidative stress (EIF2AK1 or Hri), double stranded
viral RNA, bacterial toxins, inflammatory cytokines or growth factor
deprivation (EIF2AK2 or pkr) endoplasmic reticulum stress (EIF2AK3 or
perk), and amino acid or glucose deprivation and viral infection
(EIF2AK4 or Gen2). These kinases phosphorylate EIF2a leading to in-
hibition of the translation initiation factor EIF2B and the arrest of
protein synthesis. Mutations in EIF2B cause vanishing white matter
disease and it would seem that this pathway is thus essential for oli-
godendrocytes and myelination. Growth factors and the plastic
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Table 5
A comparison of the upregulated genes in the leukocytes of autistic toddler with those upregulated in disease and exogenous stimuli datasets from MSigDB.
Description, database and reference N Genes in MSigDB Autism Overlap  FDR g-value
Dataset
Genes up-regulated in brain from patients with Alzheimer's disease. 1691 194 1.32E-56
CGP (Blalock et al., 2004)
Genes up-regulated in patients at the incipient stage of Alzheimer's disease. CGP (Blalock et al., 2004) 390 54 5.07E-19
Genes up-regulated in comparison of systemic lupus erythematosus CD4 T cells versus systemic lupus erythematosus B 200 66 3.11E-46
cells.
C7| (Hutcheson et al., 2008)
Genes up-regulated in comparison of systemic lupus erythematosus CD4 [GeneID = 920] T cells versus systemic lupus 200 56 2.24E-35
erythematosus myeloid cells. C7| (Hutcheson et al., 2008)
Genes up-regulated in dendritic cells: hydrogen peroxide versus diphenyleneiodonium (NADPH oxidase inhibitor 200 40 1.27E-19
:inhibits free radical production). C7| (Miyazawa and Takashima, 2012)
Genes up-regulated in comparison of peripheral blood mononuclear cells (PBMC) from healthy donors versus PBMCs 200 38 5.86E-18
from patients with type 2 diabetes at the time of diagnosis. C7|(Kaizer et al., 2007)
Genes up-regulated in normal epidermal keratinocyte cells after ultra-violet B irradiation. CGP (Enk et al., 2006) 530 59 2.38E-16
Genes up-regulated in response to ultraviolet (UV) radiation.hallmark 158 12 5.69E-03
Genes up-regulated in dendritic cells: control versus 2,4-dinitrofluorobenzene (DNFB) and diphenyleneiodonium 199 36 2.50E-16
(NADPH oxidase inhibitor). C7| (Miyazawa and Takashima, 2012)
Genes up-regulated in bone marrow-derived mast cells treated with IL3 [GeneID = 3562]: control versus IL33 200 36 2.50E-16
[GenelD = 90865]. C7|(Jung et al., 2013)
Genes up-regulated in CD8 T cells 3 days after immunization: control versus IL2 [GeneID = 3558] treatment. C7|(Castro 200 35 1.55E-15
et al., 2012)
Genes up-regulated in comparison of peripheral blood mononuclear cells (PBMC) from healthy donors versus PBMCs 200 35 1.55E-15
from patients with type 1 diabetes at the time of diagnosis. C7|(Kaizer et al., 2007)
Genes defining early response to estrogen. hallmark 200 22 9.07E-07
Genes defining late response to estrogen. hallmark 200 18 1.00E-04
Genes up-regulated in primary thyrocyte cultures in response to cAMP signaling pathway activation by thyrotropin 200 23 1.43E-06
(TSH). c6onco (van Staveren et al., 2006)
Genes up-regulated in response to low oxygen levels (hypoxia).hallmark 200 20 1.01E-05
Genes up-regulated during unfolded protein response, a cellular stress response related to the endoplasmic reticulum. 113 12 3.99E-04
hallmark
Genes up-regulated in CEM-C1 cells (T-CLL) by rapamycin (sirolimus) [PubChem = 6610346], an mTOR pathway 196 16 1.44E-03
inhibitor. ¢6 oncology (Wei et al., 2006)
Genes up-regulated in response to TGFB1 hallmark 54 7 2.50E-03

postsynaptic growth induced by NMDA receptor activation (long-term
potentiation) activate protein synthesis via EIF2a activation, while
metabotropic glutamate receptors repress protein synthesis via EIF2a
inhibition (long-term depression). This pathway and its downstream
outputs are related to susceptibility genes for bipolar disorder and
schizophrenia, which are also related to demyelination (Carter, 2007)).
Viruses and bacterial toxins or the inflammation they produce can di-
rectly activate EIF2AK2/pkr but may also cause amino acid deprivation
related to the synthesis of viral proteins (EIF2AK4/Gcn2) while bacteria
may also activate EIF2AK4/Gcen2 via amino acid and glucose scaven-
ging. Fever (heat) related to infection is also relevant to EIF2AK1 /hri.
Many autism genes (in bold) are also relevant to this pathway in-
cluding those related to oxidative stress (glutathione transferase
GSTM1), nitric oxide synthases (NOS1; NOS2) inflammatory cytokines
(IL1RAP; IL1RAPL1; IL6; TNF), growth factors (BDNF, EGF, NTF3,
HGF; NTRK2), and the BDNF signaling pathway (APC; BDNF; CDKLS5;
EGR2;; EIF4E; GABRB3; GRIA2; GRIP1; MAPK1; MAPK3; NFKB1;
NTF3; NTRK2; SRC; SYN1), the hepatocyte growth factor pathway
(HGF; MAPK1; MAPK3; MET; PTK2; PTEN; PXN; SRC); neurotrophin
signaling (BCL2; BDNF, MAPK1; MAPK3; NTF3; NTRK2; NFKB1);
NMDA (GRIN2A) and metabotropic glutamate receptors (GRM8) and
the long-term potentation signaling pathway (CACNA1C; CREBBP;
GRIA2; GRIN2A; MAPK1; MAPK3; PRKCB CREBBP) (see Table 3 for
these and related pathways).

Endoplasmic reticulum stress genes, including EIF2AK3/perk and
downstream effectors are upregulated in the middle frontal gyrus of
autism subjects (Crider et al., 2017). Endoplasmic stress genes were also
upregulated in the prefrontal cortex, hippocampus, cerebellum in an-
other study, although perk levels were unchanged. However a down-
stream target, activating transcription factor 6 (ATF6) was activated in
the hippocampus and a further downstream target inositol-requiring
enzyme 1 alpha (ERN1) activated in the frontal cortex and cerebellum.
The expression of the ER stress marker C/EBP-homologous protein
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(CHOP/DDIT3) and other endoplasmic reticulum chaperones was ele-
vated in all regions. Apoptosis was also detected and the activation of
this stress pathway was related to oxidative stress (Dong et al., 2018).

It would thus appear this pathways is relevant to the myelination
problems in autism and other psychiatric conditions.

6. Discussion

Prenatal and childhood infections or immune activation have been
implicated in autism. This study has shown that subsets of 206 genes
implicated in autism are also used or influenced by many pathogens, or
by pathogen-related toxins, including mycotoxins that have been as-
sociated with autism. They also related to the genes regulated by Toll-
like pathogen receptor ligands. Pathway analysis also showed that these
genes also play a role in the immune pathways designed to defend
against pathogens. Many of these genes, including those more com-
monly associated with neurotransmission are localised in immune or-
gans or in immunocompetent blood cells. The autism genes are also
enriched in those misregulated in leukocytes of autistic toddlers. The
upregulated leukocyte genes in the autistic toddler study also overlap
with other infection or immune related microarray datasets. The
pathways etched out by the autism genes, and/or the genes upregulated
in the autistic toddlers study also relate to infection but also to endo-
crine pathways and to certain of the comorbid conditions associated
with autism, including diabetes, cardiomyopathy, epilepsy and brain
growth, lupus and inflammatory bowel disease.

To date, this same set of 206 autism genes has been shown to play
an important role in barrier function and in the control of respiratory
cilia that sweep noxious particles and pathogens from the respiratory
tract (Carter, 2016). They are also targeted by many of the environ-
mental pollutants and drugs implicated in autism, and by multiple en-
docrine disruptors (Carter and Blizard, 2016). They are also focussed on
the immune system, which plays an important role at barrier interfaces



C.J. Carter

Neurochemistry International 126 (2019) 36-58

Pathogens/ Pesticides /endocrine disruption / heavy metals / particulate matter/ bisphenol A,
phthalates / vehicle emissions / flame retardants/ acetaminophen / valproate. etc.
Endogenous: retinoids, progesterone, Estradiol, testosterone, dopamine, serotonin, melatonin

Fig. 5. A summary of the environmental
risk factors that target the 206 autism genes
(top layer). The general functions and lo-
cations of the autism genes are shown in the

Defensive layer

Neural layer

defensive (barriers, cilia, placenta, immune,
oxidative stress, detoxification and de-
creased A levels (AB|) and neural layers
(adenosine,GABA, glutamate, monoamine,
serotonin, synaptic, channels) including
steroid and hormone related genes as well
as those involved in the regulation of SAPPa
and Ap. See supplementary table for gene
symbol definitions.

GABA GABBR1 GABBR2 GABRA1 GABRAS GABRB3 GABRG2 GABRG3 GAD1 Glutamate GRIA2 GRIK2
GRIN2A GRIP1 GRMS8 SLC1A1 SLC25A12 Monoamine ADRB2 COMT DBH DRD1 DRD4 MAOA Serotonin
HTR1B HTR2A HTR2C HTR3C SLC6A4 TDO2 TPH1 TPH2 Calcium/sodium CACNA1C CACNA1G CACNA1H
CADPS2 CALB1 SCN2A SCN3 Synaptic/scaffold GRIP1 NETO1 NLGN1 NLGN3 NLGN4X NLGN4Y NRXN1
NRXN2 SNAP25 STX1A SYN1 Growth BDNF EGF HGF MET NTF3 NTRK2 Adenosine ADA ADORA2A
Steroid/hormone AR AVP AVPR1A GPR50 LEP MTNR1A MTNR1B STS SAPPa/AB ACHE ADORA2A
ADRB2 APBA2 AR ASMT ATP10A AVP AVPR1A BDNF CACNA1C CACNA1G CADPS2 CD38 CNTN4 CREBBP
DISC1 EGF FMR1 FOXP2 GABRA1 GABRAS GABRB3 GABRG2 GPR50 GRIA2 GRIK2 GRIN2A HGF HTR2A
HTR2C IL10 KIF17 LEP MAPK1 MET MTNR1A MTNR1B NETO1 NTRK2 OXTR PRKCB PXN SLC19A1 SRC TAC1

TSPAN12 UBE3A

(Doran et al., 2013a; Veiga-Fernandes and Mucida, 2016).

A summary of the autism genes involved in these effects (from
Carter, 2016; Carter and Blizard, 2016) and this paper is shown in
Fig. 5. The autism genes are selectively targeted by a variety of in-
fectious agents, pesticides, pollutants, endocrine disruptors and drugs
implicated in autism. The endogenous compounds related to the autism
genes primarily include sex steroids (related to endocrine disruption) as
well as melatonin, dopamine and serotonin which all play a role in
autism.

A large block of autism genes are dedicated to prevent the passage
of these pathogens or pollutants and are localised in the blood-brain
and other barriers (skin and intestinal) and in cilia that also play a role
in sweeping pathogens and pollutants from the airways. Many are lo-
calised in the placenta and several are immune related or play a role in
detoxification.

Beneath this defensive layer lie diverse autism genes related to
neurotransmission including adenosine, GABA, Glutamate, dopamine
adrenaline and serotonin, and synaptic and channel genes. Others relate
to growth factors, the androgen receptor (AR), and steroid sulfatase
(STS), vasopressin (AVP, AVPR1A), leptin (LEP), melatonin receptors
(MTNR1A, MTNR1B, GPR50) and tachykinins (TAC1; coding for sub-
stance P, neurokinin A, and neuropeptides K and gamma). These are
also targeted by pathogens and pollutants. They play a clear role in
brain and behaviour and might be regarded as effector genes in this
respect. Many are involved in regulating the sAPPa/Af} balance, which
will also have an effect on antimicrobial defense in the upper defensive
layer of genes.

While many of these neurotransmitter, channel and synaptic autism
genes evidently play a role in brain function they are also localised in
immune-related organs and blood cells (see Table 2), placing many in
the upper defensive layer of autism genes.

This summary highlights multiple gene/environment interactions
which together dictate the eventual outcome of environmental influ-
encers. These relationships are reciprocal, i.e. the risk factors target the
autism genes, and the polymorphic genes, as well as influencing human
physiology are likely to influence the effects of the pathogens and
pollutants with which they interact. This places the autism genes at the
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interface between cause and effect, suggesting that measures to reduce
pollutants and the use of endocrine disruptors as well as to tackle in-
fection might help reduce the incidence of autism.

There are certain similarities between the effects of pollution and
infection. Pesticides, airborne pollutants, particulate matter, bisphenol
A, phthalates and flame retardants, endocrine disruption as well as
heavy metals, inter alia have all been implicated as autism risk factors
(Carter and Blizard, 2016; Kalkbrenner et al., 2014). Toll-like receptors
are pattern recognition receptors that primarily recognise viral, bac-
terial and fungal ligands and their activation mounts the appropriate
inflammatory, immune and defence pathways in response to diverse
infections (Takeda and Akira, 2005). There appears to be significant
cross-talk between infection and pollutant pathways. A number of en-
docrine disruptors (Alachlor, atrazine, benomyl, bisphenol A, carbaryl,
diethyl phthalate, dipropyl phthalate, kelthane, kepone, malathion,
methoxychlor, octachlorostyrene, pentachlorophenol, nonyl phenol, p-
octylphenol, simazine and ziram) inhibit the activation of the inter-
feron-beta promotor by bacterial lipolysaccharide via toll-like receptor
TLR4. Particulate matter/air pollution are also able to activate TLR2,
TLR4 and TLR5 (Becker et al., 2005) (Woodward et al., 2017; Ryu et al.,
2018; Yokota et al., 2007). TLR4 has also been implicated in the effects
of the pesticides diazinon (Win-Shwe et al., 2012) and chlorpyrifos
(Tian et al., 2015).

Many pollutants, including tetrachlorodibenzo-p-dioxin and benzo
[alpyrene also activate the xenobiotic-sensing aryl hydrocarbon re-
ceptor (AHR) and this also modulates the effects of Toll-like receptor
ligands (Kado et al., 2016). AHR also regulates the transcription of the
amyloid precursor protein (APP) (Sartor et al., 2009).

This suggests that such compounds, many of which have been im-
plicated in autism (Kajta and Wojtowicz, 2010; Kajta and Wojtowicz,
2013; Kalkbrenner et al., 2014), could deleteriously affect pathways
relevant to infection (Yokota et al., 2007).

The autism genes or leukocyte transcriptome also appear to be in-
volved in two unexpected diseases, sudden infant death syndrome
(SIDS) and Alzheimer's disease, both of which have been associated
with infection. SIDS has been associated with pathogens, particularly
respiratory infections (Moscovis et al., 2015). It has also been noted
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that diphtheria-tetanus-pertussis vaccination has reduced the incidence
of SIDS in the USA (Muller-Nordhorn et al., 2015). Other vaccinations
also reduce the risk of SIDS (meta-analysis) (Vennemann et al., 2007).
Many studies have linked Alzheimer's disease to infection (Carter, 2017;
Itzhaki et al., 2016). As yet, there appear to be no studies linking autism
to the prevalence of Alzheimer's disease in later life. However, the re-
latively high premature mortality of autism patients (Bilder et al., 2013)
(Hirvikoski et al., 2016) might preclude the relatively later develop-
ment of Alzheimer's disease.

Neonatal disorders including diarrhoea, pneumonia, and malaria
(many caused by infection), as well as being underweight (malnutri-
tion/starvation), account for most of the child deaths worldwide, but
not in developed countries, where childhood mortality has markedly
decreased (Pallapies, 2006).

According to Centers for disease control and prevention (CDC) fig-
ures (https://www.cdc.gov/reproductivehealth/maternalinfanthealth/
infantmortality.htm the 5 leading causes of infant deaths in the USA
(2015) included birth defects, preterm birth and low birthweight, SIDS,
maternal pregnancy complications and injuries (e.g. suffocation).

Several of these, including birth defects (Schendel et al., 2009)
preterm birth and low birthweight (Joseph et al., 2017; Wang et al.,
2017), foetal hypoxia (Burstyn et al., 2011), maternal pregnancy
complications including diabetes, obesity, caesarean section
(Modabbernia et al., 2017), or a necessity to delay or induce labour
(Polo-Kantola et al., 2014) are also associated with autism. A reduction
in the incidence of SIDS subsequent to advice to sleep babies on the
back has been noted to correlate with a rise in the incidence of autism
(Bergman, 2016).

Reproductive fitness is low in autism and other psychiatric disorders
(Power et al., 2013; Mullins et al., 2017) and a large Swedish register
study has shown that premature mortality is higher than normal in
autism. The higher mortality included diverse causes of death (in-
cluding neoplasms, endocrine, neurological (epilepsy), respiratory,
cardiovascular and gastrointestinal) but not specifically infection
(Hirvikoski et al., 2016). Other studies have also noted an increased
mortality in autism due to diverse causes (Schendel et al., 2016; Bilder
et al., 2013). Autism patients also show an increased incidence of
multiple health conditions including cardiovascular disease, motor
problems, ear problems, urinary problems, digestive problems, side
effects from long-term medication use, and nonspecific lab tests and
encounters (Bishop-Fitzpatrick et al., 2018).

There thus exists a link between the factors responsible for infant
and premature mortality and autism. Prenatal and early infantile in-
fections are also strongly implicated in autism (see introduction). The
autistic children have however survived these risks, suggesting either
that the autistic infants or their mothers are more resistant to these
mortality factors or that medical advances particularly around the
perinatal period have favoured the survival of children who prior to the
advent of antibiotics, vaccines and better care during pregnancy and
birth, might otherwise have succumbed. In other words a reduction in
natural selection pressure, due to medical advances and increased
survival rates in infancy could in part explain the increased incidence of
autism.

Finally, many of the autism related genes converge on the pathway
regulating APP processing. High levels of sAPPa and lower levels of A}
have been observed in autistic patients, and it has been suggested that
the neurotrophic effects of sAPPa may contribute to the brain over-
growth in autism (Ray et al. 2011a, 2016; Westmark et al., 2016). AP is
a potent antimicrobial agent and this imbalance in APP processing in
autism, leading to lower AP production could well explain the high
prevalence of prenatal and infantile infection in relation to autism.
sAPPa also promotes an excitatory/inhibitory imbalance that has also
been observed in autism. Problems in myelination can also be related to
infection via the integrated stress response pathway.

Although aberrant APP processing has been observed in autistic
patients there appear to have been no studies related to the specific
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effects of any autism genetic variants on APP processing and further
work in this area is warranted.

Nevertheless, the convergence of so many genes on APP processing
suggests that the increases in neurotrophic/myelinotrophic sAPPa and
the reduction in antimicrobial AP production in autism could be ge-
netically predetermined. In particular, the reductions in antimicrobial
AP levels would tend to favour the persistence of pathogens following
infection and could partially explain the prenatal involvement of pa-
thogens in autism and the association with infections that continues
into childhood. This pivot could provide a coherent explanation for the
brain overgrowth/myelination problems, the excitatory/inhibitory im-
balance and the relationship of infections to the pathogenesis of autism.

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
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Supplementary data to this article can be found online at https://
doi.org/10.1016/j.neuint.2019.03.007.
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