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Abstract
Genome-wide association (GWA) studies confirmed that the HLA genes were
strongly associated with schizophrenia but the HLA variants identified by GWA
studies had a lower frequency in patients with schizophrenia than control subjects.
The HLA molecules have function of presenting peptide antigens to T lymphocytes in
order to initiate an immune response. Environmental factors such as infection and
dietary proteins have been found to be associated with schizophrenia. This PhD
program has thus focused on the following objectives: (1) identification of genetic
variants for schizophrenia in the HLA region and (2) investigation of circulating
antibodies to linear peptide antigens derived from wheat gluten in schizophrenia.
The major findings from this work are as follows:
1. The HLA-DQ2.5 variants were strongly associated with schizophrenia; this
finding is consistent with that from GWA study.
2. The NOTCH4 association was replicated in our study samples, in which a CNV
in exon 19 of the gene may be associated with risk of schizophrenia.
3. There was no HLA-II variant identified to be associated with a high risk of
schizophrenia but a CNV present in the HLA-DQ/DR region might confer risk of
the disease.
4. The levels of circulating antibodies to linear peptide antigens derived from
wheat gluten were significantly lower in schizophrenia patients than controls.
This finding is inconsistent with previous studies that showed elevated levels of
circulating antibodies in schizophrenia across subpopulations.
In conclusion, it is likely that not one but many HLA variants lead to risk of
schizophrenia development. From this research it is likely that anti-gluten antibodies
are not an environmental trigger for this disease. Further investigation is needed to
clarify the role of the HLA region in bridging the gap between genetic make-up and
environmental factors in developing schizophrenia.
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1. Introduction
1.1. Schizophrenia
Schizophrenia is the name given to a common form of major mental illness.
Both sexes are equally affected and the distribution is worldwide, with an
estimated lifetime risk of approximately 1% (McGrath and Susser et al., 2009).
Schizophrenia is ranked among the top ten disability adjusted life years
(DALY) by the World Health Organisation (WHO) and has a profound impact
upon the lives of all those affected, including their family members, carers and
friends. Schizophrenia symptoms normally manifest at the late teenage or
adolescence stage in development, but in women, there is a second small
peak in the late forties (Vinokur et al., 2013). As the average age of onset is
early in the patient’s life, such a condition has a major impact on work,
education and social inclusion (Coombs et al., 2013).

Clinical presentation varies from patient to patient and is characterised by a
series of positive symptoms (delusions, hallucinations), negative symptoms
(social withdrawal, lack of function) and cognitive problems (problems with
speech and learning). Table 1.1 gives more detail about clinical presentation
of schizophrenia and criteria of diagnosis. There are two main criteria for
schizophrenia diagnosis, the diagnostic and statistical manual of mental
disorders (DSM diagnostic system), and the International Statistical
Classification of Diseases and Related Health Problems (ICD diagnostic
system). The current version of the DSM system is the 5 th edition (DSM-V),
which was published in 2013 (5th ed., text rev.; DSM-V American Psychiatric
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Association, 2013), and the current version of the ICD system is the tenth
revision (ICD-10) that was published in 1993 (WHO, 1993). Both diagnostic
systems are based on clinical presentation of the disease.
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Table 1.1: Clinical presentation of schizophrenia

Category

Description

Duration

Characteristic
schizophrenia symptoms

Two or more of:

Significantly present
over a month

Cognitive symptoms of
schizophrenia
Social/ occupational
dysfunction



Delusions



Hallucinations



Disorganised speech



Grossly disorganised or
catatonic behaviour



Negative symptoms



Difficulty with learning and
memory

The standards of one aspect below
has notably decreased from normal
behaviour


Work



Interpersonal relationship



self-care

Duration

Significant proportion
of time since
symptoms began

Continuous signs of
the disturbance
persistent for 6 months

Schizoaffective and
mood disorder exclusion

No major depression, manic or mixed
episodes

Excluded if they have
these symptoms

Substance/ general
medical exclusion

State is not caused by effects of a
substance or general medical
condition

Excluded if meet this
criteria

Relationship to a
pervasive development
disorder



History of autism or other
pervasive disorder



Addition schizophrenia
diagnosis is made if delusions
or hallucinations are present

At least 1 month

All information shown in Table 1.1. Is adapted from the DSM diagnostic system

20

1.1.2. Neuropsychology of schizophrenia

In schizophrenia populations, deficits in almost all cognitive domains have
been reported, justifying the original name used of dementia praecox to
describe schizophrenia. At the individual level, however, the extent and
severity of cognitive dysfunction are highly variable. One of the most common
and possibly most debilitating cognitive dysfunctions found in people with
schizophrenia is poor executive function reflecting frontal lobe abnormalities.
This field has been thoroughly reviewed by Thermenos et al. (2013).

The longest known and most consistent brain abnormalities found in
schizophrenia populations are enlarged lateral ventricles. This finding was
reported early last century using pneumoencephalography and confirmed later
by CT scanning (Johnstone, 1976). Multiple other abnormalities have been
reported in schizophrenia using structural and functional imaging but so far
these findings have yet to be presented consistently enough to be of clinical
diagnostic value. Similarly, lack of sensitivity and specificity of clinical
assessments applies to most neurophysiological abnormalities (Linden, 2012)

Many studies look at brain abnormalities in schizophrenia patients in post
mortem studies, which form the vast literature but there are remarkably few
robust findings on microscopic or neurochemical examinations. These findings
will be discussed in more detail in section 1.3.

1.1.3. Treatment of schizophrenia

There is no cure for schizophrenia but many of the positive symptoms of
schizophrenia can be alleviated with antipsychotic drugs, also known as
21

neuroleptics. Most patients with schizophrenia need life-long medication, and
antipsychotic medication often causes severe side-effects such as extrapyramidal syndromes (EPS) and weight gain. As a result, non-adherence to
medication occurs and patient relapse is common (Olivares et al., 2013).
Treatment is discussed in detail in section 1.3

There is no laboratory test available for diagnosis of schizophrenia and the
diagnosis is made only through clinical interview by psychiatrists according to
symptoms presented. Accordingly, there is an urgent need for the
development of a laboratory-based test that should be independent of how the
patient manifests clinically. This would provide useful information about what
possibly triggers the disease. In this way, patients would be treated with
individual therapies rather than neuroleptic medication only.

1.1.4. Differential diagnosis of schizophrenia

There are some overlaps in clinical symptoms between schizophrenia,
schizoaffective disorders, mania and mixed episodes, and the initial
presentation of schizophrenia is highly variable. However, with the passage of
time the diagnosis usually becomes clear, unless there is some additional
confounding factor such as repeated substance misuse. Schizophrenia is
clinically characterized with delusions and hallucinations, but these symptoms
do not predict schizophrenia outcome; if these symptoms occur and mood is
not altered, schizophrenia is most likely to be diagnosed. On the other hand,
hallucinations and delusions are common in mania and psychotic depression
(Pini et al., 2004). Other studies have shown an overlap in symptoms among
psychiatric disorders (Demily et al., 2009, Rosen et al., 2012). Rosen et al.
22

(2012) showed that schizophrenia and bipolar disorders presented more
positive symptoms than unipolar depression and that schizophrenia and
unipolar depression presented more negative symptoms than bipolar
disorders. Schizophrenia showed a less severe level of depression compared
to unipolar depression but increased cognitive disorganisation. This suggests
that the levels of depression and cognitive behaviours are important for the
diagnosis of schizophrenia.

1.1.5. Biomarkers of schizophrenia

There are currently no biomarkers that are either sensitive or specific enough
to be of value in the diagnosis or management of schizophrenia. In this
respect, psychiatry differs from almost every other branch of medicine where
hundreds of tests and devices are routinely used to help the physicians
diagnose and manage their patients. The possible reasons for this lack of
success have elegantly been outlined by Kapur et al. (2012).

Because biomarkers are useful in early diagnosis and treatment of patients,
they can give information to allow personalised treatment, to monitor disease
progression and to look at drug effects in order to determine either if treatment
is working or if patients may be prone to side-effects. The potential uses of
biomarkers are vast and therefore useful in clinical treatment (Bahn et al.
2011)

At present, new methods of diagnosing schizophrenia, which are more reliable
than the present diagnosis system, are under development (Korn, 2004;
Holleran et al., 2014). Much of the focus is on neuro-imaging, (Linden, 2012).
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Neuroimaging is a non-invasive technique that can be used to look at changes
in the brain (Voineskos et al., 2013) and to show that the changes in the brain
may be correlated with schizophrenia outcome (Takizawa et al., 2014).
Longitudinal reductions in the temporal lobe volume have been shown to
occur just before the onset of schizophrenia, which could increase dopamine
levels similar to those observed in schizophrenia patients (McGuire et al.,
2008). This is just preliminary data and as yet large clinical trials are yet to
show how neuroimaging can lead to early diagnosis. It has also been shown
that a reduction in cortical thickness is associated with schizophrenia
(Voineskos et al., 2013). While these processes at present cannot be
reversed, this early onset information may lead to the correct treatment being
given in the future.

To date the search for blood-based biomarkers to aid schizophrenia diagnosis
has been met with little success. Enormous amounts of data have been
generated by the latest Omics technologies, as reviewed by Hayashi-Takagi
et al., (2013). These techniques include genomics, methyl omics,
metabolomics and proteomics (Bahn and Guest, 2011). The genetic and
gluten findings in schizophrenia are reviewed in detail, in sections 1.4, 1.5 and
1.6.

Another method under development for schizophrenia diagnosis is eyemovement technology (Benson et al., 2012). This technology can measure
eye-movement while performing visual tasks in case and control subjects. A
study has used this approach to perform 298 assessments from a Scottish
Caucasian population and the results suggest that this test could differentiate
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between schizophrenia patients and control samples with a 98.3% accuracy
(Benson et al., 2012). Further trials are needed to determine at what stage in
the development of schizophrenia the eye-movement may change, whether
schizophrenia can be distinguished from other psychiatric conditions and
whether this information can lead to better treatment options or prevention of
developing schizophrenia (Fusar-Poli et al., 2013).

Although diagnostic biomarkers are still in early stage of development, they
offer the hope for schizophrenia patients that a better and earlier diagnosis
system may be available in the future. These new systems may potentially
improve the treatment of schizophrenia, so that patients could maintain a
more normal lifestyle. At present, the symptoms of schizophrenia can be
alleviated with antipsychotic drugs. Most patients with schizophrenia need lifelong medication, and antipsychotic medication often causes side-effects such
as extra-pyramidal syndromes (EPS) and weight gain. The main EPS signs
related to antipsychotic medication are Parkinsonian while an inability to
remain motionless often involuntary movements is described as tardive
dyskinesia. As a result, non-adherence to medication occurs and patient
relapse is common (Olivares et al., 2013). The prevention of schizophrenia is
a more complex issue and an understanding of the pathways involved in the
development of schizophrenia is needed. A brief summary of the signalling
pathways potentially involved in schizophrenia is described below.
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1.2.
1.2.1.

The pathophysiology of schizophrenia
Dopamine hypothesis

The dopamine hypothesis has been the most popular explanation for
schizophrenia in the last half-century (Van Rossum, 1966). It states that
schizophrenic symptoms are caused by elevated dopamine turnover in the
brain (Seeman, 2013). The foundation of the dopamine hypothesis is based
on the observations that antipsychotic drugs, such as chlorpromazine and
haloperidol, can block the dopamine receptors, and that agonists at the
dopamine receptors, such as amphetamine, can heighten the symptoms of
schizophrenia (Leiberman et al., 1987). A comprehensive review published
recently by Madras (2013) gives further details regarding the dopamine
hypothesis of schizophrenia. Kumakura et al. (2007) also showed that
dopamine catabolism and elimination were increased in the brains of 8
unmedicated schizophrenia patients compared to 15 control subjects. In this
study, 18Fluora-DOPA was used as a positron emitter for positron emission
tomography (PET scanning).The above studies give further evidence in
support of the important role of dopamine regulation in the development of
schizophrenia.

The brain has four major dopamine pathways that have been implicated in
developing clinical symptoms of schizophrenia. As shown in Figure 1.1, these
four pathways include the nigrostriatal pathway, the mesolimbic pathway, the
mesocortical pathway and the tubero-infundibular pathway (Stahl and
Shayegan, 2003). The nigrostriatal dopamine pathway mainly controls the
movement and blockage of the type 2 (D2) dopamine receptors. Blockage of
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this pathway can lead to the development of Parkinson’s syndrome that is a
side effect observed in patients treated with antipsychotic drugs. The
mesolimbic dopamine pathway shows over-stimulation in schizophrenia;
hyperactivity of this pathway is associated with the development of positive
symptoms and blockage of this pathway can relieve psychotic symptoms. The
mesocortical dopamine pathway is thought to produce the negative symptoms
and cognitive problems but this is only a hypothesis at present (Stahl and
Shayegan, 2003). Further work is required to investigate its potential role in
the diseased state. The tubero-infundibular dopamine pathway plays a role
in regulating the secretion of prolactin from the anterior pituitary gland;
blockage of D2 receptors in this pathway can decrease dopamine availability,
leading to sexual dysfunction and amenorrhoea, which are side effects
induced by antipsychotic drugs (Bobes et al., 2003) .The over expression of
D2 receptors has been observed in the brain of schizophrenia patients and
blockage of the D2 receptors shows clinical effectiveness in treatment of the
positive symptoms but not the negative symptoms. The dopamine hypothesis
has many weaknesses and has never been able to account for all
schizophrenia-associated symptoms and behaviour. Other possible pathways
in the brain may also be involved.
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Figure 1.1. Illustration of the dopamine pathways in the brain

This diagram was adapted from Stahl’s essential psychopharmacology 3rd edition, showing
possible dopamine pathways that have been suggested to be linked to schizophrenia. These
include (a) the Nigrostriatal pathway: the substantianigra to the striatum, (b) the mesolimbic
pathways: the tegmentum to the nucleus accumbens, (c) the mesocorticle pathway: the
tegmentum to the dorsolateral prefrontal cortex and the ventromedial prefrontal cortex, and
(d) the tubuloinfundibular pathway: the hypothalamus to the pituitary. This diagram shows
that many pathways are possibly involved in schizophrenia development and influence many
regions of the brain.
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1.2.2. Serotonin hypothesis

5-hydroxytryptamine (5-HT), also known as serotonin, has been proposed to
be involved in the pathophysiology of schizophrenia (Meltzer et al., 2012). The
5-HT receptor family was discovered through investigation with lysergic acid
diethylamide (LSD) (Gaddum, 1954). LSD is a powerful hallucinogenic drug
and one of its pharmacological roles is to affect the function of some 5-HT
receptors, including 5-HT1A, 5-HT2A, 5-HT2C, 5-HT5A and 5-HT6 receptors
(Meltzer et al., 2012). Several studies have shown that stimulation of the 5-HT
receptors by LSD can increase the release of glutamate, which then triggers
schizophrenia-like symptoms (Aghajanian and Marek, 2000). The 5-HT
receptors are located in the cortex and sub-cortex of the brain (Schotte et al.,
1983). Clinical studies show that treatment with 5-HT receptor antagonists can
relieve some symptoms of schizophrenia (Millan 2000). A number of studies
have shown a decrease in the density of 5-HT receptors in the brain of
schizophrenia patients but most studies were performed in the post-mortem
brain, which is not ideal as 5-HT receptor density could be altered in the postmortem brain (Eastwood and Harrison, 1995, Joyce et al., 1993). It is difficult
to assess 5-HT receptor density in a living person and therefore all the studies
suggest that more research is needed to confirm these initial findings. If 5-HT
receptor density could be tested in living people with a non-invasive
technology, it would then be a good indicator for personalized medication to
treat schizophrenia. However, the decrease in 5-HT receptor density in the
post-mortem brain of schizophrenia patients could also result from long-term
antipsychotic medication. Most novel anti-psychotic drugs have potency in
blocking both 5-HT receptors and dopamine receptors in the striatum,
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suggesting that both the dopamine and 5-HT systems are involved in the
development of schizophrenia. The release of glutamate through 5-HT
receptors makes the glutamate pathway more complicated but important for
clinical diagnosis and treatment of schizophrenia.

1.2.3. The glutamate pathway

Glutamate signalling has also been proposed to be a possible candidate
for the development of schizophrenia (Cherlyn et al., 2010). The glutamate
hypothesis for schizophrenia is mainly based on the observation
that phencyclidine (PCP), an antagonist of the N-methyl-d-aspartic acid
(NMDA) receptor, can mimic the action of glutamate, leading to
schizophrenia-like symptoms (Moghaddam and Adams, 1998). Both
glutamate and dopamine were increased in response to administration of
PCP, ketamine and other NMDA receptor agonists (Lorrain et al., 2003). It has
thus been proposed that glutamate inhibitory drugs would reduce
schizophrenia symptoms via their central role. The GABAergic pathway
inhibits NMDA receptors and controls the release of glutamine in the brain.
Inhibition of the GABAergic pathway could also increase glutamate release,
leading to over-stimulation of neurons in the pre-frontal cortex (Belforte et al.,
2010). This theory gains validation as NMDA receptor reliability was shown to
be important in early brain development, and the receptors were necessary in
controlling GABAergic function (Belforte et al., 2010). A study in mice whose
NMDA receptor subunit NR1 was functionally knocked out showed
behavioural characteristics similar to schizophrenia in humans (Belforte et al.,
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2010). The dopamine hypothesis, previously discussed, is complicated with
the addition of the glutamate signalling pathway. The cause of increased
turnover of dopamine or glutamine in the brain is unknown and further
investigation is needed to illustrate the mechanism behind the neurochemical
disturbances that may occur in schizophrenia. Figure 1.2 illustrates the
possible mechanism for the imbalance between the dopaminergic and
glutamatergic systems in schizophrenia.
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Figure 1.2. The interaction of increased dopamine and glutamate signalling

This figure is adapted from Gray and Roth (2007). An increase in dopamine signalling (shown
in blue) has been thought to produce schizophrenia symptoms as blockage of dopamine
receptors could remit schizophrenia symptoms. Antipsychotics can block the D2 receptors and
consequently decrease dopamine signalling. An increase in glutamate signalling (shown in
green) has also been shown in schizophrenia. LSD increases glutamate release through the
activation of 5-HT receptors which produces schizophrenia like symptoms. Antipsychotic
drugs inhibit glutamate signalling by blocking the 5-HT receptors leading to reduction of
schizophrenia symptoms. Glutamate signalling is initiated through the NMDA receptors and
the NMDA receptor agonists such as PCP increase glutamate and produce schizophrenia like
symptoms.
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1.2.4. Neurodevelopment in schizophrenia

Dysfunction of the discussed neurotransmitters in schizophrenia may result
from an underlying neurodevelopment problem. A popular neurodevelopment
theory suggests that genetic predisposition combined with an early life
adverse event could lead to neurodevelopmental defects (Fruntes and
Limosin, 2008), which are involved in the development of schizophrenia later
in life (Insel, 2010). A more dynamic theory suggests that neurodevelopment
occurs throughout the early stages of life until adolescence (Catts et al.,
2013). The prefrontal cortex goes through a molecular and functional change
in adolescence during normal development of the brain (Cornblatt et al.,
2003). Therefore, neurodevelopment problems occur not only in the pre- or
post-natal brain but also throughout early life to adolescence as well.

Multiple mechanisms could be responsible for potential neurodevelopmental
abnormalities in neuropsychiatric disorders. It especially remains unclear how
the combination of genetic predisposition and other adverse events in early
life plays a role in neurodevelopmental defects. The mechanisms of geneenvironment interactions including epigenetic processes will undoubtedly be a
research focus in future studies of neurodevelopment problems associated
with schizophrenia.

Many studies have demonstrated the changes in brain morphology in patients
with schizophrenia such as decreased cortical volume (Arango and Kahn,
2008). Altered gene expression was observed in the post-mortem brains of
patients with schizophrenia, including the cingulate, superior temporal gyri and
the hippocampus (Katsel et al., 2005). While the changes in gene expression
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may not result in a change in brain morphology, how these systems interact
with one another may provide a better insight into schizophrenia development.
Both neuro-imaging and post-mortem studies revealed that morphological
alterations in schizophrenic brain also occurred in the cortical, temporal and
cingulate regions, with some of these aberrations specific for schizophrenia
but not for other mental disorders (Buchsbaum, 1990; Bogerts, 1997;
Baumann and Bogerts, 1999). Other regions where morphological
abnormalities in schizophrenia have been reported included the cingulate
cortex and the temporal cortex. Some of the above studies also showed that
the cingulate cortex, superior temporal cortex and hippocampus had alteration
not only in gene expression but also in brain structure.

The above studies indicate abnormal changes in the brain of patients with
schizophrenia. When these alterations occur remains unknown. Most studies
look at the post-mortem brain and such a morphological picture may only
reflect the end stage of the pathological process of schizophrenia. Brain
morphological changes may be a useful biomarker for neurodevelopment
problems and can be used to assess the severity of schizophrenia and
outcome of treatment.
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1.3. Clinical treatment of schizophrenia
1.3.1. Antipsychotic medication

Antipsychotic medication is the first line treatment of schizophrenia since
chlorpromazine was discovered as having an antipsychotic efficacy in 1952
(Laborit, 1954). Before the antipsychotic era, lobotomy, electroshock therapy
and insulin coma therapy were the common treatments of schizophrenia
(Baran et al., 2012; Soares et al., 2013). Schizophrenia is now treated mainly
through antipsychotic medication, in which there are two types of
antipsychotic drugs, typical and atypical drugs. The treatment of
schizophrenia relies on a combination of antipsychotic medication and patient
support by family, carers and health professionals. Typical antipsychotic
agents are often referred to as the 1st generation drugs and atypical agents as
the 2nd generation drugs.

Typical antipsychotic drugs shown in Figure 1.3, mainly act by blocking the D 2
dopamine receptor resulting in a decrease in dopamine activity (Kane, 1989),
which is often reported to be elevated in people with schizophrenia. Typical
antipsychotics, such as chlorpromazine and haloperidol, mainly diminish the
positive symptoms in patients with schizophrenia. The critical problem with
typical antipsychotics is that they may produce Parkinsonian symptoms
(Fleischhacker, 2003). The involuntary movements produced through blocking
the dopamine pathway renders patients on typical antipsychotics to reject
medication (Olivares et al., 2013).
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Figure 1.3. The structural representation of several 1st generation (typical) antipsychotics.
This information was adapted from Mailman and Murthy (2010). The 3-ring structure called
phenothiazine is common in most of the 1st generation antipsychotics. Haloperidol is different
and has a butyrophenone structure that is also found in some other 1st generation
antipsychotics.
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Atypical antipsychotics were therefore developed in order to reduce
occurrences of EPS. Atypical antipsychotics such as clozapine, risperidone
and olanzapine (Figure 1.4) have been shown to reduce motor side effects
compared to typical antipsychotics (Bymaster et al., 1996). However, many
atypical drugs including clozapine and olanzapine may lead to the
development of metabolic side effects such as weight gain, type-2 diabetes
and hyperlipidaemia (Mailman and Murthy, 2010). These side effects are a
risk factor for the cardiovascular problems that are often seen in
schizophrenia patients. The low incidences of EPS are thought to be because
atypical antipsychotics mainly block the D2 and 5-HT receptors but not the D1
receptors that are involved in the development of EPS (Mailman and Murthy,
2010).
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Figure 1.4. Molecular structure of atypical antipsychotics

This information was adapted from Mailman and Murthy (2010). Ziprasidone and risperidone
show different in structure compared to other 2nd generation antipsychotics. Their structural
variation leads to differences in function. Risperidone is an interesting atypical drug as it
shows less weight gain than other 2nd generation antipsychotics.

Clinically, the selection of drugs for the treatment of schizophrenia depends
on which drug works best for the patients. A 3rd generation of antipsychotic
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drug, aripiprazole, has been recently developed (Khanna et al., 2013).
Aripiprazole actions have been described alternately to either be partial
agonists at the D2 receptor or show functional selectivity at the D2 receptor
(Vangveravong et al., 2011). Aripiprazole is also functionally selective for 5HT receptors and shows a decrease in side effects associated with
antipsychotic medication (Marona-Lewicka and Nichols, 2004)

1.3.2. Response to antipsychotic medication

With treatment dependent on which antipsychotic drugs are used, patients
may tolerate or have a favoured response to some drugs better than others
(Castle et al., 2013). Clozapine is an antipsychotic drug that was once used
as a last resort but is now used increasingly (Castle et al., 2013). This may be
a problem as clozapine can increase a risk of developing metabolic problems.
An Australian study of high impact psychosis treated with atypical
antipsychotics showed that 46% of participants had a body mass index (BMI)
greater than 30 and 21% of patients had diabetes (Castle et al., 2013).
Combinations of several antipsychotic drugs have therefore been investigated
and the combination of clozapine and aripiprazole shows a decrease in
prolactin and triglyceride levels, which may lead to a decreased in weight gain
compared to other antipsychotic medication (Chang et al., 2008).

The treatment of schizophrenia is always evolving to reduce the side effects
from antipsychotic medication in order to increase drug adherence. Moritz et
al. (2013) used questionnaires to survey patients in a study looking at
antipsychotic drug adherence. They found that dampening of emotion,
confused cognitive responses and decreased enthusiasm towards taking
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antipsychotic drugs were the possible reasons why patients would discontinue
antipsychotic medication. The non-adherence to medication that patients
experienced was due to the decreased positive symptoms (Moritz et al.,
2013).

Non-adherence is a major problem with treatment of schizophrenia as it leads
to relapse. A study conducted by Olivares et al. (2013) estimated that the
proportion of non-adherence or partial non-adherence was up to 53% in
patients on antipsychotic medication. This was due to patients feeling that the
drugs were no longer needed or the unwanted side effects were too severe.
Moritz et al. (2013) showed that side effects were one of the major reasons for
non-adherence to antipsychotic medication. Other treatment options should
be considered in order to avoid patients with schizophrenia relapsing.

1.3.3. Alternative treatment for schizophrenia

Alternative therapies mostly involve supplements to be taken together with
antipsychotic drugs to alleviate side effects from antipsychotic medication.
While these alternative therapies have not shown conclusive evidence for
relief of psychotic symptoms, some of these therapies have proved beneficial
for reduction of the side effects associated with antipsychotic drugs.

Omega (ω)-3 fatty acids, such as docosahexaenoic acid (DHA) and
eicosapenaenoic acid (EPA), were once thought to have a protective effect on
heart disease, according to the observations that Eskimos have a lower risk of
cardiovascular problems as they eat a diet high in fattening foods containing
high levels of unsaturated fatty acids. Omega-3 fatty acids are therefore taken
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regularly as a supplement to improve health and well-being (Babic and Babic,
2009). Schizophrenia patients who were taking ω-3 supplements have been
studied and the results showed a 25% reduction in psychotic symptoms
(Emsley et al., 2003). More recently, ω-3 fatty acids were shown not only to
reduce cardiovascular mortality but also to reduce symptoms of schizophrenia
when their administration together with atypical drugs (McNamara and
Strawn, 2013). Based on the preliminary data from a small cohort of patients,
McNamara and Strawn (2013) suggested that the individuals at high-risk of
schizophrenia could take ω-3 supplements to prevent the onset of
schizophrenia. However, this study did not address at what stage the
treatment should be used or if they had any evidence that people did not
develop schizophrenia after supplementation of ω-3 fatty acids. While ω-3
fatty acids may alleviate side effects associated with antipsychotic medication,
patients should not stop taking antipsychotic medication for the treatment of
schizophrenia.

Other supplements, which have been shown to work with antipsychotic drugs
to improve side effects, are glycolides and glycine. Glycolides are antioxidants
and have been shown to have a neuro-protective effect, which may alleviate
EPS in some patients with schizophrenia (Babic and Babic, 2009). Glycine
supplements have been shown to improve the negative symptoms when
taken with anti-psychotic drugs (Heresco-Levy et al., 1999). Hons (2010) has
recently found that glycine levels in serum were lower in schizophrenia patient
group than the control group. When further investigation was performed, only
male patients with schizophrenia showed association of the low glycine level
in serum with the severity of negative symptoms (Hons et al., 2010). This work
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suggests that supplements may help some patients but should be taken in
combination with antipsychotic medication.

Gluten-free diets have been suggested as an alternative therapy for the
treatment of schizophrenia, which does not require antipsychotic medication.
This restricted diet is thought to reduce schizophrenia symptoms. The gluten
hypothesis for schizophrenia is not a new concept but was suggested when
Graff and Handford (1961) reported that gluten consumption might be
associated with schizophrenia. Since then, many studies have looked at
gluten-free diets for the treatment of schizophrenia but as yet no studies with
a large sample size have conclusively confirmed that gluten-free diets could
successfully treat schizophrenia (Kalaydijian et al., 2006, Jackson et al.,
2012). A study conducted by Okusaga et al. (2013) found that anti-gliadin
immunoglobulin G (IgG) levels were significantly higher in patients compared
to control groups (p < 0.0001). This study therefore suggests that clinical trials
of gluten-free diets would be beneficial to reduce circulating antibodies against
gliadin. While gluten antibodies are elevated in schizophrenia patients
compared to control subjects, gluten-free diets have failed to show consistent
improvement in all patients. This is because the elevated antibodies may not
be a direct cause of triggering the onset of schizophrenia. It has been
suggested that only a subgroup of schizophrenia patients may benefit from
gluten-free diets (Jackson et al., 2012), so a method of screening susceptible
factors remains needed.

1.3.4. Social factors which may affect treatment of schizophrenia

Social factors, such as treatment cost, patient and family information, may all
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affect non-adherence to antipsychotic medication, so that it is important for
schizophrenia patients and their support team to be correctly informed
(Verdoux et al., 2013). NHS in Britain uses community mental health teams
(CMHTs) to provide help and supports to families and carers of people with
schizophrenia (NHS choices, Schizophrenia, March 2013
http://www.nhs.uk/Conditions/Schizophrenia ). They provided day-to-day
treatment, pharmacists, mental health nurses and counsellors. The main
benefit shown through CMHTs is the reduction of hospital admissions and a
decrease in death by suicide (Malone et al., 2007). This program aids the
treatment of schizophrenia with constant support being available to reduce
relapse and to address the social problem associated with schizophrenia. This
treatment is still reliant on antipsychotic medication but aids people with
schizophrenia to return to a normal life and to reduce social factors related
with schizophrenia.
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1.4. Aetiology of schizophrenia
1.4.1. Genetic epidemiology

The specific cause of schizophrenia is yet to be fully understood. Family, twin
and adoption studies show that a genetic component is very likely to
contribute to the aetiology of schizophrenia (Giusti-Rodriguez and Sullivan,
2013). The transmission of the disease does not follow a conventional
Mendelian inheritance pattern. This makes it more difficult to identify risk
genes for schizophrenia than a Mendelian disease that may involve a single
gene only. Cardno et al. (2000) has suggested that genetic components may
make more contributions to the risk of schizophrenia because of its
aggregation in family members, and the genetic contribution may account
for up to 80%. A recent study by Lee et al., (2012) looked at genetic
contributions to schizophrenia and estimated the heritability of the disease to
be about a quarter based on a GWA study in unrelated case and control
subjects. It is thought that schizophrenia is polygenic and genetic make-up
alone is not enough to develop the disease. Genetic predisposition plus an
environmental event is thought to be crucial for the development of
schizophrenia (Feigenson et al., 2013). This makes it difficult to estimate the
genetic heritability as the genetic components may be common and
heterogenous, and only those who have some form of environmental insults
may develop the disease.

Studies of twins can produce information regarding the transmission of
schizophrenia. Cardno et al. (2012) used the information from the Maudsley
twin register in London between 1948 and 1993 to look at 224 proband twins.
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Proband refers to the 1st reported case of a disease within a family. They
found that the concordance rate was 40.8% in monozygotic (MZ) twins and
only 5.3% in dizygotic (DZ) twins (Cardno et al., 2012). The difference in
concordance rates between MZ and DZ twins gives strong evidence that a
genetic factor accounts for the increased inheritance rates for schizophrenia.

Epigenetics is the study of alteration in gene expression which may lead to
phenotypic changes, but the DNA sequence is not changed. This is shown as
MZ twins are genetically identical, but less than half of MZ twins both suffer
from schizophrenia, suggesting that epigenetics can partially explain the
differences observed. A study of twins performed by Dempster et al. (2011)
demonstrated that the genes coding for proteins GGN, SLC117A, smug1,
sox1 and tcf7l2 had changes in DNA methylations in twins with psychosis
compared with those without psychosis. The differences in DNA methylation
between the people with psychosis and without psychosis suggest that
differences in DNA methylation may lead to an increase in psychosis. This
study shows that MZ twins are an important asset in understanding the
phenotypic changes that lead to the differential progress and selection of
schizophrenia. MZ twins are genetically identical, which allows us to better
understand how MZ twins are different, how these differences occur and why.
The study of MZ twins will not only give valuable information for the
development of diseases but could also lead to reversal of the process.
Epigenetics may explain the difference in occurrence of schizophrenia
between MZ twins but what leads to the methylation changes remains
unknown.
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1.4.2.1. Human Leukocyte Antigen (HLA)

The HLA system is the human version of the major histocompatibility complex
(MHC) found in vertebrates. The HLA genes are highly polymorphic (i.e. there
are many forms in the population) and therefore code for many HLA proteins.
These proteins are present on the surface of all cells in the body and play a
role in presenting antigens. The HLA system is therefore involved in the way
the body recognises self-proteins from non-self-proteins such as viruses
(Raven et al., 2005). The HLA system is made up of class I (HLA-I) and class
II (HLA-II) molecules. The HLA-I molecules are found on the surface of all
nucleated cells and HLA-II molecules are mainly found on antigen-presenting
cells (APCs) such as dendritic cells, macrophages and B-lymphocytes. The
HLA system elicits an immune response when it does not recognise the
antigen as a self-molecule, and thus plays a crucial role in eliminating
exogenous pathogens, rejecting implanted graftsand developing autoimmune
diseases (Wright et al., 2001).

1.4.2.2. The chromosomal region of HLA

The genes coding for the HLA molecules are mapped to the short arm of
chromosome 6 (6p21) and they are mainly responsible for antigen
presentation. The HLA region spans about 4Mb of DNA and is made up of
three sub-regions, the class I region located telomerically, the class II region
located centromerically and the class III region located between the class I
and class II regions. A total of 252 functional genes have been identified in the
HLA region. This makes the HLA region highly condensed and variable, as
most genes in this region are highly polymorphic (Robinson et al., 2013). The
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genes coding for HLA molecules in the HLA-I region include HLA-A, -B, -C, E, -F and -G, and in the HLA-II region include HLA-DR, -DQ, -DP, -DM and –
DO. The chromosomal regions of interest in this study are detailed in Figure
1.5. To date (June 2014), a total of 8576 alleles are identified in the HLA-I loci
and 2649 alleles in the HLA-II loci (Robinson et al., 2013). The HLA-I
molecules are heterodimeric and are composed of an HLA-I protein and β2microglobulin. The HLA-II molecules are also heterodimeric and are
composed of an alpha subunit and a beta subunit (Marsh and WHO, 2011).
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Figure 1.5. Locations of the HLA genes on chromosome 6

This diagram is adapted from Marsh and WHO (2011), showing the Class II genes, DR, DQ
and DP.
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1.4.2.3. Function of the HLA system

The HLA system is partially responsible for adaptive immunity. HLA-I
molecules are expressed in all nucleated cells and present either endogenous
or exogenous antigens to cytotoxic T cells (CD8+). These molecules can also
serve as inhibitory ligands for natural killer (NK) cells (Rammensee et al.,
1993). HLA-II molecules are expressed on APCs, activated T cells and other
immune complement cells, and present antigens to CD4+ T helper cells to
elicit an inflammatory response and humoral immunity (Wright et al., 2001). All
HLA molecules mediate adaptive immunity and can produce a specific
antibody to invading foreign proteins or self-proteins (Figure 1.6).
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Figure 1.6. HLA mediated elimination of pathogens
This diagram was adapted from De Haes et al. (2012), illustrating the role of HLA-I and HLA-II
molecules in the recognition and elimination of pathogens.
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1.4.2.4. HLA-tagging DNA markers

There have been some difficulties in genotyping highly polymorphic HLA
genes for a number of reasons. First, most HLA variants are surrounded by
many other highly polymorphic DNA sequences that can interfere with probe
binding during microarray analysis. Second, most HLA variants tag a
haplotype rather than a single nucleotide polymorphism (SNP) so that allelebased genotyping analysis may not be powerful enough to capture linkage
disequilibrium (LD) signals from a disease-underlying variant. Haplotype
analysis uses a number of SNPs, which are in strong LD with each other, to
genotype a specific HLA variant. Therefore, haplotype analysis becomes a
very useful tool to genotype HLA variants which cannot be genotyped by
normal methods (de Bakker et al., 2006).

LD is the non-random association of distinct alleles present on the same
haplotypes or chromosomes. There are 2 measures to express the degree of
2

LD, D’ and r . D’ is described as the difference in frequency between expected
and observed haplotypes within a population. Therefore, D’>0 suggested that
two or more alleles occur more frequently in the population than expected. For
example, if two SNPs are in LD, there will be a deviation in their expected
frequencies; D’=1 suggests that these two SNPs are said to be in complete
2

linkage (Nordborg and Tavere, 2002). Moreover, r is described as the
correlation between a pair of loci (Nordborg and Tavere, 2002), and r2 =1 is a
statistical measure of association between two haplotypes. Complete or
perfect LD means that two closely linked DNA markers are co-segregated
without recombination, during meiosis among a population. The human
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HapMap project (Hood and Rowen, 2013) has defined a LD block (haplotype
2

block) using LD of r >0.8.

Figure 1.7. Diagrammatic illustration of the recombination events during meiosis and
complete LD between two DNA markers.

The top panel illustrates the recombination events that can occur during meiosis. Genetic
recombination leads to the inheritance of new allelic combinations in the offspring. The bottom
panel shows that during recombination alleles can be inherited together. If alleles are always
inherited together they are said to be in complete genetic linkage.
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1.4.2.5. HLA nomenclature

The highly polymorphic HLA genes have a specific nomenclature system, i.e.
the gene name followed by a digital allele code. Normally, the asterisk (*) is
inserted between the HLA gene name and the digital allele code (Figure 1.8).
A 4-digit allele code is commonly used, in which the first 2-digit number
represents a group of alleles and the second 2-digit number represents
individual alleles (Marsh, 2011). For example, HLA-DRB1*1301 represents
allele 1 of allele group 13 in the HLA-DRB1 locus. If an older serological
method is used to genetically test HLA molecules, the nomenclature is slightly
different, such as DQ2.5 that is encoded by the DQA1*0501 and DQB1*0201
alleles. Serological methods are not as accurate as genotyping methods and
have a low resolution.

Figure. 1.8. HLA nomenclature diagram showing how to correctly identify an allele of the HLA
locus.

53

1.4.2.6. Association between HLA variants and schizophrenia

1.4.2.6.1. Candidate gene studies

It has long been noted that the HLA system is associated with schizophrenia.
Cazzullo and co-workers (1974) were the first to report an association of the
HLA system with schizophrenia. Since then many studies have focused on the
HLA region and it has now become a focus in genetic analysis of the illness. A
review published by Wright et al. (2001) summarized a number of studies
reported between 1974 and 2000 to examine the HLA association with
schizophrenia. This review shows that there are inconsistent findings across
the studies. These inconsistencies are attributed to the high polymorphisms of
the HLA genes that may reduce sample power for genetic analysis resulting in
the type-I errors (Wright et al. 2001), which can lead to a false positive
result. Different methods to type HLA variants may also result in
discrepancies. Serological typing methods normally reflect changes of a group
of alleles at a low resolution while molecular genetic methods can look at
individual allelic changes at DNA levels. Serological methods for HLA
association have been shown to have an error rate of 25% (Opelz et al., 1993)
so that early studies looking at HLA association using serological methods
may not be as accurate as DNA-based genotyping studies.

In the review, Wright et al. (2001) also discussed 35 serotyping studies and 1
genotyping study of HLA-I association with schizophrenia as reported in the
period between 1974 and 2000. While serotyping studies showed association
of HLA-A9, HLA-A10 and HLA-A24 variants with schizophrenia, the
genotyping study failed to replicate such an association (Gibson et al., 1999).
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Recent HLA-I studies (2001- present) shown in Table 1.2 demonstrated that
there is still a discrepancy in the literature. Compared to the data reviewed by
Wright et al. (2001), nevertheless, recent HLA studies have shown more
consistent associations of the HLA-A*10 and HLA-A*03 variants with
schizophrenia. HLA-A*10 was shown to be significantly associated with
schizophrenia in three independent studies among a German population
(Laumbacher et al., 2003; Fellerhoff et al., 2007; Gu et al., 2013). While HLAA*03 was reported to be significantly associated with schizophrenia in two
studies, these two studies were performed by the same group in an Indian
population (Singh et al., 2008; Singh et al., 2011). Failure to replicate a
genetic association with schizophrenia in different ethnicity groups suggests
that the disease associations are ethnicity specific. This may be because the
frequencies of HLA variants differ between subpopulations, and different
ethnic populations have faced distinct challenges over time. Some HLA
variants may have disappeared in some populations due to environmental
effects or natural selection. Given that an allele is less common in a
population, a larger sample size is needed to detect its disease association.
As shown in Table 1.2.the sample size used in most studies has been too
small for conclusive results. Small sample size is often blamed for spurious
results as any error may be magnified due to sample collection, information
identification and data evaluation, leading to a false result normally classed as
type-I error (Wright et al., 2001). The studies conducted by Fellerhoff et al.
(2007), Gu et al. (2013) and Sinkus et al. (2013) have investigated the
relationship between environmental factors and expression of the HLA-I
genes, and showed an increase in HLA-I gene expression in schizophrenia
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patients who had infection with chlamydophila or who were non-smokers,
suggesting that environmental factors may influence clinical presentation of
schizophrenia through alteration of gene expression.

Table 1.2: Recent literatures for HLA-I association with schizophrenia

References

HLA variants
studied

Ethnic group

Sample size

Association

Matsumoto et al.
(2002)

HLA-A, B, and C

Japanese
south

Case =98

None

Tochigi et al.

HLA-A24 and 26

Japanese

Case=110

Specifically A24 and
A26

(2002)
20 HLA-A variants

Palmer et al.

South
Germany

Case= 458

HLA-A and B

Finnish

274 family trios
with at least one
affected

None

HLA-A10

German

Case=72

HLA–A10 and
chlamydophila
infection (p=8.03x10-5)

8 HLA-C variants

(2006)

(2007)
Singh et al.

HLA-A and HLA-B

Indian

HLA-A

HLA-A

Han

Case=377

Chinese

Control=321

Indian

Case=136

(2011)
Gu et al.

Control=150
HLA-A and HLA-J

(2013)
Sinkus et al.
(2013)

Case=50
Control=50

(2008)
Singh et al.

Control= 492

Control =225

(2008)
Chao et al.

None

Control=493

Laumbacher et
al. (2003)

Fellerhoff et al.

Control=392

HLA-A and HLA-B

German

Case=77

Caucasian

Control=214

Colorado

Case=42

USA

Control=47
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Marginal for HLA-A10
(p=0.006)

HLA-A*03
(p=1.155x10-4)

None

HLA-A*03
(p=8.511x10-13)

HLA-J, HLA-A10 and
A9 in combination
(p=1.9x10-4)
HLA-B in non-smoking
patients (p=0.005)

The HLA-II region has also shown association with schizophrenia. In the
review by Wright et al. (2001), 27 studies demonstrated HLA-II association
with schizophrenia, of which 15 studies used genotyping methods and 12
studies used serological methods. In three studies shown in Table 1.3, HLADRB1 locus appeared to be strongly associated with schizophrenia, although
which DRB1 variant is exactly involved remains unclear. The HLADQB1*0602 variants showed a significant association with schizophrenia, but
this association did not show increased risk of developing schizophrenia and,
this variant may have a protective role. Based on the association information
shown across studies, ethnic background is also likely to contribute to poor
replication of an initial finding. A key issue to be addressed here is that
positive association results may be more likely to be published than negative
results. This is a common problem in science, which makes it hard to assess
the HLA-association data from literature.

Recent data (2001-present) for HLA-II association with schizophrenia is
detailed in Table 1.3. Interestingly, the HLA-DRB1 locus still showed disease
associated in the more recent literature. A family-based study suggested that
the DRB1*13 variants were associated with an increased risk of schizophrenia
in a Han Chinese population. It also showed that the HLA-DRB1*03 alleles
were under transmitted (Li et al., 2001). These observations suggest that
these alleles may be associated with a low risk of schizophrenia or even a
protective against developing the illness. However, Kadasha et al. (2011)
reported that the HLA-DRB1*03 variant was associated with a high risk of
schizophrenia in a Saudi Arab population. Possibly, the HLA-DRB1*03 variant
may not directly predispose individuals to the illness but serve as a genetic
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marker in LD with a disease-underlying variant. A recent study revealed that
HLA-DR positive monocytes were significantly higher in schizophrenia
patients than control subjects (Krause et al., 2012). This study also found that
when the monocytes from schizophrenia patients were challenged with an
infectious substance, an up-regulation of HLA-DR expression was observed
(Krause et al., 2012), suggesting that increased immune response in CD4+ T
cells may be involved in the pathogenesis of the disease.

Table 1.3 HLA-II associations with schizophrenia

References

HLA variants
studied

Ethnical group

Sample size

Association

Li et al.

HLA-DRB1,
DQA1, DQB1,
DPB1

Han Chinese

165 family trios

DRB1*13
(p=0.041)

(2001)

DRB1*03
(p=0.009)
Schwab et al.
(2002)

HLA-A, DQA1,
DQB1, DRB1

German and
Israeli

89 family trios

None

Yu et al.

HLA-DRB3,
DRB1

Han Chinese

116 family trios

HLA-DRB1
(p=0.019)

HLA-DQB1

Kuwaiti Arabs

Case= 81

None

(2003)
Haider et al.
(2004)
Kadasha et
al.

Control=114
HLA-DRB1

Saudi Arabs

(2011)
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Case=180

DRB1*03

Control=200

DRB1*06

1.4.2.6.2. Genome Wide Association Studies (GWAS)

Genome-wide association (GWA) studies are a powerful tool for genetic
analysis of human diseases. GWA studies apply large sample sizes to
compare the differences in allele frequencies between case and control
samples. GWA studies use high-throughput microarrays to genotype up to a
million SNPs and copy number variations (CNVs) to screen diseaseunderlying variations. If these variant frequencies are significantly different
between the case group and the control group, it can be concluded that these
variations of interest may be associated with the disease (Visscher et al.,
2012). GWA studies have identified genetic association of some HLA variants
with schizophrenia (International Schizophrenia Consortium 2009; Shi et al.,
2009; Stefansson et al., 2009). The most prominent HLA variants identified by
these studies included HLA-A*0101, HLA-C*0701, HLA-B*0801, HLADRB*0301, HLA-DQB1*0201 and HLA-DQA1*0501 (International
Schizophrenia Consortium 2009). However, these variants had a decreased
frequency in the patient group, suggesting a protective role in developing
schizophrenia. It is therefore particularly important to perform further analysis
to identify which HLA variants may confer a high risk of the illness.

An Irish study used 1606 cases and 1794 controls to look at over 6 million
SNPs for their association with schizophrenia (Irish Schizophrenia Genomic
Consortium and Welcome Trust Case Control Consortium 2, 2012). They then
repeated this analysis in 13195 cases and 31021 controls with 108 SNPs that
were deemed to be significant enough for replication in a larger sample size.
The results showed that the HLA-C*0102 variant was found to be associated
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with schizophrenia in the initial study (p=3.83x10-4, OR=1.65) but failed to
show strong association with schizophrenia in the following study for
replication (p=0.45, OR=1.19). The conflicting results may be due to the
difference in LD structures between subpopulations (Ward and Kellis, 2012).
Nevertheless, this study also confirmed genetic association of the HLADRB1*0501 allele with decreased risk of schizophrenia as shown by the
International Schizophrenia Consortium (2009). The HLA system is highly
polymorphic and there is great divergence even within a population. To
account for the differences in allele frequencies within a population, stratified
populations have been used to identify case-control subjects that were
matched according to ancestry in order to avoid the problems of population
stratification (Chen et al., 2003; Patterson et al., 2006; Price et al., 2006;
Epstein et al., 2012). This could account for schizophrenia genetic studies
producing conflicting data in the same population as subgroup in the
population may have a different frequency of alleles present (Kodavali et al.,
2014). Therefore, matching ancestral genetics in the case-control samples
may produce more robust findings.

1.4.3. The NOTCH4 association with schizophrenia

The NOTCH4 gene is located in the class III region of the HLA, and was also
confirmed by GWA studies as having an association with schizophrenia
(International Schizophrenia Consortium 2009; Stefansson et al. 2009). The
NOTCH4 gene was first reported as being associated with schizophrenia by
Wei and Hemming (2000), but this study was not replicated by Mc Ginnis et al.
(2001). In a GWA study, 3322 cases with schizophrenia and 3587 control
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subjects were genotyped, and the strongest LD signal was captured at
rs3130297 (p=4.79 x10-8), which is located near the NOTCH4 gene
(International Schizophrenia Consortium 2009). Another GWA study has also
shown strong association of the NOTCH4 locus with schizophrenia
(Stefansson et al. 2009), and the association signal was detected at
rs3131296 (p=2.3x10-10). It is worth noting that the disease association for
rs3131296 was replicated in a Han Chinese population (p=1.29x10 -6) (Li et
al., 2010). Functionally, the NOTCH4 gene is responsible for embryonic
development and T-cell mediated immune responses (Radtke et al., 2010).
Whether the NOTCH4 gene itself or variants surrounding the gene are
involved in schizophrenia remains unclear, but the NOTCH association could
explain why increased antibody levels are shown in people with schizophrenia
as if the functionality of the NOTCH4 gene is altered this could lead to
differential immune responses. This locus is certainly of interest as it closely
linked to the HLA region and may play a role in immune regulation in
schizophrenia. The NOTCH4 association will therefore be investigated further
in this thesis.
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1.4.4. Copy number variations

Genomic DNA sequences were once thought to be relatively stable, but
identification of copy number variations (CNVs) suggests that instability of the
human genome may be fundamental for the development of
neurodevelopmental diseases (Conrad et al., 2010). CNVs have been shown
to disrupt some genes in the central nervous system (CNS) and to be involved
in neurodevelopment and synaptic plasticity (Malhotra and Sebat, 2012; Rees
et al., 2011).

CNVs are a form of DNA structural variations within the human genome, such
as microdeletion, insertion, duplication and inversion. CNVs are thought to
occur in 13% of the human genome, (Kidd et al., 2008) and therefore may
contribute to genetic heterogeneity of the illness. Traditionally, CNVs have
been defined as variations ranging from 1 kilobase (kb) to several megabases
(Mb) in size compared to a reference genome (Redon et al., 2006). However,
smaller regions of genomic variation can also be detected with new
technologies, such as those ranging from 1- 700 base pairs (bps) (St Clair
2013). Most of the CNVs studied to date are >500kb of DNA, which are
normally harmless and have a low prevalence rate in the general population
(Rethelyi et al., 2013). Technological advances allowing accurate detection of
CNVs <1kb have been achieved by a Taqman technique developed by
Applied Biosystems, which in conjunction with their specialised copy caller
software gives a z score and confidence interval (CI) to determine the
accuracy of the assay at predicting copy number.

With this recent development of novel technologies for genomic research, it is
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now possible to detect CNVs throughout the human genome (Grayton et al.,
2012). CNVs are present throughout the human genome and therefore
identification of harmful CNVs involved in conferring risk of developing
schizophrenia is challenging. Some CNVs have been reported to be
associated with psychiatric populations, making these CNVs particularly
interesting (Rethelyi et al., 2013).
Applied BiosystemsTM has recently developed a copy number assay that can
be used to screen CNVs in a large number of DNA samples from reference
samples using a specialised program. This technique can deal with sequence
variations of <1kb in size and therefore is precise enough to look at small
changes in genomic DNA. This technique is more robust, reliable and efficient
for large scale DNA testing than fluorescence in situ hybridisation (FISH) that
is the method previously used for detection of CNVs (Vissers et al., 2003,
Ledbetter and Martin 2007).

Genome-wide analysis has suggested the involvement of CNVs in
predisposition to schizophrenia (International Schizophrenia Consortium,
2008; Tam et al., 2009; Grozeva et al., 2012). There are a number of
chromosomal regions harbouring CNVs associated with schizophrenia. These
include deletions at 1q21.1, 3q26, 15q11.2, 15q13.3, 17q12, 22q11.2 and
Neurexin 1 (NRXN1), and duplications at 15Q11-13, 16p11.2 and 16p11.2
(Kirov 2010; Levinson et al., 2011). While the disease-underlying CNVs have
a low frequency, their effect size (odds ratio, OR) is relatively large and
they may therefore affect a small group of patients with larger effect size
(Kirov, 2010; Levinson et al., 2011; Rees et al., 2011). However, the
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confidence intervals (CI) surrounding the OR in these studies is large due to
the CNVs being rare in the normal population. Therefore, further validation
with a larger sample size is needed in order to reduce the large CI.

CNVs represent another aspect of genome variation that could lead to a better
understanding and knowledge of schizophrenia. In the literature reviewed so
far, no CNVs have been shown in the 6p21 region to be associated with
schizophrenia. As the HLA region has failed to identify a gene responsible for
high risk of schizophrenia development so far (International Schizophrenia
Consortium 2009; Stefansson et al. 2009). CNVs in the HLA region cannot be
ruled out as a genetic variation that could contribute to high risk of
schizophrenia. Research into CNVs in the HLA region may provide an
interesting clue to the mechanism by which CNVs may disrupt function of
some genes in the CNS (Rees et al., 2011).

1.4.5. Association between type-1 diabetes and schizophrenia

Type1 diabetes (T1D) is an autoimmune condition that is mainly caused by
autoimmune destruction of β-cells in the pancreas. While an epidemiological
study suggested that T1D was inversely associated with risk of schizophrenia
(Juvonen et al., 2007), others showed that T1D might be genetically linked to
the risk of schizophrenia (Wright et al., 1996; Benros et al., 2012). Benros et
al. (2012) recently reported that the relative risk of schizophrenia with a family
history of T1D was 1.3 and with a personal history of T1D was 1.7. This
finding suggests that there is an increased risk of schizophrenia in families
with a history of autoimmune problems (Benros et al., 2012). Wright et al.
(1996) reported that there was a significant excess of T1D in first-degree
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relatives of patients with schizophrenia, particularly in mothers. The HLA
variants for T1D mainly include DRB1*0301/DQA1*0501/DQDB*0201 alleles
and DRB1*04/DQA1*0301/DQB1*0302 alleles (Barker et al., 2008). The
DRB1*0301/DQA1*0501/DQDB*0201 alleles are associated with a low risk of
schizophrenia by GWA studies (International Schizophrenia Consortium 2009;
Shi et al., 2009). Therefore, the DRB1*04/DQA1*0301/DQB1*0302 alleles
should be considered as candidate alleles for genetic association with
schizophrenia. It should also be noted that several autoimmune conditions
have been found to be associated with an increase in risk of mental health
problems (Eaton et al., 2010).
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1.5. Environmental exposures in schizophrenia aetiology
Environmental factors such as infection, diet and social stress have all been
shown to have implications, for the development of schizophrenia (Jackson et
al., 2012; Dickerson et al., 2013). The mother’s health along with the pre- and
post-natal health of the child has shown an association with risk of
schizophrenia (Brown and Derkits, 2010). The environmental factors possibly
associated with schizophrenia are detailed below.

1.5.1. Social stress on schizophrenia outcome

Schizophrenia has been shown to be more prevalent in urban populations
with many studies suggesting that living in a city is more likely to make people
sick (Abbott et al., 2012). Inner city living that is associated with increased
pollution, isolation, anxiety, faster pace of life, could increase work stress and
poor diet (Lederbogen et al., 2011; Abbott et al ., 2012; Carr et al., 2013;
Manzanares et al., 2014). With cities becoming bigger and accommodating
more people, however, the incidence of schizophrenia has not been shown to
be increased. Another stress that has been associated with increased
prevalence of schizophrenia is malnutrition in the pre- and post-natal period,
which has been studied in famine populations. In both the Dutch famine of
1944-1945 and the Chinese famine of 1959-1961, psychiatric data was
followed up years later. This data suggested a correlation between increased
incidences of schizophrenia in people born in famine populations compared to
the general populations (St Clair et al., 2005; Susser et al., 2008). While it is
unclear why malnutrition leads to neurodevelopment problems, migration and
many other factors are also changed in response to famine. Therefore, more
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studies looking at dietary links to schizophrenia are detail in section 1.6.

1.5.2. Seasonality of schizophrenic birth

Winter birth is an environmental factor, which shows a significant correlation
with an increased prevalence of schizophrenia in individuals who were born in
winter or early spring (Davies et al., 2003; Tandon et al., 2009). Winter birth is
obviously subjective as the temperature and hours of darkness in winter
months is dependent upon location, but based on the literature reviewed, the
winter birth phenomenon is linked to higher rates of infection and disease in
colder months. A recent study confirmed that people born in winter had a
higher risk of developing schizophrenia compared to non-winter births
(Martinez-Ortega et al., 2011).

Cohen and Najolia (2011) proposed that winter birth might not be the only
factor leading to the onset of schizophrenia and that the interaction between
genetic and environmental components could trigger the onset of
schizophrenia. The seasonality of schizophrenic birth gives further support of
the hypothesis that viruses might be transmitted by maternal infections to the
unborn child. For example, influenza has been shown to increase
susceptibility to schizophrenia when the mother was challenged with the viral
infection during the first trimester (Brown et al., 2004). It has also been shown
that mice infected with influenza during pregnancy had alterations in brain
structure compared to those that were not infected (Fatemi et al., 2012).
Behaviour changes were also observed in mice that were prenatally exposed
to viral infections, showing an increase in head twitch response (Moreno et al.,
2011). 5-HT2A agonists can also induce the head twitch response in mice, so
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that prenatal viral infection may cause alteration in expression of 5-HT2A
receptors. PolyI:C is a viral mimic used in rodent experiments to elicit an
immune response. Treatment parentally with polyI:C on mice has generated
abnormalities of social and cognitive behaviours, including learning and
movement problems, and also shown an inability to express pleasure
(Bitanihirwe et al., 2010). It has also been reported that mice infected with
certain strains of influenza during pregnancy have dopaminergic neuronal loss
and consequently develop behaviour problems later in life (Landreau et al.,
2012). The above observations suggest that maternal infection during
pregnancy may affect the neurodevelopment in the unborn child and that the
mother’s health may be crucial for the mental health of the children.

1.5.3. Toxoplasma gondii

Infection with toxoplasma gondii (T. gondii) has been reported to correlate
with increased cases of schizophrenia. Patients with schizophrenia have an
increase in circulating levels of antibodies to T. gondii compared to controls
(Hamidinejat et al., 2010). T. gondii is a protozoan parasite. Infection with T.
gondii in humans occurs through ingestion of raw meat or unwashed fruit and
vegetables that contain the parasite, and can also be present from birth.
Infected cat feces are thought as a common route of ingestion as a correlation
has been shown between patients with schizophrenia and exposure to cats in
childhood compared to adulthood (Dubey, 2008). While it is not clear how this
infection leads to schizophrenia, the idea that infection with T. gondii may
cause problems within the CNS has been investigated. T. gondii has been
shown to affect neurons and glial cells (Schwarcz and Hunter, 2007). A recent
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study indicated that T gondii might be a neuroparasite associated with suicide
and proposed a link between schizophrenia, T. gondii and suicide (Okusaga
et al., 2011). This study also suggested that schizophrenia patients, who were
infected by T. gondii before the age of 38 years, might have increased
susceptibility to commit suicide (Okusaga et al., 2011).

1.5.4. Other infectious agents associated with schizophrenia

Infection with cytomegalovirus (CMV) and chlamydophila has been suggested
to be associated with the aetiology of schizophrenia (Krause et al., 2010).
CMV belongs to the herpes family and CMV infection could generate flu-like
symptoms although CMV is not harmful to people with normal immune
function. The relationship between maternal infection with CMV and
schizophrenia risk genes has been investigated in a Danish study of the
people who were diagnosed as having schizophrenia from 1981 onwards
(Borglum et al., 2013). The results showed that there was a link between
maternal infection with CMV and the polymorphisms of the CTNNA3 gene in
patients with schizophrenia. This finding suggests that the interaction between
CMV infection and a genetic component may play a role in developing
schizophrenia. Infection with chlamydophila can cause bronchitis and
pneumonia, and is also associated with coronary heart problems (Krull et al.,
2006). Chlamydophila has also been found to be associated with sudden
psychotic episodes, (Fellerhoff et al., 2007). The relationship between
chlamydophila infections, schizophrenia and the HLA-A10 variant has been
investigated and the results revealed that the carriers of the HLA-A10 variant,
who were exposed to chlamydophila, had a higher risk of schizophrenia than
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those who were not carrying the HLA-A10 variant (Fellerhoff et al., 2007). This
work suggests that the HLA system may play a central role in bridging the gap
between environment and genetic factors associated with schizophrenia.

Taken together, the above findings suggest that infection plus genetic
contribution may lead to the development of schizophrenia. What the specific
infectious agent is involved or whether numerous agents can trigger the onset
of schizophrenia remains unknown. It is thought that exposure to an
environmental trigger in pre- or post-natal is crucial for disease development
late in their life.
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1.6. Dietary proteins in the development of schizophrenia
Some food-derived proteins, such as bovine casein and wheat gluten, have
been found to be associated with schizophrenia (Dohan et al., 1972; Kaminski
et al., 2007; Kost et al., 2009; Dickerson et al., 2010; Cascella et al., 2011;
Niebuhr et al., 2011; Jin et al., 2012). Gastrointestinal inflammation was
shown to be common in people with schizophrenia. The inflammation shows a
possible route for food-derived antigens to gain entry into the blood stream to
trigger an immune response (Severance et al., 2012). Food protein is
therefore another possible component of eliciting an immune response that is
associated with increased risk of schizophrenia.

Casein is the main protein in milk and is composed of four subunits: αs1, αs2,
β and κ. Casomorphins, such as β-casomorphin 7 (BCM-7) derived from βcasein, are shown to act as neuroactive peptides that can modify brain
development and then cause dysfunction of the brain (Kaminski et al., 2007;
Kost et al., 2009). Increased levels of casomorphins were observed in the
urine of schizophrenic patients (Reichelt et al., 1996) and immunological
studies showed that patients with schizophrenia had increased levels of
circulating antibodies to bovine casein proteins (Severance et al., 2010;
Niebuhr et al., 2011). Niebuhr et al. (2011) showed that increased antibodies
to casein could be present several years before schizophrenia symptoms
occurred. However, the specificity for distinct caseins appears to be different
between long-term schizophrenia and recent onset psychosis (Severence et
al., 2011). Patients with long-term schizophrenia had increased IgG for βcasein and patients with recent onset psychosis (schizophrenia-spectrum)
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appeared to have increased IgG for αs caseins (αs1 and αs2) and κ casein.
What causes such differences between the types of caseins and the stage of
schizophrenia is unclear, and therefore needs further investigation to clarify
the role of casein in schizophrenia development.

Gluten is the main protein found in wheat, rye and barley. Wheat gluten
comprises of two components, gliadin and glutanin proteins. Gliadin is the
main toxic component for health risks, such as coeliac disease, and also the
main protein used in the research into gluten-associated conditions (Helms,
2005). Gluten causes potential health problems as gluten proteins contain
some peptides strongly resistant to digestive enzymes produced in the
stomach, pancreas and intestine (Shan et al., 2002). These undigested gluten
peptides can trigger the immune system to produce harmful antibodies that
may be involved in many health conditions. Gliadin has been classified into
four different subgroups by the level of migration though a polyacrylamide gel
electrophoresis (PAGE), including α-gliadin, β-gliadin, γ-gliadin and ω-gliadin.
Graff and Handford (1961) were the first to report that gluten consumption
was associated with schizophrenia 50 years ago, and a few years
after, Dohan (1966) confirmed the gluten finding in schizophrenia. Dohan
(1966) reported that during World War II, the incidence of schizophrenia was
decreased in populations where gluten-containing foods were not available.
Since then, many studies have focused on investigating the relationship
between gluten intake and schizophrenia. Some of these studies proposed
that gluten-free diet might be beneficial to a gluten-associated subgroup of
schizophrenia patients. Serological analysis has confirmed that there is an
increase in circulating levels of IgG and IgA antibodies to wheat gluten in
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schizophrenics compared to controls (Dohan et al., 1972; Dickerson et al.,
2010; Cascella et al., 2011; Jin et al., 2012; Okusaga et al., 2013). Increased
secretion of antibodies to gluten proteins occurs only through an immune
response to gluten-derived peptides that have entered the blood stream. This
increase in antibodies to gluten entering the blood stream may be linked to gut
and intestinal problems as suggested by Wei and Hemmings (2005).

Tissue transglutaminase 2 (TGM2) is an enzyme involved in the deamination
of glutamin to glutamic acid in epithelial cells in the gut. Circulating antibodies
against TGM2 is a hallmark for coeliac disease, a well-known gluten-sensitive
disease. This condition is caused by autoimmune inflammation occurring in
the small intestine resulting in abdominal pain, diarrhoea and fatigue. It can be
diagnosed using serological methods to detect anti-TGM2 autoantibodies but
intestinal inflammation can only be confirmed through biopsy or surgical
investigation. The treatment for coeliac disease is a gluten-free diet, which
can alleviate all symptoms. A genetic component is involved in the
development of coeliac disease with the HLA-DQ2.5 variant confirmed to
confer genetic risk, with >90% of coeliac patients carrying the HLA-DQ2.5
variant (Green and Jabri, 2003). GWA studies have shown that HLA-variants
(DQA1*0501 and DQB1*0201) coding for HLA-DQ2.5 molecules are strongly
associated with a low risk of schizophrenia (International Schizophrenia
Consortium, 2009). This finding suggests that coeliac disease is unlikely to
share the same genetic pathway involved in secretion of anti-gluten antibodies
in schizophrenia although recent work has shown genetic association
between the TGM2 gene and schizophrenia (Bradford et al., 2009). Alteration
of gut permeability may be a common pathway for all gluten-associated
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conditions, which allows undigested peptide fragments to enter the blood
stream and trigger an abnormal response to HLA-restricted epitopes derived
from gluten proteins. If this hypothesis applies to schizophrenia, more
research is needed to clarify which peptide fragments elicit the abnormal
response and how they gain entry into the body.
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1.7. The role of the HLA system in responding to
environmental triggers relating to schizophrenia
Dysfunction of the immune system and an autoimmune inflammatory process
may play a role in the development of schizophrenia (Strous and Shoenfeld,
2006; Potvin et al., 2008). Increased levels of interleukin (IL) 6, soluble IL-2
receptors (sIL-2R) and IL-1 receptor antagonist (IL-1RA) have consistently
been observed in schizophrenia (Potvin et al., 2008), showing that
inflammatory cytokines are elevated in patients with schizophrenia. Increased
prenatal exposure to IL-8 has been shown to lead to brain disturbances that
are consistent with those observed in schizophrenia (Ellman et al., 2010). IL-2
is also increased in the blood and spinal fluid of schizophrenia patients
compared to control levels (Bradford et al., 2011), suggesting that increased
IL-2 signalling may contribute to the pathophysiology of schizophrenia.
However, decreased IL-2 secretion has been consistently shown by in vitro
studies in schizophrenia (Kim et al., 1998; Theodoropoulou et al., 2001; Xiong
et al., 2011). Accordingly, further investigation is needed to clarify how IL-2
and other cytokines may affect function of the brain.

As mentioned early in section 1.6, increased levels of IgG and IgA antibodies
to gluten have consistently been observed in the individuals with
schizophrenia (Dohan et al., 1972; Reichelt and Landmark, 1995; Dickerson
et al., 2010; Cascella et al., 2011; Jin et al., 2012; Okusaga et al., 2013).
Since the HLA system may play a role in bridging the gap between the
environment and genetic make-up, HLA variations are very likely to confer a
genetic risk of schizophrenia (International Schizophrenia Consortium, 2009;
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Shi et al., 2009). The main function of the HLA molecules is to mediate the
recognition and presentation of peptide antigens. This event occurs through
activation of antigen presenting cells, such as dendritic cells, macrophages
and B-lymphocytes (B cells). HLA-II molecules present peptide antigens to
CD4+ cells, which can help B cells to produce antibodies in order to aid the
elimination of these potentially harmful peptides out of the body. In
schizophrenia, it is thought that the immune system in the body produces
antibodies against a stimulus, leading to activation of the immune system. The
over-stimulation of the immune system at a young age is thought to cause
neuronal complications. The link between underlying genetics, inflammatory
problems and schizophrenia is complicated. When an anti-gluten immune
response was duplicated in mice infected with T. gondii, an increase in the
production of anti-gluten IgG antibodies was observed (Lidar et al., 2009),
suggesting that more than one harmful immune response may be linked to
schizophrenia.

Karlsson and co-workers (2012) analysed archived dried blood spots obtained
from newborn babies and found that the levels of IgG to wheat gluten proteins
were significantly enhanced in the babies who developed either schizophrenia
or other non-affective psychotic disorders later in their life. Blomström et al.
(2012) have also found that the cord blood levels of IgG antibodies directed at
T. gondii corresponding to maternal exposure were associated with
subsequent schizophrenia.

The above observations raise the possibility that some IgG antibodies for both
foreign agents and self-proteins in pregnant women may be involved in
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increasing risk of a mental disorder like schizophrenia in their offspring
(Goldsmith and Rogers, 2008). The environmental stimulus may be present
before birth and therefore the mother’s health may be the biggest implication
in the aetiology of schizophrenia.

To gain a better understanding of the aetiology of schizophrenia remains
challenging. The evidence reported to date is not strong enough to generate a
conclusive answer to how these disease-underlying components identified so
far could lead to the development of the disease. Genetic analysis has
revealed many genes involved but their effect size is too small to make a
major contribution to the development of schizophrenia. It is particularly
important to investigate an additive effect of the genetic factors and the
environmental factors on the pathogenesis of the disease.
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1.8. Objectives and research questions
While GWA studies have identified several HLA variants involved in a
protective effect on the development of schizophrenia, the specific HLA
variants that contribute to an increased risk of the disease remain unclear.
Therefore, the first objective for this research is to identify which HLA variant
(s) is associated with an increased risk of schizophrenia.

There are many CNVs present in the HLA regions and a question to be
addressed is whether these CNVs affect function of HLA variants. The second
objective in this research, therefore, is to genotype CNVs present in the HLA
regions in order to test their association with schizophrenia and to understand
if the contradicting information in the literature regarding which HLA variant is
involved in high risk of schizophrenia is due to CNVs.

Circulating antibodies against wheat gluten are reported consistently to be
elevated in schizophrenia patients. However, the antigens used to date to test
anti-gluten antibodies have been developed with mixtures of full-length native
gliadins (~300 amino acid residuals in each). Such a test can detect
antibodies not only against linear epitopes but against conformational
epitopes as well. There remains the question that only undigested peptides
that carry linear epitopes can pass through the gut permeability barrier after
the digestion process. Based on the evidence from studies in coeliac disease,
the epitopes for secretion of anti-gluten antibodies are derived from smallundigested fragments such as 33-mer peptides present in α2-gliadin (Shan et
al., 2002). Therefore, the third objective is to confirm whether circulating
antibodies found in patients with schizophrenia are bound to linear epitopes
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derived from wheat gluten in order to determine if gluten is an environmental
factor linked to schizophrenia development.

Finally, the fourth objective for this work is to analyse all experimental data
collected during the study of my PhD degree to address whether HLA
variants, the CNVs with in these HLA variants and the elevated levels of IgG
and IgA antibodies against gluten epitopes work together in the development
of schizophrenia.
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2. General Methodology

2.1. Study samples

All blood samples used in this study were obtained from the participants who
gave written informed consent in accordance with the declaration of Helsinki
(2008). Approval was also obtained from the local research ethics committee.
The patients were diagnosed as having schizophrenia according to clinical
interview using the DSM-IIIR or DSM-IV criteria. There were two sample sets
in this work, the family samples composed of parents and affected offspring,
and the case-control samples composed of unrelated individuals with
schizophrenia and unrelated control subjects. These samples were obtained
through three collections, one carried out by the Schizophrenia Association of
Great Britain (SAGB) based in Bangor, North Wales, between 1990 and 2005,
and one by the University of Aberdeen across Scotland between 2001 and
2006 and one by the New Craig’s Hospital and UHI Clinical Research Facility
in Inverness between 2008 and 2011. All the subjects were classified as
British Caucasian, including Scottish, Irish, English or Welsh individuals.

2.1.1. Family samples
All the family samples were collected through the SAGB, including 132 family
trios consisting of the affected individuals with schizophrenia and both
biological parents, and 92 family duos consisting of the affected individuals
with schizophrenia and a single parent. In the family-based genetic analysis,
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the alleles transmitted from parents to their affected offspring were treated as
“case” and those un-transmitted as “control”, so that a genetically wellmatched “case-control” sample was constituted.

2.1.2. Case-control samples
A total of 510 unrelated patients with schizophrenia, aged 41.5± 12.6 years,
and 645 unrelated control samples, aged 43.9± 12.0 years, were used for
genetic analysis, of whom 364 males aged 40.9 ± 12.5 years and 146 females
aged 43.8 ± 11.7 years in the patient group, and 395 males aged 42.9 ± 12.8
years and 250 females aged 43.9± 12.6 years in the control group. Of 510
case samples, 97 were collected through the SAGB, 11 collected at New
Craigs hospital, and 402 through the University of Aberdeen. Of 645 control
samples, 100 were collected through the SAGB, 55 collected at the UHI
Clinical Research Facility, and 490 through the University of Aberdeen. The
control subjects had no history of mental illness and their first degree relatives
had no history of schizophrenia.

2.1.3. Plasma samples
Some case-control blood samples collected in Inverness and Aberdeen were
separated to obtain plasma. The plasma samples were aliquoted and kept at 80 oC for long-term storage and -20 oC for short-term storage. In this study, a
total of 492 plasma samples were used to test circulating antibodies against
linear peptides derived wheat gluten.
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2.1.4. DNA samples

A total of 1735 DNA samples were used. These DNA samples were obtained
through DNA extraction from whole blood collected as described in section
2.1. The Aberdeen samples were extracted by the Aberdeen team and stored
at –20°C. The SAGB samples and the New Craigs Hospital samples were
extracted by Dr Jun Wei, using a QIAamp® DNA Blood Mini kit (QIAGEN,
Sussex, UK) and stored at –20°C.
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2.2. Materials
A full list of all materials used in this study can be found in appendix 1. A full
list of equipment used in this study can be found in appendix 2.

2.3. Genotyping of DNA markers
Genotyping of DNA markers, SNPs and CNVs, was carried out using either
PCR-based restriction fragment length polymorphism (RFLP) protocol or by
endpoint PCR-based TaqMan protocol, which was performed using ABI Step
One PlusTM PCR machine and reagents.

2.3.1. Genomic DNA extraction
Extraction of genomic DNA from whole blood was performed by Dr Jun Wei
using a QIAamp® DNA Blood Mini kit (QIAGEN, Sussex, UK). In brief, 200 μl
of blood sample was added to a 1.5 ml tube with 20 μl of QIAGEN Proteinase.
The blood cells were then lysed through addition of 200 μl of Buffer AL and
vortexed for 15 seconds. The tube was then incubated at 56 ºC for 10 minutes
and 200 μl of 96-100% ethanol was then added before being vortexed for 15
seconds. The solution was transferred to a QIAmp spin column, which was
inserted into a 2-ml collection tube. The column was centrifuged at 6700g for
60 seconds and the collection tube was then discarded and replaced; 500 μl
of Buffer AW2 was added to the column and centrifuged for 3 minutes. The
column was discarded and replaced with a 1.5 ml tube; 200 µl of Buffer AE
was added to the column and incubated for 60 seconds at room temperature;
the column and 1.5 ml collection tube were then centrifuged at 6700 g for 60
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seconds and the elution was collected to be stored at -20ºC. A yield of >2 µg
of DNA from the whole blood samples was obtained.

2.3.2. PCR-based RFLP genotyping of SNPs
SNPs that could not be genotyped by real-time TaqMan genotyping methods
were genotyped by PCR-based RFLP analysis. PCR amplification was
performed in a 15-µl reaction volume containing all components as detailed in
Table 2.1.

2.3.2.1. Primer design
The primers used for PCR-based RFLP genotyping analysis were designed
using Primer blast primer prediction software, (NCBI, Primer Blast) some of
which were modified to create an RFLP site. The conditions used to design
primers are as follows: primer length between 20- 35 base pairs, melting
temperature (TM) between 54 oC and 62 oC, amplicon length between 150 bp
and 400 bp, GC content between 40% and 60%, self-complementarity of <5
bp (hairpin structure) and cross-complementarity of <10 bp. All primer
sequences were checked using BLAST to search for any homology within the
human genome, to minimise non-specific binding. Primers were manufactured
by Invitrogen (Paisley, UK) and a certificate of analysis was provided. The
primers were reconstituted using autoclaved pure water to a stock solution of
100 µmol/ml and aliquoted. The aliquoted primers were stored at -20°C and
defrosted before use only once.
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2.3.2.2. The conditions used for PCR amplification

The components used for PCR amplification are detailed in Table 2.1. Briefly,
the master mix volume was calculated using a single reaction volume
multiplied by the number of samples tested plus 10%. PCR amplification was
performed in a 15-µl reaction volume as detailed in Table 2.1.
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Table 2.1. The reagents used for PCRs

Component

Volume per tube

Autoclaved Water

10.72μl

10 X reaction buffer

1.5μl

1.0 X

dNTPs (2.5 mM each)

0.5μl

200μM

Primer mix (100 μM each)

0.2μl

0.2μM

One Taq™Hot Start DNA
Polymerase

0.08μl

0.375U

DNA

2μl

5-20ng

Total per reaction

15μl
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Final concentration

Table 2.2. The conditions used for PCR amplification
Stage

Temperature

Time

Cycles

Initial
Denaturation

94ºC

10 min. 1

Denaturation

94ºC

30 sec.

Annealing

58ºC

60sec.

Extension

68ºC

30 sec.

Final
Extension

68ºC

5 min

Cool down

20ºC

Hold

35-40

1

2.3.2.3. Genotype calling
The PCR products were fully digested using 8 units of a specific restriction
endonuclease and incubation for 3 hours at the relevant temperature as
stated by the manufacturer. The detailed information of the restriction
enzymes used can be found in the relevant chapters (Chapters 3 & 4).

The digested DNA samples were resolved on a 3% Agarose gel made with
75g agarose dissolved in 1x 25ml Tris Borate EDTA (TBE) buffer. The gel was
stained with ethidium bromide before casting (3ul of 10mg/ml was added to 25
ml gel). Once the gel was set, 10 µl DNA sample was loaded after mixed with
1.5 µl of loading buffer that was made in-house using 0.25g bromophenol
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blue, 0.25g xylene cyanol, 50 ml glycerol, 1 ml 1M Tris-EDTA buffer (pH 8.0)
and 49 ml Milli-Q water. To determine if correct digestion and amplification had
occurred, a DNA ladder (marker) of 0.5 ng/ml was electrophresized together
with PCR products. The DNA ladder used was a GeneRuler, low range DNA
ladder supplied by Fermentas (USA). Visualisation of the gels was done with
UV transilluminator and the genotyping calls were performed by manual
inspection. Representative photographs of the gels for each primer are shown
in Appendix 3and the DNA ladder used is shown in Appendix 4.

2.3.3. TaqMan-based genotyping of SNPs
2.3.3.1. Reagents
All the reagents for TaqMan® SNP genotyping assays were purchased from
Applied BiosystemsTM, and the detail of SNPs genotyped are given in the
relevant chapters (Chapters 3 & 4). The TaqMan genotyping assay was
performed in a 10-µl reaction volume using reagents as recommended by the
ABI manufacturer. TaqMan® Genotyping master mix (2x concentration)
contained AmpliTaq Gold® DNA Polymerise, dNTPs without dUTP, passive
internal reference dye (ROX) and optimised mix components; TaqMan® SNP
Genotyping Assay (x40) contained the primer probe mix with VIC and FAM
probes and MGB-NFQ as the quencher; 4-20ng of genomic DNA was added
to each reaction. VIC and FAM are fluorescent markers, and when the PCR
reaction occurs, they are released from the quencher and the fluorescent
signal is measured.
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2.3.3.2. Endpoint PCR amplification

The conditions used for endpoint PCR reactions are given in Table 2.3. Briefly,
8ul of mixed reagents were added to each well of a 96 well MicroAmp® Fast
96- well reaction plate, and 2µl of genomic DNA (4-20 ng) was then added.
Each sample was tested in duplicate and autoclaved water was also tested as
the negative control. The 96-well plate was sealed and centrifuged to
minimise air bubbles and to allow the read stage of the reaction to occur
correctly. A Step One PlusTM real time PCR machine was used to perform
amplification with the conditions detailed in Table 2.4. The reactions were
analysed using Step One Fast PCR reaction parameters where the allele-1
reporter dye VIC and the allele-2 reporter dye FAM were analysed by the
software and genotyping calls were made based on fluorescent signals of
three clusters, i.e. the major allele homozygous genotype, the minor allele
homozygous genotype and the heterozygous genotype. Figure 3.2 shows the
clusters of three genotypes produced by the software. The major allele
homozygotic genotype is the tight blue cluster along the y-axis, the minor
allele homozygotic genotype is a tight red cluster along the x-axis and the
heterozygotic genotype is shown in a tight green cluster between the major
and minor homozygotic genotypes. Genotyping was considered to fail if the
strength of passive reference dye ROX signal exceeded the software
parameters. Any samples that lied in between two clusters and that an
accurate genotyping call could not be made by the software were flagged as
being undetermined and were analysed again. This makes the assay very
reliable as the control wells show that there is no DNA contamination in the
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assay which may give spurious results and the computer only genotypes
samples which cluster tightly according to the fluorescent signal detected. To
ensure the accuracy of genotyping, 10% of randomly chosen samples were
repeated to confirm analysis and there were no replication issues.

Table 2.3. The components in the TaqMan® SNP Genotyping Assay reaction

Component

Volume (µl)

Concentration

TaqMan®
Genotyping
master mix

0.25

X2

TaqMan® SNP
Genotyping
Assay

5

X 20

Genomic DNA

2

2-10 µg/ml

Water

2.75

Total volume

10
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Table 2.4. The conditions for real-time PCR amplification
Temperature
(°C)

Time

Cycle

50

2 minutes

1

95

10 minutes

1

Melting, annealing and
extension

95

15 seconds

60

60 seconds

Hold

20

Until
removed

Stage
Initial step activation

Activation of AmpliTaq
Gold DNA Polymerase

50

2.3.4. CNV Assay
CNVs selected for analysis are mainly present in the HLA-DR/DQ region and
the NOTCH4 locus. TaqMan® Copy Number Assays were applied to genotype
these CNVs based on the TaqMan® Copy Number Variation search
(https://bioinfo.appliedbiosystems.com/genome-database/copy-numbervariation.html).

TaqMan® Copy Number Assays was performed according to manufacturer’s
guidelines. The primers used are described in Chapter 5. The mixture of all
components used for CNV assays included TaqMan® Genotyping master mix
(2 x concentrations) as mentioned above, TaqMan® Copy Number Assays
which contained specific primer/ probe combination for the area of interest,
TaqMan® Copy Number Reference Assay, human RNase P, nuclease free
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water and genomic DNA 5-10 ng. A 15-µl reaction for each sample was
performed in quadruplicate with the control samples containing nuclease free
H2O instead of genomic DNA. The reaction volumes and concentrations for
individual components are given in Table 2.5. The reaction was run on the
Step One Plus real-time PCR machine and the PCR reaction conditions are
shown in Table 2.6.

Table 2.5. The components used in the TaqMan ® Copy Number Assay

Component

Individual sample
reaction volume
(ul)

Concentration

TaqMan®
Genotyping master
mix

9

1x

TaqMan® Copy
Number Assay

0.75

1x

TaqMan® Copy
Number Reference
Assay, RNase P,
Human

0.75

1x

Genomic DNA

1.5

5-10ng

Nuclease free
Water

3 (control)
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Table 2.6. The PCR conditions used for TaqMan® Copy Number Assays
Stage

Temperature (°C)

Time

Hold

95

10 min

Cycle

95

15 sec

(40 cycles)

60

60 sec

The CNV genotyping data was analysed using Copy Caller ® Sofware v 2.2
(Applied Biosystems by Life Technologies), which uses a binning algorithm to
produce a copy number. The software uses the fluorescent detection of dyes
with the TaqMan® Copy number reference assay of human Rnase P labelled
with the VIC dye and the TAMRA™ probe and the TaqMan ® Copy Number
assay labelled with the FAM dye (Figure 2.1.). The Copy Caller® software
estimates the copy number for the sample by the ΔΔСt method. This uses the
relationship between the reference dye and the assay dye for the sequence in
question with TAMRA probe used as a passive reference dye. The software
uses the difference in fold change of cycle number threshold (Ct) values
between the target sample and the reference sample. The reference sample
is known to have two copies of the target sequence and therefore copy
number of the sequence questioned is calculated using the assumption of 2
copies of a gene as the normal copy number.
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Figure 2.1. Example of multicomponent and amplification plots produced
during CNV analysis
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2.4. Enzyme-linked Immunosorbent assay (ELISA)
As mentioned in Chapter 1, wheat gluten was shown to be a possible factor
for the development of schizophrenia (Severance et al., 2012). Accordingly,
this study was designed to develop an in-house ELISA test for detection of
circulating antibodies against gluten-derived linear peptides that are resistant
to digestive enzymes including pepsin, trypsin and chymotrypsin. The protocol
of the in-house ELISA included the following steps: (1) coat 96-well
microplates with synthetic linear peptides, (2) add diluted plasma from
patients with schizophrenia and control subjects, (3) add peroxidaseconjugated goat anti-human IgG or IgA and (4) develop colour for detection of
antibody levels with plate reader. Figure 2.2 illustrates the process of
developing the in-house ELISA.

Figure 2.2. Illustration of an in-house ELISA method developed in this study
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2.4.1. Designing of linear peptide antigens
Gluten sequences of interest were analysed in silico
(http://web.expasy.org/peptide_cutter/) to identify the fragments resist to
digestive enzymes for proteolysis in the gut. The proteolysis-resistant peptides
were then analysed to predict HLA-DR restricted epitopes (~9 amino acids
long) using the NetMHCII server
(http://www.cbs.dtu.dk/services/NetMHCIIpan/). The linear peptide antigens
(27-mer to 33-mer) were then constructed by HLA-DR restricted epitopes and
manufactured with solid-phase chemical synthesis by Severn Biotech Ltd.
(Worcester, UK). A 29-mer peptide (HHAQLEGRLHDLPGCPREVQRGFAATLVTN-OH) derived from maize
(Accession 1BFA_A) was used as control antigens.
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2.4.2. Development of in-house ELISA
2.4.2.1. Reagents


Coating Buffer: PBS containing 0.1% sodium azide, pH 7.4, made
weekly.



Assay Buffer: PBS+1.5% BSA made daily.



Wash Buffer: TBS with tween®20, pH 8.0, made with deionised water
before use.



Stabilized chromogen: TMB and hydrogen peroxide should appear
colourless.



Stop solution



Goat anti-Human IgG−peroxidase antibody



Goat anti-Human IgA−peroxidase antibody

2.4.2.2. Antibody testing
The synthetic peptides were dissolved in 67% acetic acid to obtain a stock
solution of 5mg/ml and a working solution was optimised by testing a series of
concentrations ranging from 0 to 20 µg/ml; 100-µl working solution was used
to coat 96-well microplate (DIS-995-010F, Fisher Scientific). The plate was left
at 4°C overnight and washed 3 times with wash buffer before plasma samples
were added. Individual plasma samples were diluted 1:100 in assay buffer
and 100ul of diluted plasma was applied to each well; the negative control
wells had assay buffer only. After incubation at room temperature for 2 hours,
and the plate was washed 3 times with wash buffer; peroxidase-conjugated
goat anti-human IgG or IgA antibodies were diluted 1:40000 and added to
each well, followed by incubation at room temperature for 2 hours. After the
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plate was washed 3 times with wash buffer, colour development was initiated
by adding 100 µl Stabilized Chromogen and terminated in 25-30 minutes by
adding 50µl Stop Solution. The optical density (OD) was read on the
Varioskan Flash spectral scanning multimode reader within 5 minutes at 450
nm with a reference wavelength of 620 nm. To reduce the interference from a
non-specific signal produced by passive absorption of various antibodies in
plasma to the surface of 96-well microplate, a specific binding index (SBI) was
used to express the levels of circulating autoantibodies. SBI was calculated as
follows:

SBI = [gluten (OD) – NC(OD)] / [maize (OD) –NC(OD)]
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2.5. Data Analysis
A number of statistical programs were used to analyse data over the course of
this project. These include the UNPHASED 3.15 (Dudbridge, 2008) and
Haploview programs that were mainly used to analyse genotyping data
(Barrat, 2005), IBM SPSS 21.0 that was used to perform various statistical
tests and SPSS Sample Power 2.0 that was applied to test the power of the
samples used in this study.

2.5.1. Chi-squared (X2) test
All categorical data were analysed by the X2 test, such as the Pearson’s X2
test for differences in allele frequency between groups and the goodness-of-fit
X2 test for Hardy-Weinberg equilibrium in unrelated samples.

2.5.2. Student’s t-test
Student t-test was used to test the differences in antibody levels between 2
groups if data set was in normal distribution. The null hypothesis for this test
states that the means of the two variables are equal. Before the t-test was
performed, an F-test for Levene’s equality of variance is needed to assess the
assumption that variances within a population from which different samples
are drawn are equal. It ensures that the data presented resulted from random
sampling and were not skewed due to preferential selection.
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2.5.3. Calculation of effect size
The odds ratio (OD) in categorical data and the standard difference (d) in
measurement data were used to represent effect size with calculation of 95%
confidence interval (CI).
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3. Genetic Association of the HLA-DRB1*13 Variants
with Schizophrenia

The work presented in this Chapter has been published by the PhD candidate
(Halley et al., Immunogenetics, 2012).

3.1. Introduction
Family, twin and adoption studies strongly support the presence of a genetic
component of major effect contributing to risk of schizophrenia development
(Cardno and Gottesman, 2000). However, increased risk does not follow a
simple Mendelian inheritance pattern. Schizophrenia is best thought of as a
common complex familial disease with many genes contributing to the
aetiology and pathogenesis. (International Schizophrenia Consortium, 2009;
Shi et al., 2009; Stefansson et al., 2009).

GWA studies have recently shown that the HLA region is strongly associated
with schizophrenia (International Schizophrenia Consortium, 2009; Shi et al.,
2009; Stefansson et al., 2009; Irish Schizophrenia Genomic Consortium and
Welcome Trust Case Control Consortium 2, 2012). However, most HLA
variants identified by GWA studies of schizophrenia have a lower frequency in
the patient group than the control group, such as HLA-DQA1*0501 and HLADQB1*0201 (International Schizophrenia Consortium, 2009). This suggests
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that either these HLA variants have a protective role or many different HLA
variants may make small contributions to increased risk of the illness. The
HLA-C*0102 variant was initially found to be associated with a high risk of
schizophrenia in an Irish population, but this finding failed to be replicated in a
larger sized study with multi-ethnic samples (Irish Schizophrenia Genomic
Consortium and Welcome Trust Case Control Consortium 2, 2012).

The HLA region is located in the short arm of chromosome 6 (6p21.3-6p22.1)
and spans about 4 Mb of DNA. It is the most polymorphic chromosomal region
in the human genome (Shiina et al., 2009), and more than 10000 HLA
variants have been identified to date in the general population
(http://www.ebi.ac.uk/ipd/imgt/hla/stats.html). The highly polymorphic HLA
genes make it difficult to investigate the HLA association with human diseases
in genetic analysis. Each HLA variant is present only in a small percentage of
the population and therefore a large sample size is needed to produce a
significant association of the HLA variant in question with schizophrenia. It is
also difficult to study the HLA region for its association with a disease due to
the difficulty in designing specific primers on the highly polymorphic region for
PCR-based genotyping analysis. Primers may carry SNPs that can affect
annealing temperature and specific binding to a target DNA segment, making
primer design more difficult than those used in other chromosomal regions.
The molecules encoded by the HLA genes can mediate adaptive immunity
including both humoral and cellular immune responses to protein-based
antigens. The HLA molecules can also aid in the recognition of self-antigens,
leading to an autoimmune response. Many studies have shown that immune
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challenges are associated with increased risk of schizophrenia (Hamidinejat et
al., 2010; Martinez-Ortega et al., 2011; Fatemi et al., 2012). They suggest that
the HLA system is important in schizophrenia development and different HLA
variants may lead to the differences in immune response, when the immune
system is challenged. As mentioned in the Introduction chapter, environmental
challenges may interact with the HLA variants in conferring risk of developing
schizophrenia. It is therefore possible that different environmental triggers can
produce different immune responses through genetic variations of the HLA
system. This could explain the differences in the risk of schizophrenia
between individuals who are carrying different HLA variants. It could also
explain why different HLA associations with schizophrenia are observed in
different ethnic groups. Therefore, a gene-environment interaction may be
particularly important in the development of schizophrenia.
The specific HLA variant(s) involved in schizophrenia development remains
unclear. Many studies have looked at the HLA region for its association with
schizophrenia but the results have been inconsistent across studies. Analysis
of the HLA-I region showed association with schizophrenia for many variants
in most studies, such as HLA-A*10 and HLA-A*03 (Laumbacher et al., 2003;
Fellerhoff et al., 2007; Singh et al., 2008; Singh et al., 2011). In addition,
different research groups have encountered a difficulty in replicating the HLA
association with schizophrenia in different ethnicities, suggesting that the HLA
variants associated with the disease may not be a causative component but
may just serve as a genetic marker that is in strong LD with a diseaseunderlying locus. HLA haplotypes vary between subpopulations and it is
almost impossible to replicate an initial finding among different ethnic groups.
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The HLA-I molecules are present on all nucleated cells in the body whereas
the HLA-II antigens are only present on antigen presenting cells (APC)
(Schulze and Wucherpfennig, 2012). The HLA-I molecules capture pathogens
for elimination through cellular immunity but the HLA-II molecules are
responsible for both cellular and humoral immunities. HLA-II mediated
immune responses may be involved in developing schizophrenia as some
antibodies against infectious agents were found to be elevated in a
schizophrenia population compared to a control population (Ezeoke et al.,
2013). The HLA-II system, therefore, is likely to bridge the gap between
genetic make-up and an environmental trigger. This is a major reason why the
HLA-II region was analysed in this study as a more interesting candidate
region for association with schizophrenia than the HLA-I region.
The HLA-DRB1 association with schizophrenia has been reported in several
studies, including those carried out by Li et al. (2001) and Yu et al. (2003) in a
Han Chinese population, by Akaho et al. (2000) in a Japanese population and
by Kadasha et al. (2011) in a Saudi Arab population. However, no association
of the HLA-DRB1 locus with schizophrenia was reported by Schwab et al.
(2002) in a German population and by Haider et al. (2004) in a Kuwaiti Arab
population. There are many reasons possibly contributing to poor replication
of the HLA-DRB1 association, but sample size and ethnic background may be
the major issues.
Li et al., (2001) investigated the transmission of alleles in the DRB1 gene in
family trios consisting of mothers, fathers and affected offspring with
schizophrenia. They found that the HLA-DRB1*03 and HLA-DRB1*13
variants were associated with schizophrenia in a Han Chinese population, in
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which the HLA-DRB1*03 variants showed a low frequency in the patient
group, suggesting a protective role in the disease, and the HLA-DRB1*13
variants had a high frequency in the patient group, suggesting an increased
risk of schizophrenia. There are at least 3 DRB1*13 alleles identified in
humans (de Bakker et al., 2006), including DRB1*1301, DRB1*1302 and
DRB1*1303. However, the study conducted by Li et al. (2001) did not indicate
which DRB1*13 allele was exactly associated with schizophrenia. The HLADRB1*13 association with schizophrenia shown by Li et al. (2001) has only
been report in a Chinese population, it is necessary to replicate the HLADRB1*13 finding in a different population using more reliable genotyping
technology. This will determine if the HLA-DRB*13 association reported by Li
et al., (2001) is present in a wider general population and if the HLA-DRB*13
variants confer a true risk marker of schizophrenia.
In this study three HLA-DRB1*13 variants as mentioned above were thus
genotyped to confirm if their association with risk of schizophrenia could be
replicated in a British Caucasian population.
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3.2. Materials and methods
3.2.1. Subjects
All the subjects whose DNA samples were used to genotype DRB1*13
variants have been detailed in the 2.1 section, including 224 family samples
and 263 unrelated case-control samples. The family samples included 132
British family trios and 92 British family duos.

3.2.2. Selection of HLA-tagging SNPs
Six HLA-tagging SNPs were selected to genotype the HLA-DRB1*13 variants
according to the HLA-tagging SNP map that showed three HLA-DRB1*13
variants in a European population, the DRB1*1301 allele, the DRB1*1302
allele and the DRB1*1303 allele (de Bakker et al., 2006). The HLA-DRB1*13
variant was chosen from the literature as it showed a significant association
with risk of schizophrenia. These 6 HLA-tagging SNPs included rs2395173
and rs2157051 for the DRB1*1301 allele, rs4434496 and rs6905141 for the
DRB1*1302 allele, and rs424232 and rs2050191 for the DBR1*1303 allele.
Three 2-SNP haplotypes were then constructed to see the association of each
DRB1*13 variant with schizophrenia. The detailed information regarding these
6 SNPs is given in Table 3.1.
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3.2.3. Genotyping of SNPs
As mentioned in Chapter 2, the genomic DNA samples used for genotyping of
HLA-tagging SNPs were extracted from whole blood using QIAamp® DNA
Blood Mini kit (QIAGEN, Sussex, UK) and stored at -20°C. Genotyping
protocols are detailed in Sections 2.2.1 and 2.2.5, including PCR-based RFLP
analysis and TaqMan genotyping methods. For PCR-based RFLP methods,
the artificial RFLP sites of genotyping some SNPs were created by a base
change at the third 3’-position of a reverse primer. Detailed information of
specific primers designed and the specific restriction enzyme used are given
in Table 3.1. The temperature for optimal activity of restriction enzymes is
given in Table 3.2. Digested PCR products were electrophoresed for
genotyping calls and gel images can be found below, Figure 3.1 or full images
in Appendix 3. All the samples were run randomly with both case and control
samples in every batch. Negative control samples contained all reaction
reagents but no DNA sample and were run on every PCR batch to ensure no
DNA contamination in each run. As shown in Appendix 3, the 1st picture
labelled c1 (Apendix 3a) represents control sample 1. The above measures
ensured precise and unbiased genotyping of case and control samples.
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Figure 3.1. Example of gel image of the HLA-DRB1*1302 variant tested to show fully digested
PCR products. Genotyping calls were made by visual inspection, and if the bands failed to
show distinctive, the assay was repeated.

For real-time PCR-based TaqMan genotyping, all primers and probes were
supplied by Life Technologies (Paisley, UK) and specific primer binding was
assured through their quality control process. Genotyping calls were made
manually according to the Step One PlusTM real-time PCR system as detailed
previously in Section 2.2.6. Example illustration of genotyping calls is given in
Figure 3.2. To ensure the accuracy of genotyping, 10% of randomly selected
samples were repeated for genotyping of each SNP.
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Figure 3.2. Example of an allelic discrimination plot as produced by
the Step One PlusTM real-time PCR system. The major allele
homozygous samples are shown in blue; the heterozygous samples
are shown in green; the minor allele homozygous samples are shown
in red, with the control samples shown in black. Two control samples
were run on this allelic discrimination plot. The black square is set up
as a control in the software, the 2nd control was set up as an
unknown sample to check the accuracy of the software. A black x
shows a sample that cannot be genotyped by the software due to
spurious fluorescence given off. This sample showed very little
fluorescence as no DNA sample was added for amplification.
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Table 3.1. Detailed information of 6 HLA-tagging SNPs for genotyping of the
HLA-DRB1*13 variants
DRB1*

SNPs

Primer (F) (5’-3’)

Primer (R) (5’-3’)

RFLP

rs2395173

CTTGCTCTGCCCCA

TGGAATACATTTCTCCA

N /A

GGTTTCTGAAC

GTGAAACT

(ABI Probe
C_2455659

1301

_10)
rs2157051

rs4434496

1302

rs6905141

rs2050191

1303

rs424232

AATAAGTCAGCCAC

TAAGGATAAAGAGTTCT

TGCACCTG

GATGAGTGCAATTCCA

TCTGTGTCACTGGT

ACTCCTCCTCTGAGAAG

CCACTACTC

GCTTAACTACAGACAT

GGGTCTGAAGGTG

GTAGTGAGAGAGTTACT

GCTTTGTATG

TAGGAGGTTGAG

CTGAGTACACCATC

TTATCCTGCCATATCAA

TAGTTATCCTTT

CTTTTGGAGATTGTC

AGCATGGTTGAGTA

CACTTCAGCTGCTTGGA

TTTTTATCCAA

TGCAGGCA

BstNIa

NlaIIIb

PvuIIC

AccId

N/A
(ABI probe
C_2412404
_10)

a The

BstN I site was created by changing the underlined base from “A “to “C” at the third 3'position of the reverse primer.
b The

Nla III site was created by changing the underlined base from “A “to “C” at the third 3'position of the reverse primer.
c SNP

rs6905141 itself is a PvuII site.

d The

Acc I site was created by changing the underlined base from “T“to “G” at the third 3'position of the reverse primer.
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Table 3.2. The conditions used for digestion of PCR products by restriction
enzymes
Restriction
Enzyme

Incubation
Temperature

Buffer

Buffer Components

°C
BstNI

50

50 mM NaCl
10 mM Tris-HCL

PvuII

37
NE Buffer 2

10 mM MgCl2
1 Mm Dithiothreitol

NlaIII

37

50mM Potassium acetate
20 mM Tris-acetate

AccI

37

NE Buffer 4
10mM magnesium acetate
1mM Dithiothreitol
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3.2.4. Data analysis
Haploview version 4.1 (Barret et al., 2005) was used to check the HardyWeinberg equilibrium in unrelated case and control samples, to check
Mendelian error in family samples as well as to measure LD between paired
SNPs, whose strength was represented by two measurements, D’ and r2 . In
the family-based analysis, the transmitted allele from the parent(s) was
treated as “case” and the non-transmitted allele was treated as “control”, so
that genetically well-matched “case-control” samples were applied for genetic
analysis.

The UNPHASED program version 3.14 (Dudbridge 2008) was used to test for
allelic and haplotypic associations with schizophrenia as described in Section
2.7. To reduce inflation of the false positive rates due to multiple testing,
10000 permutations were carried out with the UNPHASED program to obtain
a global p-value corrected for all SNPs tested. The p-values from testing
individual haplotypes (1-df) were corrected by the Bonferroni correction.
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3.3. Results

3.3.1. Association of the HLA-DRB1*13 variants with schizophrenia
Five of the six SNPs were genotyped for 3 HLA-DRB1*13 variants to
determine if these variants were associated with schizophrenia. SNP
rs6905141 failed to be genotyped due to a large amount of non-specific
annealing to genomic DNA sequence. The non-specific binding was still
present after 3 pairs of different primers were applied for PCR amplification,
with different annealing temperatures. The HLA-DRB1*1302 allele was
therefore not used for analysis of its association with schizophrenia. The 5
eligible SNPs had successful genotype call rates of >95% with DNA samples
used in this study, and their genotypic distributions were all in HardyWeinberg equilibrium in unrelated control samples (p>0.05). There were ~2%
Mendelian errors identified at rs2395173 in family samples and these family
samples with Mendelian errors were automatically eliminated by the
UNPHASED program when it was applied to analyse genotyping data. Based
on the high-resolution HLA-SNP haplotype map (de Bakker et al., 2006), the
rs2395173 (G)-rs2157051 (C) haplotype represents the DRB1*1301 allele and
the rs424232 (A)-rs2050191 (T) haplotype represents the DRB1*1303 allele.
As shown in Table 3.3, the DRB1*1301 allele was not associated with
schizophrenia either in the family samples or in the case-control samples
(χ2=0.68, p=0.409 in the combined samples).
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Table 3.3. Association of the HLA-DRB1*1301 variant with schizophrenia

Sample

Haplotypea

Case

Control

Family

A-C

66

56

1.012

1.22

0.83-1.79

0.314

A-T

71

87

1.90

0.78

0.55-1.11

0.168

G-Cb

32

32

0.00

1.01

0.61-1.68

0.984

G-T

256

252

0.13

1.05

0.80-1.38

0.717

All

425

427

A-C

37

43

1.05

1.28

0.80-2.07

0.306

A-T

45

67

0.05

0.95

0.62-1.46

0.830

G-Cb

11

26

2.11

0.59

0.28-1.21

0.146

G-T

123

174

0.03

1.03

0.73-1.47

0.853

All

216

310

A-C

103

99

1.90

1.23

0.92-1.66

0.168

A-T

116

154

1.71

0.84

0.64-1.09

0.192

G-Cb

43

58

0.68

0.84

0.56-1.27

0.409

G-T

379

426

0.25

1.06

0.85-1.31

0.619

All

641

737

Casecontrol

Combined

a The
b

χ2

OR

95% CI

rs2395173 (A/G)-rs2157051(C/T) haplotypes

The rs2395173 (G)-rs2157051 (C) haplotype represents the DRB1*1301

114

p

While the DRB1*1303 allele showed a weak association with schizophrenia
(Table 3.4), this association failed to survive the Bonferroni correction
(corrected p>0.05). The rs424232 (A)-rs2050191 (A) haplotype was weakly
associated with the disease (χ2=4.585, p=0.037), but this association was
shown only in the family samples (corrected p=0.004) and the combined
samples (corrected p=0.024) but not in the case-control samples (uncorrected
p=0.740). These results suggest that the HLA-DRB1*1301 and *1303 variants
are not associated with schizophrenia.
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Table 3.4. Association of the HLA-DRB1*1303 variant with schizophrenia

Haplotypea

Sample
Family

Casecontrol

Combined

a The

χ2

Case

Control

OR

95% CI

p

A-A

93

137

10.89

0.60

0.44-0.81

0.001c

A-Tb

4

12

4.00

0.33

0.11-1.03

0.045d

G-A

229

198

4.99

1.35

1.04-1.77

0.026e

G-T

108

91

2.09

1.26

0.92-1.73

0.148

All

434

438

A-A

50

76

0.11

0.93

0.62-1.41

0.740

A-Tb

3

6

0.23

0.71

0.18-2.89

0.634

G-A

106

150

0.02

1.03

0.73-1.46

0.877

G-T

57

78

0.059

1.049

0.702-1.566

0.845

All

216

310

A-A

143

213

7.68

0.71

0.56-0.90

0.006f

A-Tb

7

18

0.18

0.83

0.34-2.00

0.674

G-A

335

348

3.50

1.12

0.99-1.51

0.061

G-T

165

169

1.49

1.17

0.91-1.49

0.222

All

650

748

rs424232 (A/G)- rs2050191(A/T) haplotypes.

b

The rs424232(A)-rs2050191(T) haplotype represents the DRB1*1303 variant.

c

Bonferroni correction gave a corrected p of 0.004.

d

The DRB1*1303 association failed to survive the Bonferroni correction (corrected p>0.05).

e

The haplotypic association failed to survive the Bonferroni correction (corrected p>0.05).

f

The haplotypic association survived the Bonferroni correction (corrected p=0.024).
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3.3.2. Allelic association of individual SNPs with schizophrenia
When analysis of individual SNPs was carried out for allelic association with
schizophrenia, a weak association signal was detected at rs4434496 and
rs424232. In the case-control sample, rs4434496 was strongly associated
with the disease (χ2=14.22, p=0.0002), in which the minor allele of rs4434496T had a higher frequency in the patient group than the control group
(OR=2.38, 95%CI 1.51-3.76); however, rs4434496 was not associated with
schizophrenia in the family sample (χ2=2.09, p=0.149, OR=0.80, 95%CI 0.591.08) and the combined sample (χ2=1.31, p=0.252, OR=1.16, 95%CI 0.901.49). By contrast, rs424232 did not show association with schizophrenia in
the case-control samples (χ2=0.21, p=0.647, OR=0.91, 95%CI 0.61-1.36) but
it showed strong association with schizophrenia in the family sample
(χ2=12.25, p=0.0005, OR=0.59, 95%CI 0.44-0.79) and the combined sample
(χ2=9.02, p=0.0.003, OR=0.70, 95%CI 0.55-0.89). It is worth noting that the
minor allele of rs424232-A had a significantly lower frequency in the patient
group than the control group (Table 3.5). Nevertheless, 10000 permutations
gave a global p-value of 0.033 corrected for all 5 SNPs tested.

117

Table 3.5. Allelic association of 5 individual SNPs with schizophrenia

Control

χ2

OR

95% CI

Pa

138/292

145/285

0.26

0.93

0.70-1.24

0.611

82/134

110/200

0.34

1.11

0.78-1.60

0.561

220/426

255/485

0.03

0.98

0.79-1.23

0.874

SNPs

Sample

Case

rs2395173

Family

A/G

Casecontrol
Combined

rs2157051

Family

103/340

87/355

1.67

1.24

0.90-1.71

0.196

C/T

Casecontrol

48/168

69/239

0.002

0.99

0.65-1.50

0.961

151/508

156/594

0.919

1.13

0.88-1.46

0.338

Combined

rs4434496

Family

104/336

123/318

3.298

0.74

0.53-1.03

0.069

T/C

Casecontrol

54/152

39/261

14.22

2.38

1.51-3.76

0.0002

158/488

162/579

1.31

1.16

0.90-1.49

0.252

Combined

rs424232

Family

102/344

149/297

12.25

0.59

0.44-0.79

0.0005

A/G

Casecontrol

53/163

80/224

0.21

0.91

0.61-1.36

0.647

155/507

229/521

9.02

0.70

0.55-0.89

0.003

Combined

rs2050191

Family

114/322

104/333

0.64

1.13

0.83-1.54

0.423

T/A

Casecontrol

60/156

82/218

0.01

1.02

0.69-1.51

0.911

174/478

186/551

0.38

1.08

0.85-1.37

0.538

Combined

a

Adjusted p-value of 0.033 by 10,000 permutations that were performed with the UNPHASE
program.
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3.4. Discussion

3.4.1. The HLA-DRB1*13 association with schizophrenia shown previously
was not observed in this study of a British Caucasian population although Li et
al. (2001) showed the frequency of the haplotypes containing HLA-DRB1*13
variants was significantly higher in patients with schizophrenia than control
subjects among a Han Chinese population. In fact, the study by Li et al.
(2001) used a small selected population and therefore the DRB1*13
association from their work may be just by chance. Moreover, the HLADRB1*13 variants may not be a true risk factor for schizophrenia but just a
marker which is in strong LD with the disease-underlying locus in the Chinese
population. There may be a large difference in haplotype structure between
the British Caucasian population and the Chinese population. This means that
the HLA-DRB1*13 variants might not be in strong LD with the diseaseunderlying locus in the British Caucasian population. Our study applied the
HLA-tagging SNPs to genotype HLA-DRB1*13 variants. Such a protocol can
detect individual HLA-DRB1*13 variants, such as DRB1*1301 and
DRB1*1303 variants. However, the method used by Li et al., (2001) failed to
indicate which DRB1*13 variant was exactly associated with schizophrenia.
The different protocols therefore may lead to different results. Based on the
information from the high-resolution HLA and SNP map reported by de Bakker
et al. (2006), of all three HLA-DRB1*13 variants identified so far, the
DRB1*1302 variant had the highest frequency (0.033) in the Chinese
population while the DRB1*1301 variant had the highest frequency (0.044) in
the Caucasian population. As it was not possible to genotype the HLA119

DRB1*1302 variant in this study, we cannot draw a firm conclusion. The
DRB1*1302 variant should therefore be tested using another assay technique.

3.4.2. The significance of allelic association of the individual SNPs with
schizophrenia

Of the five HLA-tagging SNPs tested, rs4434496 was strongly associated with
schizophrenia in the case-control sample but not in the family samples (Table
3.5). In contrast, rs424232 was strongly associated with schizophrenia in the
family samples but not in the case-control samples (Table 3.5). The different
findings between two different sample sets are a common problem with
association studies. It should be noted that the minor allele of rs4434496-T
had a higher frequency in unrelated case samples but a lower transmission in
the family samples (Table 3.5), suggesting that the rs4434496 association
may be a false positive result. By contrast, patients with schizophrenia had a
lower frequency of the rs424232-A minor allele in both family sample
(OR=0.59) and case-control sample (OR=0.90). This SNP is therefore thought
to be truly associated with schizophrenia and the minor allele may have a
protective role in developing schizophrenia. This result could also imply that
the major allele is in strong LD with a disease-underlying locus that could
confer a high risk of schizophrenia.
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In the HLA region, rs424232 is found to lie outside the NOTCH4 locus (Figure
3.3.). The NOTCH4 gene has been shown to be associated with
schizophrenia in many studies (Wei and Hemmings, 2000; International
Schizophrenia Consortium, 2009; Shayevitz et al., 2012; Ikeda et al., 2013).
Two GWA studies confirmed that rs3131296 and rs3130297 present in the
NOTCH4 locus were significantly associated with schizophrenia (p=2.3x10-10
and p=4.79x10-8, respectively) (International Schizophrenia Consortium, 2009;
Stefansson et al., 2009).
SNP rs3131296 is located in intron 18 of the NOTCH4 gene and rs31310297
is about 7kb of DNA away from this gene. Analysis with the Haploview
program showed that rs424232 is in complete LD with rs3131296 and
31310297 (Figure 3.4), suggesting that the association signal detected at
rs424232 may come from the NOTCH4 gene. Moreover, Shi et al. (2009)
reported that rs9277219 and rs972535 present in the HLA-DQA1 locus were
strongly associated with schizophrenia. However, rs424232 was not in
complete LD with either rs9277219 or rs972535 (Figure 3.4), suggesting that
the rs424232 association with schizophrenia may not be relevant to the HLADQA1 association. The rs424232 association may represent different diseaseassociation signals, especially the NOTCH4 association.

The above finding gives further evidence that the NOTCH4 locus is still an
important candidate for schizophrenia. It is worth noting that the minor alleles
of these three SNPs (rs424232, rs3131296 and 31310297) had a lower
frequency in the patient group than the control group. Therefore, these three
SNPs are unlikely to confer susceptibility to schizophrenia but just serve as a
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genetic marker indicating a disease-underlying locus located nearby. Possibly,
the haplotype containing their major alleles harbours the disease-underlying
variant. Further investigations are needed to gain valuable insight into the
mechanism by which the NOTCH4 gene or a nearby locus may confer risk of
schizophrenia.
A limitation of this study is that the samples size used may be too small to
detect disease association for HLA variants with a low frequency. In addition,
multiple testing needs a correction of resulted p values, which may further
reduce the sample power, leading to a high rate of type II error. Therefore, the
present study was underpowered and may miss significant association of the
HLA-DRB1*13 region with schizophrenia. Further replication of the present
results with a larger sample size is needed in order to draw a firm conclusion.
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3.5. Conclusions
This study suggests that the HLA-DRB1*13 variants are not truly associated
with schizophrenia in a British Caucasian population. The NOTCH4 gene was
shown as a promising candidate for genetic risk of schizophrenia based on
thers424232 association detected in this study. Further analysis of the HLA-II
region and NOTCH4 locus is needed to gain a better understanding of their
potential role in the development of schizophrenia. Such a study will be
described in Chapter 4 and 5 of this thesis.
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Figure 3.3. Location of the SNP rs424232

Figure 3.3. Screen view was obtained from NCBI website detailing SNP rs424232, showing rs424232 is located near the NOTCH4
loci, as shown by the green line.
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Figure 3.4. LD between the NOTCH4 region and the HLA region

Figure 3.4. LD was computated between two SNPs at the NOTCH4 locus (rs3131296
and rs3130297), two SNPs at the DQA1/DQB1 locus (rs9277219 and rs972535) and
rs424232, which is located outside the NOTCH4 locus. The figure on the right shows
the D’ score and the figure on the left shows the r2 score for LD.
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4. Further analysis of the HLA-II association with
schizophrenia

4.1. Background

The HLA-II variants shown below were selected as they have been suggested
previously to be associated with schizophrenia. The NOTCH4 locus was also
selected as a target gene based on the work detailed in Chapter 3. Tag SNPs
were selected to genotype these regions to determine if they were associated
with risk of schizophrenia.

The HLA-DR1 variants that are mainly encoded by the HLA-DRA gene and the
HLA-DRB1*01 alleles have been thought of as being a potential risk component
for schizophrenia. Ozcan et al. (1996) were the first to report an increased
frequency of the HLA-DR1 variant in patients with schizophrenia among
Japanese and Turkish populations. This initial finding was replicated in a
Japanese population (Sasaki et al., 1999; Akaho et al., 2000) but failed to be
replicated either in a German/ Hungarian population or in an Irish population
(Schwab et al., 2002; Gibson et al., 1999). A study conducted by Blackwood et
al. (1996) tried to replicate the HLA-DR1 association with schizophrenia in a
British population. In this study, the authors analysed the HLA-DR1 variants
with a small sample size and revealed an increase in allele frequency in the
patient group compared to the control group although this observation did not
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reach a statistically significant level. In a pilot study, using the samples detailed
in Chapter 3, the DRB1*0101 allele, whose tag SNP is rs6457614, had a weak
association with schizophrenia in the patient group compared to the control
group (OR=1.23, 95% CI 0.90-1.68) in a British population, but this association
failed to reach statistical significance (Halley et al., 2013). Accordingly, in this
chapter a larger sample size will be used to confirm whether the DRB1*0101
allele has a true association with schizophrenia. It will attempt to replicate the
initial work performed by Blackwood et al. (1996) but using a modern
technology in order to determine if there is an increased frequency in the
BRB1*0101 allele in a schizophrenia population compared to a control
population.
Based on the work described in Chapter 3, the DRB1*1303-tagging SNP,
rs424232 was shown to be strongly associated with schizophrenia (Halley et
al., 2013). This association signal is very likely to originate from the NOTCH4
locus as rs424232 is almost in complete LD with 2 SNPs (rs3130297 and
rs3131296) present in the NOTCH4 gene. These 2 SNPs were found to be
strongly associated with schizophrenia by GWA studies (International
Schizophrenia Consortium, 2009, Stefansson et al., 2009). To confirm whether
rs424232 has a true association with schizophrenia, it is necessary to apply a
different sample set to replicate this initial finding. The results obtained through
an increased sample size will be more robust, leading to a conclusion of
whether this SNP is associated with schizophrenia.
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4.1.1. The genetic relationship between schizophrenia and type 1 diabetes

The International Schizophrenia Consortium (2009) confirmed that the
DQA1*0501 and DQB1*0201 alleles that encode the HLA-DQ2.5 molecule
were strongly associated with schizophrenia. However, these two alleles had a
lower frequency in the patient group than the control group (OR=0.798 for the
DQA1*0501 association and OR=0.857 for the DQB1*0201 association,
respectively). This finding suggests that either the DQ2.5 molecule has a
protective role in predisposing to schizophrenia or the other DQA1 and DQB1
variants are associated with a high risk of the illness. Interestingly, the HLADQ2.5 alleles have been found to be associated with type-1 diabetes and
coeliac disease. It is therefore important to investigate a genetic relationship
between type-1 diabetes, coeliac disease and schizophrenia.

Type-1 diabetes is an autoimmune problem that is mainly caused by
autoimmune destruction of beta-cells in the pancreas. Beta-cells produce
insulin that controls the glucose levels in the body through a negative feedback
loop (Figure 4.1). It is thought that in patients with type-1 diabetes, the immune
system does not recognise insulin as a self-protein, and therefore secretes antiinsulin antibodies that are involved in developing beta-cell autoimmunity (Ryden
et al., 2013). Patients with type-1 diabetes need to be treated with life-long
insulin injection to control glucose levels.
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Figure 4.1. Normal process of insulin release in response to an increase in blood glucose
levels. In type-1 diabetes, beta-cells are destroyed and then fail to secret insulin into the blood
stream, leading to elevated levels of glucose which can cause problems with vision, foot ulcers
and in severe cases can lead to diabetic coma unless treatment with insulin replacement is
given (McCrimmon and Sherwin, 2010).
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Epidemiological studies have demonstrated that type-1 diabetes has a close
link to schizophrenia although the findings reported to date have been
inconsistent. Juvonen and co-worker (2007) showed that patients with type-1
diabetes had a low risk of schizophrenia while other studies suggested that
type-1 diabetes may be a risk factor for schizophrenia (Wright et al., 1996;
Benros et al., 2012). Juvonen et al. (2007) analysed the data from the Finnish
National Population Register of people born in the period between 1950 and
1959 and the Social Insurance Institution of Finland to identify people with type1 diabetes. A follow-up study, which was performed by medical registrars from
1969 to 2001 to identify the individuals with schizophrenia, showed that the risk
of developing schizophrenia was decreased by 62% if the patient already had
type-1 diabetes (Juvonen et al., 2007). This study accounted for missing
diagnosis and assumed that only 95% of the population had been documented
in the databases. However, the actual data obtained from the registrars was too
small, and of 810 patients with a schizophrenia-form disorder, only 24 people
had type-1 diabetes. This finding suggests that manipulation of the data may be
biased. In fact, this preliminary work has failed to be replicated in a recent study
(Benros et al., 2012), suggesting that the predictions made in this initial study
were only viable for that cohort of samples but did not reflect a wider general
population.
Benros et al. (2012) have recently reported that there is an increased risk of
schizophrenia in patients with history of type-1 diabetes (RR=1.3) and in those
who have a family history of type-1 diabetes (RR=1.7). Wright et al. (1996)
reported that there was a significant excess of type-1 diabetes in the firstdegree relatives of patients with schizophrenia (OR=6.1, 95%CI 2.3-16.5).
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Genetic analyses have repeatedly confirmed that the HLA-DQ2.5 and HLADQ8 variants are the major risk factors in predisposing people to beta-cell
autoimmunity that is the crucial step in the progress of type-1 diabetes (Ryden
et al., 2013). More than two-thirds of patients with type-1 diabetes carry either
HLA-DQ2.5 or HLA-DQ8 or both in a Caucasian population (Regnell and
Lernmark, 2011). It is worth noting that the HLA-DQ2.5 molecules are encoded
by the DQA1*0501 and DQB1*0201 alleles. GWA studies have confirmed that
the DQA1*0501 and DQDB*0201 alleles are present in a low frequency in a
schizophrenia population. This may explain why patients with type-1 diabetes
may have a low risk of schizophrenia as reported by Juvonen et al. (2007). Both
studies conducted by Juvonen et al. (2007) and Benros et al. (2012) give
convincing evidence for the genetic association of the HLA-DQ2.5 and HLADQ8 regions with schizophrenia. As it is unclear if these variants are associated
with increased or decreased risk of schizophrenia outcome, it is necessary to
test these variants in this study to determine how they are associated with
schizophrenia in a British population.
The individuals, who carry a HLA-DQ6 variant such as DQB1*0602, may have
a low risk of type-1 diabetes (Sanjeevi, 2000; Knip et al., 2010). Based on the
interesting relationship between schizophrenia and type-1 diabetes, all the
HLA-II variants involved in type-1 diabetes should be tested for their possible
association with schizophrenia. In addition, the HLA-DQ2.5 variants also play a
major role in the predisposition to coeliac disease (Green and Jabri, 2003;
Mowat, 2003; Qiao et al., 2005).
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4.1.2. The relationship between coeliac disease and schizophrenia
Coeliac disease is a chronic autoimmune disease mainly caused by gluten
intolerance that causes inflammation of the small intestine, leading to diarrhoea,
bloating, flatulence and abdominal pain. Coeliac disease has been reported to
be associated with schizophrenia as gluten intolerance is thought of as an
environmental factor for the development of schizophrenia (Ludvigsson et al.,
2007). Interestingly, there is a close relationship between coeliac disease and
type-1 diabetes (Marchese et al., 2013). The prevalence of type-1 diabetes in
the individuals with history of coeliac disease is about 4-6% (Schwarzenberg
and Brunzell, 2002) compared to ~0.4% in the population (Taplin and Barker,
2008). Since both conditions are autoimmune problems that have also been
associated with schizophrenia and both are linked to the HLA-DQ2.5 variant,
this variant will be tested further for its genetic association with schizophrenia in
this study.
This study aims to determine if the HLA-II variants as mentioned above are
associated with risk of schizophrenia outcome. It also aims to understand the
relationship between genetic variants that are associated with type 1 diabetes,
coeliac disease and schizophrenia to determine if these diseases are linked
and if this relationship may give further insight into the aetiology of
schizophrenia.
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4.2. Materials and methods

4.2.1. Details of the samples used in this study
The information regarding all samples used in this study has been given in
Chapter 2, Section 2.1, including the family samples detailed in Section 2.1.1
and the case-control samples detailed in Section 2.1.2. All subjects who
donated the blood samples were of British Caucasian origin. The family
samples were composed of 132 family trios (consisting of mothers, fathers and
affected offspring with schizophrenia) and 92 family duos (consisting of either
mothers or fathers and affected offspring with schizophrenia). The case-control
samples were composed of 510 unrelated patients with schizophrenia and 645
unrelated control subjects who had no history of mental illness and whose firstdegree relatives had no history of schizophrenia.

4.2.2. Selection of SNPs genotyped

Four HLA-tagging SNPs were selected according to the HLA-tagging SNP map
constructed by de Bakker et al. (2006) and the study described by Monsuur et
al. (2008), and applied to genotype the HLA-DQ2.5 variant (rs2187668 tagging
to the DRB1*0301-DQA1*0501 and DQB1*0201 haplotype), the HLA-DQ8.1
variant (rs7454108 tagging to the DRB1*04-DQA1*0301 and DQB1*0302
haplotype), the HLA-DQ6.2 variant (rs3135388 tagging to the DRB1*1501DQA1*01-DQB1*0602 haplotype) and the HLA-DR1 variant (rs6457614 tagging
to DRB1*0101-DQA1*0101-DQB1*0501 haplotype) in the British Caucasian
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population. Because rs424232 showed strong association with schizophrenia
as described in Chapter 3, it was therefore genotyped with additional samples
to confirm the rs424232 finding. The information regarding these 5 SNPs are
detailed in Table 4.1.

Table 4.1. Detailed information of HLA-II tagging SNPs tested.
SNPs/HLA

Base
change

rs6457614
DR1

Haplotype tagged

6:32651900

DRB1*0101-DQA1*0101DQB1*0501

6:32413051

DRB1*1501-DQA1*01DQB1*0602

6:32605884

DRB1*0301-DQA1*0501-

G/T

rs3135388
DQ6.2

Chromosomal
Location

C/T

rs2187668
DRDQ*2.5

A/G

rs7454108

G/T

DQB1*0201

6:32681483

DQ*8.1

DRB1*04-DQA1*0301DQB1*0302

C/T

6:32208324

rs424232
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N/A

Table 4.2. Primers and restriction enzymes used for genotyping of SNPs
selected

SNPs

rs6457614

Forward primer

Reverse primer

(5’-3’)

(5’-3’)

CTTACTAGATGC

AGTCCATAAGAATAA
TT

CAGTACCTTGAT

Enzymes for
RFLP sites
Ngo MIVa

GAATGGTGCTGGCC
GG

TCATTGCTCAGTAGA
GATCTCCCAACAAAC
GAA

ATCTTATACATTCTAG
AATTCATCAGAC

HINF-1b

CAATCATTTTACCA

TTACTCTCAGCTGC

N/A

CATGGTCCTCA

CTCATATGTGT

CAAGTTCTGACTT

TCATGCTATTTTGT

rs7454108

CCCTCCCTAATA

ACTTTTCAAGG

rs424232

AGCATGGTTGAG

CACTTCAGCTGCT

TATTTTTATCCAA

TGGATGCAGGCA

rs3135388

rs2187668

N/A

N/A

a The

NgoM IV site was created by changing the base from “T” to “C” (underlined) at the third 3’position of the reverse primer.
b The

Hinf I site was created by changing the base from “C” to “G” (underlined) at the third 3’position of the forward primer.
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4.2.3. Genotyping of SNPs

As described in Chapter 2, genomic DNA used for genotyping of SNPs selected
was extracted from whole blood samples using QIAamp® DNA Blood Mini kit
(QIAGEN, Sussex, UK) or through the University of Aberdeen, and all the
samples stored at -20°C. Genotyping of these 5 SNPs was performed using
PCR-based RFLP analysis and TaqMan genotyping methods, as detailed in
Chapter 2, Sections 2.2.1 and 2.2.5. For PCR-based RFLP methods, the RFLP
sites for genotyping rs6457614 and rs3135388 were created by an artificial
base change at the third 3’-position of a primer. Detailed information of specific
primers designed and the specific restriction enzymes used are given in Table
4.1. The restriction enzymes were incubated at 37°C for 3 hours in 1x NEBuffer
(Table 3.2) to allow complete digestion of PCR products. Digested PCR
products were then electrophoresed for genotyping calls and gel images can be
found below, Figure 4.2 or in Appendix 3.

Figure 4.2. Example of gel image of the HLA-DRB1*1501 variant tested to show fully digested
PCR products. Genotyping calls were made by eyes. If the bands shown were not distinctive,
the sample was repeated. The negative control well contained all reaction reagents accept a
DNA sample to show no DNA amplification occurring in the absence of DNA.
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As described in Section 3.2.3, real-time PCR-based TaqMan genotyping was
applied to genotype rs2187668, rs7454108 and rs424232. All primers and
probes were supplied by ABI Life Technologies (Paisley, UK) and specific
primer binding was assured through their quality control process. Genotyping
calls were made according to the Step One PlusTM real-time PCR system as
detailed previously in Chapter 2, Section 2.2.6. The illustration of genotyping
calls is shown in Figure 3.2. To ensure the accuracy of genotyping, 10% of
randomly selected samples were repeated for genotyping of each SNP and
there were no sample discrepancies observed.

4.2.4. Data analysis
As described 3.2.4, Haploview version 4.1 (Barret et al., 2005) was used to
check the Hardy-Weinberg equilibrium in case and control samples and to
check Mendelian error in family samples. In the family-based genotyping
analysis, the transmitted alleles from the parents were treated as “case” and the
non-transmitted alleles as “control” in order to obtain a genetically well-matched
sample set. The Haploview program was also used to determine LD between
paired SNPs, whose strength was expressed by D’ and r2 measurements.
UNPHASED version 3.14 (Dudbridge, 2008) was used to test for allelic
association with calculation of odds ratio (OR) and 95% confidence interval
(CI). To reduce the inflation of false positive rates due to multiple testing, 10000
permutations were performed with the UNPHASED program.
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4.3. Results
4.3.1. The HLA-II association with schizophrenia

Of all 4 HLA-II variants tested to determine if the HLA-II region was associated
with risk of schizophrenia, only the HLA-DQ2.5 variant showed a significant
association with schizophrenia (χ2=11.67, p=0.0006, OR=0.70, 95%CI 0.570.86). This association remained strong after Bonferroni corrections for multiple
testing (p=0.0024). This variant is associated with type 1 diabetes and coeliac
disease but why it is also linked to schizophrenia remains unclear. As shown
Table 4.3, the HLA-DQ2.5 variant had a lower frequency in patients with
schizophrenia than control subjects, suggesting that this variant may be
associated with protection rather than risk of the disease. There was no
significant association for the other variants tested, including DR1 (χ2=0.32,
p=0.569, OR=1.07, 95%CI 0.85-1.33), DQ6.2 (χ2=0.18, p=0.670, OR=1.04,
95%CI 0.82-1.27) and DQ8.1 (χ2=0.03, p=0.875, OR=1.02, 95%CI 0.77-1.25).
However, it is worth noting that after 10000 permutations, a global p-value of
0.022 was obtained from the correction of all 5 SNPs tested in this study. This
suggests that the HLA-DQ2.5 association was true rather than by chance
(Table 4.3), but how the HLA-DQ2.5 variant is involved in the aetiology of this
disease requires further investigation.
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4.3.2. In depth analysis of the NOTCH4 association with schizophrenia

After additional samples were genotyped to confirm the rs424232 association
with schizophrenia, such a disease association remained very strong in
combined samples (χ2=11.25, p=0.0008, OR=0.76, 95%CI 0.64-0.89). The
combined samples consisted of the 843 samples detailed in Chapter 3 and 892
additional samples detailed in Chapter 2.1 and this Chapter. However, the
strong association signal at rs424232 was detected only in the family samples
(χ2=13.28, p=0.0003, OR=0.58, 95%CI 0.42-0.79) but not in the case-control
samples (χ2=2.98, p=0.084, OR=0.84, 95%CI 0.69-1.03). The frequency of the
rs24232 minor allele was significantly lower in the patient group than the control
group (OR=0.76).
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Table 4.3. Association of the HLA-II variants and rs424232 with schizophrenia
in a British Caucasian population

Locus

Sample

95% CI

pa

44/396

2.79

1.42

0.92-2.19

0.095

Case-control

104/826

151/1133

0.18

0.95

0.72-1.25

0.674

Combined

164/1206

195/1529

0.32

1.07

0.85-1.33

0.569

65/369

55/378

0.94

1.21

0.81-1.82

0.332

Case-control

149/777

201/1053

0.002

1.01

0.79-1.27

0.969

Combined

214/1146

256/1431

0.18

1.04

0.82-1.27

0.338

48/394

71/370

5.20

0.64

0.42-0.96

0.023

Case-control

114/808

208/1072

6.48

0.73

0.56-0.94

0.01

Combined

162/1202

279/1442

11.67

0.70

0.57-0.86

0.0006

42/374

37/378

0.34

1.15

0.70-1.87

0.562

Case-control

79/849

113/1169

0.06

0.96

0.71-1.31

0.804

Combined

121/1223

150/1547

0.03

1.02

0.79-1.31

0.875

100/344

150/298

13.28

0.58

0.42-0.79

0.0003

Case-control

221/701

347/927

2.98

0.84

0.69-1.03

0.084

Combined

321/1045

497/1225

11.25

0.76

0.64-0.89

0.0008

Family

DQ8.1

Family

NOTCH
4

OR

60/380

Family

DQ2.5

χ2

(minor/ major)

Family

DQ6.2

Control

(minor/major)
Family

DR1

Case

a

Adjusted p-value of 0.022 was obtained from 10000 permutations that were performed with
the UNPHASE program.

140

4.4. Discussion

4.4.1. The HLA-DQ2.5 association with schizophrenia
The present results suggest that the 4 HLA-II variants tested are unlikely to
confer risk of schizophrenia. The finding that the HLA-DQ2.5 variant had a low
frequency in schizophrenia patients is consistent with that reported by many
studies including the GWA study performed by the International Schizophrenia
Consortium (2009). Possibly, the HLA-DQ2.5 variant has a protective role in
developing schizophrenia and other HLA-II variants may confer a risk of the
disease. The HLA-DQ2.5 association was still present even after 10000
permutation tests for correction, suggesting that the HLA-II region remains
important in understanding genetic mechanism of schizophrenia. In addition, the
HLA-DQ2.5 variant is a risk factor for coeliac disease and more than 90% of
patients with coeliac disease carry the HLA-DQ2.5 variant (Green and Jabri,
2003; Mowat, 2003; Qiao et al., 2005).
An epidemiological study by Eaton et al., (2004) showed an association
between schizophrenia and coeliac disease. However this study only identified a
small cohort of schizophrenia patients who also had coeliac disease, where as
other studies have failed to support such an association between these two
conditions (Campbell and Foley, 2004), suggesting that people with
schizophrenia were unlikely to have an increased risk of developing coeliac
disease. Interestingly, a clinical study showed an improvement of psychotic
symptoms in some cases after gluten-free diets (De Santis et al., 1997). Several
studies also revealed that the levels of circulating antibodies to gluten were
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significantly increased in patients with schizophrenia compared with control
subjects (Dohan et al., 1972; Reichelt and Landmark, 1995; Dickerson et al.,
2010; Cascella et al., 2011; Jin et al., 2012; Okusaga et al., 2013).
Nevertheless, genetic analysis does not seem to support a common genetic
component shared by schizophrenia and coeliac disease as mentioned above
(International Schizophrenia Consortium, 2009). These two conditions may have
different immunogenetic pathways for humoral immune responses to wheat
gluten.
Unfortunately, this work failed to confirm the HLA-DR1 association with
schizophrenia as previously reported. A possible explanation is that
traditionally, a serological protocol was often used to type the HLA variants,
which may generate different information. A study conducted by Opelz et al.
(1993) showed that there was an error rate of ~25% with the serological
genotyping method. The genetic HLA-genotyping protocol used in this study
may be more accurate than the serological HLA-genotyping system. Our study
specifically genotyped the HLA-DRB1*0101 variant whereas previous studies
typed HLA alleles with antibodies that related to tertiary structures of the HLA
molecules, which are encoded by the DRA1 gene and one of the DRB1*01
alleles such as DRB1*0101, DRB1*0102 or DRB1*0103, rather than the
specific DNA sequence. Therefore, the DNA-genotyping method used in this
study should be more accurate than the serological typing method. In addition,
a larger sample size was used in this Chapter compared to Chapter 3 and this
larger sample size gave this study enough power to detect disease association
for the HLA variants tested in this Chapter. Furthermore, the DR1 association
with schizophrenia was found only in Japanese and Turkish populations (Qzcan
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et al. 1996). The ethnical background may be one of the reasons why the DR1
finding failed to be replicated in this study.

4.4.2. Is type-1 diabetes genetically associated with schizophrenia?
The present results did not show any association of either the DQ6.2 variant or
the DQ8.1 variant with schizophrenia (Table 4.3); this does not mean that a
genetic link between schizophrenia and type1 diabetes does not exist. Family
history of type-1 diabetes, especially in the mother, may be a risk factor for
neurodevelopmental deficits occurring in schizophrenia (Wright et al., 1996).
The health of the mother is thought to contribute as a risk factor for the
development of schizophrenia (Harvey and Boksa, 2013). Murine studies of
artificial infection prenatally have shown a high risk of schizophrenia-like
symptoms in the offspring (Meyer, 2014). Recent work carried out in our
laboratory suggests that a type-1 diabetes associated antibody, IgG for glutamic
acid decarboxylase (GAD), was significantly increased in patients with
schizophrenia compared with control subjects (unpublished data). Several
studies revealed that the secretion of anti-GAD antibodies was associated with
the DRB1*03-DQB1*02 haplotype (Graham et al., 2002; Knip et al., 2002;
Andersen et al., 2012). Anti-GAD antibodies have been hypothesized to play a
role in inhibiting insulin secretion in patients with type-1 diabetes (Andersen et
al., 2012) as anti-GAD antibodies were shown to compromise the release of
insulin in a non-diabetic population (Andersen et al., 2012). Therefore, whether
the increased anti-GAD IgG level is positively correlated with maternal GAD IgG
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level is an interesting topic. Further investigation will be carried out in order to
clarify the genetic association between type-1 diabetes and schizophrenia.

4.4.3. Further confirmation of the NOTCH4 association with schizophrenia
The NOTCH4 locus has been found to be associated with schizophrenia in a
number of previous studies (Wei and Hemmings, 2000; Skol et al., 2003; Luo et
al., 2004; Prasad et al., 2004; Wang et al., 2006) while others have failed to
replicate this initial finding (Imai et al., 2001; McGinnis et al., 2001; Tochigi et al.,
2004). Two GWA studies have recently shown convincing evidence for the
NOTCH4 association (International Schizophrenia Consortium, 2009;
Stefansson et al., 2009). The results from this study give further support of the
NOTCH4 finding in schizophrenia (Table 4.3). In fact, the NOTCH4 gene is of
particular interest in schizophrenia as it is located in the 6p21.3 chromosomal
region that harbors the HLA locus. Moreover, animal studies suggest that the
NOTCH4 gene might play a crucial role in glial cell differentiation and regulation
of neural stem cells (Harper et al., 2003; Ables et al., 2011). As discussed in
Chapter 3, the rs424232 LD signal reflects the NOTCH4 association with
schizophrenia but a low frequency of its minor allele in the patient group
suggests that this SNP itself is unlikely to contribute to the etiology of
schizophrenia whereas its major allele may be in strong LD with a variant
underlying the disease. Such a variant may be a SNP or a copy number
variation (CNV). Further investigation will be carried out to clarify what variant is
involved.
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This study is limited by all samples taken from a British Caucasian population,
whether the disease association found in this study can be replicated in different
populations remains unknown. Genotyping analysis in this study was performed
by a SNP tagging method while the actual regions themselves were not
genotyped. Therefore, the accuracy of this study completely relies on the data
produced by de Bakker et al. (2006) and Monsuur et al. (2008).
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4.5. Conclusion

The present work leads to the following conclusions:
(1) The HLA-DQ2.5 variant is strongly associated with schizophrenia in the
British population but its functional role in developing the disease remains
unclear. The HLA-DQ2.5 molecule itself may not be involved in
predisposing to schizophrenia but its association with schizophrenia
indicates that a disease-underlying variant may be in strong LD with it.
(2) The HLA-DR1 variant is unlikely to confer susceptibility to schizophrenia
in the British population.
(3) The present work does not support the hypothesis that coeliac disease,
schizophrenia and type-1 diabetes could share a HLA variant for their
development, but the genetic relationship between them remains an
interesting topic and should be investigated further.
(4) The NOTCH4 gene may contribute to the etiology of schizophrenia but
further confirmation with functional studies remain needed.
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5. Association of copy number variation (CNV) with risk of
schizophrenia

5.1. Background
There are three major forms of genetic variations in the human genome. These
are tandem repeat sequences (TRS) such as microsatellites, single nucleotide
polymorphisms (SNPs) and copy number variations (CNVs). The vast majority
of these variations have no impact on the phenotype but a small proportion may
affect physical and physiological characteristics, risk of particular diseases and
responses to medication. In Chapters 3 and 4, 9 SNPs were analysed in the
HLA region for their association with schizophrenia. In this Chapter, 5 CNVs in
the same chromosomal region will be analysed for their association with the
disease.

5.1.1. Current literature for genetic analysis of CNVs in schizophrenia.
CNVs are a form of DNA structural variation within the human genome, such as
deletions, insertions, and duplications. CNVs are thought to make up to 13% of
the human genome (Kidd et al., 2008), but only a very small proportion
contributes to the aetiology of human illnesses. Initially, CNVs were defined as
variations of >1 kb DNA fragments, but since the advent of new technology for
detection of DNA variation throughout the human genome, the concept has
been changed to include smaller DNA fragments (St Clair 2013). CNVs have
been found to be associated with a number of neuropsychiatric conditions such
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as schizophrenia (Polan et al., 2013; Szatkiewicz et al., 2013), autism (Sebat et
al., 2007; Weiss et al., 2008), bipolar disorder (Gershon and Alliey-Rodrigues,
2013) and Alzheimer’s disease (Chapman et al., 2013). Recent studies in family
samples have confirmed genetic association of some CNVs with schizophrenia
(Van Den Bossche et al., 2013), including de novo mutations, i.e. a sporadic
mutation that occurs only in affected offspring with the disease (Rees et al.,
2012). Sporadic mutations are not linked to a family history and this could
explain how schizophrenia as a disease has managed to maintain a prevalence
rate of ~1% in the population, even though people with schizophrenia are
estimated to have lower fecundity rates than healthy individuals (Laursen and
Munk-Olsen, 2010; Bundy et al., 2011). It has been thought that pathogenic
CNVs have a high rate of mutation of DNA sequence in the patient group.
Recurrent CNVs can have a frequency of 1/150 -1/1000 in a schizophrenia
population on average (Grozeva et al., 2012). In a control population, recurrent
CNVs are very rare and more work is needed to establish the control
frequencies of these CNVs. Rare CNVs may occur more frequently in a
schizophrenia population compared to a control population, thus these CNVs
are likely to confer a high risk of the disease as shown by a large odds ratio
(OR). Although the confidence intervals (CI) of CNV ORs may be large due to
their very low frequencies in the population. Most CNVs identified to date to be
involved in major psychiatric disorders are typically larger than 100kb of DNA.
This is the lower end of resolution of most micro-arrays used until recently.
Smaller CNVs may not have the same impact on the development of a disease
(Priebe et al., 2013) as smaller CNVs disrupt fewer genes only. CNVs may also
confer a high risk of schizophrenia with an odds ratio (OR) generally ranging
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from 3 to 30 (Kirov et al., 2012). Some very rare CNVs may be associated with
a high risk of schizophrenia, but are too uncommon to obtain statistical
evidence for association with schizophrenia or to estimate their effect size
(odds ratios).
The best associations with increased risk of schizophrenia are deletions at loci
1q21.1, 3q29, 7q12, 15q11.2, 15q13.3, 22q11.21 and the NRXN1 gene, and
with duplications at 16p11.2, 16p13.1, 15q11-q13 and the VIPR2 gene
(International Schizophrenia Consortium, 2008; Stefansson et al., 2008; Kirov
et al., 2009; McCarthy et al., 2009; Mulle et al., 2010; Ingason et al., 2011;
Levinson et al., 2011; Vacic et al., 2011; Szatkiewicz et al., 2013). CNVs
usually affect gene dosage but at their boundaries they can cause disruption of
genes and alter protein structure.
Deletions in the 22q11.2 region, also known as 22q11 microdeletion, confer the
highest risk of schizophrenia (Levinson et al., 2011). The 22q11 microdeletion
is a large fragment deletion (2.7MB) that encompasses 40 genes potentially
causing dosage changes in many of these genes (Grozeva et al., 2012); they
may also modify protein structure and function. The 22q11 microdeletion is also
found to be associated with autism spectrum disorders. While these conditions
are distinctly different, both show neuro-signalling abnormalities (Vortsman et
al., 2013). Therefore, the 22q11 microdeletion is the commonest high penetrant
cause of neuropsychiatric disorders.
The penetrance of CNVs is an important issue. Although some CNVs are
associated with high risk of schizophrenia, these CNVs may still be present in
the population as a whole. Whether CNVs confer risk of developing
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schizophrenia or other neuropsychiatric conditions depends on penetrance
rates which are estimated at 2-7.4% in schizophrenia (Vassos et al., 2010).
Such a low penetrance rate for schizophrenia suggests that most individuals
who carry these CNVs may not develop the disease at any stage in their lives.
The other conditions that may share the CNVs associated with schizophrenia
include development delay, autism spectrum disorder and congenital
malformation. These conditions show higher penetrance rates than
schizophrenia, suggesting that these CNVs are more likely to be involved in
developing either development delay, autism spectrum disorder or congenital
malformation than schizophrenia (Kirov et al., 2014).
A study conducted by Prebe et al. (2013) investigated CNVs for genetic
association with schizophrenia. This study used strict criteria to select CNVs
which had previously shown robust findings. This was in order to only perform
CNVs analysis of CNVs that showed association with risk of schizophrenia.
They failed to replicate some associations of previously reported CNVs with
schizophrenia although the frequency of these CNVs was higher in the case
sample than the control sample. The authors suggest that further investigation
is still required to identify causal CNVs with high penetrance rates for prediction
of schizophrenia.
Since the data obtained for well-documented CNVs have failed to give a clear
picture of how CNVs play a role in the development of schizophrenia, the DNA
variations recently identified should be considered as susceptibility variants for
schizophrenia. In the literature reviewed so far, no large size CNVs that are
localized in the 6p21 region have shown association with schizophrenia. While
GWA studies have revealed a strong association of the HLA region with
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schizophrenia (International Schizophrenia Consortium, 2009; Stefansson et
al., 2009), no single variant or SNP present in this region makes genetic
contribution to the risk of schizophrenia. Based on the work described in
Chapter 4, rs2187668 whose minor allele tags the DQA1*0501-DQB1*0201
haplotype (HLA-DQ2.5 variants) and rs424232 tagging the NOTCH locus are
strongly associated with schizophrenia. However, the minor alleles of these two
SNPs showed lower frequencies in the patient group than the control group,
suggesting that the HLA-DQ2.5 variants and rs424232 are unlikely to serve as
a causal variant for schizophrenia. Possibly, the major alleles of these 2 SNPs
tag a disease-underlying variant nearby.
Furthermore, a number of studies have tried to examine a link between
environmental challenges, genetic components and schizophrenia (Bamne et
al., 2012). Bamne and co-workers (2012) presented some preliminary results
leading to a hypothesis that genetic factors plus exposure to neurotropic agents
may increase the risk of schizophrenia. Benros et al. (2013) reviewed the link
between autoimmune disease and psychosis, and showed a correlation
between an increase in circulating autoantibodies and the development of
psychosis. Another example of increased antibodies relating to increased risk of
schizophrenia was recently reported by Okusaga et al. (2013) who further
confirmed an increase in anti-gliadin IgG antibodies in schizophrenia, which
was initially reported in several publications (Dohan et al., 1972; Reichelt and
Landmark, 1995; Dickerson et al., 2010; Cascella et al., 2011; Jin et al., 2012).
The HLA system is likely to play a role in bridging the gap between
environmental triggers and genetic make-up, through its antigen-presenting
capability that is strictly controlled by a genetic component. The involvement of
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both genetic and environmental factors in the aetiology of schizophrenia has
been reviewed by Kneeland and Fatemi, (2012). Therefore, the HLA system is
particularly important for investigation of the development of schizophrenia

5.1.2. Study Design
This work was designed to test the hypothesis that rs2187668 (HLA-DQ2.5 tag
SNP) and rs424232 are in strong LD with small size CNVs present in the HLA-II
region and the NOTCH4 locus. Two distinctive regions were selected to identify
small CNVs for schizophrenia based on the database for TaqMan® Copy
Number Assays (https://bioinfo.appliedbiosystems.com/genomedatabase/copy-number-variation.html), the NOTCH4 locus present between
Chr.6: 32172135 and Chr. 6: 32182932 (Fig 1), and the HLA-II region between
Chr.6: 32505546 and Chr.6: 32685768, which harbours the HLA-DRB1, HLADQA1 and HLA-DQB1 genes (Fig 2). Only the subjects who carried 2 copies of
the major allele of rs424232 (homozygote) were genotyped for the small CNVs
located in the NOTCH4 locus and only those who carried 2 copies of the major
allele of rs2187668 (non-DQ2.5 carriers) were genotyped for the small CNVs
located in the HLA-II region. The endpoint of this work was to determine if the
major alleles of rs2187668 and rs424232 were linked to a causal variant that
possibly leads to an increased risk of schizophrenia development.
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Figure 5.1. HapMap screen view of the chromosome 6:32172135-32685768 region showing the
CNVs analysed in the NOTCH4 locus. The location of these CNVs is highlighted in yellow and
the lower panels represent the region in which they are located.
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Figure 5.2. HapMap screen view of the chromosome 6:32505546-32685768 region that shows
the HLA-II region harbouring CNVs analysed. The location of these CNVs is highlighted in
yellow and the lower panels represent the region in which they are located.
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5.2. Materials and methods
5.2.1. Sample selection
The DNA samples used for CNV analysis were selected based on the
genotyping results shown in Chapter 4. A total of 734 unrelated case samples
and 647 unrelated control samples were genotyped for rs424232 and
rs2187669; the samples that were homozygous at rs424232 were used to
genotype CNVs present in the NOTCH4 locus (Fig 1) and those that were
homozygous at rs2187669 were used to genotype CNVs present in the HLA-II
region (Fig 2). Of these 734 case samples, 425 were homozygous at rs424232
and 546 at rs2187669; of these 647 control samples, 336 were homozygous at
rs424232 and 444 at rs2187669. Therefore, a total of 761 case-control samples
were available to genotype CNVs present in the NOTCH4 locus and 990
available to genotype CNVs present in the HLA-II region.
In this study, the custom-designed primers from Applied Biosystems by Life
technologies (Paisley, UK) were used to amplify a region harbouring a CNV of
interest and to determine the differences in its frequency of CNVs between the
case samples and the control samples. The amplicons produced by PCR-based
CNV had a length of 90-111 bp, and each CNV analysed showed three or more
genotypes in the population. Previously, analysis of CNVs has often used DNA
microarray technology that is limited by resolution and scale of samples (Carter,
2006). In the HLA-DQ/DR region, there were two specific primers available and
both were genotyped to assess their association with schizophrenia. In the
NOTCH4 region, there were 6 specific primers available, two located in introns,
two in exons and two in the boundary regions between introns and exons, 3 of
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which were selected for genotyping, including one located in exon 19, one in
exon 18 and one in the boundary between exon 17 and intron 17. These three
primers were selected mainly based on location of CNVs in the NOTCH4 locus.

5.2.2. Real-time PCR analysis of CNVs
All the DNA samples were extracted as previously described in Chapter 2,
Section 2.3.1, for genotyping of CNVs. The DNA samples were quantified with
the Spectrophotometer ND-1000 (Nanodrop) and diluted with nuclease-free
water as required to ensure that all DNA samples used for CNV analysis were
at a concentration of 5 ng/µl. The real-time PCR reaction was performed using
TaqMan® Copy Number Assays on a StepOne PlusTM real-time PCR machine;
all primers and probes were purchased from Applied Biosystems by Life
Technologies (Paisley, UK). Primer-specific binding was assured through their
quality control process as described in Chapter 2. The CNV assay was carried
out using specific primer sequences (Table 5.1) and assay components as
detailed in Table 5.2. The conditions used for real-time PCR-based CNV
genotyping reactions are shown in Table 5.3. Each sample was tested in
quadruplicate and copy number was determined by the analysing software,
Copy Caller ® Software v 2.2 (Applied Biosystems by Life Technologies). All
reagents and DNA samples for each reaction were mixed thoroughly before
being added to a MicroAmp® Fast Optical 96-Well reaction plate and then
sealed for real-time PCR amplification. Each sample contained a reference dye
that is fluorescently labelled with VIC® and this reference assay was used to
detect a known sequence present in two copies in a diploid genome. The
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reference assay was used to calculate a normal reference point, on which the
changes in copy number are quantitatively measured. The CNV assay used a
FAMTM labelled dye to obtain the fluorescence signals through real-time PCR
amplification. The Copy Caller ® Software then took this information and used a
binding algorithm to produce a predicted copy number value for each sample
with a confidence interval to show how accurate the software prediction is
(>0.99).

5.2.3. Data analysis
Copy Caller ® Software v 2.2 (Applied Biosystems by Life Technologies) was
used to determine copy number within the target regions (Figures 1 and 2). The
fluorescence data obtained through real-time PCR was converted into a copy
number using Copy Caller ® Software. The data obtained from the Copy Caller
® Software was then analysed using a chi-squared (χ2) contingency table for
association of the genotyped CNVs with schizophrenia, with calculation of odds
ratio (OR) and 95% confidence interval (CI), in order to test the differences in
genotype distribution between schizophrenia patients and control subjects. To
reduce the type I error due to multiple testing, the p-values obtained from
testing individual alleles of each CNV (the 1-df χ2 test) were corrected by the
Bonferroni correction. A global p-value was calculated for each assay to
determine the genotype distribution between case and control subjects.
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Table 5.1. Probe sequences used for CNV analysis and the chromosomal
locations of each CNV tested
ABI TaqMan®CNV
Assay ID

Nearest
Gene

Location

Probe sequence

Hs03595446

HLA-DQ

Chr.6:32685768

AGAGTGCCTAGTG
ACTGAGAATTCC

Hs04309608

HLA-DQ/DR

Chr.6:32505546

AAATAAGCACAAA
CCAAGATGGCAT

Hs00604001

NOTCH4

Chr.6:32172135

ATCGAGTTCCTTT
GAGCAGTTCTGT

Hs00785288

NOTCH4

Chr.6:32180268

GCTCAGTGCAGCC
TTCTGGCAGGAG

Hs01020844

NOTCH4

Chr.6:32178664

AATAGGAGGGGC
CGCTGTCGACACA

Based on the information retrieved from the Applied Biosystem website that
links to the database of genomic variants (http://dgv.tcag.ca/dgv/app/home), the
Hs03595446 assay can generate a 101-bp amplicon with 7 genotypes in a
study population; the Hs04309608 assay can generate a 111-bp amplicon with
51 genotypes in a study population; the Hs01020844 assay can generate a
100-bp amplicon with 2 genotypes in a study population; the Hs 00785288
assay can generate a 96-bp amplicon with 2 genotypes in a study population;
finally the Hs00604001 assay can generate a 90-bp amplicon with 4 genotypes
in a study population.
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Table 5.2. All the components used for CNV assay
Components

Individual sample
reaction volume (ul)

Concentration

TaqMan® Genotyping
master mix

9

1x

TaqMan® Copy
Number Assay

0.75

1x

TaqMan® Copy
Number Reference
Assay, RNase P,
Human

0.75

1x

Genomic DNA

1.5

5-10ng

Table 5.3. The conditions used for PCR-based analysis of CNVs
Stage

Temperature (°C)

Time

Hold

95

10 min

Cycle

95

15 sec

(40 cycles)

60

60 sec
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5.3. Results
5.3.1. Association of CNVs in the HLA-II region with schizophrenia
Two assays were used to analyse CNVs within the HLA-II region. CNV
Hs03595446 is located at Chr. 6:32685768 and showed 5 genotypes in the
study population, the 0 copy number (0-CN), the 1-CN, the 2-CN, the 3-CN and
the 4-CN (Table 5.4). The Χ2 test showed a significant difference in the
distribution of Hs03595446 genotype frequencies between the patient group
and the control group (χ2=12.76, df=4, p=0.0125), of which the 2-CN genotype
had a significantly higher frequency in the patient group than the control group
(χ2=16.91, p= 0.00004, OR=1.88, 95%CI 1.39-2.55), and the significance was
still shown after the Bonferroni correction (corrected p=0.0002). The 1-CN
genotype and the 3-CN genotype had significantly lower frequencies in the
patient group than the control group (χ2 =6.06, p= 0.014, OR=0.63, 95%CI
0.43-0.91 for the 1-CN genotype and χ2 =8.65, p= 0.003, OR=0.52, 95%CI
0.33-0.81 for the 3-CN genotype), but the significance survived the Bonferroni
correction only for the 3-CN genotype (p=0.015) and not for the 1-CN genotype
(p>0.05).
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Figure 5.3. Examples of the Copy Caller ® Software showing the results of the
CNV analysis
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Table 5.4. Association of Hs03595446 in the HLA-DQ region with schizophrenia
Allele

0
1
2
3
4
All
1

χ2

p1

1.24
6.06
16.91
8.65
2.99

0.265
0.0142
0.000043
0.0034
0.084

Group
patient
4
60
386
35
2
487

control
1
72
264
51
6
394

OR

3.26
0.63
1.88
0.52
0.27

95%CI

0.36-29.28
0.43-0.91
1.39-2.55
0.33-0.81
0.05-1.33

χ2 =12.76, df =4, p= 0.0125; 2 Corrected p>0.05; 3 Corrected p=0.0002; 4

Corrected p=0.015

CNV Hs04309608 is located at Chr.6:32505546 and showed more than 7
genotypes in the study population, the 0-CN, the 1-CN, the 2-CN, the 3-CN, the
4-CN, the 5-CN and the 6-20-CN (Table 5.5). While the χ2 test showed a
significant difference in the distribution of Hs04309608 genotype frequencies
between the patient group and the control group (χ2=17.28, df=6, p=0.008), the
individual genotypes failed to show association with the disease. As shown in
Table 5.5, the majority of this study population carried the 0-CN genotypes, and
possibly, Hs04309608 has a large array of duplications or tandem repeats in the
population. As mentioned above, the Hs04309608 assay targets at least 51
genotypes in the population based on a public database, suggesting that this is
a highly polymorphic CNV and a larger sample size is needed to detect this
CNV for its disease association.
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Table 5.5. Association of Hs04309608 in the HLA-DQ/DR region with
schizophrenia
Allele

0
1
2
3
4
5
6-20
All

Group
Patient
339
12
69
20
8
15
22
485

control
280
11
67
21
7
6
15
407

χ2

p1

OR

95% CI

0.13
0.82
0.86
0.54
0.01
2.52
0.40

0.722
0.365
0.355
0.462
0.935
0.112
0.526

1.05
0.68
0.84
0.79
0.96
2.13
1.24

0.79-1.41
0.30-1.56
0.58-1.21
0.42-1.48
0.34-2.67
0.82-5.55
0.64-2.43

χ2=17.28, df=6, p=0.008

5.3.2. Association of CNVs in the NOTCH4 locus with schizophrenia
Three CNVs present in the NOTCH4 locus were successfully genotyped using
the TaqMan Copy Number Assays system as mentioned above. Hs01020844 is
located in exon 18 of the NOTCH4 gene and has 3 genotypes in the study
population, the 1-CN, the 2-CN and the 3-CN (Table 5.6). The χ2 test showed a
significant difference in the distribution of Hs01020844 genotype frequencies
between the patient group and the control group (χ2=7.38, df=2, p=0.025), but
none of these 3 individual genotypes was associated with schizophrenia (Table
5.6).
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Table 5.6. Association between Hs01020844 and schizophrenia
Allele

Group

1

Patient
34

Control
27

2
3
All

290
18
342

261
9
297

1

χ2

p1

OR

95%CI

0.13

0.715

1.10

0.65-1.88

1.27
1.96

0.259
0.162

0.77
1.78

0.49-1.21
0.79-4.02

χ2 =7.38, df =2, P=0.025

CNV Hs00785288 is present in the boundary of exon 17 and intron 17 of the
NOTCH4 locus, and has 4 genotypes in the study samples, the 1-CN, the 2CN, the 3-CN and the 4-CN (Table 5.7). While the χ2 test showed a significant
difference in the distribution of Hs00785288 genotype frequencies between the
patient group and the control group (χ2 =10.23, df =3, p= 0.0167, the individual
alleles failed to show association with schizophrenia (Table 5.7).

Table 5.7. Association between Hs00785288 and schizophrenia
Allele

Group

1

Patient
26

Control
15

2
3
4
All

337
21
2
386

288
18
1
322

1

χ2

p1

OR

95%CI

1.39

0.239

1.48

0.74-2.99

0.77
0.01
0.18

0.379
0.931
0.672

1.23
0.972
1.672

0.76-2.01
0.49-1.95
0.12-46.76

χ2 =10.23, df =3, p= 0.0167
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CNV Hs00604001 is present in exon 19 of the NOTCH4 locus and has 3
genotypes in the study samples, the 1-CN, the 2-CN and the 3-CN (Table 5.8).
The χ2 test showed a significant difference in the distribution of Hs00604001
genotype frequencies between the patient group and the control group
(χ2=10.23, df=2, p=0.006), in which the 3-CN genotype had a significantly
higher frequency in the patient group than the control group (χ2 =5.87, p= 0.017,
OR=2.07, 95%CI 1.14-3.77) and the 2-CN allele had a significantly lower
frequency in the patient group than the control group (χ2=4.91, p=0.027,
OR=0.63, 95%CI 0.41-0.97). However, only the 3-CN association survived the
Bonferroni correction (corrected p=0.045) but the 2-CN association failed
(corrected p>0.05).

Table 5.8. Association between Hs00604001 and schizophrenia
Allele

1
2
3
All
1

Group
Patient
37
335
40
412

Control
25
283
16
324

χ2

p1

OR

95%CI

0.38
4.91
5.77

0.540
0.0272
0.0153

1.18
0.63
2.07

0.67-2.01
0.42-0.95
1.14-3.77

χ2 =10.23, df =2, p= 0.006; 2 Corrected p>0.05; 3 Corrected p=0.045
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5.3.3. Association of the Hs03595446-DR/DQ haplotype system with
schizophrenia

As described above, Hs03595446 had a strong association with schizophrenia.
To confirm whether this CNV may play a role in conferring risk of schizophrenia,
a haplotype system with Hs03595446 and 3 DR/DQ tagging SNPs, rs6457614,
rs3135388 and rs7454108 was constructed. In this haplotype system, each
subject was treated as being homozygotic for the major genotype at
Hs03595446. The 2-CN genotype was strongly associated with increased risk
of schizophrenia as shown in Table 5.4, this work focused on testing the
haplotypes that contained the 2-CN genotype and those that did not contain the
2-CN genotype, designated as the X-CN genotype (Where X represents the
combined genotype of 0-CN, 1-CN, 3-CN and 4-CN). Therefore, a total of 8
individual haplotypes were constructed in the study population (Table 5.9). The
χ2 test revealed a strong association between the Hs03595446-rs6457614rs3135388-rs7454108 haplotypes and schizophrenia (χ2=35.36, df=7,
p=0.00001). As shown in Table 5.9, all individual 2-CN-DR/DQ haplotypes had
a higher frequency in the patient group than the control group, in which the 2CN-TCT haplotype was strongly associated with increased risk of schizophrenia
(χ2=12.64, p=0.0004, OR=1.39, 95%CI 1.16-1.67) and this significance survived
the Bonferroni correction (corrected p=0.0032). The 2-CN genotype is the most
common genotype in both the patient group and the control group, it may be
either a risk variant of small effect or in strong LD with a disease-underlying
variant in the study population. All individual X-CN-DR/DQ haplotypes had a
lower frequency in the patient group than the control group, in which a strong
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association was observed for the X-CN-TCT haplotype (χ2=14.48, p=0.0001,
OR=0.62, 95%CI 0.48-0.89) and the X-CN-GCT haplotype (χ2=11.15,
p=0.0008, OR=0.45, 95%CI 0.28-0.68). Both remained significant after the
Bonferroni correction (corrected p=0.0008 for the X-CN-TCT haplotype and
corrected p=0.0064 for the X-CN-GCT haplotype).

Table 5.9. Association of the Hs03595446-DR/DQ haplotype with schizophrenia

Haplotype1

X-CN-TCT
X-CN-TCG
X-CN-TTT
X-CN-GCT
2-CN-TCT
2-CN-TCG
2-CN-TTT
2-CN-GCT
All
1 The

Group
Patient
128
24
36
27
483
85
147
110
1040

Control
163
28
50
49
337
56
116
79
878

χ2

p2

OR

95%CI

14.48
1.40
5.54
11.15
12.64
2.25
0.34
1.34

0.00013
0.236
0.0194
0.00085
0.00046
0.134
0.558
0.248

0.62
0.72
0.59
0.45
1.39
1.31
1.08
1.20

0.48-0.89
0.41-1.25
0.38-0.92
0.28-0.68
1.16-1.67
0.92-1.85
0.83-1.41
0.88-1.62

order of these 4 variations is as follows: Hs03595446-rs6457614- rs3135388-rs7454108,

in which Hs03595446 is either 2-CN allele or X-CN which represents 0-CN, 1-CN, 3-CN and 4CN alleles, rs6457614 is a T to G base change and the G allele represents DRB1*0101 variant,
rs3135388 is a C to T base change and the T allele represents DQB1*0602 variant, and
rs7454108 is a T to G base change and the G allele represents DQ8.1 variant.
2

χ2 =35.36, df =7, p= 0.00001; 3 Corrected p=0.0008; 4 Corrected p>0.05; 5 Corrected p=0.0064;

6 Corrected

p=0.0032.
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5.4. Discussion
5.4.1. The possible contribution of CNVs in the HLA-DR/DQ region to
schizophrenia
GWA studies have revealed strong association of the HLA-DQ2.5 variant with
schizophrenia but the frequency of the DQ2.5 variant was significantly lower in
patients with schizophrenia than control subjects (International Schizophrenia
Consortium, 2009). As described in Chapter 4, the frequency of the DQ2.5
variant was also shown to be significantly lower in the patient group than the
control group in our study samples. Therefore, it was hypothesized that the
major allele of rs2187668 that tags the DQ2.5 variant could be in strong LD with
a causal variant. To test this hypothesis, the subjects who carried 2 copies of
the major allele for rs2187668, i.e. major allele homozygotic genotype, were
selected for analysis of CNVs. Two CNV assays were then carried out to
analyse two CNVs in the HLA-DR/DQ region with these homozygotic samples.
The results demonstrated that both Hs03595446 and Hs04309608 were
strongly associated with schizophrenia (Tables 5.4 and 5.5). Interestingly, of 5
genotypes at Hs03595446, the 2-CN allele had the strongest association with
the disease (p= 0.00004, OR=1.88) as shown in Table 5.4. Possibly, this CNV
genotype is a causal variant for schizophrenia or in strong LD with a causal
variant nearby. If this CNV genotype is a causal variant, it may affect
expression of the genes nearby such as the HLA-DQ genes. To investigate a
possible role of the 2-CN genotype in conferring risk of schizophrenia, an
Hs03595446-DR/DQ haplotype system was analysed for its association with the
disease (Table 5.9). It is worth noting that all the individual 2-CN containing
haplotypes had a higher frequency in the patient group than the control group,
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and all the individual X-CN (X= 0-CN, 1-CN, 3-CN and 4-CN) containing
haplotypes had a lower frequency in the patient group than the control group.
This finding suggests that the 2-CN genotype itself may contribute to the
aetiology of schizophrenia, which supports the hypothesis that many common
genetic variations lead to the development of schizophrenia, (Steffanason et al.,
2008). Interestingly, the 2-CN-TCT haplotype had the highest frequency among
all 8 individuals haplotypes and also showed the strongest association with risk
of schizophrenia (OR>1) in all 4 individual 2-CN- rs6457614-rs3135388rs7454108 haplotypes (Table 5.9). However, the 2-CN-TCT haplotype does not
carry DRB1*0101 tagged by rs6457614(G) allele, DQB1*0602 tagged by
rs3135388(T) allele or DQ8.1 variants tagged by rs7454108(G) allele,
suggesting that the involvement of other DR/DQ variants in raising risk of
schizophrenia cannot be ruled out.
Moreover, the CNV association observed in this study may not be replicable in
a mixed population as the samples were genetically stratified based on the
DQ2.5 genotyping information. It is possible that our novel study design
enhances the power for detection of LD signal generated at a causal variant. If
this association were replicated in a non-genetically selected population, such a
disease association could help identify a causal variant conferring risk of
schizophrenia.
5.4.2. Association of the CNVs in the NOTCH4 locus with schizophrenia
Three CNV assays were performed to determine if a causal CNV for
schizophrenia could be revealed in the NOTCH4 locus. Of the 3 CNVs tested,
only Hs00604001 was shown to be associated with schizophrenia, no individual
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alleles at Hs01020844 and Hs00785288 were associated with the disease
(Tables 5.6 and 5.7). The 3-CN allele of Hs00604001 is likely to be associated
with risk of schizophrenia as its frequency was significantly higher in the patient
group than the control group (Table 5.8). Hs00604001 is present in exon 19 of
the NOTCH locus and it may affect function of this gene. Unfortunately, Applied
Biosystems by Life Technologies could not disclose the detailed sequence
information of Hs00604001, making it difficult to assess how this CNV plays a
role in phenotypic abnormality.
Similar to the analysis of CNVs present in the HLA-DR/DQ region, all samples
used to genotype CNVs in the NOTCH4 locus were stratified based on the
homozygotic genotype of rs424232 major allele that showed a significantly
higher frequency in patients with schizophrenia than control subjects as
described in Chapter 4. Genetically subgrouping samples may be a useful
research strategy in genetic analysis of complex diseases and in further
investigation of disease-underlying locus identified by association study such as
GWA study.
Moreover, schizophrenia is a complex disease with many combinations of
different clinical symptoms, leading to the same diagnosis in clinic. Therefore, it
is possible that different symptoms involve different variations present in distinct
genes. While differentiating the different subclasses of schizophrenia may be
very difficult, selected samples with similar genetic backgrounds may give a
clear insight into the possible different scales of schizophrenia and help tailor
different treatments in the future.
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5.5. Conclusion
(1) Hs03595446 in the HLA-DR/DQ region was strongly associated with
schizophrenia and the 2-CN allele of Hs03595446 may confer a genetic
risk of schizophrenia but its strong LD with a causal HLA-DR/DQ variant
cannot be ruled out.
(2) Hs00604001 in exon 19 of the NOTCH4 gene showed strong association
with schizophrenia and its 3-CN allele may confer a genetic risk of the
disease but further investigation is needed to reveal the sequence
variation of Hs00604001.
(3) This work applied a novel strategy in which all samples were genetically
stratified for genotyping of CNVs in a locus identified by association
analysis such as GWA study. This strategy may be useful for
identification of a causal variant for complex diseases in humans.
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6. Detection of circulating antibodies to HLA-II
restricted peptide antigens derived from wheat gluten
in schizophrenia

6.1. Introduction
Genetics alone cannot account for the development of schizophrenia;
environmental factors and gene/environment interactions are almost certainly
involved in overall risk. It has long been noted that infectious agents and wheat
gluten may serve as an environmental triggers for schizophrenia risk. This
chapter describes the involvement of gluten-derived peptides in producing an
abnormal immune response which may lead to risk of schizophrenia
development.

6.1.1. Infectious agents
Infectious agents such as influenza and the parasite, Toxoplasma (T) Gondii
has been found to be associated with schizophrenia development (Brown and
Derkits, 2010; Hamidinejat et al., 2010; Lachance and McKenzie, 2014). The
viral hypothesis of schizophrenia is based on the information that there is a
greater prevalence of this disease in people who were born in winter months
compared to those who were born in the other seasons, due to a higher rate of
viral infection in the winter months (Suvisaari et al., 2000; Fouskakis et al.,
2004; Martinez-Ortega et al., 2011). The seasonality hypothesis of
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schizophrenia has been replicated in studies conducted in the Northern
Hemisphere while the replication in the Southern Hemisphere has shown a
mixed picture (Torrey et al., 1997; Morgan et al., 2001; Davies et al., 2003).
Studies have therefore used latitude as a marker and suggested that increased
latitude might be associated with high risk of schizophrenia (Davies et al.,
2003). Increased latitude is thought as being a more robust marker than winter
birth because it is less subjective. Other adverse conditions that do not occur in
winter months such as the rainy seasons in the Northeast of Brazil have also
shown association with increased prevalence of schizophrenia (Messias et al.,
2006). Therefore, a more generalised theory of infection associated with high
risk of schizophrenia has been proposed in many studies. Further information
can be found in a recent review by Feigenson et al. (2014).
Liang and Chikvitzhs (2012) used data from the Western Australian Data
Linkage System to confirm that males hospitalised due to infections two or
more times before the age of three years, had up to 80% increased risk of
developing schizophrenia, compared to male controls. A study using data from
Alameda County California demonstrated that subjects born between 1959 and
1967 had an increased risk of developing schizophrenia due to exposure to
influenza infection. This study demonstrated that if mothers were exposed to
infection with influenza during the first 2 trimesters of their pregnancy, the risk
of schizophrenia in their offspring was three times higher than the individuals
whose mothers were not exposed to infection with influenza (Brown et al.,
2004). This study also showed that increased levels of maternal
immunoglobulin G (IgG) antibodies to T. Gondii were a risk factor for
schizophrenia development in the offspring (Brown et al., 2004). A Danish study
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showed that IgG antibodies to infectious agents were elevated in infants who
had increased risk of developing schizophrenia later in life (Mortensen et al.,
2007).
The involvement of maternal infections in developing schizophrenia in the
offspring has been duplicated in animals. Both murine models and rhesus
monkey models show that if mother was infected during pregnancy, the
offspring had problems with repetitious behaviour, communication and social
interaction (Fatemi et al., 2012; Bauman et al., 2014), suggesting that maternal
infection increases risk of behaviour resembling schizophrenia and/or autism in
the offspring. These studies allude to the implication of an infectious agent
triggering the maternal immune response that may affect the neurodevelopment
of the foetus (Kneeland and Fatemi, 2013; Meyer, 2014).
While the precise mechanism by which maternal-foetal interactions contribute
to the aetiology of schizophrenia remains unclear, maternal antibodies to
pathogenic antigens may play a crucial role in affecting the neurodevelopment
of the foetus and new-born babies (Fox et al., 2012). A recent study
demonstrated that maternal IgG antibodies to infectious agents such as T.
Gondii and cytomegalovirus (CMV) were strongly associated with
neurodevelopmental disorders in the offspring, such as autism and
schizophrenia (Blomström et al., 2012). It is worth noting that there are gender
differences in the prevalence of circulating antibodies to pathogenic agents. An
animal study showed that antibodies to pathogenic antigens involved in
schizophrenia are altered in a sex-dependent manner and females were more
likely to produce antibodies than males (Severance et al., 2012). Accordingly,
screening of maternal antibodies to pathogenic antigens may be useful for
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predicting risk of developing neuropsychiatric disorders in the offspring. More
research is needed before this information can be used clinically. This issue is
ethically challenging. Where degree of risk is uncertain, effective treatment is
not available and nothing can be done to alter the outcome. Is it in the best
interests of the patient to be given this information?

6.1.2. Are anti-gluten antibodies a risk factor for schizophrenia?
Gluten is a storage protein mainly found in wheat, barley and rye. It has been
found that there are over 100 species containing similar sequences of amino
acids and biochemical properties (Wieser, 2007). There are two components in
wheat gluten, glutenin and gliadin. The latter has been thought as being the
major toxic component for coeliac disease. Moreover, gliadin proteins belong to
a superfamily of wheat gluten, including 4 subfamilies, i.e. α-gliadin, β-gliadin, γgliadin and ω-gliadin (Jabri et al., 2005). Hundreds of homologous sequences
of gliadin proteins are now available from the NCBI protein database
(http://www.ncbi.nlm.nih.org/protein). In addition to coeliac disease, emerging
evidence suggests that wheat gluten is associated with several other
conditions, such as schizophrenia and autism (Catassi et al., 2013). As
mentioned in Chapter 1, the relationship between wheat gluten and
schizophrenia has been noted for half a century (Graff and Handford, 1961;
Dohan, 1966). A few recent studies have provided further evidence through
anti-gluten antibody testing in support of the gluten hypothesis of schizophrenia
(Dickerson et al., 2010; Cascella et al., 2011; Jin et al., 2012; Okusaga et al.,
2013; Lachance and McKenzie 2014).
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Dohan et al. (1972) were the first to report that serum antibodies against gliadin
were elevated in psychiatric patients (23.1%) compared to non-psychiatric
patients (13.7%) and healthy controls (3.1%). Many subsequent studies have
replicated this initial finding as reviewed by Lachance and McKenzie (2013).
Recently, Okusaga et al. (2013) have shown that anti-gliadin IgG was
significantly elevated in schizophrenia patients compared to control subjects.
The positivity of anti-gluten antibodies also showed a gender difference in
schizophrenia. Jin and co-workers (2012) demonstrated that there were
significantly elevated levels of anti-gliadin IgA in female patients compared to
female controls but only slightly elevated in male patients compared to male
controls. The gender differences in anti-gluten antibody levels were also
observed in a study conducted by Cascella et al. (2011), with a trend toward a
higher level in females than males. While elevated levels of anti-gliadin IgG
were shown in an American schizophrenia population, such a change was not
shown in a Chinese population (Jin et al., 2012). Therefore, gender may be a
factor that should be taken into account when anti-gluten antibodies were
tested as a harmful component for schizophrenia but which gender is at risk
more remains unclear from the literature.

Coeliac disease is an entero-sensitive condition that is mainly triggered by
gluten consumption. Patients with coeliac disease have inflammation in the gut,
leading to discomfort, flatulence and diarrhoea (Briani et al., 2008). Coeliac
disease has been thought to be associated with schizophrenia due to a slightly
higher prevalence of schizophrenia in people with coeliac disease than the
general population (Eaton et al., 2004). HLA-DQ2.5 and DQ8 variants
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genetically predispose people to coeliac disease as these two types of HLA
variants are involved in presenting gluten-derived peptides to T cells that then
produce an inflammatory response in the gut (Louka and Sollid, 2003).
However a GWA study has shown that the DQA1*0501 and DQB1*0201 alleles
that encode HLA-DQ2.5 molecules had a lower frequency in patients with
schizophrenia than control subjects (International Schizophrenia Consortium,
2009), suggesting that there is no genetic association between coeliac disease
and schizophrenia.
Tissue transglutaminase 2 (TGM2) is an enzyme that catalyses the
deamination of glutamine residues in gluten proteins into glutamic acid
residues, leading to an increase in affinity to HLA-DQ2.5 and HLA-DQ8
molecules (Shan et al., 2002, 2004). Circulating antibodies to TGM2 are a hallmark for coeliac disease, but the levels of anti-TGM2 antibodies were not
significantly higher in patients with schizophrenia than control subjects (Jin et
al., 2012). An ELISA test for antibodies specific to gluten-derived peptides
involved in coeliac disease has also failed to show that such specific anti-gluten
antibodies were associated with schizophrenia (Schwertz et al., 2004; Jin et al.,
2012). Similar work was also carried out by Samaroo and co-workers (2010)
and highlighted that while 17 schizophrenia patients were positive for antibodies
against native gliadins, all patients were negative for IgA antibodies against the
coeliac disease-specific gliadin epitopes. In comparison, the same study found
that 23 out of 25 patients with coeliac disease were positive for the coeliac
disease-specific gliadin antibodies. It seems clear that while gluten antibodies
are frequently present in schizophrenia, the antibodies themselves are different
to those observed in coeliac disease.
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Why does wheat gluten cause health problems in humans? Biochemical studies
have revealed that wheat gluten contains peptide sequences that are strongly
resistant to digestive enzymes in the gut (Shan et al., 2002). The undigested
peptide fragments enter the body when the gut permeability is altered following
stress, infection, exposure to toxic chemicals or physical damage. The immune
system is then triggered to produce antibodies against the gliadin fragments.
However, all the tests reported to date for circulating anti-gluten antibodies in
schizophrenia have been developed with mixtures of full-length native gliadins
(~300 amino acid residuals in each). Such a test can detect antibodies against
not only linear epitopes but also conformational epitopes. To clarify whether
circulating antibodies detected in schizophrenia could bind to undigested gluten
fragments, the present work was designed to develop an in-house ELISA test to
examine circulating antibodies to linear peptides derived from undigested
gliadin proteins.
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6.2. Materials and methods

6.2.1. Plasma samples used for gluten antibody tests

A total of 492 plasma samples collected from 216 patients with schizophrenia
and 276 control subjects were used for this study. Of these samples, 11 cases
and 15 controls were collected though the New Craigs Hospital based in
Inverness, and the remaining samples were collected through the University of
Aberdeen. DNA samples relating these plasma samples have been used for
genetic analysis (Chapter 2). Ethics approval for use of plasma sample to test
circulating antibodies was granted by the North of Scotland Research Ethics
Committee (10/S0802/18 granted in April 2010).
Of 216 case samples, 164 were males aged 41.0 ± 12.6 years and 52 were
females aged 43.4 ± 14.2 years. Of 276 control samples, 181 were males aged
44.8 ± 11.7 years and 95 were females aged 44.0 ± 13.43 years. The
demographic information regarding the participants who provided the samples
has been given in Chapter 2. All patients used for this study were diagnosed as
having schizophrenia based on the DSM-IV criteria, and all control subjects
were selected from the general population in Scotland and have been screened
for psychiatric disorders as mentioned in a GWA study (International
Schizophrenia Consortium, 2008). The plasma samples were aliquot and kept
at -80 oC for long-term storage and -20 oC for short-term storage.
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6.2.2. Designing of linear peptide antigens derived from gliadins

As mentioned above, there are hundreds of homologous sequences of distinct
gliadin proteins available from the NCBI protein database
(http://www.ncbi.nlm.nih.org/protein). In this study, two α-gliadins that represent
most homologous sequences of α-gliadin families were used to design linear
peptide antigens (Figures 6.1a and b); two γ-gliadins sequences (Figures 6.1c
and d) were selected based on the previous work showing that these two γgliadins were associated with an increase in anti-gluten antibody levels in
schizophrenia (Samaroo et al., 2010).

The proteolysis-resistant fragments were analysed in silico with the Peptide
Cutter software (Gasteiger et al., 2003). All proteolysis-resistant sequences of
longer than 9 amino acids, which should not contain the recognition sequences
for pepsin, trypsin and chymotrypsin, were analysed by the computational
prediction of HLA-DR/DQ restricted epitopes (Karosiene et al., 2013). A set of 5
peptide antigens were designed with each peptide antigen carrying at least 3
overlapping HLA-II restricted epitopes. The detailed sequence information of
these 5 peptide antigens is given in Table 6.1. P1 is derived from α2-gliadin
(Figure 6.1a) and α8-gliadin (Figures 6.1b), P2, P4 and P5 from a γ-gliadin
(Figure 6.1c), and P3 from γ-3 gliadin (Figure 6.1d).
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Figure 6.1. Gliadin sequences showing the position of the selected antigens
MVRVPVPQLQ PQNPSQQQPQ EQVPLVQQQQ FPGQQQPFPP QQPYPQPQPF
PSQQPYLQLQ PFPQPQLPYP QPQLPYPQPQ LPYPQPQPFR PQQPYPQSQP
QYSQPQQPIS QQQQQQQQQQ QQKQQQQQQQ QILQQILQQQ LIPCRDVVLQ
QHSIAYGSSQ VLQQSTYQLV QQLCCQQLWQ IPEQSRCQAI HNVVHAIILH
QQQQQQQQQQ QQPLSQVSFQ QPQQQYPSGQ GSFQPSQQNP QAQGSVQPQQ
LPQFEEIRNL ALETLPAMCN VYIPPYCTIA PVGIFGTNYR

Figure 6.1a. Alpha-2 gliadin sequence [Triticum aestivum] and NCBI accession CAB76964.
The fragment highlighted in green (aa 58-67) is the first part of P1 antigen.

MVRVPMPQLQ PQDPSQQQPQ EQVPLVQQQQ FLGQQQPFPP QQPYPQPQPF
PSQQPYLQLQ PFPQPQLPYS QPQPFRPQQP YPQPQPQYSQ PQQPISQQQQ
QQQQQQQQQQ QQEQQILQQI LQQQLIPCMD VVLQQHNLAH GRSQVLQQST
YQLLQELCCQ HLWQIPEQSQ CQAIHNVVHA IILHQQQKQQ QQLSSQVSFQ
QPQQQYPLGQ GSFRPSQQNS QAQGSVQPQQ LPQFEEIRNL ALQTLPAMCN
VYIPPYCTIA PFGIFGTNYR

Figure 6.1b. Alpha-8 gliadin sequence [Triticum aestivum] and NCBI accession CAB76961.
The fragment highlighted in green (aa 161-177) is the second part of P1 antigen.
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MNIQVDPSSQ VQWPQQQPFL QPHQPFSQQP QQIFPQPQQT FPHQPQQQFS
QPQQPQQQFI QPQQPFPQQP QQPFPQTQQP QQPFPQSQQP QQPFPQPQQQ
FPQPQQPQQS FPQQQPSLIQ QSLQQQLNPC KNFLLQQCKP VSLVSSLWSM
ILPRSDCQVM RQQCCQQLAQ IPQQLQCAAIHSIVHSIIMQ QEQQEQRQGV
QILVPLSQQQ QVGQGILVQG QGIIQPQQPT QLEVIRSLVLQTLPTMCNVY
VPPKCSIMRA PFASIVAGIG GQYR
Figure 6.1c. Gamma gliadin sequence [Triticum aestivum] and NCBI accession AAQ63857.
This γ-gliadin was identified by Samaroo et al., (2010) to be involved in increased anti-gluten
antibodies in schizophrenia. Three linear peptide antigens are designed based on their
proteophysis and HLA-Ii restriction. The fragments highlighted in yellow are involved in
designing the linear antigens used in the study. P2 antigen is composed of fragments aa215228 and aa54-64, which contain 5 overlapping sequence (QPQQQ); P4 antigen is composed of
fragments aa3-11, aa60-68 and aa 261-274; P5 antigen is composed of fragment aa206-236.

MKTLFILTIL AMATTIATAN MQVD PSGQVQ WPQQQPFRQP QQPFYQQPQQ
TFPQPQQTF
HQPQQQFPQP QQPQQQFPQP QQPQQPFPQP QQAQLPFPQQ PQQPFPQPQQ
PQQPFPQSQQ PQQPFPQPQQ PQQSFPQQQQ PLIQPYLQQQ MNPCKNYLLQ
QCNPVSLVSS LVSMILPRSD CQVMQQQC CQ QLAQIPRQLQ CAAIHSVVHS
IVMQQEQQQG IQILRPLFQL IQGQGIIQPQ QPAQYEVIRS LVLRTLPNMC
NVYVRPDCST INAPFASIVA GISGQ
Figure 6.1d. Gamma-3 gliadin sequence [Triticum aestivum] and NCBI accession ABO37962.
This γ-gliadin was identified by Samaroo et al., (2010) to be involved in increased anti-gluten
antibodies in schizophrenia. The fragments highlighted in red are involved in designing P3
antigen that composed of fragments aa 11-24, aa 181-190 and aa 232-240.
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Table 6.1. Gliadin-derived peptide antigens used for ELISA antibody testing in
schizophrenia
Gliadin

Antigen

Sequence information

ID
P1

H-QLQPFPQPQLHLWQIPEQSQCQAIHNVR-OH

AAQ63857

P2

H-HGQGILVQGQGIIQPQQQFIQPQQR-OH

ABO37962

P3

H-HAMATTIATANMQVDCQVMQQQCQGQGIIQPQR-

CAB76961
CAB76964

OH

AAQ63857

P4

H-IQVDPSSQVIQPQQPFPQKPFASIVAGIGGQYR-OH

AAQ63857

P5

H-HLSQQQQVGQGILVQGQGIIQPQQPTQLEVIR-OH

A 29-mer peptide (H-HAQLEGRLHDLPGCPREVQRGFAATLVTN-OH) derived
from maize (Accession 1BFA_A) was used as a control antigen. All peptides
antigens were synthesised by solid phase chemistry with a purity of >95%
(Severn Biotech Ltd, Worcs, UK).

6.2.3. Optimization of concentrations of antigens and goat anti-human
antibodies
Each peptide antigen was dissolved in 67% acetic acid into 5 mg/ml as stock
solution and kept at -20 oC for up to a year. The stock solution was diluted with
coating buffer (PBS, pH7.4, containing 0.1% sodium azide) into a working
solution just before use based on antigen dilution curves of testing a series of
concentrations ranging from 0 to 20 µg/ml for each antigen (Figure 6.2).
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Figure 6.2. The curves of optimal concentrations of peptide antigens for ELISA analysis
The concentrations of peptide antigens are important to ensure the blocking of passive
absorption of a variety of plasma antibodies to the 96-well microplate. Based on the above
antigen-optimising curve, 1µg/well antigen is enough to coat the 96-well microplate. P1 in light
green, P2 in blue, P3 in yellow and the control peptide in dark green.

Two peroxidase-conjugated goat anti-human antibodies were used in this
study, i.e. goat anti-human IgG (A8667, Sigma-Aldrich) and goat anti-human
IgA (A0295, Sigma-Aldrich). Based on the dilution curve of peroxidaseconjugated goat anti-human antibodies, the optimal dilution is 1:40000 for antihuman IgG and 1:30000 for anti-human IgA.
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6.2.4. Development of the in-house ELISA test for detecting anti-gluten
antibodies from human plasma samples
As described in Chapter 2, Section 2.4.2.2, Nunc-Immuno Maxisorp 96-well
microtiter plate was half-coated in 0.1 ml/well of gluten antigen and half-coated
in 0.1 ml/well of the control antigen. The antigen-coated microplate was
covered and incubated overnight at 4 oC. After the antigen-coated plate was
washed 3 times with Wash Buffer (TBS with Tween®20, pH8.0), 100 µl plasma
sample diluted 1:100 in Assay Buffer (PBS containing 1.5% BSA) was added to
each well; 100 µl Assay Buffer was also added to the negative control (NC)
wells. Following 3 hour incubation at room temperature, the plate was washed 3
times and 100 µl peroxidase-conjugated goat antibody to human IgG diluted
1:40000 in Assay Buffer or to human IgA diluted 1:30000 in Assay Buffer, were
added to each well. After incubation at room temperature for an hour, colour
development was initiated by adding 100 µl Stabilized Chromogen and
terminated 25 minutes later by adding 50 µl Stop Solution. The measurement of
optical density (OD) was completed on a microplate reader within 10 minutes at
450 nm with a reference wavelength of 620 nm.

All the samples were tested in duplicate and the levels of circulating antibodies
were expressed in a specific binding index (SBI), which was calculated as
follows:

SBI = [gluten antigen (OD)-NC (OD)] / [maize antigen (OD)-NC (OD)]
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6.2.5. Data Analysis
All the SBI data for both case and control samples were imputed into an excel
file and IBM SPSS version 21.0 was used to perform the F-test for Levene’s
equality of variance before a Student t-test was performed to examine the
differences in antibody levels between the case group and the control group as
described in Chapter 2, Section 2.5.2. Pearson correlation analysis was also
performed to examine the correlation between circulating levels of IgA and IgG.
To minimize an intra-assay deviation, the ratio of the difference between the
OD values of each duplicated test was determined. If the ratio was >20%, the
test of this sample was treated as being invalid and would not be used for data
analysis. The inter-assay deviation was estimated using a pooled plasma
sample, namely quality control (QC) sample, which was randomly collected
from >30 unrelated healthy subjects and tested on every 96-well plate.
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6.3. Results
6.3.1. Circulating levels of antibodies to gluten-derived peptides in
schizophrenia
The levels of IgG antibodies against five individual peptide antigens were not
significantly altered in schizophrenia (Table 6.2).
Table 6.2. Circulating levels of IgG antibodies to linear gluten peptides
Peptide

P1
Male
Female
Both
P2
Male
Female
Both
P3
Male
Female
Both
P4
Male
Female
Both
P5
Male
Female
Both

Case
Mean±SD
(n)

Control
Mean ±SD
(n)

T

p

1.05±0.16 (143)
1.09±0.10 (49)
1.06±0.15 (192)

1.08±0.15 (154)
1.13±0.30 (98)
1.09±0.22 (252)

-1.15
-0.91
-1.75

0.253
0.362
0.080

0.99±0.34 (143)
1.00±0.16 (49)
0.99±0.30 (192)

1.00±0.21 (161)
1.00±0.20 (104)
1.00±0.21 (265)

-0.40
-0.07
-0.44

0.687
0.943
0.659

1.18±0.21 (143)
1.18±0.26 (50)
1.18±0.23 (193)

1.19±0.23 (164)
1.27±0.37 (105)
1.22±0.29 (269)

-0.44
-1.55
-1.66

0.664
0.124
0.098

1.07±0.20 (144)
1.08±0.21 (50)
1.07±0.20 (194)

1.09±0.41 (164)
1.04±0.11 (105)
1.07±0.33 (269)

-0.59
1.57
-0.04

0.559
0.120
0.967

1.08±0.18 (143)
1.17±0.31 (50)
1.10±0.23 (193)

1.13±0.20 (164)
1.15±0.22 (105)
1.14±0.21 (269)

-2.47
0.56
-1.76

0.014
0.575
0.079
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However, circulating levels of IgA antibodies to P3 and P5 antigens were
significantly lower in patients with schizophrenia than control subjects (Table
6.3); there was no gender difference in the altered levels of IgA to these 2
peptide antigens (Table 6.3).

Table 6.3. Circulating levels of IgA antibodies to gluten-derived peptide
antigens in schizophrenia
Peptide

P1
Male
Female
Both
P2
Male
Female
Both
P3
Male
Female
Both
P4
Male
Female
Both
P5
Male
Female
Both

Case
Mean±SD
(n)

Control
Mean ±SD
(n)

T

p

1.07± 0.09 (142)
1.11± 0.13 (50)
1.08±0.10 (192)

1.09±0.08 (147)
1.09±0.10 (95)
1.09±0.09 (242)

-1.95
1.07
-0.87

0.052
0.228
0.376

0.94±0.06 (142)
0.94±0.08 (50)
0.94 ±0.06 (192)

0.95±0.08 (147)
0.96±0.12 (95)
0.95±0.09 (242)

-1.47
-0.86
-1.74

0.144
0.391
0.083

1.70±0.20 (144)
1.70±0.19 (49)
1.70±0.20 (193)

1.78±0.20 (165)
1.79±0.20 (104)
1.78±0.20 (242)

-3.42
-2.78
-4.52

0.001
0.006
<0.001

1.02±0.09 (144)
1.02±0.07 (50)
1.02±0.09 (194)

1.01±0.09 (165)
1.02±0.08 (105)
1.01±0.09 (242)

0.63
-0.29
0.54

0.531
0.773
0.589

1.39±0.12 (138)
1.39±0.12 (47)
1.40±0.12 (185)

1.46±0.13 (165)
1.47±0.14 (105)
1.46±0.13 (242)

-4.76
-3.4
-5.91

<0.001
0.001
<0.001

All five individual antigens were mixed in equal concentrations, and the mixed
antigens were then used to coat a 96-well microplate for ELISA antibody
testing. As shown in Table 6.4, circulating levels of IgG antibodies to mixed
antigens were significantly lower in male patient group than male control group
(t=-2.28, p=0.02). This difference was not observed in female subjects (t=0.50,
p=0.62). Interestingly, circulating IgA levels were significantly lower in the
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patient group than the control group (t=-4.54, p<0.001), in both male and
female subjects (Table 6.4).

Table 6.4. The levels of circulating antibodies to mixed gluten-derived peptide
antigens in schizophrenia
Antibody
IgG
Male
Female
Both
IgA
Male
Female
Both

t

p

1.42 ± 0.28 (165)
1.40 ± 0.37 (107)
1.41 ± 0.31 (272)

-2.28
-0.5
-1.99

0.023
0.619
0.047

1.16 ± 0.10 ( 164)
1.15 ± 0.09 (105)
1.16 ± 0.10 (269)

-3.67
-2.87
-4.54

<0.001
0.005
<0.001

Mean ± SD (n)
Case

Control

1.36 ± 0.23 (144)
1.37 ± 0.25 (50)
1.36 ± 0.24 (194)
1.12 ± 0.11 (138)
1.11 ± 0.08 (47)
1.12 ± 0.10 (185)

6.3.2. Correlations between circulating IgG and IgA levels
IgG is the most abundant immunoglobulin in the body and also the only
antibody that can be transported from maternal circulation to foetal circulation. It
has been suggested that maternal IgG to gliadin was a risk factor for the
development of schizophrenia and other non-affective psychoses in offspring
(Karlsson et al., 2012). However, IgA is a secreted form of antibody and can be
produced by B-lymphocytes in the gut. Increased levels of circulating IgA to
gliadin are often observed in patients with coeliac disease. To explore the
mechanism behind the association between schizophrenia and coeliac disease,
it is particularly important to examine the correlation between circulating levels
of IgG and IgA to gliadin. Pearson correlation analysis showed that there were
significant correlations between circulating levels of IgG and IgA antibodies to
P5 antigen in the patient group (r=0.21, n=197, p=0.001) and the control group
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(r=0.21, n=295, p=0.0002) as well as to mixed antigens in the patient group (r=0.19, n=197, p=0.004) and the control group (r=-0.28, n=295, p<0.0001). The
P3 antigen also showed a significant correlation in the patient group (r=0.15,
n=216, p=0.014) but this significance failed to survive the Bonferroni correction
(Table 6.5). There were no correlations between circulating levels of IgG and
IgA to the other 3 individual peptide antigens (Tables 6.5 and 6.6, Figures 6.3
and 6.4).

Figure 6.3. The correlation between circulating IgG and IgA to gluten-derived linear peptides in
the patient group
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Figure 6.4. The correlation between circulating IgG and IgA to gluten-derived linear peptides in
the control group

Table 6.5. Correlation between circulating levels of IgG and IgA to peptide
antigens in the patient group
Peptide
P1
P2
P3
P4
P5
Mixed Peptide
1Corrected

Coefficient of
correlation (r)
-0.02
0.10
0.15
-0.03
0.21
-0.19

p>0.05; 2Corrected p=0.006; 3Corrected p=0.024
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N

p

197
216
216
197
197
197

0.374
0.076
0.0141
0.345
0.0012
0.0043

Table 6.6. Correlation between circulating levels of IgG and IgA to peptide
antigens in the control group
Peptide
P1
P2
P3
P4
P5
Mixed Peptide
1Corrected

Coefficient of
correlation (r)
0.07
0.09
0.04
-0.03
0.21
-0.28

N

p

295
276
295
294
295
295

0.122
0.068
0.249
0.291
0.00021
<0.00012

p=0.0012; 2Corrected p<0.0006

6.3.3. Association of the HLA-DR/DQ variants with circulating levels of
antibodies to gluten-derived peptide antigens
The HLA-DQ/DR variants described in Chapter 4 were used to classify the
samples used for antibody testing into genetic subgroups, including DR1
(DRB1*0101), DQ6.2 (DQB1*0602), DQ2.5 (DQA1*0501 and DQB1*0201) and
DQ8.1 (DQA1*0301 and DQB1*0302) variants, in order to determine if the HLADQ/DR variants were associated with the secretion of anti-gluten antibodies in
the circulation.
Table 6.7 showed the association between the DR1 variants and the levels of
circulating antibodies to 5 peptide antigens. The DR1 carriers had a higher level
of IgA to P1 antigen than the non-DR1 carriers in the patient samples (t=2.07,
p=0.039) but this significance failed to survive the Bonferroni correction
(p>0.05). There was no significant alteration of the anti-gluten antibodies to
other 4 peptide antigens either in the patient samples or in the control samples.
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Table 6.7. Association of the HLA-DR1 variants with circulating levels of antigluten antibodies
Antigen

DR1 Carrier
Mean ±SD (n)

Non-DR1 Carrier
Mean ±SD (n)

t

p

IgG
Control
P1
P2
P3
P4
P5

1.10 ± 0.20 (51)
1.01 ± 0.27 (54)
1.21 ± 0.24 (54)
1.03 ± 0.11 (54)
1.14 ± 0.21 (54)

1.09 ± 0.23 (201)
1.00 ± 0.19 (211)
1.23 ± 0.3 (215)
1.08 ± 0.36 (215)
1.14 ± 0.21 (215)

0.08
0.43
-0.50
-0.88
0.01

0.936
0.668
0.618
0.379
0.992

Case
P1
P2
P3
P4
P5

1.11 ± 0.13 (39)
0.99 ± 0.20 (39)
1.21 ± 0.21 (39)
1.05 ± 0.15 (40)
1.09 ± 0.15 (40

1.05 ± 0.15 (152)
0.99 ± 0.33 ( 152)
1.18 ± 0.23 (153)
1.08 ± 0.21 (153)
1.11 ± 0.24 (152)

2.07
0.12
0.76
-0.67
-0.41

0.0391
0.906
0.448
0.503
0.686

IgA
Control
P1
P2
P3
P4
P5

1.11 ± 0.09 (50)
0.95 ± 0.11 (50)
1.82 ± 0.20 (55)
1.02 ± 0.09 (55)
1.47 ± 0.12 (55)

1.09 ± 0.09 (192)
0.95 ± 0.09 (192)
1.78 ± 0.19 (214)
1.01 ± 0.09 (215)
1.46 ± 0.13 (215)

1.44
0.22
1.37
0.40
0.44

0.151
0.828
0.171
0.691
0.664

Case
P1
P2
P3
P4
P5

1.09 ±0.10 (39)
0.93 ± 0.06 (40)
1.71 ± 0.21 (40)
1.02 ± 0.07 (40)
1.41 ± 0.13 (37)

1.08 ± 0.10 (152)
0.94 ±0.07 (151)
1.70 ± 0.20 (152)
1.02 ± 0.09 (153)
1.39 ± 0.12 (147)

0.68
-1.01
0.16
0.19
0.86

0.501
0.315
0.873
0.850
0.390

1Corrected

p>0.05.

As shown in Table 6.8, the DQ2.5 variants were not associated with circulating
levels of the anti-gluten antibodies to these 5 peptide antigens either in the
patient samples or in the control samples
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Table 6.8. Association of the HLA-DQ2.5 variants with circulating levels of antigluten antibodies
Antigen
IgG
Control
P1
P2
P3
P4
P5
Case
P1
P2
P3
P4
P5
IgA
Control
P1
P2
P3
P4
P5
Case
P1
P2
P3
P4
P5

DQ2.5 Carrier
Mean ±SD (n)

Non-DQ2.5 Carrier
Mean ±SD (n)

t

p

1.13 ± 0.33 (78)
1.01 ± 0.20 (80)
1.25 ± 0.39 (81)
1.06 ± 0.13 (81)
1.13 ± 0.20 (81)

1.08 ± 0.15 (173)
1.00 ± 0.21 (184)
1.21 ± 0.24 (187)
1.08 ± 0.38 (187)
1.15 ± 0.21 (187)

1.77
0.43
1.08
-0.39
-0.71

0.079
0.665
0.283
0.699
0.478

1.05 ± 0.11 (42)
0.97 ± 0.20 (42)
1.20 ± 0.25 (42)
1.09 ± 0.23 (42)
1.11 ± 0.24 (42)

1.07 ± 0.16 (145)
1.00 ± 0.33 (145)
1.17 ± 0.22 (146)
1.07 ± 0.20 (147)
1.10 ± 0.22 (146)

-0.52
-0.66
0.62
0.53
0.07

0.604
0.508
0.538
0.598
0.947

1.09 ± 0.07 (74)
0.96 ± 0.10 (74)
1.76 ± 0.21 (80)
1.03 ± 0.08 (80)
1.46 ± 0.13 (80)

1.09 ± 0.10 (167)
0.95 ± 0.09 (167)
1.79 ± 0.19 (188)
1.01 ± 0.09 (189)
1.47 ± 0.13 (189)

0.24
0.54
-1.07
1.74
-0.65

0.811
0.593
0.286
0.083
0.518

1.06 ± 0.09 (42)
0.94 ± 0.07 (42)
1.68 ± 0.19 (42)
1.01 ± 0.06 (42)
1.36 ± 0.10 (40)

1.09 ± 0.10 (145)
0.94 ± 0.07 (145)
1.71 ± 0.02 (146)
1.02 ± 0.09 (147)
1.40 ± 0.12 (140)

-1.70
0.17
-0.84
-0.82
-1.88

0.092
0.867
0.401
0.412
0.062
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Table 6.9 showed the association the DQ6.2 variants and the levels of
circulating antibodies to the 5 peptide antigens. The DQ6.2 carriers had a
higher level of IgA to P2 antigen than the non-DQ6.2 carriers in the patient
samples (t=-2.31, p=0.02) but not in the control samples (t=0.09, p=0.93).
There was no significant alteration of the anti-gluten antibodies to other 4
peptide antigens either in the patient samples or in the control samples. There
was a trend towards a significant difference in circulating levels of IgA to P3
antibodies between the DQ6.2 carries and the non-DQ6.2 carries in the control
samples (t=1.96, p=0.05) but this significance failed to survive the Bonferroni
correction (p>0.05). There was no significant alteration of the anti-gluten
antibodies to other 3 peptide antigens either in the patient samples or in the
control samples.
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Table 6.9. Association of the HLA-DQ6.2 variants with circulating levels of antigluten antibodies
Antigen

DQ6.2 Carrier
Mean ±SD (n)

Non-DQ6.2 Carrier
Mean ±SD (n)

t

p

IgG
Control
P1
P2
P3
P4
P5

1.10 ± 0.15 (79)
1.00 ± 0.22 (80)
1.23 ± 0.26 (79)
1.07 ± 0.18 (79)
1.16 ± 0.21 (79)

1.10 ± 0.25 (171)
1.00 ± 0.21 (183)
1.22 ± 0.30 (188)
1.07 ± 0.37 (188)
1.13 ± 0.21 (188)

0.02
0.16
0.20
0.10
0.95

0.984
0.876
0.841
0.920
0.346

Case
P1
P2
P3
P4
P5

1.05 ± 0.14 (62)
0.97 ± 0.28 (62)
1.19 ± 0.25 (63)
1.03 ± 0.17 (63)
1.13 ± 0.29 (63)

1.07 ± 0.15 (129)
1.00 ± 0.32 (129)
1.18 ± 0.22 (129)
1.09 ± 0.21 (130)
1.09 ± 0.19 (129)

-0.88
-0.59
0.25
-1.79
1.01

0.381
0.558
0.804
0.075
0.314

1.09 ± 0.08 (73)
0.95 ± 0.10 (73)
1.82 ± 0.16 (82)
1.02 ± 0.09 (82)
1.46 ± 0.12 (82)

1.09 ± 0.09 (167)
0.95 ± 0.09 (167)
1.77 ± 0.21 (185)
1.01 ± 0.09 (186)
1.47 ± 0.13 (186)

0.03
0.09
1.96
0.50
-0.10

0.977
0.931
0.051
0.619
0.919

1.10 ± 0.11 (63)
0.95 ± 0.06 (62)
1.68 ± 0.19 (63)
1.03 ± 0.09 (63)
1.40 ± 0.14 (61)

1.08 ± 0.10 (128)
0.93 ± 0.06 (129)
1.71 ± 0.20 (129)
1.02 ± 0.08 (130)
1.39 ± 0.11 (123)

1.32
2.31
-0.70
0.95
0.26

0.188
0.0221
0.486
0.346
0.794

IgA
Control
P1
P2
P3
P4
P5
Case
P1
P2
P3
P4
P5

1Corrected

p>0.05
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As shown in Table 6.10, the DQ8.1 variants were not associated with circulating
levels of the anti-gluten antibodies to these 5 peptide antigens either in the
patient samples or in the control samples

Table 6.10. Association of the HLA-DQ8.1 variants with circulating levels of
anti-gluten antibodies
Antigen

DQ8.1 Carrier
Mean ±SD (n)

Non-DQ8.1 Carrier
Mean ±SD (n)

t

p

IgG
Control
P1
P2
P3
P4
P5

1.10 ± 0.14 (34)
0.97 ± 0.15 (36)
1.16 ± 0.21 (36)
1.04 ± 0.10 (36)
1.14 ± 0.28 (36)

1.10 ± 0.23 (217)
1.01 ± 0.22 (228)
1.23 ± 0.30 (232)
1.08 ± 0.35 (232)
1.14 ± 0.20 (232)

0.00
-0.91
-1.48
-0.61
0.05

1.000
0.364
0.140
0.540
0.964

Case
P1
P2
P3
P4
P5

1.06 ± 0.09 (33)
1.12 ± 0.59 (33)
1.20 ± 0.18 (33)
1.10 ± 0.23 (33)
1.13 ± 0.20 (32)

1.07 ± 0.15 (157)
0.97 ± 0.19 (157)
1.17 ± 0.23 (158)
1.06 ± 0.20 (159)
1.10 ± 0.23 (159)

-0.45
2.60
0.75
1.00
0.85

0.655
0.160
0.454
0.320
0.393

IgA
Control
P1
P2
P3
P4
P5

1.11 ± 0.09 (30)
0.95 ± 0.05 (30)
1.78 ± 0.15 (37)
1.02 ± 0.07 (37)
1.47 ± 0.11 (37)

1.09 ± 0.09 (211)
0.95 ± 0.10 (211)
1.78 ± 0.20 (231)
1.01 ± 0.09 (232)
1.46 ± 0.13 (232)

1.29
0.09
0.22
0.73
0.13

0.198
0.926
0.823
0.464
0.899

Case
P1
P2
P3
P4
P5

1.08 ± 0.09 (33)
0.93 ± 0.06 (33)
1.71 ± 0.22 (33)
1.02 ± 0.07 (33)
1.41 ± 0.11 (32)

1.08 ± 0.10 (157)
0.94 ± 0.07 (157)
1.70 ± 0.19 (158)
1.02 ± 0.09 (159)
1.39 ± 0.12 (151)

0.09
-0.46
0.33
0.30
0.61

0.926
0.648
0.745
0.763
0.541
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As shown in table 6.11, there was no association between the HLA-DQ/DR
variants and the levels of circulating antibodies to the mixed peptide antigens.

Table 6.11. Association of the HLA-DQ/DR variants with circulating levels of
anti-gluten antibodies to mixed antigens
Antigen

Carrier
Mean ±SD (n)

Non-Carrier
Mean ±SD (n)

t

p

IgG
Control
DR1
DQ2.5
DQ6.2
DQ8.1

1.41±0.28 (55)
1.43±0.39 (81)
1.39±0.29 (82)
1.47±0.29 (37)

1.41±0.32 (217)
1.40±0.28 (190)
1.42±0.33 (188)
1.40±0.32 (234)

0.29
-0.69
0.82
-1.28

0.977
0.493
0.415
0.201

1.34±0.24 (40)
1.35±0.25 (42)
1.32±0.25 (63)
1.39±0.24 (33)

1.36±0.24 (153)
1.36±0.24 (147)
1.38±0.23 (130)
1.35±0.24 (159)

0.49
0.29
1.65
-0.80

0.623
0.776
0.101
0.425

Control
DR1
DQ2.5
DQ6.2
DQ8.1

1.17±0.10 (54)
1.15±0.10 (80)
1.17±0.09 (82)
1.14±0.10 (37)

1.16±0.10 (215)
1.16±0.10 (188)
1.15±0.10 (185)
1.16±0.10 (231)

-0.79
0.62
-1.11
1.29

0.603
0.536
0.270
0.198

Case
DR1
DQ2.5
DQ6.2
DQ8.1

1.13 ±0.88 (37)
1.11±0.11 (39)
1.12±0.12 (61)
1.10±0.08 (31)

1.11±0.11 (147)
1.12±0.10 (141)
1.11±0.10 (123)
1.12±0.11 (152)

-1.04
0.29
-0.24
1.06

0.302
0.771
0.810
0.290

Case
DR1
DQ2.5
DQ6.2
DQ8.1

IgA
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6.3.4. Analysis of reproducibility for the in-house ELISA
The inter-assay deviations for the in-house ELISA with all antigens were
estimated based on a coefficient of variation (CV %) that was calculated with
the SBI values of QC samples from all plates tested, which could represent the
reproducibility of the in-house ELISA developed in this study. As shown in
Table 6.12, the between-plate deviation was less than 20% for all tests with
these 5 antigens. In addition, the IgA testing showed better reproducibility than
the IgG testing, with a deviation of less than 10% between plates.
Table 6.12 Reproducibility of the developed ELISA
Antigens

Number of
plates

CV (%)

IgG
P1
P2
P3
P4
P5
Mixed

38
38
49
49
49
35

14.1
9.7
18.6
8.7
16.3
16.8

38
38
49
49
49
35

7.5
5.2
9.5
5.9
9.2
7.0

IgA
P1
P2
P3
P4
P5
Mixed
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6.4. Discussion

6.4.1. An immunological subgroup of schizophrenia

Coeliac disease is a complex inflammatory disorder in the gut, which occurs
due to gluten sensitivity in people who have intolerance to gluten. Anti-gluten
antibodies involved in developing coeliac disease are mainly produced by Blymphocytes located in the intestinal mucosa (Sollid, 2002). IgA antibodies are
thought to play a role in complex inflammatory disorders, but this has been
shown only in >2% of patients with coeliac disease, suggesting that the levels
of IgA antibodies are decreased in this instance (Cunningham-Rundles, 2001).
Elevated IgA for gluten was also observed in schizophrenia in previous studies
(Dickerson et al., 2010; Cascella et al., 2011; Jin et al., 2012).
The gluten hypothesis of schizophrenia has become popular in immunological
research into non-affective psychosis, such as schizophrenia, although gluten
consumption is thought only to affect a small percentage of schizophrenia
patients (Lachance and McKenzie, 2014). Lachance and McKenzie, (2014)
performed a met-analysis of 12 studies reported to date, 7 of which looked at
anti-gliadin antibodies ( either IgG or IgA or both), and 6 out of these 7 studies
revealed a significantly higher level of circulating antibodies to gliadin in the
patient group than the control group. However, the present work does not
support the gluten hypothesis of schizophrenia as the levels of circulating
antibodies to gluten-derived peptide antigens were significantly lower in the
patient group than the control group (Tables 6.3 and 6.4). The main difference
between the published literature and this study is the antigens used and data
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presentation. All work published to date has applied native gliadin proteins to
develop ELISA antibody tests, most of which applied commercially available
ELISA test kits (Dickenrson et al., 2010; Cascella et al., 2011; Jin et al., 2012;
Okusaga et al., 2013). In this study, however, we developed a novel in-house
ELISA antibody to test linear peptide antigens derived from undigested gliadin
fragments and applied specific binding index (SBI) to present data. Possibly,
the peptide antigens that we used in this study bind to different antibodies from
those examined by previous studies published.
6.4.2. Precision and reproducibility of the in-house ELISA
In analysis of circulating antibodies, strict quality control measures were
employed. To increase the precision of antibody testing, each sample was
tested in duplicate. If the ratio of the difference between the OD values of each
duplicated test was >20%, the test of this sample was treated as being invalid.
The inter-assay deviation was used to represent the reproducibility of the inhouse ELISA. The QC samples were tested on every 96-well plate and the
results showed a good reproducibility of the developed ELISA (Table 6.12). The
data represented in this chapter is therefore robust.

6.4.3. Discussion of the differences seen in this study compared to the literature
on gluten association with schizophrenia
A possible explanation for the differential findings in this study, compared to the
literature, is that the mixtures of native gluten proteins that are normally used in
antibody testing may have cross-reactivity to other antibodies involved in
schizophrenia, especially those to infectious agents and autoantigens present
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in the body. In this study, we applied gluten-derived linear peptide antigens to
develop the in-house ELISA. The results from such a test may represent a true
picture for the relationship between gluten-induced immune response and
schizophrenia.
Kneeland and Fatima (2013) found significant association consistently in the
literature between pre- or post-natal infections and increased risk of
schizophrenia. An epidemiological study indicated that both familial and
personal histories of autoimmune diseases were associated with risk of
schizophrenia (Benros et al., 2012). These autoimmune diseases include
thyrotoxicosis, type-1 diabetes, multiple sclerosis, Guillain-Barre, iridocyclitis,
autoimmune hepatitis, celiac disease, psoriasis vulgaris, rheumatoid arthritis,
dermatopolymyositis and sjogren’s syndrome, suggesting that many conditions
may lead to increased circulating antibodies and that immune regulation is a
more important area of study.

6.4.4. The correlation between circulating levels of IgG and IgA
Both IgG and IgA are secreted by B-lymphocytes and circulate in the body for
destruction and elimination of foreign antigens that invade the body. These 2
types of antibodies may be co-expressed although IgG is more abundant than
IgA (Janeway et al., 2001). A notable correlation may exist between circulating
levels of IgG and IgA. This study shows a significant correlation between IgG
and IgA for the P3 antigen in the patient group and for the P5 antigen and
mixed antigens in both the patient and control groups. This finding is consistent
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with the literature showing that both IgG and IgA are released during a humoral
immune response (Dickerson et al, 2010).

6.4.5. The association of the HLA-DR/DQ variants with gluten peptides
While the production of circulating antibodies to peptide-based antigens is
genetically controlled by the HLA-II system, different HLA-II variants recognize
different epitopes, i.e. HLA-II restriction. In this study, the association of 4 HLAII variants with circulating levels of IgG and IgA antibodies for linear peptide
antigens were examined, but the results failed to show that these 4 HLA-II
variants significantly influenced the secretion of circulating antibodies (Tables
6.7-6.11). These findings are consistent with the genotyping results, suggesting
that these 4 HLA-II variants are unlikely to contribute to the aetiology of
schizophrenia through the regulation of antibody production. Although a weak
association of the HLA-II variants with antibody production was observed in a
few tests, such an association did not survive a correction for multiple testing.
The data in this study points to a lack of involvement of the HLA-DR/DQ
molecules genotyped in conferring risk of schizophrenia. However, the HLA
region contains thousands of HLA variants in the population and some other
HLA variants may be involved in abnormal immune responses in schizophrenia.
This research also suggests that the link between genetic make-up and
immune responses is a complex issue and the focus on immunogenetic
mechanism may give insight into the development of schizophrenia.
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6.4.6. Limitations of this study
While reproducibility of the assay was satisfactory, there was a limitation in the
design of the peptide antigens that represent only a small fraction of the gluten
family in wheat. This may limit the ability to draw a firm conclusion from this
study. Further testing of circulating antibodies to more homologous sequences
of wheat gluten is needed to conclusively show that gluten consumption is not a
factor for the development of schizophrenia. Based on the literature reviewed, it
would be interesting to investigate dysfunction of the immune system and
abnormal autoimmunity in schizophrenia.
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6.5. Conclusion
1. The present work does not directly support the gluten hypothesis of
schizophrenia as circulating antibodies to linear peptide antigen derived from
undigested fragments were not found to be increased in schizophrenia.
2. The co-expression of IgG and IgA antibodies for some of the gluten-derived
peptide antigens tested was shown, which is consistent with prior studies in the
literature.
3. The HLA-DR1, DQ2.5, DQ6.2 and DQ8.1 variants did not show association
with the secretion of circulating antibodies to gluten-derived linear peptide
antigens. It is unlikely that these 4 HLA-DQ/DR variants are involved in
abnormal immune responses in schizophrenia although DQ2.5 and DQ8.1 are
responsible for the secretion of antibodies to gluten in coeliac disease.
Therefore, the present finding is consistent with genotyping data showing that
none of these 4 HLA-DQ/DR variants could confer risk of schizophrenia 4. The
in-house ELISA developed in this study showed good reproducibility, which
minimizes the errors associated with assay development.
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7. General Discussion

7.1. Introduction
Schizophrenia is a complex mental health disorder, which is normally
diagnosed through clinical interview in accordance with the DSM-V criteria.
People with schizophrenia are mostly treated with antipsychotics to alleviate
psychotic symptoms but there is no cure for this illness. The aetiology of
schizophrenia remains unclear although convincing evidence has confirmed
that a genetic component is likely to confer risk of schizophrenia (International
Schizophrenia Consortium, 2009; Shi et al., 2009; Stefansson et al., 2009;
Giusti-Rodriguez and Sullivan, 2013). It has also been shown by several
studies that there is an increased risk of developing schizophrenia when
exposure to an environmental factor occurs in pre-natal or post-natal babies, a
review by Kneeland and Fatemi, 2013 explains this theory in more detail.
Therefore, a hypothesis that genetic risk plus an environmental insult leads to
the development of schizophrenia has been proposed (Stefansson et al., 2011,
2012).
The human leucocyte antigen (HLA) system is a diverse polymorphic genetic
region, which is responsible for the encoding of receptors on antigen presenting
cells. The HLA system appears to bridge the gap between genetics and
immunology and therefore plays a role in the development of various human
disorders. Many studies have shown association of the HLA genes with
schizophrenia (Fellerhoff et al., 2007; Bamne et al., 2012; Gu et al., 2013;
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Sinkus et al., 2013; Kodavali et al., 2014) but how this system is exactly
involved has not been clarified. GWA studies have recently concluded that
many genetic variants may predispose people to schizophrenia (International
Schizophrenia Consortium, 2009; Shi et al., 2009).
Several environmental factors have also been associated with increased risk of
schizophrenia, such as infectious agents and dietary proteins (Niebuhr et al.,
2011; Okusaga et al., 2011; Fatemi et al., 2012; Jin et al., 2012). Gluten
consumption has been found to be associated with schizophrenia for many
years (Samaroo et al., 2010; Dickerson et al., 2012; Jackson et al., 2012), since
Dohan et al. (1966) reported that schizophrenia rates were lower in populations
when wheat and other gluten containing produces were scarce. The glutensensitive condition, coeliac disease, was originally thought to be associated
with schizophrenia. A preliminary study in a small cohort of patients showed
that gluten-free diets could lead to reduction of schizophrenia symptoms
(Jackson et al., 2012). However, recent studies showed that coeliac disease
may not directly be linked to the risk of schizophrenia (Samaroo et al., 2010;
Law et al., 2011). Ludvigsson et al., (2007) found that coeliac disease was
significantly associated with non-affective psychosis, particularly in nonschizophrenic psychosis only, showing that coeliac disease is unlikely to have a
causal relationship with schizophrenia. Similarly when the gut permeability was
examined, no difference was shown between the normal controls and the
schizophrenia patients. Lambert et al., (1989) concluded that schizophrenia and
coeliac disease were unrelated conditions. A preliminary study in a small cohort
of patients showed that gluten-free diets could lead to reduction of
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schizophrenia symptoms and extra pyramidal symptoms that was caused by
antipsychotic medication (Jackson et al., 2012).
In this PhD study, I have attempted to replicate the original findings that certain
HLA-II variants of interest may be associated with schizophrenia, as well as to
identify novel HLA-II variants that may increase risk of schizophrenia. CNV
represents another genetic variation that may contribute to the aetiology of
schizophrenia. This study has looked specifically at some CNVs in the
NOTCH4 locus and the HLA-DQ/DR regions to assess their contributions to the
development of schizophrenia.
Finally, this study has looked at gliadin-derived epitopes to determine if
undigested gluten fragments could trigger abnormal immune responses that
may lead to an increase in anti-gluten antibody levels in patients with
schizophrenia. An increase in maternal antibodies for wheat gluten has been
suggested, which may be related to neuronal disruption and consequently to
the development schizophrenia in the offspring. Increased levels of circulating
IgA and IgG to gluten have been repeatedly reported to be associated with
schizophrenia (Lachance and McKenzie, 2013) although all these studies
reported to date have used a mixture of native gliadin proteins as antigens to
develop the antibody testing. In the present study, gluten-derived linear
peptides have been used, which are restricted to the HLA-II receptors, as
antigens to determine if there is a link between the HLA-II variants and a
humoral immune response to undigested gluten fragments in schizophrenia.
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7.2. Summary of the main results
7.2.1. Chapter 3 summary: HLA-DRB1*13 association with schizophrenia
From a review of the literature, most genetic variants that were associated with
risk of schizophrenia showed a protective effect on the development of
schizophrenia (As discussed in section 4.1) as an odds ratio of <1 was shown.
However, a small study in a Chinese population (Li et al., 2001) showed a
significant increase in the frequency of HLA-DRB1*13 variants in a
schizophrenia population compared to a control population. In order to replicate
this initial finding, six HLA-tagging SNPs were applied to genotype three HLADRB1*13 variants, the HLA-DRB1*1301, the HLA-DRB1*1302 and the HLADRB1*1303, in a British Caucasian population. These results do not appear to
support the DRB1*13 association shown in the Chinese population. As the
HLA-DRB1*1302 variant could not be genotyped in this study due to technical
problems, this work remains inconclusive and further investigation is needed.
In addition, the failure to replicate the initial findings reported by Li et al. (2001)
suggests that ethnic background may affect LD signal in detection of diseaseunderlying variants. Interestingly, one of the HLA-tagging SNPs tested,
rs424232, showed significant association with schizophrenia (p=0.003) in
combination of family and case-control samples (Table 3.5). Further
investigation showed that this SNP was in strong LD with schizophreniaassociated SNPs present in the NOTCH gene (Figure 3.3), implying that the
association signal detected at rs424232 may come from the NOTCH4 locus
rather than the HLA-DRB1 region.
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The major limitation of this study was the sample size (~1000 samples), which
means that this study may be underpowered. This is a common issue in many
published genetic studies due to multiple testing. An underpowered study may
miss some causal variants of small effect. To confirm the rs424232 association
with schizophrenia, further investigation and replication of this initial result were
performed in a following study, and some results are detailed in Chapter 4.

7.2.2. Chapter 4 summary: the HLA-II association with schizophrenia
The work described in Chapter 4 was developed from the information gained in
Chapter 3 and the literature reviewed in Chapter 1. The HLA-II variants were
selected to be genotyped according to their association with schizophrenia as
shown in Chapter 3, and to their contributions to the autoimmune conditions,
type 1 diabetes and coeliac disease. Our study aimed to identify an HLA-II
variant conferring genetic risk of schizophrenia in a British Caucasian
population. The HLA-DR1 variant has been reported to be associated with
increased risk of schizophrenia (Sasaki et al., 1999; Akaho et al., 2000)
although replication of this result has shown inconsistency (Blackwood et al.,
1996). It could be hypothesised that different genotyping methods may affect
replication of the DR1 association and the present study performed with DR1tagging SNP showed no association between the HLA-DRB1*0101 variant and
schizophrenia association (p=0.338). There were differences in HLA-genotyping
technology between studies, i.e. DNA-based analysis and antibody-based
serological analysis. Serological methods have been reported to have an error
rate of 25% (Olpez et al., 1993), which suggested that older serological studies
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reviewed previously in Chapter 1 may not be as robust as newer genotyping
studies. In the present work, HLA-tagging SNPs were used to genotype the
HLA variants of interest to ensure the data was robust and specific, increasing
the reliability of the findings.
The HLA-DQ6, DQ8.1 and DQ2.5 were chosen based on the association
between schizophrenia and the autoimmune diseases, type 1 diabetes and
coeliac disease. HLA-DQ2.5 is a risk variant for coeliac disease (Green and
Jabri, 2003; Mowat, 2003; Qiao et al., 2005); a GWA study has shown a strong
association of the DQ2.5 variants with schizophrenia (International
Schizophrenia Consortium, 2009) although this association had an OR of <1.
The HLA-DQ2.5 association with schizophrenia, which was replicated in this
study, suggests that schizophrenia and coeliac disease are unlikely to share a
genetic component as the DQ2.5 variant underlies coeliac disease. These
results were not unexpected as a previous experiment conducted by this
laboratory group also failed to confirm that schizophrenia and coeliac disease
shared common aetiology (Law et al., 2011). Furthermore, the results described
in this chapter did not show genetic association between schizophrenia and
type-1 diabetes. As this study used a larger sample size than the work
described in Chapter 3, this study is sufficiently powered to allow confidence in
the results.
SNP rs424232, which is located just outside the NOTCH4 gene, was confirmed
again to be associated with schizophrenia in the larger sample size. The minor
allele of this SNP has a lower frequency in patients with schizophrenia than
controls so that it is unlikely to play a functional role in the development of the
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illness. Further investigation is needed to clarify what variant in the NOTCH4
locus may exactly underlie schizophrenia risk.
The main limitation of this study is again that the sample size may not be big
enough to identify a causal HLA-II variant with a low frequency. The HLA region
is highly polymorphic, which makes it more difficult to design primers and
probes for genotyping of HLA variants. This may be the main reason why this
region has not been fully explored. In this study, only a few selected variants
were genotyped while the HLA region is vast and only key areas were targeted,
which limits the findings of this study for a conclusion.

7.2.3. Chapter 5 summary: analysis of CNVs for their association with
schizophrenia
Genetic variation of the human genome leads to the differences between
people in their physical appearances and risk of disease, and determines the
differential responses to medication. Genetic variation mainly includes SNPs as
described in Chapters 3 and 4, tandem repeat sequences (TRS) and CNVs.
CNV can occur as microdeletion, insertion, duplication and inversion, which can
change the DNA sequence, influence gene expression and encode abnormal
proteins.
Both family and case-control studies have looked at CNVs as a genetic
variation for human diseases, and found that some CNVs in the human genome
are associated with increased risk of schizophrenia (International Schizophrenia
Consortium, 2008; Steffanason et al., 2008; Kirov et al., 2009; McCarthy et al.,
2009; Mulle et al., 2010; Ingason et al., 2011; Levinson et al., 2011; Vacic et al.,
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2011; Szalkiewicz et al., 2013). Microdeletions at the 22q11 region are one of
the most consistently documented CNVs for schizophrenia in the literature. A
large study by Schneider et al. (2014) looked at 1402 participants with 22q11.2
deletion syndrome and confirmed that the deletions in the 22q11.2 region were
significantly associated with psychosis, making this deletion a strong risk factor
for development of mental disorders (Levinson et al., 2011; Grozeva et al.,
2012).
Based on the results of the genotyping work described in Chapters 3 and 4, two
chromosomal regions were selected for identification of CNVs that might confer
risk of schizophrenia, the HLA-DQ2.5 region and the NOTCH4 locus. While
SNPs tested in these two regions were associated with schizophrenia, the
frequency of their minor alleles was lower in the patient group than the control
groups (OR<1), suggesting their major alleles may be closely linked to a
disease-underlying variant within the chromosomal regions or nearby. CNVs
present in these regions have not been documented with genetic analysis of
schizophrenia. This study was thus designed to investigate whether CNVs
present in these regions were associated with risk of developing the disease.
This study used commercially available primers to look at CNVs of interest.
There were 2 pairs of primers available to genotype CNVs in the HLA-DR/DQ
region and 7 to genotype CNVs in the NOTCH4 region, 3 of which were used
for CNV analysis in this study. The results showed that CNV Hs03595446 in the
HLA-DQ region was associated with risk of schizophrenia. Possibly, this CNV is
either a causal variant conferring a risk of the disease or in strong LD with a
disease-causing variant within the HLA-DR/DQ region. It is worth noting that
this study used genetically homogenous subjects who were homozygotic for the
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major allele of rs2187669 whose minor allele represents the HLA-DQ2.5 variant
(Monsuur et al., 2008). A haplotype system with Hs03595446 and 3 DR/DQ
tagging SNPs, rs6457614, rs3135388 and rs7454108 was tested to determine if
this region harboured a causal variant for schizophrenia development. The
results showed that the haplotype carrying the 2 copy number allele (i.e. 2-CNDR/DQ) had a higher frequency in the patient group than the control group. This
finding suggests that the 2-CN allele may confer a genetic risk of schizophrenia.
Schizophrenia is a diverse disease with different clinical presentation. Its clinical
heterogeneity could affect the power of genetic analysis. This was the major
reason why genetically homogenous samples were applied to this study. This
novel strategy may be useful for future analysis of genetic variations for human
complex diseases.

7.2.4. Chapter 6 summary: investigation of circulating antibodies against glutenderived linear peptides in schizophrenia
Dietary proteins such as wheat gluten have been implicated as a risk factor for
schizophrenia since the 1960s (Graff and Handford, 1961; Dohan, 1966).
Recently, a number of studies confirmed with large sample size that there were
increased levels of gluten antibodies in people with schizophrenia (Dickerson et
al., 2010; Cascella et al., 2011; Jin et al., 2012; Sidhom et al., 2012; Okusaga
et al., 2013; Lachance and McKenzie, 2014). However, all studies reported to
date have used a mixture of native gliadin proteins as antigens to develop the
antibody testing. The present study was therefore designed to develop an in-
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house ELISA for detection of circulating antibodies to the gluten-derived linear
peptide antigens that are strongly resistant to digestive enzymes in the gut.
The results demonstrated that circulating levels of both IgA and IgG antibodies
were significantly lower in patients with schizophrenia than control subjects.
This work therefore does not support the gluten hypothesis of schizophrenia.
This study also analysed the association of anti-gluten antibody levels with the
HLA-DR1, DQ2.5, DQ6.2 and DQ8.1 variants and found that these HLA-II
variants were not involved in the secretion of circulating antibodies to glutenderived linear peptide antigens. In combination with the GWA study by the
International Schizophrenia Consortium (2009), which showed a low frequency
of the HLA-DQ2.5 variant in schizophrenia, coeliac disease is unlikely to have a
direct link to the risk of schizophrenia.
As the peptide antigens tested only represent a small group of the superfamily
of wheat gluten proteins, it will be important to test more linear peptide antigens
derived from homologous sequences of wheat gluten. In addition, previous
studies may suffer from cross-reactivity to circulating antibodies for other
protein-based antigens such as the antibodies to infectious agents and some
autoantibodies that may be involved in neurodevelopmental deficits. Therefore,
future studies are needed to investigate the abnormal immune responses in
schizophrenia and to clarify what antibodies may exactly contribute to the
development of schizophrenia.
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7.3. Future directions
Genetic diseases, like schizophrenia, are multifactorial and are highly
complicated, meaning that no single approach will provide definitive answers.
This PhD study has attempted to provide additional insight although there have
been recognised practical limitations and considerable scope for future work.
To date, there are more than 2000 HLA-II variants identified in the population
(http://www.ebi.ac.uk/ipd/imgt/hla/), but this study has genotyped only a few
variants as mentioned in Chapters 3 and 4. This may be one of the major
reasons for the failure to identify an HLA-II variant involved in increased risk of
schizophrenia. Due to the high polymorphisms of the HLA-II genes, there are
considerable technical issues with the genotyping of the HLA-II variants. This
study has relied on the information published by de Bakker et al. (2006), which
provided a high-resolution HLA and SNP haplotype map for genotyping the
HLA variants. One issue with this approach is that most HLA-tagging SNPs
cannot be genotyped either by TagMap genotyping protocol or by restriction
fragment length polymorphism analysis. This technical problem will be solved
only with future technological advances. In addition, the association study of the
HLA region has also brought up many problems leading to spurious data, such
as the type I errors due to multiple testing and the type- II errors due to small
sample size. To solve these problems, future studies should be performed in
large sample size with enough statistical power to examine the HLA association
with schizophrenia.
There were seven assays available for looking at CNVs in the NOTCH4 locus,
three of which were genotyped in this study but failed to show association.
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Accordingly, the other four CNVs were not genotyped in order to focus on more
promising areas of research. Whether some useful information has been
missed cannot be ruled out although three CNVs genotyped may capture
enough LD signals over the locus. Further analysis is needed to confirm if the
NOTCH4 locus could truly confer risk of schizophrenia. Moreover, this study
performed the analysis of CNVs in sub grouped samples according to the
genetic background of genotyped samples as described in Chapters 3 and 4.
This may enhance a statistical power for detection of CNV association with
schizophrenia due to the elimination of genetically heterogenous samples.
There remains the question of how intergenic CNVs like Hs03595446 could
influence function of a gene involved in schizophrenia. This is an interesting
topic for further investigation.
The serological study attempted to identify specific gliadin sequences that may
be responsible for the development of humoral immune responses in
schizophrenia. In this work, however, the epitopes tested were mainly derived
from four gliadin sequences, CAB76961 (α8-gliadin), CAB76964 (α2-gliadin),
AAQ63857 (γ-gliadin) and ABO37962 (γ3-gliadin). Hundreds of homologue
sequences have been deposited in the NCBI protein database
(www.ncbi.nlm.nih.gov/protein). Whether some epitopes derived from other
gliadin family members are involved in elevating anti-gluten antibody levels
remains debatable. Further investigation is needed to test more epitopes
derived from different gliadin proteins.
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7.4. Concluding remarks
While this study did not confirm a HLA-II variant that confers risk of
schizophrenia, it has replicated the previous findings of the association of the
HLA-DQ2.5 variants with the illness (International Schizophrenia Consortium,
2009).
The HLA-DRB1*13 and HLA-DRB1*01 variants are unlikely to be associated
with schizophrenia in the British Caucasian population, suggesting that genetic
diversity between subpopulations may be responsible for poor replication
although sample power may also be a major issue.
The application of genetically homogenous samples is a novel strategy
developed in this study. This strategy may be useful for enhancing sample
power for genetic analysis of human complex diseases, and allow like for like
samples to be tested.
Circulating antibodies to linear peptide antigens derived from wheat gluten were
significant lower in patients with schizophrenia than control subjects, suggesting
that gluten consumption may not be an environmental trigger for schizophrenia.
This finding also raises the possibility that other antibodies that have crossreactivity to native gluten protein may be involved in developing schizophrenia.
This PhD study highlights the difficulties faced when trying to identify risk
factors for a complex multifactorial disease. While the associations shown in
this study, especially looking at the HLA-DQ2.5 variant, are not conclusive and
require further investigation, however, they have provided a starting point for
future research. Eventually, these efforts will hopefully lead to a better
understanding and effective treatment against schizophrenia.
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Appendix 1: Reagents and routine consumables list



Acetic acid (Sigma-Aldrich) (Cat No.38050, Sigma-Aldrich)



Agarose Wide range/Standard 3:1(Cat No.A7431-100G Sigma-Aldrich)



Bovine serum album (Cat No.A7906, Sigma-Aldrich)



Bromophenol blue (Cat No.B0126, Sigma-Aldrich)



Customized primers and probe (Applied Biosystems by Life
Technologies)



Deoxynucleotide set, dNTP (Cat No. P10-1KT -Aldrich)



DNA ladder, GeneRuler™ ( Cat No.SM1193 , Fermentas)



Ethidium bromide solution of 10 mg/ml (Cat No. 1610433, Bio-Rad)



Glycerol (Cat No.G5516, Sigma-Aldrich)



Goat anti-Human IgG (whole molecule) −peroxidase antibody (Cat No.
A8667, Sigma-Aldrich)



Goat anti-Human IgA (whole molecule) −peroxidase antibody (Cat No.
A0295, Sigma-Aldrich)



Human RNase P (Cat No.4403328 , Applied Biosystems by Life
Technologies)
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Linear peptide antigens derived from wheat gluten (Severn Biotech Ltd,
Worcester)



MicroAmp® Fast 96- well reaction plate (Cat No.4346907 , Applied
Biosystems by Life Technologies)



MicroAmp Optical Adhesive Film (Cat No. 4311971, Applied Biosystems
by Life Technologies)



Microplate Immuno MaxiSorp 96 well (Cat No. DIS 971030J, Fisher
Scientific)



One Taq Hot Start DNA polymerise (Cat No.M0481L , New England
Biolabs)



Phosphate buffered saline, PBS (Cat No. P4417, Sigma-Aldrich)



Synthetic primers (Life Technologies)



QIAamp DNA Blood Mini Kit (Cat No.51104 Qiagen)



Restriction endonucleases (New England BioLabs)



Sodium azide (Cat No. S2002, Sigma-Aldrich)



Sterilized tips sized from 10ul –1000ul (Fisher Scientific)



Sterilized centrifuge tubes sized from 10-50 ml (Fisher Scientific)



Stop solution (Cat No. SS03100, Life technologies)
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TaqMan® Copy Number Assays (Applied Biosystems by Life
Technologies)



TaqMan genotyping master mix (Cat No. 4371357, Applied Biosystems
by Life Technologies)



Tris-borate EDTA (TBE) buffer (Cat No.T4415, Sigma-Aldrich)



Tris-buffered saline (TBS) with Tween® 20, pH 8.0 (Cat No. T9039.
Sigma-Aldrich)



TMB Stabilized Chromagen (Cat No. SB01, Life technologies)



Xylene cyanol (Cat No.X4126, Sigma-Aldrich)
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Appendix 2: Equipment list



ABI model 2720 PCR machine (Applied Biosystem by Life
Technologies)



ABI Step One PlusTM Real-time PCR machine (Applied Biosystem by
Life Technologies)



Adjustable pipettes sized from 0.1ul 1000ul (Fisher Scientific)



Agarose gel electrophoresis system (GE Healthcare)



Autoclaves (Fisher Scientific)



Eppendorf® Centrifuge (Spectrafuge)



Freezers (-20 oC and -80)



Ice machine (Labcold)



Low speed and low temperature centrifuges



Low temperature Eppendorf® centrifuge (Sigma-Aldrich



Microplate Washer (Thermo Electron Co. San Diego)



PCR reaction tubes (Thermo Scientific)



Plate centrifuge Jouan (DJB Labcare )



Spectrophotometer ND-1000 (Nanodrop)
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Thermocycler model ABI 2700 (Applied Biosystems, by Life
Technologies)



UV transilluminator (Gel Documentation 2000 system, Bio-Rad)



Varioskan Flash spectral scanning multimode reader (Thermo Fisher
Scientific Inc. Waltham)



Vortex (Fisher Scientific)



Water bath (Fisher Scientific)
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Appendix 3: Example Gel images

Appendix 3a: Example gel images for the HLA-DRB1*1501 tagging SNP

Photographed gels show the genotypes of rs3135388, with the upper band showing the major
allele C and the lower band showing the minor allele T that represents DRB1*1501.
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Appendix 3b: Example gel images for a DRB1*1301 tagging SNP

Photographrd gels shows the genotypes of rs2157051, with the upper band showing the major
allele T and the lower band showing the minor allele C.
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Appendix 3c: Example gel images for a DRB1*1302 tagging SNP

Photographed gels show the genotypes of rs4434496, with the upper band showing the major
allele C and the lower band showing the minor allele T. C1 is a control well containing all the
reaction reagents without DNA.
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Appendix 3d: Example gel images for aDRB1*1303 tagging SNP

Photographed gels shows the genotypes of rs2050191, with the upper band showing the
major allele A and the lower band showing the minor allele T.
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Appendix 3e: Example gel images for the HLA-DRB*0101 tagging SNP
Marker

Marker

Photographed gels shows the genotypes of rs6457614, with the upper band showing the
major allele T and the lower band showing the minor allele G that represents DRB1*0101.
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Appendix 4: DNA ladder used in Gel electrophoresis
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