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Preface

Hundreds of biomarker candidates for psychiatric diseases have been described in
the scientific literature over the last 20 years. However, the rate of introduction of
new tests into the clinical arena is much lower with less than a handful appearing on
the marketplace. This disconnect is most likely due to inconsistencies at the discov-
ery end including technical variations within and between proteomic platforms, a
lack of validation of biomarker candidates as well as a lack of awareness within the
research community on the criteria and regulatory matters for integrating biomark-
ers into the pipeline [1]. Another potential reason relates to the fact that psychiatric
diseases are heterogeneous in nature and are comprised of different subtypes. This
can cause difficulties in studies attempting to identify biomarkers since different
investigators may analyse cohorts comprised of unique or even mixed subtypes of a
particular disease. Furthermore, the use of patient and control groups in clinical
studies which have not been stratified according to biomarker profiles is one of the
biggest causes of failure in the development of new drugs [2-5].

Many of these problems could be due to the fact that the definition of psychiatric
disorders has been based traditionally on symptoms alone. This may be a problem
as different psychiatric disorders can display similar symptoms and the same dis-
ease may show symptom diversity. However, there are no empirical means of vali-
dating the symptom classification approach. There is now a scheme proposed by the
National Institute of Mental Health (NIMH) that might be of use in improving clas-
sifications. This is called the Research Domain Criteria (RDoC) which is another
way of classifying psychiatric diseases based on observable behaviours and neuro-
biological measurements [6]. Another major challenge for identification of bio-
markers for psychiatric diseases is that proper development of tests requires a
considerable number of validation steps, which means carrying out repeat studies at
different sites from where the original test was developed and using larger cohorts.
Also cost-effectiveness should be a priority when methods are translated into
clinical use. Many existing tests for psychiatric disorders are simply too expensive
[7-10]. This factor is related to the clinical utility of the test and avoidance of
expenses related to misdiagnosis and disease-related burdens. Of course the ulti-
mate goal of developing biomarker tests for psychiatric disorders is to aid
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psychiatrists and clinicians in real-world settings. It is this last point where most if
not all tests have fallen by the wayside.

One way of addressing these issues is through the increasing use of tests devel-
oped from proteomic techniques as these can provide a more complete picture of a
disease. Proteomics allows the most real-time assessment of molecular phenotypes
relative to other omic platforms [11]. Furthermore, most existing drugs for brain
disorders target proteins such as G-protein-coupled receptors (GPCRs) and ion
channels [12, 13]. Proteomic methods can simultaneously measure proteins in one
experimental run on a single instrument as opposed to methods that measure only
one analyte at a time such as single-plex immunoassays. This allows for lower sam-
ple and reagent requirements along with reduced processing times on a per assay
basis. In contrast, testing for single analytes can be laborious, time consuming and
expensive in cases where multiple parallel assays for different molecules are
required. Most importantly, the use of a biomarker test comprised of multiple pro-
tein measurements allows for greater accuracy in the diagnosis of complex diseases
like psychiatric disorders by providing more complete information about the per-
turbed physiological pathways in a shorter time period.

However, there are still challenges ahead. While some diseases are increasingly
being treated according to biomarker profiling patterns, the one disease/one drug
approach is still the norm. Psychiatric diseases can present difficult choices for cli-
nicians when it comes to deciding on treatment options since multiple physiological
parameters can be disrupted. Other variable such as age and gender can affect treat-
ment options leading to even greater variability. In order to deal with this issue,
collaborative research networks should be established for proteomic techniques to
better integrate biomarker discovery in real time to targeted therapeutics. In 1988,
the Clinical Laboratory Improved Amendments (CLIA) act was passed by the
United States Congress as a way of integrating quality testing for all laboratories
and to ensure accuracy, reproducibility and speed of patient testing results [14]. The
Food and Drug Administration (FDA) is the responsible agency for applying these
regulations to categorizing all biomarker-based tests. This is not straightforward as
clinical validation will require participation of multiple laboratories and the result-
ing platforms are likely to need simplification stages and demonstration of increased
robustness to merit widespread clinical use. Such tests may also require the use of
an algorithm comprised of multiple clinical parameters as well as biomarker pro-
files for increased classification or diagnostic performance.

This book includes a series of reviews on general aspects of biomarker use in the
study of psychiatric and neurodegenerative disorders as well as detailed protocols
describing multiplex proteomic techniques such as multiplex immunoassay, two-
dimensional gel electrophoresis, liquid chromatography tandem mass spectrometry
(LC-MS/MS), selective reaction monitoring (SRM)-MS and isobaric tagging for
relative and absolute quantitation (iTRAQ)-MS. It will also describe protocols for
generation of preclinical models used in the study of certain aspects of psychiatric
diseases, such as the maternal low-protein and phencyclidine-treated rat models,
and cellular approaches including the use of neuronal precursor cells, MK-801-
treated oligodendrocytes, peripheral blood mononuclear cells (PBMCs), fibroblasts
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and analysis of whole pituitary extracts. Since clinical applications in point-of-care
settings necessitate that platforms are small, user-friendly and fast, clinical proce-
dures for setting up a biomarker test trial and the latest developments including
lab-on-a-chip and mobile phone applications will also be described.

Campinas, Brazil Paul C. Guest
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Chapter 1

Application of Proteomic Techniques

for Improved Stratification and Treatment
of Schizophrenia Patients

Johann Steiner, Paul C. Guest, and Daniel Martins-de-Souza

1.1 Introduction

Schizophrenia is a debilitating and costly psychiatric disorder which appears to
strike individuals in their late teen or early adulthood years and gravely impair
health, quality of life, social and emotional well-being as well as productivity in the
workplace and society in general [1]. The clinical presentation of this disease usu-
ally occurs with appearance of symptoms such as hallucinations, delusions, disor-
ganized thoughts, cognitive impairment, deficits in social perception and anhedonia.
Although this disease has been well recognized for more than 100 years, the diag-
nostic procedures have remained at a standstill and are still based on symptom man-
ifestation. Furthermore, this procedure still relies on communications between the
patient and a health worker, clinician or psychiatrist. This usually takes the form of
an interview and can employ the Diagnostic and Statistical Manual of Mental
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Disorders (DSM) [2] or the International Classification of Diseases (ICD-10) [3]
categorizations as guidelines. However, these can only be used to identify symp-
toms and have no input into pinpointing the underlying molecular physiological
pathways that may be disrupted. One major problem of this is that classification of
a person as having schizophrenia may be confounded by the common finding that
individuals with other psychiatric disorders (such as organic psychoses, affective
disorders or borderline personality disorder) may suffer from similar symptoms.
This has led to concerted efforts by researchers and clinicians with the aim of iden-
tifying specific biomarker tests that can be used for predicting the onset of schizo-
phrenia, improving diagnostic accuracy, monitoring disease progression and
treatment response and even for guiding treatment options. To facilitate use in clini-
cal settings, it would be important that these biomarker tests are developed for use
in blood, serum or plasma. This is because blood-based biomarkers would be highly
accessible and easy to standardize in clinical practice due to the low invasiveness
and simplicity of the sampling procedure and the low associated costs.

The application of biomarker-based diagnostic tests that can accurately classify
patients according to the type of disorder, or even the disease subtype, should help
reduce the duration of untreated illness and improve patient responses by the simple
fact that the right patients have been administered the best possible treatments for
their specific situation, as early as possible. This is important since there is an unde-
viating correlation between longer periods that are devoid of treatment with poorer
patient outcomes [4]. It is expected that incorporation of a biomarker-based approach
will help revolutionize the current paradigm of reactive care to a new order involv-
ing optimized personalized treatments in psychiatry as well as in other fields of
medicine (Fig. 1.1). In addition, by implementing earlier, more effective treatment,
we should see a reduction in patient referrals to secondary services, including hos-
pitals, community groups and crisis teams. Any decrease in the use of such expen-
sive services will help to lower the overall financial burden associated with
schizophrenia and other psychiatric disorders, which totalled more than 60 billion
dollars per year in the 1990s, in the USA alone [5]. Most importantly for the patients,
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Fig. 1.1 Comparison of the old and new treatment paradigms in schizophrenia, distinguished by
the use of biomarkers for improved patient stratification



1 Proteomic studies in schizophrenia 5

an early efficacious intervention will help to reduce symptom severity. This is due
to the fact that schizophrenia currently leads to decades of life disability [6], which
surpasses the effects seen by other disorders such as cardiovascular disease [7].

The discovery of validated proteomic-based biomarker panels that can link clini-
cal and molecular data is likely to advance future mental healthcare significantly.
This is especially true if such tests can be incorporated into standard operating pro-
cedures as part of the clinical decision-making process and deployed as fast, user-
friendly and cost-effective point-of-care devices. Although there are many ways of
classifying biomarkers, the strictest system requires that new biomarker test results
must be replicated multiple times in different laboratories and in different sites. This
will be difficult to achieve for psychiatric disorders such as schizophrenia, since
these conditions are only poorly understood at the molecular level and they are
highly heterogeneous in the way that they are exhibited in different patients [8]. In
this chapter, we discuss the challenges of developing and implementing proteomic
biomarker tests for schizophrenia. We also focus on the use of biomarker tests for
improved classification and management of patients with schizophrenia for
improved treatment approaches and to help rekindle drug discovery efforts across
the pharmaceutical companies in the area of psychiatric disorders.

1.2 Diagnosis

Many psychiatrists and clinicians now accept that schizophrenia is an all-purpose
idiom for an assortment of psychiatric illnesses which have similar symptoms [8].
In other words, the variety of psychiatric manifestations labelled as “schizophrenia”
do not necessarily represent a single disease entity. Instead, schizophrenia is a hypo-
thetical construct created several decades ago by leading figures of the time and is
now defined by international classification boards, which have marginally amended
the inclusion criteria to fit with emerging hypothesis over time. It is not surprising
that given this disease heterogeneity and plasticity in the classification systems that
misdiagnosis can occur in psychiatric practice. One investigation found that more
than 30% of patients who were initially diagnosed as having schizophrenia actually
had bipolar disorder [9]. Another study challenged the foundations of the existing
classification methods by highlighting the fact that there are no current means of
validation which do not call upon the same concepts, in a circular manner [10]. In
reality, most psychiatrists do not routinely use these classification systems for mak-
ing their diagnosis. Instead, this is based on their training, experience and personal
views, and therefore diagnosis is carried out in a more heuristic manner. Of course
this has its own problems as it can result in mistakes caused by misconceptions,
biases or selective memories.

The DSM and ICD-10 classification systems are actuated on the basis that psy-
chiatric disorders such as schizophrenia are discrete diseases with common root
causes and which can be defined by criteria based on signs and symptoms. In the
real world, specific symptoms are not always linked to defined diseases. For
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example, there are situations in which individuals can present with symptoms that
occur in schizophrenia in instances of trauma or psychotropic drug use, or in cases
of certain infectious diseases or metabolic conditions [11, 12]. In addition, a diag-
nosis can change over time. One study found significant changes in diagnosis
involving a switch from major depressive disorder to either bipolar disorder or
schizophrenia [13], and another investigation found that only half of the patients
diagnosed initially with a particular psychiatric disorder stayed on this diagnosis
[14].

1.3 What Causes Schizophrenia?

The concordance for diagnosis of schizophrenia across identical twins ranges from
10 to 70% [15-17]. This provides some evidence that there can be a genetic predis-
position for schizophrenia, but it also highlights the important point that schizophre-
nia will not necessarily develop even when a causative genetic factor may be present.
In reality, this indicates that environmental and other non-genetic factors may also
be important. Precipitation of schizophrenia can be caused by pregnancy or delivery
complications, such as infections, hypoxia or malnutrition [18, 19]. It can also result
from non-biological factors such as social stress, experiencing a natural disaster,
loss of a family member or chronic experience of an agonizing situation such as an
intolerable work condition, a dysfunctional or destructive family life or an abusive
relationship [20]. Although such situations are unfortunate, the role of environmen-
tal elements leads to the hope that disease prevention or minimization might be
possible if such factors can be identified and avoided.

It is easy to envisage that environmental factors such as poor nutrition, social
stress or physical trauma can affect a person’s physiological state. Several research
groups have now shown that metabolic abnormalities such as insulin resistance
occur in some schizophrenia patients at their first clinical presentation [21-23], and
others have found that perturbations in circulating inflammation-related molecules
can occur [24, 25]. Whether these changes are a cause or effect of the disease has
not been established, two recent studies have shown that such changes can occur
months to years before full clinical manifestation of schizophrenia symptoms [26,
27]. Not only does this provide some evidence that perturbations in these molecular
pathways may play a role in the aetiology, it gives some hope for identifying those
individuals at risk of developing the disease. This is important as numerous reports
have now described the benefits of early intervention therapeutics for individuals
who have a high risk of developing schizophrenia [28-30]. Conversely, delayed
diagnosis can lead to serious detrimental effects on the lives and health of the
patients. For example, they may experience an unchecked full-blown psychosis
which could lead to other problems such as substance abuse, alienation from friends
and family, troubles in the workplace and the potential of self-harm [31, 32]. There
is also the problem of misdiagnosis which can result in initiation of the wrong treat-
ments, and these can either be ineffective or even cause harm to the patient.
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Furthermore, this can have socioeconomic consequences, such as absence
from work, harmful effects on family and relationships and inflated medical
costs [33].

1.4 The Need for Blood-Based Proteomic Biomarkers

The European health authorities have shown their interest in the development and
implementation of biomarkers in modern medicine by establishing agencies such as
the Innovative Medicines Initiative (IMI) [34, 35]. This initiative began through a
partnership between the European Commission and the European Federation of
Pharmaceutical Companies and Associations (EFPIA) with the overall objective of
improving health by speeding up the development of innovative medicines, particu-
larly in areas where there is an unmet medical or social need and increasing patient
access to these medications. A key objective is the discovery of biomarkers which
can be incorporated into drug discovery pipelines for development of new medica-
tions and for use in human clinical studies. The European Commission contributed
one billion euros to this project and this has been matched in kind by contributions
from the participating companies. For the IMI 2 programme (2014-2024), the total
budget is 3.28 billion euros, with 1.64 billion euros coming from European Union,
1.43 billion euros committed by EFPIA and 0.21 billion euros potentially being
committed by scientific institutions who become involved as participants in
projects.

Diagnostic biomarker tests in the USA are regulated by organizations such as the
Clinical Laboratory Improved Amendments (CLIA) agency [36]. CLIA imposes
regulatory standards that govern any tests are designated for use in a clinical setting
for the purpose of diagnosis, disease prevention, treatment or health assessments.
Commercially available tests marketed under CLIA are categorized by the Food and
Drug Administration (FDA) according to potential health risks. The development of
diagnostic biomarker tests for any disease requires repeated demonstrations of pre-
cise characteristics including performance scores such as correct identifications
(sensitivity) and incorrect classifications of a control as a disease case (specificity).
The latter is particularly important in the case of schizophrenia given the symptom-
atic and molecular overlap with other psychiatric disorders and even some somatic
diseases. Excellent classification performance is an absolute requirement of devel-
oped tests since biomarker measurements can be affected by many variables includ-
ing ethnicity, gender, environmental conditions, sample collection procedures and
analytical variables. For example, the development of any multiplexed assay
requires the testing and validation of each component assay as well as the combina-
tion of assays used in each multiplex to maximize repeatability, precision and accu-
racy. This includes ensuring that each individual assay has sufficient dynamic range
and the required limits of detection [37].

Another criterion of biomarker tests is that they must be in a format that is robust
and yet simple, user-friendly and fast to allow applications in the clinic by clinicians,
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technicians and healthcare staff without the necessity of specialized training. Along
these lines, we suggest that an automated system based on multiplexed immunoas-
say is a likely candidate as a clinically friendly platform as it has already shown
some promise in this area. In addition, portable mass spectrometers are now in use
in some airports which can detect hazardous substances such as bomb-making
ingredients within seconds. Other devices which can be used to measure biomarkers
in body fluids which have been collected on a swab or strip are also a possibility.

1.5 Biomarkers Identified for Schizophrenia

Although genomic studies have been used to identify risk genes for some diseases,
these cannot be used to indicate that the disease is actually present. Instead, pro-
teomic biomarkers are required as these can give a real-time readout of physiologi-
cal function. Recent years have seen the increasing use of proteomics as a tool for
the discovery of biomarkers for diagnosis, monitoring disease progression, treat-
ment response and identification of novel therapeutic targets. However, analysis of
central nervous system (CNS) disorders such as schizophrenia is difficult because
the brain is not readily accessible for molecular diagnostic purposes. For this rea-
son, sources such as serum and plasma have been undergoing increasing scrutiny in
proteomic investigations of psychiatric disorders due to their higher utility in the
clinic.

1.5.1 Biomarkers Associated with Inflammation

One multiplex immunoassay profiling study of cytokine profiles found increased
levels of interleukin (IL)-1f in cerebrospinal fluid from first onset schizophrenia
patients [38], consistent with the idea of an altered inflammation response in the
brains of some patients (Fig. 1.2) [39, 40]. In addition, changes in inflammation
have been linked to alterations in the glutamate system, the main excitatory neu-
rotransmitter in the brain. In addition, transcriptomic and proteomic profiling stud-
ies of post-mortem brains from schizophrenia patients have identified increased
levels of inflammation-related gene products in oligodendrocytes and endothelial
cells in comparison to nonpsychiatric control subjects [41, 42]. However, it is pos-
sible that some of these effects may be related to prolonged drug treatment or an
unhealthy lifestyle, as often occurs in the chronic or latter stages of individuals suf-
fering from this disorder [43].

The finding of changes in circulating molecules such as inflammatory factors is
what makes blood-based biomarker testing feasible in studies of psychiatric disor-
ders [44]. A meta-study of circulating inflammation-related changes in schizophre-
nia patients showed that cytokines such as IL-12, soluble IL-2 receptor, interferon-y
and tumour necrosis factor-a may be useful as trait biomarkers, indicating that the
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Fig. 1.2 Peripheral and central signalling molecules affected in schizophrenia with a focus on
inflammation (blue) and hormonal/metabolic (green) pathways. The dashed arrows indicate con-
nections via the bloodstream. ACTH = adrenocorticotrophic hormone. Note that the interleukins,
cytokines, transport proteins and clotting factors are not listed individually for presentation rea-
sons. See text for more detail

disease is present [44]. On the other hand, the same study showed that cytokines
such as IL-1p, IL-6 and transforming growth factor-f3 may represent state biomark-
ers, which means that they could be used as readouts for acute changes in the dis-
ease [45]. In addition, there have been many reports on the discovery of blood-based
biomarker signatures consisting of a high proportion of inflammation-related pro-
teins, including some components of the clotting cascade and transport proteins in
first onset schizophrenia patients [46, 47].

It is not too surprising that many biological pathways cross-react or act in concert
with each other in carrying out their functions. Thus, effects on one pathway can
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influence that of another. Inflammation in the periphery can affect brain function
through effects on the hypothalamic-pituitary-adrenal (HPA) axis (see Fig. 1.2
above) [48, 49]. In this scenario, activated inflammatory pathways stimulate secre-
tion of corticotropin-releasing factor from the hypothalamus, and this initiates a
cycle involving release of adrenocorticotrophic hormone (ACTH) from the pitu-
itary, which in turn stimulates cortisol release from the adrenal cortex [50]. Along
with other effects in the periphery and brain, cortisol also exerts a negative feedback
control on the HPA axis by binding to specific receptors in the brain and pituitary
[51]. The association with psychiatric disorders comes from the fact that the HPA
cycle is also involved in control of neurotransmitter systems throughout the brain,
which are involved in regulation of mood and behaviour. Given this link, it is not
surprising that some investigators have tested the use of anti-inflammatory drugs
such as aspirin or cyclooxygenase-2 (COX-2) inhibitors in combination with tradi-
tional antipsychotics as a possible therapeutic approach to relieve some symptoms
of schizophrenia, and the initial results have shown some promise [52-55]. However,
these findings require validation in additional studies involving larger cohorts and
different clinical sites.

1.5.2 Biomarkers Associated with Neuroendocrine Functions

A number of studies have now shown effects on a number of hormonal systems
related to growth and metabolism in schizophrenia. Studies over the past decade
have identified impaired fasting glucose tolerance, high insulin levels and insulin
resistance in first onset [21, 22] and chronic schizophrenia patients [55-57]. Three
multiplex immunoassay profiling studies found that first onset schizophrenia
patients had increased levels of circulating insulin-related peptides compared to
controls [23, 58, 59], and one of these also found that patients had high levels of
chromogranin A, pancreatic polypeptide, prolactin, progesterone and cortisol, but
lower levels of growth hormone [59]. Taken together, these findings indicated
altered secretion from several neuroendocrine glands, including pancreatic p cells,
pancreatic PP cells, anterior pituitary, adrenals and the sex organs (Fig. 1.2). All of
these changes would be expected to have effects on brain function. Chronically high
insulin levels have been found to increase brain inflammation, aberrant phosphory-
lation of synaptic structural proteins and amyloid plaque deposition [60—-62]. High
insulin levels can also cause alterations in neurotransmitter pathways [63] and per-
turb synaptic plasticity in brain regions such as the hippocampus [64]. The finding
of increased cortisol levels is indicative of an activated HPA axis, which has been
identified as a risk factor for schizophrenia in adolescents [65]. Changes in other
hormones have also been found to occur in schizophrenia. For example, one study
showed gender-specific effects on the sex hormones oestradiol and testosterone in
schizophrenia patients [66]. Another study found decreased serum levels of thyrox-
ine, tritodothyronine and thyroid-stimulating hormone [67], which may be associ-
ated with metabolism-related hormonal changes, as described above. It is likely that
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some of these hormonal pathways are co-regulated in a feedforward-feedback rela-
tionship between different components of the diffuse neuroendocrine system. As an
example, increased insulin secretion from pancreatic 3 cells has been associated
with elevated prolactin secretion [68] and disrupted pulsatile release of growth hor-
mone from the respective lactotrophic and somatotrophic cells in the anterior pitu-
itary [69].

It has been known for decades that schizophrenia patients treated with antipsy-
chotics can also exhibit high insulin levels. This is due to the fact that these drugs
can induce metabolic side effects such as insulin resistance and weight gain.
Interestingly, this gain in weight appears to be linked to antipsychotic therapeutic
efficacy. One investigation found that changes in body weight, blood glucose and
leptin levels were associated with improvement of both positive and negative schizo-
phrenia symptoms [70]. However, it has now been suggested that such metabolic
changes may not be an absolute requirement for antipsychotic efficacy. This was
demonstrated through studies which co-administered antidiabetic and antipsychotic
drugs which led to reduced weight gain and insulin resistance without impeding the
psychiatric benefits [71]. Also, one study found that patients with mild Alzheimer’s
disease who were administered the antidiabetic drug pioglitazone showed improve-
ments in cognition [72]. From these findings, it is clear that the relationship between
metabolism and psychiatric symptoms requires further scrutiny.

Drugs targeting other hormonal systems have also been assessed as potential new
treatments for schizophrenia symptoms. Dehydroepiandrosterone (DHEA) is an
adrenal steroid-like compound, which has undergone testing as a potential add-on
drug in combination with antipsychotics. One study found that this combination led
to improvements in depression and anxiety symptoms in some schizophrenia
patients [73]. Another study showed that treatment with raloxifene, a selective oes-
trogen receptor modulator, resulted in reduced negative symptoms in postmeno-
pausal females with schizophrenia, in comparison with controls who did not receive
the drug [74].

1.5.3 Proteomic Biomarkers for Prediction of Treatment
Response

Biomarker tests that can be used for better classification of schizophrenia patients
opens up possibilities of better treatment options. For example, biomarkers that
can be used to predict response of schizophrenia patients to therapeutics would be
an important step forward for the patients themselves as it could mean that they
receive more effective treatments more rapidly. It could also assist the prescribing
physicians as it could help to guide their decision on which drug to administer and
to select the dosage. In addition, pharmaceutical companies could benefit in their
conducting clinical trials by using biomarker test results to help in the stratifica-
tion of patients prior to the trial and for monitoring responses throughout the
actual study.
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A genetic study has shown that polymorphisms in the histamine 2 receptor gene
(HRH?2) can be used to predict response to clozapine treatment in 76% of schizo-
phrenia cases [75]. Other genetic studies have shown that variants in genes for dopa-
mine receptors, serotonin receptors and enzymes involved in drug metabolism or
neurotransmitter turnover can have influence of patient response to treatment,
including the tendency to develop specific side effects [76]. Another way of poten-
tially predicting response is through the use of physiometric measurements such as
waist circumference, adipose composition and body mass index (BMI). Such mea-
surements taken at the start of treatment have already been used to predict the devel-
opment of side effects such as metabolic syndrome or insulin resistance with good
sensitivity and specificity [77, 78]. In addition, some blood-based proteomic studies
have been carried out with good results. One study showed that schizophrenia
patients with higher levels of serum prolactin tend to have a better outcome follow-
ing 5 years of antipsychotic treatment [79]. Two multiplex immunoassay serum
profiling studies found that the levels of insulin were predictive of improvement in
negative symptoms [80] and a panel composed of specific apolipoproteins, growth
factors, hormones and cytokines could be used to predict weight gain [81] in first
onset schizophrenia patients after 6 weeks of antipsychotic treatment (Table 1.1).
Another multiplex immunoassay study showed that the levels of the heart form of
fatty acid binding protein (H-FABP) could be used to predict response of first onset
patients to olanzapine treatment [82]. It is important to note that these three multi-
plex immunoassay studies involved first or recent onset patients. Therefore, similar
studies of more chronic patients might yield different results. Further studies aimed
at retesting these prototype biomarker panels may lead to development of validated

Table 1.1 Significant associations between the levels of specific proteins measured at baseline
with (a) psychiatric symptom scores (positive and negative syndrome scale — PANSS) and (b)
body mass indices (BMI) after 6-week treatment with antipsychotics

(@
Positive symptoms Negative symptoms

Protein P-value R P-value R
Insulin NS - 0.005 -0.37
(b)

Protein ANCOVA R
Apolipoprotein CIII 0.019 -0.33
Apolipoprotein H 0.005 —-0.33
Epidermal growth factor 0.025 —-0.28
Follicle-stimulating hormone 0.043 —0.28
Interleukin 18 0.015 0.24
Interleukin 25 0.024 —0.26
Interleukin 6 receptor 0.031 —0.30
Matrix metalloproteinase 1 0.011 —0.24
Placental growth factor 0.016 —0.24
Thyroid-stimulating hormone 0.026 —0.23

R Spearman correlation coefficient, NS not significant, ANCOVA analysis of covariance [80, 81]
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molecular tests that can be used to identify those patients who are more likely to
respond to particular antipsychotic medications as well as those who are likely to
benefit from an add-on compound that targets either the inflammatory or metabolic
symptoms. This could also lead to the opportunity for clinicians to take decisive
actions such as patient assessment, counselling or readjustment of drugs or dosages
as guided by measured biomarker readouts.

1.6 Future Perspectives

For decades, psychiatrists have acted on good faith that psychiatric disorders such as
schizophrenia are caused by defects in the brain. While this is undoubtedly true to
some extent, developments over recent years have resulted in formation of a new
concept that involves the whole body in precipitation or progression of these dis-
eases. This is not too surprising since the brain is intimately linked in most funda-
mental biological functions of the body. Therefore, at least some functions of this
organ can be monitored by determining whether or not any changes have occurred
in the molecular composition of the blood [46, 47, 83]. This is useful since blood can
be taken from living patients at different stages of the disease or during a course of
treatment. In the foreseeable future, it is likely that increased biomarker testing by
clinicians will lead to more extensive “bio-"signatures in individuals that reflect the
physiological status of the patients more accurately than ever before. Blood serum
and plasma samples contain many molecules such as hormones, growth factors and
cytokines which can only be detected using methods that are highly sensitive. One
of the best methods to achieve this is the sandwich format of immunoassay [84, 85],
and this is the basis for the multiplex immunoassay platform described above.
Multiplex immunoassay biomarker tests have now been available for more
than a decade on medium-sized laboratory equipment and with typical turnaround
times of around 1 week for analysis of multiple samples from the sample prepara-
tion stages to the final results analysis. It is possible that single samples could be
run against standards and quality controls and results returned in less than 1 day.
More recently, multiplex methods have been developed using micro-fluidics in
devices that are approximately the size of a credit card [86]. This offers the pos-
sibility of an inexpensive and rapid analysis using electrochemical or optical read-
outs on real time. These approaches are also user-friendly as no expertise is
required for operation of the device or interpretation of the results. The protocol
involves application of a blood drop to a slot in the card followed by insertion of
the card into a book-sized analyser/reader and a diagnostic “score” can be read
out in less than 15 min. The major benefit of this approach is the rapid turnover
time, and this will help to minimize waiting periods for lab test results, which can
often take several days or even weeks using standard methods. Furthermore, these
devices can connect to a computer for transmission of data to a smartphone device.
Companies such as Apple and Google are now showing interest in the diagnostic
market and exploiting the potential of linking diagnostic test results with an app
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driven by smart software. This would allow test results to be linked with mobile
communication systems. This could be particularly useful in the field of mental
disorders such as schizophrenia, since these are generally long-term conditions
that require constant monitoring of both the disease and treatment effects. A
review of clinical trials involving medical care interventions facilitated by smart-
phone monitoring showed that patient outcomes were improved in more than 60%
of the cases [87]. Recently, miniature multiplex immunoassays have been devel-
oped on a hand-held smartphone-based colorimetric reader using a 3D-printed
opto-mechanical interface [88]. This device has now been tested successfully in a
clinical microbiology laboratory using mumps, measles and herpes simplex I and
II virus immunoglobulin assays. It is not hard to imagine that similar tests for
other diseases such as psychiatric disorders will be available in the not-so-distant
future.

1.7 Conclusions

This chapter has described recent advances using proteomic-based biomarker
tests which can be used for improved diagnosis and classification of individu-
als with schizophrenia. The ultimate goal is to provide more informed treat-
ment options for improved patient outcomes. The use of miniaturized
proteomics assays on hand-held devices like those described in this chapter
would provide many potential benefits for patients. These include increasing
our understanding of the array of the affected molecular pathways, facilitating
identification of disease subtypes, helping to select the most appropriate treat-
ments and monitoring treatment responses. This could include patient self-
monitoring guided by feedback from the internet cloud and psychiatrists as
required (Fig. 1.3). For example, many patients show distinct patterns of
blood-based molecules which suggest the presence of perturbed inflammation-
or metabolism-related pathways as described in this chapter. Thus, improved
classification of such patients based on biomarker profiling would enable
selection of better treatment options, including add-on therapeutics that target
these pathways. Finally, the use of multiplex tests on hand-held devices capa-
ble of achieving some or all of these objectives would be an important break-
through in point-of-care medicine. This would help to improve the lives of
individuals suffering from this debilitating disorder, along with those of their
friends and family, and have beneficial effects on society as well as significant
cost savings for the healthcare services.
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Chapter 2
Multiplexing Biomarker Methods, Proteomics
and Considerations for Alzheimer’s Disease

Rena A.S. Robinson, Bushra Amin, and Paul C. Guest

2.1 Introduction

Recently, President Barack Obama signed a bill to provide a $122 million increase
for Alzheimer’s disease (AD) research, education, outreach and support for caregiv-
ers (www.alz.org). This bill came in response to the demands pushed by the
Alzheimer’s Association which, along with many other organizations and institu-
tions, recognized that there is much work to be done to alleviate suffering and elimi-
nate this devastating neurodegenerative disease. AD is projected to affect
approximately 15 million persons in the United States [1] and more than 115 mil-
lion persons worldwide [2] by the year 2050. It is the leading cause of dementia
among persons aged 65 years and older and is the sixth leading cause of early death.
The disease is characterized by progressive memory loss and impaired cognitive
function both of which are irreversible physiological symptoms. In the early stages,
psychiatric symptoms such as depression [3] can be evident, and the late stages of
the disease can be accompanied by symptoms more commonly seen in schizophre-
nia, such as delusions and hallucinations [4]. Age is the biggest risk factor for AD,
and with a growing elderly population, millions more will be affected by this dis-
ease. Other risk factors for AD include cardiovascular diseases, high blood pressure,
diabetes, obesity, high cholesterol, kidney disease and psychiatric disorders [3—6].
A vast majority (>95%) of AD cases are sporadic. Genetic mutations in amyloid
precursor protein, presenilin 1 and 2, are associated with familial forms of disease
[7-13], and apolipoprotein E allele type 4 (APOE4) increases risk in most popula-
tions [14—-16]. Other genes associated with AD include SORLI, DAPKI, BINI,
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CRI1, CLU, CD33, ABCA7, PLD3, TREM2, UNC5C, AKAP9 and ADAM10, and
some are associated with subpopulations of AD patients defined by ancestry or geo-
graphic location [17, 18].

The major pathological and physiological hallmarks of AD are the well-
characterized amyloid-beta (Ab) peptides and neurofibrillary tangles (NFT), hypo-
metabolism indicated by lower brain glucose levels, brain atrophy, mitochondrial
dysfunction, neuronal loss and oxidative stress. Increased research efforts over the
last few decades have helped to advance our understanding of the pathological
events associated with AD. A peptides are toxic species that oligomerize in the
brain and form deposits known as senile plaques. The concentration of Af peptides,
in particular Ap (1-42), correlates with physiological and pathological symptoms
[19, 20]. These peptides can circulate through the bloodstream and periphery and
were the first established molecular biomarkers for AD. Tau protein hyperphosphor-
ylated at threonine 181 (pTau) results in the formation of NFT. Total tau (tTau) pro-
tein and pTau levels present in cerebrospinal fluid (CSF) were the next biomarkers
developed which have high sensitivity and specificity for AD diagnosis [21-24].

2.2 Clinical Diagnosis of AD

AD is not fully diagnosed until autopsy in which neuropathological analysis of
brain tissues is performed. Clinical diagnosis of AD is based on noted changes in
cognition and behaviour and can include information from the patient’s family and
medical histories [25-27]. Neuropsychological evaluations can also be performed
including a panel of cognitive tests and psychiatric evaluations, such as in the mini-
mental state examination (MMSE). The sensitivity of clinical diagnostic tests is
81% and the specificity is 70% [28]. While this has been useful for more than
30 years, there is a need for tests with improved diagnostic performance as there are
closely related dementias and other disorders that present with similar symptoms in
the clinic. Products for home screening of AD are also available such as the
Alzheimer’s Home Screening Test and Minnesota Cognitive Acuity Screen [29, 30],
and there are genetic screening tests for APOE4 [31].The National Institute of
Neurological and Communicative Disorders and Stroke and Alzheimer’s Disease
and Related Disorders Association (NINCDS-ADRDA) which was established in
1984 which set a number of standardized criteria for clinical diagnosis of AD [25,
26]. These criteria are important for distinguishing the three stages of AD: (1) pre-
clinical AD, before symptoms occur but there are changes in the brain; (2) mild
cognitive impairment (MCI), when initial symptoms occur and dementia is likely to
occur within a few years; and (3) early- and late-onset AD, when dementia is diag-
nosed and there are significant neuropathological changes occurring [27]. One of
the difficulties in diagnosing AD comes from the fact that changes can occur in the
brain some 20 years before a clinical diagnosis is made [32, 33]. It is important to
highlight the point that patients can convert from different disease stages. For exam-
ple, some MCI patients can convert to AD, but in more rare cases, MCI patients can
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convert back to a cognitively normal state. Such situations make it challenging to
develop a diagnostic test that can account fully for all of these clinical stages of
AD. With this in mind, in 2011, the Alzheimer’s Association included the impor-
tance of developing molecular biomarker tests to help standardize clinical diagno-
ses [26].

2.3 Psychiatric Symptoms

Although decreased cognitive performance and decline in memory are the core fea-
tures of AD, a variety of psychiatric symptoms can also occur over the different
disease stages [34—37]. These symptoms include disturbances in motivation, mood
and perception, as well as delusions and inappropriate behaviours. A 5-year follow-
up study found that 97% of AD patients experienced one or more of these symp-
toms, with depression or anxiety having the highest frequency [35]. A recent
meta-study showed that the most frequent psychiatric symptom in AD patients was
apathy (49%), followed by depression (42%), aggression (40%), anxiety (39%),
sleep disorder (39%), irritability (36%), appetite disorder (34%), aberrant motor
behaviour (32%), delusions (31%), disinhibition (17%), hallucinations (16%) and
euphoria (7%) [38].

Depression is a common occurrence in AD patients and may lead to a faster
cognitive decline compared to disease progression in AD patients without psychi-
atric symptoms [3].The incidence of depression in other reports is approximately
40% in AD [34], and the signs of this are identical to those seen in major depres-
sive disorder [36]. The typical symptoms include a low mood but irritability and
anxiety may also be present. The cognitive decline in AD may be more severe in
those patients with depression, but treatment with antidepressants first may be
required to establish whether or not the depression is a cause or effect [37].
However, the onset of depression may be the first sign of AD in the aged popula-
tion [39, 40].

Schizophrenia-like psychotic symptoms such as delusions and hallucinations
occur in around 50% of AD patients, and this form of the disease is termed AD with
psychosis [4, 41-45]. This is typically a more severe phenotype as cognitive decline
occurs more rapidly than in AD patients without psychosis. Imaging studies have
found that AD psychosis patients also have more severe synaptic impairments as
shown by lower grey matter volume and reduced regional blood flow and glucose
metabolism. In addition, neurological studies have reported consistently higher
accumulation of pTau in AD patients with psychosis [4].

Correct identification of these apparent AD subtypes which exhibit either depres-
sive or psychotic symptoms is now an important clinical need considering the
potential detrimental effects on further accelerating cognitive decline. In addition
the identification of biomarkers corresponding to these AD subtypes will aid in the
early stratification of patients to initiate earlier and more appropriate treatment for
improved long-term outcomes.
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Clinical applications of biomarkers for Alzheimer’s

Early diagnosis
(~20 years before
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Specificity for Alzheimer’s disease amongst other dementias

Fig. 2.1 Clinical applications for biomarkers in Alzheimer’s disease research along the spectrum
of cognitively normal to disease stage. MCI = mild cognitive impairment, EAD = early AD,
LOAD = late-onset AD

2.4 Biomarkers of AD

Biomarkers can be used for both diagnostic and prognostic purposes in AD
(Fig. 2.1). The requirements for a biomarker include the ability to measure a patho-
logic process, predict outcome, distinguish disease or measure a pharmacological
response to a drug treatment or therapeutic intervention. Biomarkers should be
easy to use, convenient, cost-effective and, more importantly, have high sensitivity
(i.e. >80%) and specificity (i.e. >80%) [46]. With regard to AD, there are a number
of promising biomarkers that are currently under investigation for clinical imple-
mentation. Because of the mixed pathology that is often found in dementia patients
[28, 47-49], it is important that there are also biomarkers that have the ability to
distinguish AD from other closely-related disorders such as frontotemporal demen-
tia, dementia with Lewy bodies, Parkinson’s disease, amyotrophic lateral sclerosis,
psychiatric conditions and others. There is a high heterogeneity in patients across
the AD spectrum, from MCI to late-stage onset of AD, and there is still consider-
able work to be done to fully standardize clinical diagnosis criteria across different
clinical laboratories. Biomarkers are not limited in type and can be detected using
various body fluids and sampling methods as will be discussed below.

2.4.1 Imaging Biomarkers

Magnetic resonance imaging (MRI) is used to measure whole brain atrophy,
which is one of the hallmarks of AD [50-53]. Brain atrophy increases with dis-
ease progression and is associated with cognitive decline, as well as a potential
risk factor for AD [50]. MRI equipment has become more widespread despite the
high cost of carrying out these scans. In addition, some work still remains to stan-
dardize acquisition methods of MRI scans and to implement similar analysis
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algorithms across laboratories [54]. Decreased cerebral uptake of glucose is
another major pathological hallmark of AD and can be used as a diagnostic marker
of disease even at potentially early stages and with high sensitivity [55-57].
Glucose uptake is measured by labelling with radioactive ['®F] glucose and using
fluorodeoxyglucose positron emission tomography (FDG-PET) to determine
which portions of the brain are hypometabolic. Typically, hypometabolism is
localized to brain regions responsible for language and working memory and
tracks with disease progression, age of onset and risk of disease [58, 59]. Aside
from glucose, there have been advances in using amyloid PET ligands for detect-
ing fibrillar AP deposition and in vivo monitoring of disease progression, notably
through use of the Pittsburgh compound B (PIB) [56, 60]. High brain amyloid
load as measured by PIB-PET is a potential diagnostic biomarker for AD and has
promise as an early biomarker of the disease [61]. However, a number of chal-
lenges still remain regarding dynamic range, ligand selectivity and qualitative
visual versus quantitative classifications, expensive costs and coverage [27, 60].
Although imaging biomarkers of brain processes are relevant in AD, it has become
apparent that other biomarkers from the periphery may help to resolve some of the
issues (Fig. 2.2). Fluid biomarkers would also be more widely accepted and
appreciated by patients, especially if they are less invasive and cost-effective.

2.4.2 Cerebrospinal Fluid (CSF) Markers

CSF is obtained through a semi-invasive procedure from patients with lower lumbar
puncture and is a rich medium for biomarker development and information about
disease pathogenesis. CSF contains cargo proteins that arise from neuronal secre-
tory vesicles; common markers such as AP, tTau and pTau; and numerous other
proteins [27] that vary in cognitively impaired individuals [21, 54, 62, 63]. In par-
ticular, YKL-40, an astrocyte-derived inflammatory response protein, and other pro-
teins, such as carnosinase I, chromogranin A and NCAM, may help with early
disease diagnosis [64, 65]. Inflammatory markers in CSF are endophenotypic of
different genetic variants in AD [66—68]. For example, TREM2 soluble forms are
secreted at lower levels in AD patients compared to healthy controls [69]. The most
promising biomarkers to date that come from CSF are AP (1-42) peptide, tTau and
pTau (Thr181). Across a number of research groups, the associations of these mark-
ers with the disease have been consistent whereby Ap (1-42) is present at lower
levels and tTau and pTau levels are higher in AD patients compared to cognitively
normal controls [70-72]. CSF Af peptide markers in particular have also been
reflective of brain amyloid load [73, 74] and protein aggregation [70]. Total tau and
pTau levels are characteristic phenotypes of patients with memory complaints [54],
and pTau levels may help to distinguish AD from other forms of dementia [75]. It is
important to highlight that Ap (1-42), tTau and pTau markers when measured
together provide better sensitivity and specificity compared to the performance of
the individual markers [62] and can predict the conversion of MCI to AD. Other Ap



26 R.A.S. Robinson et al.
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peptides found in CSF such as AP (1-37) and AP (1-38) have been shown to distin-
guish AD from other closely-related dementias [76].

However, there is inconsistency across laboratories regarding the concentra-
tions that describe “low” AP (1-42) levels and “high” tau levels in CSF [54,
70-72, 77, 78]. One potential reason for this is the protocols for CSF collection,
measurement assays and internal standard calibrators have not been standard-
ized in the field [54]. Clinically, CSF collection in dementia and probable
dementia cases is not common practice and requires some standardization. To
date, CSF biomarkers are the closest to being developed as clinical biomarkers
with moderate specificity and sensitivity for prediction of dementia in individu-
als with memory difficulties [26]. Another potential use of CSF biomarkers is
as a marker of blood-brain-barrier (BBB) integrity using the ratio of CSF to
serum albumin [70].
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2.4.3 Urinary Biomarkers

Studies on identification of urinary biomarker candidates for AD have been limited.
The most notable urinary marker is neuronal thread protein (NTP), a brain localized
protein which is representative of AD pathology [79, 80]. High levels of
AD-associated NTP (AD7¢c-NTP) in urine and CSF are indicators of AD but only in
patients who already have AD [80-82]. Recent reports show that NTP in urine may
also be diagnostic of MCI [83]. Because of the non-invasive nature in the collection
of urine biomarkers, this may still be worth exploring further. Potential markers
would not necessarily have to be proteins since metabolites are more readily
extracted and give direct insight into metabolic pathways. For this reason, metabo-
lomic studies of AD bodily fluids are underway, and there are recent reviews on the
topic [84-86].

2.4.4 Blood-Based Biomarkers

The periphery has recently garnered a lot of attention as playing a critical role in
Alzheimer’s disease and for being a potential source of relevant biomarkers [46,
70, 87]. Ideally, a blood-based biomarker would be representative of biochemical
and pathological changes in the brain that are diagnostic of disease, disease stage
and progression. Because blood circulates through different organs including the
brain, it contains a number of molecules that can give insight into pathophysiolog-
ical changes in disease [88]. Furthermore, a number of regulatory proteins such as
hormones, growth factors and inflammatory molecules are known to mediate two-
way communication between the central nervous system and the periphery [89],
and many of these have altered levels in AD and have been measured in blood
[90]. Blood-based biomarkers can be used to measure response to therapeutic
interventions or specific drug treatments [70]. Plasma levels of Ap (1-42)/(1-40)
in some cases are reflective of AD pathogenesis although there has been some
conflicting information reported [54, 88]. For example, plasma AP levels have
little correlation with CSF levels or PIB-PET imaging data and have a small pre-
dictive value for development of AD. This inconsistency makes CSF measures of
these targets even more attractive. Other caveats to use plasma are that AP levels
reflect both brain- and peripherally-derived versions of this peptide, the dynamics
of circulation from the brain to periphery across a compromised BBB and binding
to other plasma and membrane proteins [46]. Other studies have shown that
decreased APOE4 levels in plasma are associated with neuronal degradation [16],
and this therefore has some potential as a plasma biomarker. However, there is
inconsistency in measurements of APOE4 plasma levels in AD which is likely to
be due to the lack of standardized protocols for plasma collection, storage condi-
tions, freeze/thaw cycles and variations in downstream analyses [e.g. antibody- or
mass spectrometry (MS)-based techniques] [27, 54, 87, 88]. For example, study
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participants are not required to fast overnight in some AD research centers but are
in others [46].

Cytokines and chemokines have been shown to have variable levels in blood of
AD patients [68], and it is likely that such molecules are taken up by the brain.
System-wide dysregulation of the immune system in AD is reflected in plasma
levels of cytokines such as interleukins, tumour necrosis factor and macrophage
migration inhibitory factor [68, 91]. However, it is not clear if brain cytokines
leak into the periphery or if peripheral cytokines cross the BBB and make it into
the central nervous system or to what extent both of these situations occur.
Cytokine arrays and multiplex assays have been helpful in identifying peripheral
inflammatory processes in AD through study of potential markers including IL-8,
TNFR-I, clusterin, IL-1, IL-7, IL-6, serum amyloid A, CCL15 and CXCL9
[92-95].

The search for blood-based biomarkers or those in the periphery presents
some challenges. For example, aging, which is the highest risk factor for AD, will
undoubtedly change the levels of different types of peripheral markers [70].
Factors such as diet, medication, stress and circadian rhythm [96] can influence
peripheral AP levels as well as the levels of other plasma proteins. In addition,
co-morbid conditions including hypertension, hypercholesterolemia, diabetes,
obesity, vascular diseases and psychiatric disorders in AD patients may also man-
ifest with differences in the plasma levels of specific proteins [70]. Gender [97]
and genetics [98] are also factors that may have an influence on peripheral protein
levels. Plasma is a complex matrix in which highly abundant protein species such
as albumin, chymotrypsin, fibrinogen and immunoglobulins mask potential
markers that are lower in abundance. The dynamic range issues of proteins in
plasma are analytically challenging to tackle [99] and often require immunode-
pletion and fractionation strategies and the use of highly sensitive mass spec-
trometry instruments. Other challenges to use blood-based biomarkers include
differences in the criteria used to select study participants for a given biomarker
assay which can affect the study outcome. Despite these widely recognized chal-
lenges, there are still a growing number of researchers using plasma for bio-
marker discovery in AD, presumably for its increased accessibility over CSF as a
biomarker source.

Aside from plasma, other blood fractions such as exosomes [100, 101], extra-
cellular vesicles [102] or peripheral mononuclear lymphocytes [82] may also be
useful as a source of potentially interesting biomarker candidates for AD.
Exosomes are a smaller subset of microvesicles that circulate in body fluids and
have sizes of around 100 nM in diameter. Blood-based exosomes have been
implicated in AD [103] and may be reflective of dysregulations in cellular sig-
nalling and protein misfolding. Some microRNAs, which are small non-coding
RNAs derived from various cell types and important in intracellular communi-
cation, have been isolated from CSF and blood with different levels in AD
although issues related to sampling and time-points selected for analysis exist
[104, 105].
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2.5 Multiplex Biomarker Technologies

Single biomarker assays are straightforward and detect only a single species in clini-
cal sample analysis. However, single biomarkers are not likely to be able to serve as
the best diagnostic or prognostic markers for AD due to limited discriminatory power.
On the other hand, biomarker panels comprised of multiple measured analytes pro-
vide both high sensitivity and specificity for distinguishing AD patients from cogni-
tively healthy individuals [62, 90, 106]. Below, we focus attention on antibody and
MS-based proteomic assays that have been used for biomarker development or bio-
marker discovery studies in AD (Fig. 2.2) and briefly highlight others.

2.5.1 Multiplex Immunoassay

Immunoassays can be multiplexed by using a standard 96-well plate in which each
well plate is coated with a different antibody targeting a protein of interest. To date,
there is only one multiplex immunoassay test that is used for AD diagnostics, called is
the INNOTEST. This test measures pTau, tTau and Ap(1-42) levels in CSF [107]. In
addition, multiplex immunoassays have identified 16 serum molecules that can distin-
guish AD patients from controls [108]. There are some disadvantages with immuno-
assays in general. For example, the antibodies may have nonspecific interactions that
limit overall sensitivity, and specific antibodies may have limited availability or
require generation [46]. Immunoassays are limited further by the need for several
wash steps, laboratory personnel errors resulting in intra- and inter-lab variability and
a relatively high (20-30%) coefficient of variation [109] in comparison to other ana-
Iytical platforms [88]. Recommendations for the optimal design of immunoassays
have been recently put forth and may help minimize some of these issues [110].
Another format of the multiplex immunoassay uses color-coded microspheres
with covalent attachment of monoclonal antibodies, peptides, receptors or other
antigens on the surface. The clinical sample can be mixed with multiple surface
coated beads to analyse several targets in a single analysis. This works because the
beads can be discriminated in a flow cytometry-based analyzer. This is known as the
x multi-analyte profiling (xMAP) assay and is employed on a commercially avail-
able Luminex analyzer. XM AP assays have already been used as a diagnostic and
early indicator of AD [22, 84, 90, 106, 111, 112]. There are approximately 350
assays currently available in the XMAP panel (http:/rbm.myriad.com/), and many
of these have now been analyzed in AD plasma, representing a range of biological
pathways [113, 114]. The Luminex analyzer is state-of-the-art technology but is
relatively expensive in most laboratory settings and requires some optimization dur-
ing initial stages in development of new assays. Inter-laboratory variability which is
a limitation of standard immunoassays is also a limitation of XMAP and is likely to
be due to issues related to non-standardization of fluid collection and storage as well
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as data processing and analysis [88]. There is also the possibility of cross-reactivity
or non-specificity across some of the antibodies in a given multiplex [115] although
standardization can help to minimize some of these variations [27, 88, 116, 117].

After the initial demonstration by Ray et al. of the use of XMAP Luminex
assay for AD diagnosis [90], there have been several reports of potential AD bio-
markers identified in both CSF and plasma [54, 78, 116, 118—-120]. Thus far, this
has resulted in production of two commercially available AD diagnostic tests.
The first is the INNO-BIA AlzBio3 kit (Innogenetics-Fujirebio, Ghent, Belgium)
which is used to detect AP(1-42), tTau and pTau in CSF [117]. The sensitivity
and specificity of this assay are >95% and >85%, respectively [121, 122],
although these are dependent on cut-off levels set across different laboratories.
Total analysis time of the three CSF biomarkers is less than a day, and the assay
can measure as low as 10 pg/mL of these analytes in 150 uL. of CSF [116]. The
second kit is the INNO-BIA plasma Af kit which only measures A (1-40) and
(1-42) [123]. Efforts are underway to include other CSF proteins, such as YKL-
40 and AD7c-NTP in the xMAP assays [27]. In addition, CSF proteins such as
heart-type fatty acid-binding protein have been correlated with AD progression
using these assays [124].

2.5.2 Other Proteomic Approaches in Biomarker Development
Jor Alzheimer’s Disease

Current state-of-the-art shotgun proteomics assays can measure up to ten thousand
human proteins in a single analysis of tissues [125, 126] due to significant advances
in MS instrumentation. There are a number of proteomics platforms that can be used
in biomarker discovery; however, 2D gel electrophoresis methods, such as 2D dif-
ference gel electrophoresis (DIGE), multiple reaction monitoring [MRM, also
known as selective reaction monitoring (SRM)] and quantitative shotgun pro-
teomics, are among the most commonly used biomarker identification strategies, as
discussed below.

2.5.2.1 Two-Dimensional Difference Gel Electrophoresis (2D-DIGE)

Based on 2D polyacrylamide gel electrophoresis (PAGE) approach, 2D-DIGE
allows up to three samples to be multiplexed and quantified on each gel. 2D-DIGE
is based on size- and charge-matched fluorescent Cy-dyes (Cy2, Cy3 and Cy5) that
are attached to proteins prior to electrophoresis. Differential imaging at distinct
excitation wavelengths of each Cy-dye allows one to monitor the differences in
proteomic profiles between different functional states or disease stages more accu-
rately. This is advantageous for overcoming non-biological variations such as gel-
to-gel spatial spot intensities, field strength, pH gradient, inconsistencies of gel
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composition and handling errors of the traditional PAGE system. Cy-dyes are
N-hydroxy-succinimidyl ester derivatives that attach covalently with the e-amino
group of lysine residue of proteins and replace the e-amino group positive charge
with the positive charge of the dye. Since Cy-dyes are hydrophobic, the dyes label
only one lysine residue per protein and prevent protein precipitation. Additionally,
they also cause alterations of isoelectric point and dye-induced mass shifts of
labelled proteins during electrophoresis. 2D-DIGE analysis of CSF from different
research groups has led to the discovery of the potential biomarkers YKL-40 [64,
65], NCAM [65, 127], NPR [127, 128], a-1-p-glycoprotein [129, 130], p-trace
[129, 130], DKK-3 [131] and proteins of the complement pathway [128, 130, 132,
133] (Table 2.1). In addition, analyses of plasma by 2D-DIGE have led to the incor-
poration of proteins such as APOE [138, 163], a-2-macroglobulin [165], comple-
ment factor H [165, 166], vitamin D-binding protein [166] and plasminogen [164]
into the AD biomarker validation pipeline. However, technical limitations of the
resolution of the 2D-DIGE approach at the extremes of pH and molecular weight
have driven the increased use of shotgun proteomics techniques for identification of
AD biomarker candidates.

2.5.2.2 Quantitative Shotgun Proteomics

Similar to gel-based proteomics, shotgun methods are untargeted and allow mul-
tiple novel candidates across a number of biological pathways to be investigated.
Greater sample multiplexing is available with isobaric labelling techniques, such
as tandem mass tags (TMT), isobaric tags for relative and absolute quantitation
(iTRAQ), dileucine (diLeu) and stable isotope labelling of amino acids in cell
culture (SILAC) [167, 180-183]. Each of these methods relies on the MS instru-
ment to keep track of the sample origin from different groups and report on the
relative concentrations of peptides from protein samples. TMT reagents offer
10-plex and diLeu reagents come with12-plex capability. This level of multiplex-
ing can assist with experimental designs that compare across disease groups
(healthy, AD), disease stages (healthy, MCI, preclinical AD, LOAD), longitudinal
measures and drug outcomes in fewer analyses than with label-free untargeted
approaches. Combinations of isobaric labelling approaches such as combined pre-
cursor isotopic labelling and isobaric tagging (cPILOT) developed by our labora-
tory [184—186] and others [187] can double or even triple the number of sample
multiplexing channels. This would have high utility in large-scale screening of
analytes and patient groups such that thousands of targets can be monitored in a
single sample.

Shotgun proteomic analyses of CSF and plasma have added to the list of poten-
tial candidates for diagnostic markers of AD stages. CSF proteins such as amyloid
precursor protein [134, 135], serotransferrin [135], complement cascade proteins
[135, 136], T-cadherin [137], chromogranin B [137] and plasma proteins Apo-Al,
AIV [142-144], Apo-B [142, 143], Apo-E [163, 164, 168, 169] and plasma protease
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Table 2.1 Candidate markers of AD identified from proteomics techniques in 2000-2016

Disease
Candidate biomarker® stage® Method® Refs.
Cerebrospinal fluid
AP(1-42), carnosinase I, chromogranin A, EAD 2D-PAGE/LC-MS [65]
NCAM, tau and YKL-40
120KD isoform precursor of neuronal cell AD and | 2D-PAGE/LC-MS [127]
adhesion molecule 1 (NCAM-120), PD
a-dystroglycan and neuronal pentraxin
receptor-1 (NPR)
a-1-Antitrypsin, Apo-E/J, complement AD 2D-PAGE/ [128]
component 3, contactin, fibrin f3, IgG chains MALDI-MS
NPR, plasminogen, proSAAS, retinol-binding
protein (RBP), transthyretin (TTR) and
vitamin-D-binding protein
a-1-p-Glycoprotein, o-1-antitrypsin, o-2-HS- AD 2D-PAGE/ [129]
glycoprotein, B-trace, Apo- A1/E/J, cell-cycle MALDI-MS
progression 8 protein, kininogen and RBP
a-1 B-Glycoprotein, B-trace, f-2-microglobulin, | MCI 2D-DIGE/ [130]
Apo-H, chitinase 3-likel, complement MALDI-MS &
component 3, cystatin C and thioredoxin LC-MS/MS
Dickkopf homolog-3 (DKK-3) MCI 1D-PAGE/ [131]
and AD | MALDI-MS
a-1-Antichymotrypsin, a-2-macroglobulin, AD 2D-DIGE/ [132]
-2-glycoprotein, complement C4B, fibulin 1 MALDI-MS
and gelsolin
Complement C3B/C4B and complement factor | AD 2D-PAGE/ [133]
B/H MALDI-MS
amyloid precursor protein (APP) and AD LC-MS/MS [134]
cathepsin B
APP, serotransferrin, complement C4A-B/5-6/8, | EAD LC-MS/MS [135]
afamin precursor, AMPA, calsyntenin 3, CD99 and
antigen, di-N-acetyl-chitobiase, glutamine LOAD
receptor, hemopexin, NPR, phosphoproteinl,
plasminogen and spondin-1
Apo-Al, APP and complement C4A/C4B MCI LC-MS/MS [136]
and AD
Apo-C1/H, ceruloplasmin, chromogranin B, AD LC-MS/MS [137]
fibrinogen 3, haptoglobin, T-cadherin and
vitamin-D BP
neuronal secretory protein VGF, integral AD LC-MS/MS [138]
membrane protein 2B, metalothionein-3
VGF and NPR AD LC-MS/MS [139]
11.7 KD metal-binding protein (S100A7) EAD SELDI-MS [140]
a-1-Acid glycoprotein and $-2-glycoprotein AD MALDI-MS [141]
p-2-Macroglobulin, Apo-Al, cathepsin D, AD 2D-PAGE/ [142]
hemopexin, PEDX and TTR MALDI-MS
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Table 2.1 (continued)
Disease
Candidate biomarker® stage® Method® Refs.
AP(1-14)/(1-16) AD MALDI-MS [143,
144]
AP(1-37)/(1-42) AD MALDI-MS [145]
AP(1-38)/(1-42) AD MALDI-MS [146]
AP(1-40)/(1-42) AD MALDI-MS [147]
AP(1-40)/(1-42) AD 1D-PAGE/ [148]
MALDI-MS
AP(1-40)/(1-42) AD LC-MS/MS [149]
AP(1-40) AD SELDI-MS [150]
AP(1-42) with metal ions and total/ EAD ICP-MS [151]
phosphorylated tau and
LOAD
AP(1-42) AD LC-MS/MS
[152—
154]
AP(1-42) and amyloid precursor-like protein-1- | PS1-AD | LC-MS/MS [155]
derived Ap-like peptide (APL 1p)
Apo-J, chromogranin A, phospholemman, FTD CE-MS [156]
synaptic protein-like proSAAS and neuronal and AD
secretory protein VGF
Apo-J, clusterin, Ig kappa chain C and AD LC-MS/MS [157]
osteopontin
Oxidized TTR AD LC-MS/MS [158]
Cystatin C, VGF AD SELDI-MS [159]
Monocyte differentiation antigen CD14 AD 2D-PAGE/LC-MS [160]
precursor
Neurogranin MCI MALDI-MS [161]
and AD
Presynaptic protein SNAP-25 EAD LC-MS/MS [162]
Plasma
Apo-E, glutathione S-transferase omega-1, MCI 2D-DIGE/LC-MS [163]
monoamine oxidase B, tropomyosin-1, and AD
Albumin, Apo-E, complement component 3, AD 2D-PAGE /LC-MS/ [164]
IgG, haptoglobin and plasminogen MS
a-2-Macroglobulin and complement factor H AD 2D-PAGE/LC-MS [165]
a-1-Antichymotrypsin, -2-glycoprotein, AD 2D-DIGE/LC-MS/ [166]
complement component 6, C4B-binding protein, MS
vitamin-D BP, complement factor H, hemopexin,
lipocallin-1 and vitronectin
a-1 antitrypsin and oxidized isoforms of AD 2D-PAGE/ [167]
fibrinogen y-chain MALDI-MS
a-1-Antichymotrypsin, Apo-A1/1V, Apo-B, AD LC-MS/MS [168]
gelsolin, plasma protease C1 inhibitor,
Vitamin-D BP and others

(continued)
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Table 2.1 (continued)

Disease
Candidate biomarker® stage® Method® Refs.
Apo-A1/B-100/C-III and Apo-E AD LC-MS/MS [169]
Apo-AlIV/ Apo-H/B-100, ceruloplasmin, MCI LC-MS/MS [170]
complement factor H, complement regulator C1, | and AD
fibronectin and vitamin-D BP
3370 Da, 3436 Da and 3586 Da peptides MCI SELDI-MS [171]
and AD
a-2-Macroglobulin MCI LC-MS/MS [172]
AP1-17/28 AD LC-MS/MS [173]
AP1-40/42 and AP approximate peptides MCI MALDI-MS [174]
and AD
Complement 4a AD LC-MS/MS [175]
Glycosylated IgG-Fc MCI LC-MS/MS [176]
and AD
TTR AD ICP-MS [177]
Cerebrospinal fluid and plasma
Ap-42, total/phosphorylated tau protein and AD 2D-DIGE/LC-MS [64]
YLK-40
Apo-E isoforms AD LC-MS/MS [178]
Saliva
Tau protein EAD MALDI-MS/LC-MS/ | [179]
MS

*Candidate biomarkers are proteins identified with differential levels in body fluids of AD patients.
Proteins with long nomenclature are abbreviated: AMPA «-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid, YKL-40 astrocyte-derived inflammation response protein, PEDX pigment
epithelium-derived factor

Candidate biomarker identification studies accomplished with multiple stages/types of AD that
include mild cognitive impairment (MCI), early AD (EAD), late-onset AD (LOAD), frontotempo-
ral dementia (FTD) or presenilin-1-mutated familial AD (PS-1 AD)

‘Proteomic method used. /CP-MS inductively coupled MS, SELDI surface-enhanced laser desorp-
tion/ionization, MALDI matrix-assisted laser desorption/ionization (MALDI), LC-MS/MS liquid
chromatography-tandem MS, 2D-PAGE two-dimensional polyacrylamide gel electrophoresis,
DIGE difference gel electrophoresis

Cl1 inhibitor [170] are present at different levels in AD patients compared to control
groups (Table 2.1). Because there are a variety of options for proteomic assays,
there are differences in the proteins that are generated from each laboratory as char-
acteristic signatures of AD (Table 2.1). Such inter- and intra-laboratory variations
prevent some candidates from moving forwards in the pipeline. In general, untar-
geted proteomics assays can be used for screening and generating potential candi-
dates for the biomarker pipeline. It has been suggested that blood-based markers,
such as those highlighted in Fig. 2.3, may just be an initial step in discovery mode
of disease diagnosis that then leads to more specific tests using CSF or imaging
markers, as discussed above [87].
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Representative candidate biomarkers
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Fig. 2.3 Tllustration of Alzheimer’s disease (AD) progression with the formation of plaques in the
hypothalamus, hippocampus and posterior cortex from mild cognitive impairment (MCI), MCI
declining to AD (M CI-AD) and late-onset AD (LOAD). Examples of candidate biomarkers for each
individual AD stage that require validation in larger cohort studies are listed

2.5.2.3 Selected Reaction/Multiple Reaction Monitoring (SRM/MRM)

Validation of potential biomarker candidates from shotgun proteomic experi-
ments is often performed with MRM technology. MRM is a highly sensitive
MS-based assay that measures multiple gas-phase transitions of well-character-
ized peptides from protein targets of interest. Because a large number of total
candidates or differentially-expressed proteins are identified across such types of
studies, validation of all of the proteins in the results list would have a prohibitive
cost. It is important to highlight that study design is important in large-scale pro-
teomic analyses, and it is critical that potential candidates that are identified in
one population cohort are validated using another. This will help to eliminate
false-positive hits and make it less costly to follow up candidates as there will be
fewer proteins of interest in the final list. Four CSF biomarker candidates that
predict progression of AD over a 12-month period were identified using a 39-pro-
tein biomarker panel [138], and biomarker leads that distinguish familial AD
from healthy controls have been identified with MRM [135, 139]. MRM is a more
sensitive MS technique than label-free or isobaric and isotopic labelling
approaches. Due to the specificity of MRM, the assays can be of short duration
depending on the sample complexity and number of transitions to be monitored.
For example, 54 proteins were measured from 100 pL. of CSF in a 10 min
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multiplexed MRM assay, and this resulted in identification of ectonucleotide
pyrophosphatase/phospodiesterase 2, lysosome-associated membrane protein 1,
pro-orexin and transthyretin as potential CSF biomarker candidates for AD [188].
Furthermore, there is opportunity to obtain information about absolute protein
abundances more readily with MRM as compared to relative differences that are
obtained with shotgun proteomics.

There is considerable effort however to use proteomics strategies to find CSF
and blood-based biomarkers for AD (i.e. a PUBMED search on July 7, 2016,
using keywords “CSF OR blood AND biomarker AND Alzheimer’s” returned
over 235 entries). While most quantitative proteomics assays can lead to a higher
number of potential biomarker candidates for discovery purposes, oftentimes
these markers do not pan out when moving through the validation stages. It is not
the scope of this review to discuss all of these studies in detail; however, it is
worth mentioning example strategies of how proteomics can yield useful bio-
marker information for AD. For example, first an untargeted proteomics assay
using a label-free differential mass spectrometry approach was used to identify
CSF proteins that were present at different levels in samples from AD patients
compared to controls [139]. From a number of candidates identified, two were
selected for further validation in a separate cohort using the MRM approach. This
resulted in validation of potential biomarker peptide candidates in CSF that cor-
respond to the neuronal secretory protein VGF and neuronal pentraxin receptor-1
NPTXR as potential biomarkers for AD [139].

2.5.3 Other Multiplex Assays

Promising areas of technological advancement in multiplex biomarker analyses
come from aptamer-based arrays, such as Slow Off-Rate Modified Aptamer-based
capture array (SOMAscan, Somal.ogic, Inc., Boulder, CO, USA), that can monitor
a thousand human proteins simultaneously using protein to nucleotide signal trans-
formation of fluorescent signals. SOMAscan requires minimal starting sample vol-
umes [70]. For example, using as little as 8 pL of plasma from control, MCI and AD
patients, a 13-plex panel that is predictive of AD has been established with
SOMAscan assays [189]. While there are some inconsistencies with the proteins
that fell out of the MCI and AD study, this is likely due to issues that are not unique
to this technology, such as differences in the patient cohort, study design and sam-
ple treatment protocols. A platelet protein biochip has also been developed to mea-
sure blood platelets in MCI, AD and Parkinson’s disease patients and is an
alternative strategy for large-scale screening assays of a smaller number of protein
targets [124].
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2.6 Conclusions

Depending on the biological fluid to be analyzed and the multiplex assay used, there
are a number of factors to consider for truly moving biomarkers forward that are
specific to AD. Appropriate study design is necessary. When the aim is to character-
ize AD specific biomarkers among closely-related disorders such as other demen-
tias, neurodegenerative disorders and psychosis, it is critical to have clear criteria
for distinguishing symptoms and methods to categorize patient populations by their
pathological state. Subsequently, it is also imperative that there are standardized
criteria for sample collection and processing of study groups across laboratories and
consortia. To identify real candidates that arise from blood or plasma proteomics,
for example, candidates need to be validated in hundreds to thousands of samples
that are well matched and come from multiple geographical locations with regard to
AD research centers. Diagnostic candidates should be discovered in one cohort and
validated in a separate cohort. Another area left to be explored is whether or not
more accurate and sensitive tests can be developed that includes multiplexing across
platforms. For example, biomarkers from various sources such as PET, MRI, clini-
cal diagnosis, XMAP and mass spectrometry-derived analytes can be combined
from a single patient using a complex algorithm to achieve the highest levels of
sensitivity and specificity and even offer predictive value for AD. Early diagnostic
biomarkers are urgent as these will facilitate earlier intervention for better treatment
outcomes.
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Chapter 3
What Have Proteomic Studies Taught Us
About Novel Drug Targets in Autism?

Paul C. Guest and Daniel Martins-de-Souza

3.1 Introduction

Autism spectrum disorders (ASDs) are heterogeneous neurodevelopmental condi-
tions comprised predominantly of autism disorder, Asperger syndrome and perva-
sive developmental disorder not otherwise specified (PDD-NOS). There are also
other conditions categorized as ASDs including the genetic disorders Rett’s syn-
drome (RTT), fragile X syndrome (FXS) and tuberous sclerosis (TSC). ASD is
characterized by impairments in social interaction and communication, often with
restricted and repetitive behaviours [1]. Individuals with an ASD frequently have
medical comorbidities such as epilepsy, gastrointestinal obstruction, sleep dys-
function, mental retardation and attention deficit hyperactivity disorder (ADHD)
[2,3].

The current prevalence of ASD has increased in recent years to approximately
1% of the population [4]. This could be caused by changing environmental factors
or simply due to increased attention to diagnostic criteria or increased awareness of
the disorder. A biased gender ratio has been found in ASD, with an approximate
fourfold higher prevalence in males [5]. This disparity has led to the ‘extreme male
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brain theory’ which posits ASD as an extreme variant of male intelligence [6, 7].
This theory is driven by the finding that systemising quotient (SQ) questionnaire
scores tend to be higher in ‘normal’ males compared to ‘normal’ females, and both
males and females with ASD have higher SQ scores than normal males. In addition,
empathy quotient (EQ) scores tend to be higher in normal females compared to
males, and both ASD males and ASD females have lower scores than normal
males [2].

Standard methods for diagnosis of ASD are the Autism Diagnostic Observation
Schedule and the Revised Autism Diagnostic Interview, which are based on
Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV-R criteria [8].
However, these methods rely on human observations of behavioural symptoms and
are therefore likely to be subjective or inconsistent [9]. There are two basic types of
ASD termed symptomatic and idiopathic [10]. The symptomatic subtype comprises
about 15% of the cases and is likely to be secondary to a specific cause or trigger.
These individuals often display comorbidities and mental retardation [11, 12]. The
idiopathic subtype of ASD constitutes about 85% of the cases and is often associ-
ated with genetic or neurological disorders such as FXS, TSC and RTT. Although
idiopathic ASD individuals have abnormal behaviour, they tend to show similar
cognitive levels as individuals with high-functioning autism or Asperger syndrome
[13]. However, it is still not known whether these different clinical phenotypes are
manifested through common or dissimilar pathways [14]. In addition, ASD may be
manifested differently in males and females. Recent evidence has emerged which
shows that males and females with Asperger syndrome have distinct molecular bio-
marker profiles in serum, which may reflect different underlying causes or differ-
ences in physiological responses [15, 16].

Most of the research in ASD has not attempted to identify which genes or bio-
markers are associated with parameters such as ASD subtype, comorbidities or gen-
der. Such approaches are critical for increasing our understanding of ASD, which is
a prerequisite for developing novel treatment strategies. This is important as exist-
ing treatments for ASD do not alleviate core deficits, but instead treat the observed
behavioural symptoms [17]. In this chapter, we describe the current status of
biomarker-based research studies which have been aimed at increasing our under-
standing of ASD. This will be carried out with a view to introduce the latest research
involving identification of potential novel treatment approaches.

3.2 Studies in the Brain

3.2.1 Imaging Analyses

A number of neuroimaging methods have been applied for elucidating the neurobi-
ology of ASD. Structural imaging analyses of children with ASD have identified
changes such as increased total brain size [18]. Although studies of brain
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metabolism and blood flow have not yet yielded consistent findings, these investiga-
tions have demonstrated variability of cerebral synaptic activity in distinct brain
regions in ASD patients [19]. Activation studies have identified changes in organi-
zation of brain regions involved in language and cognition, and positron emission
tomography (PET) analyses have identified changes implicated in serotonergic and
dopaminergic pathways [20]. Functional brain imaging techniques such as PET,
single photon emission computed tomography (SPECT) and functional magnetic
resonance imaging (fMRI) have been applied to the study of normal and pathologi-
cal brain functions. Such studies have been performed at rest or during activation
states and have found bilateral hypoperfusion of the temporal lobes [21]. Other
studies have shown abnormal patterns of cortical activation during tasks involving
perception and cognition, suggesting that different connections may occur in spe-
cific cortical regions of individuals with ASD. One study found that impairments in
processing eyes and gaze could occur in ASD and may be central to the observed
abnormal social cognition [22]. Studies using magnetic resonance spectroscopy
(MRS) have also identified metabolic dysfunction in the frontal cortex and cerebel-
lum of individuals with ASD [23].

fMRI studies in autism patients have found hypoactivation during social pro-
cessing tasks in the prefrontal cortex, the posterior superior temporal sulcus, the
amygdala and the fusiform gyrus [24]. The same approach has detected aberrant
frontostriatal activation during cognitive control tasks [25-28], differential acti-
vation of language processing during communication tasks, anomalous meso-
limbic responses to rewards and long-range functional hypoconnectivity and
short-range hyperconnectivity in task-based paradigms [for a review, see [29]].
Similarly, it has now been established that the prefrontal cortex and cerebellum
are altered in autism [30, 31], and impaired prefrontal cortex-cerebellar cir-
cuitry may be linked to autism symptoms [32]. Structural studies have demon-
strated that the cerebellum receives inputs via afferent neurons from multiple
brain areas such as the prefrontal cortex, best known for a role in cognition and
mood regulation [33]. Similarly, efferent neurons from the cerebellum are
routed through thalamic nuclei to both motor and nonmotor areas of the frontal
cortex [34].

Increased myelination promotes and maintains axon integrity by increasing axo-
nal calibre, which prevents axonal sprouting and synaptic plasticity [35]. Alterations
in myelin thickness have been associated with disconnection of long-distance path-
ways, local connectivity and disruption of networks involved in emotions [36].
Several studies in autism have now found changes in connectivity and overgrowth
of brain tissues [37] and altered white matter [38, 39]. However, changes in white
matter differ depending on the brain area examined, the age of the subjects and the
research methodologies used. This is interesting as a recent selected/multiple reac-
tion monitoring-mass spectrometry (SRM-MS or MRM-MS) profiling study identi-
fied a difference in the levels of myelination-related proteins in the prefrontal cortex
and cerebellum of post-mortem brain samples from autism patients compared to
controls (see below, [40]).
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3.2.2 Molecular Profiling

The imaging analyses described above indicate that changes in brain connectivity
and synaptic function are common features in ASD [41, 42]. Specific genes which
are now thought to be involved include NLGNI (neuroligin) and NRXN! (neurexin),
which suggest an imbalance of neuronal excitation and inhibition [39, 43]. Proteomic
studies have shown that brain-derived neurotrophic factor (BDNF) and glial fibril-
lary acidic protein (GFAP) are altered in individuals with ASD, consistent with the
finding of increased brain volumes seen in some young children with autism [44].
Changes in proteins involved in inflammatory pathways have also been identified in
the cerebral cortex, white matter and cerebellum of patients with autism [45]. In
addition, alterations in mitochondrial energy pathways have been identified [46],
although this could be a secondary affect in response to the neuronal changes [47].

A study which described a targeted SRM-MS analysis of the post-mortem pre-
frontal cortex and cerebellum from ASD patients and controls led to identification
of altered levels of proteins related to myelination, synaptic vesicle regulation and
energy metabolism [40]. These researchers found that the immature astrocyte
marker vimentin was altered in both brain regions, which may indicate a decreased
proportion of astrocyte precursors in some brain regions of autism patients.
Interestingly, this study also found decreased levels of proteins associated with
myelination and increased amounts of synapse- and energy-related proteins in the
prefrontal cortex, which suggested that this brain region may have increased synap-
tic connectivity. Conversely, opposite directional changes were found for these
same proteins in the cerebellum, suggesting that there was altered connectivity in
the prefrontal cortex and cerebellum in autism patients, in support of the imaging
studies described above [29]. In most other neurological conditions, proteomic
studies have already contributed to the understanding of the affected biological
pathways. However, progress along these same lines in ASD research has been poor.

3.3 Molecular Profiling Studies in Serum/Plasma

The reason for identifying biomarker candidates in serum or plasma for ASD is
mainly due to the ease of use of these media in clinical studies. A recent study deter-
mined that a statistically selected panel of 15 biomarker candidates could discrimi-
nate newborns at risk for ASD from non-affected controls [48]. Examining
circulating biomarker candidates may therefore give us ways to identify individuals
who demonstrate specific developmental trajectories and aetiological factors related
to ASD and, at the same time, offer avenues into potential novel treatment
strategies.

In line with effects on brain function, several studies have identified changes
in circulating levels of molecules related to neurotransmitter function in ASD. For
example, the plasma concentration of the serotonin precursor tryptophan has been
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found to be decreased in ASD patients compared to controls [49]. Another study
showed that oxytocin and serotonin levels were negatively correlated with each
other in children less than 11 years old [50]. In addition, Alabdali and co-workers
found that the levels of the neurotransmitters GABA and oxytocin were associ-
ated with symptom severity of Social Responsiveness Scale (SRS) and Childhood
Autism Rating Scale (CARS) test scores [51]. Receiver-operating characteristic
analysis showed that these molecules could be used as predictive biomarkers of
clinical symptoms.

One consistent finding of serum and plasma proteomic profiling analyses in ASD
is alterations of proteins involved in lipid metabolism. Studies have found that lipid
concentrations in individuals with ASD can be used to distinguish them from con-
trols with good sensitivity and specificity [52]. Ngounou and co-workers found
changes in apolipoprotein Al (APOA1), APOA4 and serum paraoxonase [53],
Steeb et al. showed that APOA1, APOC2, APOE and adiponectin were altered [16],
Ramsey et al. found differences in APOA1 and leptin [54], and another study
described the involvement of cholesterol [55]. Similarly, several lipid-related small
molecules have been identified as being altered in ASD including 3-hydroxyisovaleric
acid and serum b-OH-b [56], homocysteine, folate and vitamin B12 [57, 58], and a
more recent study found that the increased lipid peroxidation found in ASD patients
may be linked to elevated inflammatory responses [59].

Other serum molecules, which have been identified in association with ASD,
include those associated with inflammation or the acute phase response [60]. One
study showed that children with ASD had significantly lower levels of the iron
transport protein ferritin compared with controls [61]. Another study found elevated
levels of specific chemokines and interleukins in children with autism, and the lev-
els of these molecules were significantly correlated with symptom severity [62, 63].
Potentially related to the inflammation, a number of molecules related to cell adhe-
sion and vascular function have also been implicated in autism. These include
changes in the levels of P-selectin [64] and platelet-endothelial adhesion molecule
(PECAM-1) [65]. Changes in the former were correlated with impaired social
development during early childhood, and changes in the latter were linked with
head circumference at birth. Finally, several studies in autism have shown immune
allergic responses in ASD patients [66]. In this regard, circulating autoantibodies to
antigens such as myelin basic protein (MBP) and myelin-associated glycoprotein
(MAG) [67] have been identified in ASD patients, as well as mitochondrial DNA
[68] and antinuclear antibodies [69].

Other studies have identified changes in various hormones and growth factors in
individuals with ASD. One study found increased levels of the anterior pituitary hor-
mones adrenocorticotropic hormone (ACTH) and growth hormone, along with increased
levels of adrenal cortisol in autism patients [70]. Another study found that ACTH levels
were also higher in adults with Asperger syndrome [71]. In addition, amyloid-related
peptides which have been implicated in Alzheimer’s disease have also been found to be
altered in serum from individuals with autism. One study showed that measurement of
soluble amyloid precursor polypeptide-alpha (sAPP-alpha) in serum and human umbili-
cal cord blood may have potential use in early diagnosis of autism [72]. Two other stud-
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ies found that patients may have aberrant processing of APP in production of the Af; 4
and AP,y peptides [73, 74]. Finally, changes in the levels of vascular endothelial growth
factor (VEGF) and its receptors [75] and BDNF [76] have been identified, consistent
with theories on altered neuronal growth and survival in ASD. The latter study also
found that increased levels of the growth factor neurotrophin 4 (NT4) could be linked to
autism and mental retardation.

3.4 Sex-Specific Effects

Considering the higher prevalence of ASD in males compared to females, it is surpris-
ing that only a few biomarker profiling studies have attempted to determine whether
or not this leads to sex-specific molecular profiles. This is important as this could
mean that there either different aetiologies or that males and females with ASD acti-
vate different molecular pathways in response to a common aetiology. Three studies
have now used multiplex immunoassay [15, 54] and mass spectrometry [16] analyses,
which showed distinct molecular signatures in serum from males and females with
Asperger syndrome. In a study by Schwarz and co-workers [15], males with Asperger
syndrome had changes in 24 biomarkers, which included mainly increased levels of
cytokines and other inflammation-related molecules. In contrast, Asperger syndrome
females had altered levels of 17 biomarkers including growth factors and hormones
such as androgens, growth hormone and insulin-related molecules (Fig. 3.1).
Multivariate statistical classification of males using the panel of 24 male-specific ana-
lytes revealed a marked separation between patients and controls with a sensitivity of
0.86 and specificity of 0.88, whereas testing of females using this same panel did not

Asperger’s syndrome males Asperger’s syndrome females

Inflammation-related  Growth factors/hormones

Fig. 3.1 Distinct serum biomarker signatures identified for males and females with Asperger syn-
drome. Common proteins are indicated with an asterisk. Abbreviations: BDNF brain-derived neu-
rotrophic factor, CTGF connective tissue growth factor, ENA 78 epithelial-derived
neutrophil-activating peptide 78, GCSF granulocyte colony-stimulating factor, /ICAM I intracel-
lular adhesion molecule 1, NARGI NMDA receptor-regulated protein 1, NCAM neuronal cell
adhesion molecule, SGOT serum glutamic oxaloacetic transaminase, SRAGE soluble receptor for
advanced glycation end products
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result in any differentiation between the two groups. Conversely, classification of
females using the panel of 17 female-specific analytes yielded sensitivities and speci-
ficities of 0.96 and 0.83, respectively, for separation of patients and controls with no
differentiation observed for males. The finding of elevated testosterone in females
with Asperger syndrome was consistent with the ‘extreme male brain’ theory of
ASD. Ramsey et al. showed similar findings with Asperger syndrome males again
having differences in immune and inflammatory markers and females showing
changes in lipid metabolism, hormones and growth factors [54], and the combined
multiplex immunoassay and mass spectrometry analysis of Steeb and co-workers [16]
confirmed that these same changes occurred in Asperger syndrome subjects irrespec-
tive of any medications that they had received. These results provide evidence that the
search for biomarkers or novel drug targets in ASD will require stratification of the
tested individuals into male and female subgroups.

3.5 Current Treatment Approaches in ASD

There are a number of different classes of drugs which are in use for treatment of
autism. Most of these are targeted towards management of symptoms seen in other
psychiatric conditions, and others are directed against comorbidities.

3.5.1 Antipsychotics

Research on antipsychotic use in ASD has been limited due to concerns of extrapy-
ramidal and metabolic side effects [77-80]. Risperidone has been approved for
treatment of symptoms such as irritability, aggression, self-injurious behaviour,
hyperactivity and repetitive behaviour symptoms in children and adolescents with
ASD [81]. However, adverse effects have been apparent, including weight gain,
increased appetite and somnolence [82—84]. Aripiprazole has also shown efficacy
for reducing irritability, hyperactivity and stereotypies, although this drug produces
similar side effects as risperidone [85-87].

3.5.2 Antidepressants

Children and adolescents with ASD showed improvements following treatment
with the selective serotonin reuptake inhibitor (SSRI) fluoxetine [88, 89]. Also,
improvements in anxiety, mood and irritability have been reported in studies using
citalopram and escitalopram, although a recent meta-analysis found no evidence
that SSRIs improved ASD symptoms and even suggested that they could be harmful
[90, 91]. Clomipramine has been the most studied tricyclic antidepressant due to its
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use in the treatment of obsessive compulsive disorder. Double-blind trials have
found that this drug improves symptoms such as anger outbursts, repetitive behav-
iour, hyperactivity and irritability in ASD patients [92, 93], although its effect on
hyperactivity has not been consistent [94].

3.5.3 Mood Stabilizers/Antiepileptics

Studies on the use of mood stabilizers and antiepileptic drugs for treatment of ASD have
reported inconsistent results [95-97]. However, one investigation found that divalproex
was helpful for improving symptoms of irritability and aggression in children and ado-
lescents with ASD [98], and an open-label study with levetiracetam found improved
symptoms of aggression, impulsivity, hyperkinesis and mood instability [99].

3.5.4 Treatments for ADHD

Methylphenidate is a stimulant used for treatment of ADHD symptoms. However,
this compound has shown limited efficacy, resulting from adverse side effects in
children with ASD and ADHD compared to children with ADHD alone [100, 101].
Three studies found that methylphenidate treatment led to improved ADHD symp-
toms in children with ASD [102-104]. The selective norepinephrine reuptake inhib-
itor atomoxetine has been approved for treatment of ADHD, although one study
showed that it was only efficacious in individuals with lower symptom severity
[105, 106]. Two alpha-2 adrenergic agonists (guanfacine and clonidine) have also
been tested for treatment of hyperactivity, inattention and impulsivity symptoms in
ASD patients with ADHD [107-109].

3.6 Novel Treatment Approaches in ASD

The lack of specific understanding of the neurobiology of ASD has stalled the
development of novel treatment approaches. However, a number of drugs and alter-
native strategies have shown promise.

3.6.1 Melatonin

Melatonin is a neurohormone secreted by the pineal gland, involved in sleep regula-
tion. It has now been tested in attempt to manage sleep disorders known to occur in
children with ASD [4, 110]. A retrospective study on 107 children and adolescents
with ASD resulted in an improvement in sleep in approximately 85% of the cases
[111]. An open-label trial studied melatonin supplementation in 24 children with ASD
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over 14 weeks, which led to improved sleep patterns in most children within 1 week
[112]. Also, two small randomized, double-blind crossover trials testing melatonin
supplementation in children with ASD found a significant increase in total sleep time
and a decrease in latency compared with children who received placebo [113, 114].

3.6.2 Omega-3 Fatty Acids

Several studies have now reported low levels of omega-3 fatty acids in children with
ASD [115]. Based on these findings, two studies were conducted in children diag-
nosed with ASD who received either omega-3 fatty acids or placebo [116]. However,
there was no evidence that this had an effect on the outcome measures of social
interaction, communication, stereotypy or hyperactivity. Larger trials are ongoing.
A more recent study is planned which aims to test the co-administration of omega-3
fatty acids with vitamin D on primary outcome measures of a change in social-
communicative functioning, sensory processing issues and problem behaviours
between baseline and 12 months [117].

3.6.3 Glutamate Receptor-Related Medications

Effects on glutamatergic and GABAergic pathways have also been found in ASD
[118, 119]. One study found that GABA, receptors were reduced in brain areas
which have been associated with ASD [120]. Recently clinical studies have tested
mGluR antagonists in small-scale phase II trials for potential therapeutic benefits
[121] in the treatment of stereotypic behaviours [122, 123]. A double-blind clinical
trial testing the chloride-importer antagonist bumetanide, which acts as a GABAergic
inhibitor, found significant improvements in the CARS, Clinical Global Impressions
and Autism Diagnostic Observation Schedule [124]. A retrospective open-label
study of children and adolescents with ASD involved treatment with the NMDA
receptor antagonist memantine. Out of 18 individuals tested, 11 showed improve-
ments in social withdrawal and inattention behaviours [125]. However, some devel-
oped adverse effects, including sedation, irritability and increased seizure frequency.
Another study which tested memantine found significant improvements in irritabil-
ity, hyperactivity and inappropriate speech in children with ASD [126]. Considering
these promising results, further work is warranted on the use of compounds target-
ing glutamatergic dysfunction ASD [127].

3.6.4 Oxytocin

Early studies tested the effects of oxytocin infusion in ASD. The main findings sug-
gested that oxytocin treatment can reduce repetitive behaviours and improve affec-
tive speech comprehension [128, 129]. More recent studies found that intranasal
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oxytocin administration in ASD subjects led to stronger personal interactions and
increased eye gaze [130] as well as improved scores on the communication and
social interaction domains of the Autism Diagnostic Observation Schedule-Generic
(ADOS-G) [131]. Also, double-blind, randomized, placebo-controlled trials showed
that intranasal oxytocin administration led to improved performance on the Reading
the Mind in the Eyes Task and social cognition [132]. Another trial using intranasal
oxytocin resulted in improved right amygdala response to facial stimuli in ASD
compared to control subjects [133]. More recently, studies have shown that oxyto-
cin may treat the social deficits in autism through a mechanism involving the sero-
tonin 1B receptor, suggesting that this may be another future target [134]. However,
some side effects of oxytocin treatment have been noted such as uterine contrac-
tions and lactation in females [135] and antisocial behaviour [136]. Furthermore,
there are other unresolved issues involving development of oxytocin as a potential
new therapeutic in ASD, including optimization of dose, duration of treatment and
choice of suitable clinical endpoints for core symptoms [137]. Future studies should
also involve optimization of the intranasal delivery approaches and address the mat-
ter of how different individuals respond to treatments.

3.6.5 mTOR Targeting

One of the latest targets to emerge in psychiatric research is the mammalian target
of rapamycin (mTOR). mTOR is important in synaptic protein synthesis and inte-
grates inputs from NMDA and metabotropic glutamate receptors. Abnormalities in
mTOR signalling have been found in ASD [138]. Accordingly, mTOR inhibitors are
currently being tested in treatment of ASD [139]. For example, a double-blind con-
trolled trial is underway to test the effects of the mTOR inhibitor everolimus in
children and adolescents with tuberous sclerosis, ASD and seizures for any improve-
ments in cognition, ASD symptoms attenuation and seizure frequencies.

3.6.6 Other Approaches

Since a high prevalence of a variety of gastrointestinal symptoms has been reported
in patients with ASD, a recent clinical study has set out to explore strategies which
can restore normal gut microbiota by dietary supplementation with probiotics [140].
These researchers have set up a randomized controlled trial to determine the effects
of supplementation with a probiotic mixture (Vivomixx®) in ASD children for
effects on specific gastrointestinal symptoms and on the core deficits of cognitive
and language development, as well as those on brain function and connectivity. A
recent novel approach is the use of deep brain stimulation techniques of the amyg-
dala in the treatment of severe cases of ASD [141]. Although the initial findings are
promising, considerable further work is needed in this area.



3 Proteomic insights into new ASD treatments 59

Insulin resistance identified by blood-based biomarker tests

Normal insulin levels Mood stabiliser Improvement of symptoms

-
— —
High insulin levels Mood stabiliser Improvement of symptoms
. ASD 9 + Anti-diabetic +insulin sensitivity

. Insulin resistance

Fig. 3.2 Diagram showing personalized medicine strategy to treat ASD patients who have been
stratified based on the presence or absence of insulin resistance through biomarker testing

3.7 Personalized Medicine Strategies in Autism

To date, none of the drug treatment trials in ASD have incorporated the use of bio-
markers to stratify patient populations prior to the study. From the findings pre-
sented in this review, we suggest that this is essential to ensure that the correct
patients are targeted with correct treatments. The sex-specific molecular profiles
found in Asperger syndrome indicate that different compensatory mechanisms may
occur in males and females with ASD or that these conditions may develop through
distinct sex-specific molecular pathways [15, 16]. The finding that males showed
greater changes in inflammatory molecules suggests that one possible treatment
avenue could include anti-inflammatory agents (Fig. 3.2). This approach has already
been undertaken in schizophrenia with some success at improvement of patient
symptoms [142—145]. In this way proteomic biomarker testing of blood samples
could be used for stratification of males based on whether they show distinct changes
in key biological pathways such as immune factors. In addition, new adjunctive
drug treatment strategies could be developed which target these comorbidities for
combined treatments with either existing or newly developed therapeutics.
Schwarz et al. also showed that female Asperger syndrome patients had increased
levels of free testosterone and insulin-related peptides [15], suggesting that at least
some of these may have insulin resistance. Previous studies have shown that there is
a link between hyperinsulinemia and hyperandrogenism in women with polycystic
ovarian syndrome [146, 147]. Furthermore, treatment with insulin-sensitizing
agents such as rosiglitazone has been shown to improve insulin sensitivity, leading
to alleviation of hyperandrogenism and the associated symptoms [148]. This high-
lights the possibility of developing novel treatment approaches which target the
biomarker-determined androgen or insulin signalling abnormalities in female
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patients with ASD. We suggest that initial biomarker screening of male and female
patients, followed by anti-inflammatory or antidiabetic treatments, potentially in
combination with existing ASD treatments, could lead to improved patient out-
comes (Fig. 3.2).

3.8 Future Perspectives

The current clinical practice in psychiatry focuses on the use of medications in ASD
which target symptoms and not necessarily the underlying physiological changes.
Recent research has now moved towards investigating the factors contributing to this
complex spectrum of disorders by the use of genomic, transcriptomic, proteomic and
metabonomic platforms, along with other targeted methods such as immunoassays
and imaging technologies. Some studies have investigated the association between
hormones, growth factors and immunological proteins and ASD. The paradigm shift
towards increasing our understanding of the biological basis of ASD may lead to new
clinical approaches in managing ASD. It will also allow development of novel drugs
which target the physiological causes of ASD, and this could lead to better outcomes
for these individuals [149]. In addition, the distinct patterns of serum biomarkers in
male and female ASD patients suggest that a personalized medicine approach may be
possible in the near future using more targeted treatments to elicit the best possible
outcome. Although most of the findings described here require validation to account
for potential variables such as age, gender, body mass index and ASD subtype, the
results appear promising for the future development of new drugs for better therapeu-
tic management of individuals with these conditions.
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Chapter 4

Application of Proteomic Approaches
to Accelerate Drug Development

for Psychiatric Disorders

Hassan Rahmoune, Daniel Martins-de-Souza, and Paul C. Guest

4.1 Introduction

Drug companies are under increasing pressure to improve their returns on invest-
ment in discovery and development projects. This is a difficult task and one that is
almost impossible to forecast over time, considering that the average drug costs
approximately one billion US dollars to develop and takes 10-15 years from initial
discovery to the marketing phase [1]. This is made even more difficult by the fact that
approximately 70% of drugs never recover their research and development costs and
around 90% do not generate an adequate return on this investment. To compound
matters, less than 10% of new compounds make it to the marketing stage, and some
of those drugs have even been subject to withdrawal due to adverse reactions [2-5].
Pharmaceutical companies are now striving to minimise these risks by incorporating
standard operating procedures, which will also help to meet the increasingly strict
regulatory demands. In order to assist the drug companies in this challenging
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process, the regulatory authorities have encouraged the incorporation of biomarker-
based tests into the drug discovery pipeline [6]. For example, the Food and Drug
Administration (FDA) in the USA has initiated efforts to modernise and standardise
drug development procedures to facilitate delivery of more effective and safer drugs.
One important breakthrough would be the ability to predict the success or failure of
drugs early on in the development process. The FDA has estimated that even a 10%
improvement in the ability to predict failure of a drug before it reaches the clinical
trial phases could save up to 100 million US dollars in development costs [7].

The development of new drugs for psychiatric disorders has proven to be one of
the most challenging objectives in the pharmaceutical industry. This is due to the
fact that the underlying causes of diseases such as schizophrenia, major depression
and bipolar disorder are poorly understood [7, 8]. In addition, there is an overlap of
symptoms across these disorders and heterogeneity in how they are manifested in
different individuals [9]. However, the use of emerging multiplexed molecular pro-
filing platforms has facilitated identification of biomarkers through the simultane-
ous measurement of hundreds and even thousands of molecules in a single
experiment. This has led to benefits such as increased accuracy and lower amounts
of sample required as well as reduced running costs.

4.2 The Need for Better Treatments

An important challenge for psychiatrists is to find the best possible drug treatment
regime for their patients. However, double-blind randomised trials have shown
response rates of 29-75% for schizophrenia patients after treatment with current
antipsychotic medications [10-16]. This can result in switching of medications and
a consequent delay in tempering of psychotic symptoms. In turn, this can cause a
range of harmful consequences in the lives of patients, including those of a physi-
ological nature, as well as increased costs to society and the healthcare systems.
This highlights the urgent need to identify biomarkers for treatment response pre-
diction, which could help to guide selection of more effective targeted treatment
strategies and thereby improve prognoses.

Along similar lines, the treatment of major depressive disorder patients with anti-
depressants can be a costly process since the recovery periods are often lengthy. One
reason for this is because current treatment protocols usually involve a waiting period,
during which the clinician waits to see if a particular medication will be effective.
Although over 20 antidepressants have been approved by the Food and Drug
Administration (FDA) [17], the treatment response and remission rates have only been
mediocre. In the best-case scenario, it can take at least 4 weeks to achieve a response
and 6 weeks or more for remission [18, 19]. However, patients that do not respond are
subjected to an additional trial and error period over which medication doses are
increased and/or drugs are switched or tested in combination. This can lead to treat-
ment periods spanning more than a year until adequate recovery is achieved. Other
problems may also occur for approximately 75% of those patients who fail to improve
with the first antidepressant treatment as these individuals may stop taking their medi-
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cations [20, 21]. A meta-study of placebo-controlled trials showed that the response
rate for antidepressants was only 53.8%, compared to 37.3% for placebo [22]. In addi-
tion, the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) study
found that only one-third of patients attained remission after 12 weeks of initial anti-
depressant treatment, and around two-thirds required up to four treatment attempts
[23]. Another publication from the STAR*D group found that follow-up remission
rates were inversely related and relapse rates positively related, with the number of
successive treatment steps [24]. The consequences of a lengthy treatment can be seri-
ous since this may result in extended time periods spent in depressive episodes, lead-
ing to increased disability and increased costs [17]. Taken, together, these findings
highlight the need to identify biomarkers that can be used to predict treatment response.

There is now significant interest in the discovery and integration of biomarkers by
pharmaceutical companies and the regulatory agencies since these can be used to
improve stratification of patients prior to clinical trials [25]. This could help to revolu-
tionise treatment of individuals with psychiatric disorders by facilitating personalised
medicine approaches such as those emerging in other areas of medicine, including
oncology [26]. Multiple studies have now shown that patients with schizophrenia [27],
major depressive disorder [28] and bipolar disorder [29] have perturbed serum concen-
trations of cytokines and other molecules associated with the inflammation response,
and some patients with these disorders have also shown changes in circulating signal-
ling molecules that can affect brain function including neuroendocrine hormones like
insulin and growth factors such as brain-derived neurotrophic factor (BDNF) [30-34].

4.3 A Brief History of Failed Drugs

The need for biomarker tests to guide development in the pharmaceutical industry
is perhaps best seen by recent failures in this process. Over the last 50 years or so,
hundreds of drugs have been withdrawn, mainly as a result of liver or cardiac toxic-
ity [35-43]. Many of these compounds targeted psychiatric disorders (Table 4.1). In
other cases, many test compounds for psychiatric conditions failed during the later
stages of clinical trials due to lack of efficacy. For example, a phase III study failed
to show a significant improvement in Hamilton Depression (HamD) rating scores
for major depression patients treated with the substance P antagonist aprepitant
[44]. At least some of these disasters would not have occurred if procedures had
been in place using biomarker assessments to guide dosing and/or predict efficacy
or toxicity at an early stage in the drug discovery process.

4.4 Biomarker Impact in the Drug Discovery Process

It has been estimated that the total number of potential biomarkers exceeds one mil-
lion, which is an awe-inspiring number. For this reason, it is typically only possible
to study small to medium clusters of these molecules using proteomic methods at
any one time. Many researchers and pharmaceutical companies have been investing
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Table 4.1 List of psychiatric medications that were withdrawn due to toxicities

Disorder

‘ Year ‘ Country

Reason

Attention deficit hyperactivity disorder

Pemoline 1997 | Canada, UK Liver toxicity [46, 48]
Proxibarbal 1998 | Spain, France, Italy, Allergic response [46]
Portugal, Turkey
Anxiety
Triazolam 1991 | France, Netherlands, Psychiatric adverse reactions
Finland, Argentina, UK, [46, 52]
others
Alpidem 1995 | Worldwide Liver toxicity [46, 47]
Chlormezanone 1996 | European Union, USA, Liver toxicity, epidermal
South Africa, Japan necrolysis [46]
Temazepam 1999 | Sweden, Norway Abuse and overdose deaths
Tetrazepam 2013 | European Union Skin reactions [50]
Depression
Phenoxypropazine 1966 | UK Liver toxicity, drug interaction
[46]
Nialamide 1974 | UK, USA Liver toxicity, drug interaction
[46]
Mebanazine 1975 | UK Liver toxicity, drug interaction
[47]
Nomifensine 1981 | France, Germany, Spain, Hemolytic anaemia, liver
UK, USA, others toxicity [45, 46]
Zimelidine 1983 | Worldwide Liver toxicity, hypersensitivity
[46]
Minaprine 1996 | France Convulsions [46]
Nefazodone 2004 | USA, others Liver toxicity [40]
Schizophrenia
Remoxipride 1993 | UK, others Aplastic anaemia [46]
Sertindole 1998 | European Union Arrhythmia, death [46, 49]
Thioridazine 2005 | Germany, UK Arrhythmia [51]

in multiplex proteomic techniques to help in the challenging task of sorting through
this mass of molecules and to increase our understanding of diseases more deeply
than ever before. All of these approaches offer the potential of identifying molecular
fingerprints in clinical samples and translating this into information about health
and disease. With the help of these multiplex proteomic approaches, we are now
starting to categorise psychiatric diseases at the molecular level, rather than by
symptoms alone. By finding biomarkers of a disease, early detection and diagnosis
could be facilitated by testing for the presence or absence of a disease fingerprint. In
line with the main aims of this review chapter, biomarkers could also assist pharma-
ceutical companies by allowing them to screen for drugs which help to normalise a
disease signature. These could be used in the early stages of drug development such
as in preclinical studies by determining the effect of test compounds in suitable
disease models. They could also assist in looking for biomarkers of toxicity prior to
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entry of the drug into clinical trials using representative models. In the latter stages
of clinical development, proteomic biomarker tests could be used to help in stratifi-
cation of patient groups to segregate those who are most likely to benefit or not
benefit from treatment with the test compound. This is critical as many trials in the
area of psychiatric medications may have failed due to inadequate selection proce-
dures or because the wrong patients were included in the study. Improvements in
this area alone could help to save millions of US dollars in costs since the phase II
and phase III stages of clinical trials are typically the most expensive stages of the
drug discovery and development pipeline.

4.5 Proteomic Biomarker Techniques

Biomarkers are physical characteristics that can be measured in bio-samples and
used as an indication of physiological states such as good health, disease or toxicity
or for predicting or monitoring drug responses [53]. For point-of-care use, it is
important that biomarkers can be measured with high accuracy and reproducibility,
within a short-time period and at an affordable focus proteomic approaches for use
in blood samples. Since changes in physiological states are dynamic in nature, they
are likely to cause changes in numerous proteins that converge on related pathways.
For this reason, most researchers consider proteomic methods to be the most infor-
mative about physiological status. It is also becoming more accepted by researchers
and clinicians that brain conditions such as psychiatric disorders can be investigated
by looking in the blood. This is actually obvious when one considers the two-way
communication system between the brain and the periphery in most bodily
functions.

4.5.1 Multiplex Immunoassay Analysis

The bloodstream contains hundreds of bioactive and regulatory proteins including
hormones, growth factors, transport proteins and cytokines. However, most of these
proteins are present at very low concentrations. This means that biomarker measure-
ment systems for serum and plasma should be highly sensitive. One way of achiev-
ing this is through the use of antibody-based approaches such as multiplex
immunoassay [54]. These assays are constructed and carried out according to the
following basic steps. First, microbeads are loaded with red and infrared dyes at
different ratios such that each bead has a unique fluorescent signature. Then, spe-
cific capture antibodies are covalently attached to the surface of each signature-
distinct bead. After this, the different antibody-bead conjugates are mixed together
to form the multiplex. In the actual analysis, the sample is added, and the target
molecules bind to their respective antibody-bead conjugates. After washing away
the unbound material, fluorescently labelled detection antibodies are added in a
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mixture, and each of these binds to their target molecules in a sandwich-like con-
figuration. Finally, the samples are streamed through a reader, and the microbeads
are analysed by two lasers for identification and quantification of the analyte pres-
ent. In this step, the lasers identify which analytes are present using the unique sig-
nature of each dye-loaded microbead, and they determine the quantity by measuring
the fluorescence intensity associated with the tags on the secondary antibodies.

4.5.2 Two-Dimensional Gel Electrophoresis

Two-dimensional gel electrophoresis (2DE) provides a means of studying intact
protein chains, including any effects on post-translational modifications, such as
phosphorylation or glycosylation. Such information is more difficult to obtain
using other methods such as shotgun mass spectrometry (see below). In 2DE, pro-
tein mixtures in bio-samples are applied to a strip gel for separation in the first
dimension according to their isoelectric points by isoelectric focusing. For the
second-dimension separation, the proteins are separated by sodium dodecyl sul-
phate (SDS) polyacrylamide gel electrophoresis (PAGE) according to their appar-
ent molecular weights, and the protein spots in the gels can be visualised with
specific stains (e.g. Coomassie Blue R250 or Sypro Ruby) and then quantitated
using an imaging software. Although this technique allows the study of many tissue
types, there are some problems with analysis of blood serum or plasma samples.
This occurs mainly due to the fact that blood contains a wide concentration range
of proteins spanning at least 14 orders of magnitude [55]. Thus, highly abundant
proteins such as albumin and immunoglobulin light and heavy chains appear as
large poorly resolved blobs on the gels and thereby obscure the lower abundance
proteins.

4.5.3 Mass Spectrometry

The emergence of shotgun mass spectrometry began towards the end of the Human
Genome Project as a sensitive and medium throughput approach for proteomic
biomarker identification [56]. The method is called “shotgun” due to the fact that
proteins in bio-samples are cleaved with proteolytic enzymes to generate smaller
peptides, which are the actual analytes. This is carried out as most intact proteins
are too large and complex in their structure to be ionised or analysed directly in
most types of mass spectrometry instruments. After proteolysis, the peptides are
separated using liquid chromatography. As the peptides enter the mass spectrom-
eter, they are ionised by a process such as electrospray, which is the application of
an electric charge to render the peptides in a charged plasma state. After this, the
peptide ions are accelerated magnetically towards a detector at a velocity that is
inversely proportional to their specific mass to charge ratios. Quantitation is
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achieved since the amount of each peptide that hits the detector per unit of time is
proportional to the quantity of the peptide and, therefore, the corresponding parent
protein. Simultaneously, peptide sequences are determined by streaming in a gas
such as nitrogen, which breaks the peptides into smaller pieces. The mass of each
piece can then be used to derive the amino acid sequences that make up the pep-
tides which are used in database searches for identification of the corresponding
proteins. The main advantage of this method is the ability to detect more difficult
classes of proteins which cannot be detected by 2DE approaches, such as extremely
basic or low molecular weight peptides. The disadvantages include the loss of
intact protein information since the proteins are enzymatically digested prior to
analysis.

4.6 Use of Proteomic Biomarker Profiling in the Drug
Discovery Process

Biomarker profiling can be used at multiple stages of drug discovery process
(Fig. 4.1). In the early phase, multiplex biomarker profiling could positively
impact on target identification, target validation and lead compound screening
and prioritisation. In addition, analytes could also be used in this phase as sur-
rogate biomarkers of drug efficacy and for the validation of preclinical models
of specific aspects of psychiatric diseases. Potentially of the most importance,
any biomarker tests that arise from these early phase studies should be trans-
lated into rapid assays on hand-held point-of-care devices that can be used to
identify disease signatures and monitor drug efficacy or toxicity in the latter
clinical phases [57].

The drug discovery pipeline

Target Lead Phase | Phase Il Phase lll Approval and
identification optimization clinical studies clinical studies clinical studies launch

Biomarker applications

Time

Fig. 4.1 Co-development of drugs with biomarker tests over the stages of drug discovery. The
scenario is expected to lead to the development of more efficacious and safer drugs and reduce the
overall process time, leading to greater returns on investment
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4.6.1 Target Validation

Most drug targets are components of molecular complexes and networks [58].
However, many of these networks have not been fully elucidated in terms of the
interacting proteins and other molecules or according to their relationship to other
biological pathways. Therefore, there is a need for full mapping of these cell and
whole-body networks further to identify new tractable drug targets. Identification of
molecules that serve as a “switch” or a “weak link™ in the disease process is usually
the first stage of target validation. This can be tested by manipulating the expression
of the target molecules using gain or loss of function methods in an attempt to cause
or reverse the disease phenotype [59]. Increasing the function of the target molecule
can often be achieved using agonists or through genetic overexpression approaches.
In the opposite manner, function could be knocked down using antagonists, ribo-
zymes, small interfering (si)RNAs or by genetic knock-down approaches. In all of
these scenarios, a proteomic signature could be generated for monitoring purposes
and for looking at the effects of test compounds on the phenotype.

For successful validation and prioritisation of novel drug targets, it is important
to understand the relevant aspects of the disease at a functional level and confirm
that the therapeutic concept works in preclinical models and clinical proof of prin-
ciple experiments. Proteomic profiling studies can provide this information by iden-
tifying components of cellular networks that could be targeted for possible
therapeutic intervention. One study showed that multiple proteomic approaches
may be required, including identification of cancer cell membrane proteins by mass
spectrometry and phenotypic antibody screening, for identification and validation
of antibody tractable targets in cancer research [60]. In another investigation, a sta-
ble isotope-mass spectrometry metabolomic profiling approach was used to study
the mechanism of action of d-cycloserine, an antibiotic used in the treatment of
multidrug-resistant Mycobacterium tuberculosis infection [61]. The authors used
labelled *C a-carbon-?H-1-alanine for simultaneous tracking of alanine racemase
and d-alanine/d-alanine ligase in Mycobacterium tuberculosis and found that the
latter was more strongly inhibited than the former by d-cycloserine. In Alzheimer’s
disease, several clinical studies using antidiabetic compounds have now been per-
formed which confirm a role of insulin resistance in the cognitive deficits [62, 63].

4.6.2 Lead Optimisation

Many compounds fail in the later stages of drug development because of an unan-
ticipated toxicity or poor efficacy [64]. One example was the failure of the antide-
pressant compound nefazodone due to liver toxicity [40]. To overcome this calls for
a greater understanding of drug properties at an earlier stage in the development
pipeline. One approach would be through the incorporation of appropriate pro-
teomic biomarker tests into this stage of the pipeline. Such tests can be used to
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generate expression signatures from cells or tissues treated with new drugs for tar-
get identification and validation and for determining mechanism of action.
Biomarker signatures can also be used in the identification and optimisation of lead
compounds by looking for correlations of specific molecular patterns with efficacy
or specific toxicities. For example, proteomic monitoring of the effects of develop-
mental compounds in appropriate models of psychiatric diseases might provide an
early prediction of efficacy or toxicity [65]. Compounds which induce the same
signature of protein expression changes are presumed to share the same mode of
action and toxicity effects. A recent study reported the development of a multiplex
immunoassay for high-throughput screening of compounds in cell models using
cytokines as physiologically relevant molecular fingerprints [66]. In addition, this
multiplexed cytokine test can be used for profiling of bio-fluids such as blood serum
and plasma for translational research.

In addition to animal studies, cellular models can provide useful screening plat-
forms for drug profiling. This can be achieved using reporter systems for activation
of cellular pathways such as receptor signalling or enzymatic cascades, which are
known to be perturbed in the disease state or that respond to current effective medi-
cations. This approach has been called cytomics. By screening such cell models
with currently used drugs and novel compound libraries, functional responses
including calcium flux, phosphorylation, membrane potential changes, apoptosis,
oxidative stress, proliferation and cell cycle status can be measured [67]. Thus, the
cellular and biomarker reporter system would provide a means of looking for com-
pounds which hit the appropriate target or achieve the desired effect. Then, com-
pounds of the same class could be selected for additional studies and the most
successful candidates taken forward for further clinical development.

4.6.3 Drug Toxicology Studies

To maximise chances of success, new drug candidates should be potent, specific for
their targets and bioavailable with good pharmacokinetic profiles and low toxicity.
Compounds lacking one or more of these qualities should be identified and weeded
out during the early stages of the drug discovery pipeline so that only the most
promising candidates are taken through to the later clinical trial phases. Toxicities
normally only become apparent during the preclinical or clinical development
stages when compound testing occurs in models and humans. However, there have
been many cases in which toxicities have not been detected until the late stages of
clinical trials or even after the marketing phase [68]. There are many reasons for this
and the causes can be complex and on some occasions attributed to metabolism of
the drug to toxic metabolites or to poor clearance from the body. Several drug com-
panies are now incorporating screening approaches to identify proteomic toxicity
signatures early in the development process so that only the best lead compounds
get taken through to the clinical stages.
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In collaborative approach, the EU Framework 6 Project: Predictive Toxicology
(PredTox) studied the effects of 16 test compounds by applying a mixture of con-
ventional toxicological measures and biomarker-based approaches [69]. This led to
identification of three main classes of toxicity which were liver hypertrophy, bile
duct necrosis/cholestasis and kidney proximal tubular damage. Multi-omic meth-
ods have been used in these efforts. DNA microarray studies have been carried out
with known classes of toxicity-inducing compounds so that the resulting profiles
can be used as references for novel development compounds [70, 71]. Another
DNA microarray profiling study investigated the liver toxicity of ritodrine, a com-
pound which has been used to prevent preterm labour [72]. They found a specific
increase in the levels of serum amyloid A, which was more sensitive as a biomarker
compared to the commonly measured liver enzymes aspartate aminotransferase
and alanine aminotransferase. Anderson and colleagues analysed plasma samples
from 134 patients using proteomic and metabolomic approaches, in order to
uncover the mechanism of the liver toxicity induced by ximelagatran, a compound
developed for treatment of thromboembolic conditions [73]. Schwarz and col-
leagues carried out multiplex immunoassay analysis of serum from schizophrenia
patients taken before and after 6 weeks of treatment with antipsychotics to investi-
gate molecular factors predisposing patients to the development of metabolic dis-
turbances, a well-known side effect of these compounds [74]. Their analysis
showed that the levels of ten serum proteins at baseline were significantly associ-
ated with increased body mass index, including cytokines, growth factors and
hormones.

In addition, cellular models have been applied in preclinical toxicity screening
efforts. Meneses-Lorente et al. used two-dimensional differential in-gel electropho-
resis (2D-DIGE) and mass spectrometry profiling of hepatocytes to identify a pro-
teomic signature associated with hepatocellular steatosis after dosing rodents with a
developmental compound [75]. Within 6 h after dosing, the livers showed vacuola-
tion, which increased over time. Proteomic profile changes were observed at the
earliest time point, and many of the proteins were associated with liver steatosis,
although changes in the standard alanine and aspartate aminotransferases were not
detected until day 3.

4.6.4 Clinical Studies

Prognostic biomarker signatures can be used to aid in prediction of drug efficacy in
patients and to identify which individuals are likely to benefit from treatment with
specific drugs, in line with personalised medicine approaches [76—78]. The ultimate
application of proteomics in drug discovery would be to identify biomarker signa-
tures in accessible body fluids such as serum or plasma, which can be used as an
early indication of efficacy or toxicity. This would aid in predicting the response of
individuals to treatment and allow therapeutic adjustments in order to achieve the
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Therapeutic
window / Efficacy Toxicity

50 -

Percentage of patients responding

Concentration of drug

Fig. 4.2 Diagram showing the therapeutic window of a drug. This is the efficacious dosage range
that does not lead to significant toxicity. This window could be identified and monitored in patients
using proteomic screening of blood samples after dose range-finding studies

highest possible efficacy without reaching a level which elicits toxic side effects.
The range of dosages that produce a therapeutic response without causing signifi-
cant toxicity is known as the therapeutic window (Fig. 4.2). Likewise, this approach
could be used to facilitate identification of patient classes who will respond favour-
ably to the drug in clinical trials.

One study investigated the efficacy of multiple compounds in a phase II trial
in patients by measuring changes in plasma cytokines and angiogenic factors
using a multiplex immunoassay profiling approach [79]. They found that high
baseline levels of interleukin 8 were associated with a shorter progression-free
survival period, and changes in the levels of several growth factors were associ-
ated with angiogenesis and myeloid recruitment in the progressive disease
phase. More recently, analysis of the biomarker results from a phase III trial of
first-line bevacizumab plus docetaxel treatment for HER2-negative metastatic
breast cancer showed that plasma levels of vascular endothelial growth factor
(VEGF)-A and VEGF receptor-2 are potential predictive markers for efficacy
[80].

In the treatment of psychiatric disorders two laboratory-based clinical studies
were carried out to identify blood-based biomarkers for prediction of antipsychotic
efficacy in schizophrenia patients. Schwarz et al. found that insulin levels measured
at baseline could be used to predict efficacy following 6 weeks of treatment of first-
episode schizophrenia patients with antipsychotics [81]. In addition, Tomasik and
colleagues found that levels of the heart form of the fatty acid-binding protein could
be used to predict response to olanzapine treatment [82]. Although these studies are
promising, considerable further work is required in order to validate these findings
and, if successful, translate these biomarker tests into user-friendly hand-held assays
to facilitate use in point-of-care or clinical settings.
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4.7 Conclusions and Future Perspectives

This chapter has described the emerging use of proteomic biomarker profiling tech-
niques as enabling platforms for use in multiple stages of the drug discovery pro-
cess. This is critical as current diagnostic procedures and strategies for developing
novel psychiatric medications are in need of a paradigm change [83]. The regulatory
health agencies are now on board with the concept that incorporation of biomarkers
into the clinical pipeline is important for the future of drug discovery efforts, and
they attempted to aid this process by introducing procedures to modernise methods,
tools and techniques in the fields of drug discovery and development.

Multiplex proteomic tests have been available for more than two decades. For
general laboratory use, most of these platforms are medium to large in size and
require expert technicians in order to operate them. Another downside is that most
of these methods require a turnaround time up to 2 days from the sample prepara-
tion stage to the final results output for each sample. Within the last 5 years, pro-
teomic biomarker tests have been miniaturised using micro-fluidic approaches to
yield devices which are approximately the size of a small pamphlet or a credit card
[57]. Also, portable mass spectrometry devices are now in use in some airports and
by emergency response units for detection of hazardous substances [84]. Most
importantly, these devices are user-friendly since no expertise is required for opera-
tion and the results can be returned in less than 15 min. Such devices would meet
the requirements of clinical studies in psychiatric medicine and slot smoothly into
the pipeline in phase I-III clinical studies. Given their robustness, speed and user-
friendly nature, these approaches should help to instil renewed drive into the phar-
maceutical industry and most importantly help to improve the lives of individuals
whose lives are affected by these debilitating disorders by enabling a personalised
medicine approach for the first time in this field of medicine.
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Chapter 5

Proteomic Biomarker Identification

in Cerebrospinal Fluid for Leptomeningeal
Metastases with Neurological Complications

Norma Galicia, Paula Diez, Rosa M. Dégano, Paul C. Guest, Nieves Ibarrola,
and Manuel Fuentes

5.1 Introduction

For decades, clinicians and scientists have investigated and treated neurological ill-
nesses as diseases of the brain. However, the concept is becoming increasingly
acknowledged that somatic causes can also be involved in the precipitation and
course of these disorders. Brain function can be influenced by immunological or
hormonal changes in either the brain itself or via the periphery, as well as by some
physiological conditions and traumas. As an example, immunological changes that
reach the brain can influence the function of neurotransmitter systems that affect
movement, coordination, cognition and mood [1]. In addition, mental health disor-
ders have been linked with inflammatory diseases such as asthma [2], and a variety
of conditions such as Alzheimer’s disease and severe depression have been found in
approximately 40% of diabetes patients [3]. Likewise, dementia, psychosis and
various anxiety and adjustment disorders can occur in some kidney and liver dis-
eases [4, 5], and mental health problems such as depression can occur in patients
infected with hepatitis C who have been treated with interferon-alpha [6]. Perhaps
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not too surprisingly, neurological defects can also occur in patients with brain
tumours, which can complicate diagnosis and treatment options [7-9].

Brain cancers are a heterogeneous group of central nervous system (CNS) neo-
plasms that arise within or adjacent to brain. Metastatic brain cancers are a common
neurological complication in oncology with an incidence of 9—17% and an extremely
poor prognosis [10—13]. For these reasons, the development and deployment of bio-
marker tests that could enable the diagnosis of brain neoplasms and metastases or
monitor therapeutic response are in high demand [14-16]. Primary CNS cancers
and metastases are often located in close proximity to ventricular surfaces or cere-
brospinal fluid (CSF) cisterns. Such tumours are diverse in their nature and typically
comprised of a group of neoplasms derived from various different cell lineages.
Much like those arising from other anatomical sites, tumours of the CNS have been
classified historically on the basis of morphological and immunohistochemical fea-
tures and more recently according to transcriptomic and proteomic profiling
approaches [13, 17]. Leptomeningeal metastasis (LM) is a devastating complication
of systemic cancer, reflecting multifocal seeding of the leptomeninges and CSF by
malignant cells [18-20]. CSF is also a major route for seeding metastases of CNS
malignancies. Therefore, the development of proteomic biomarker tests for this
medium could be informative for diagnosis and risk stratification of certain brain
cancers.

Deciphering the entire proteome of normal CSF would provide a critical stan-
dard to allow meaningful comparisons of samples from LM patients with those
from individuals suffering from neurological disorders such as multiple sclerosis,
Alzheimer’s disease or severe psychiatric conditions. This would help to improve
diagnostic accuracy of LM as well as these other conditions through the identifica-
tion of disease-specific biomarker profiles. Since CSF contains both cellular and
soluble components, the analysis of this body fluid could also help to provide
insights into processes occurring in the CNS. This is mainly because 30-40% of the
CSF is formed normally from the extracellular fluid of the brain and spinal cord.

5.2 Epidemiology

LM from solid tumours is also called leptomeningeal carcinomatosis or carcinoma-
tosis meningitis. It is diagnosed in 4—15% of patients with solid tumours, in 5-15%
of patients with leukaemia and lymphoma and in 5-8% of patients with primary
brain tumours [21]. Postmortem studies have shown that 19% of patients with can-
cer and neurological signs and symptoms have evidence of meningeal involvement.
Adenocarcinoma is the most frequent histological finding, and breast, lung and
melanoma are the most common primary sites of metastasis to the leptomeninges
[21, 22]. Although small-cell lung cancer and melanoma have the highest rates of
metastatic spreading to the leptomeninges, at 11% and 26%, respectively [23], the
frequency is greater for breast cancer due to its higher incidence [23, 24]. LM usu-
ally presents in patients with widely disseminated and progressive systemic cancer,
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but it can also occur after a disease-free interval or even as the first manifestation of
a cancer (5—-10%), occasionally in the absence of other evidence of systemic disease
[23]. Although any cancer can metastasize to the leptomeninges, breast cancer (12—
35%), lung cancer (10-26%), melanoma (5-25%), gastrointestinal cancer (4—14%)
and cancers of unknown primary origin (1-7%) are the most common causes of
solid tumour-related LM.

5.3 Neurological Signs of LM

Effects on mental state can also occur in LM, and delirium is sometimes reported,
highlighting the possibility that this disease can be masked as a neurological or
psychiatric disorder. Trachman et al. described a case study of a 54-year-old man
who was eventually diagnosed with LM who originally presented with a 1-week
history of changes in his mental status and a past history of an “unknown psychiatric
disorder” [25]. In the doctor’s office, the patient could not describe the problem
clearly although his wife stated that he had been well up to 1 week previously, but
on the day of admission, he could not recognize familiar faces. However, his evalu-
ation in the emergency room revealed no physical problems, and computed head
tomography analysis showed that he had no gross signs of cerebral abnormalities.
In addition, lab testing of his blood gave normal readings across the board, and toxi-
cology and alcohol screens were negative.

Another case study described the admission of a 72-year-old male into the hos-
pital because of hearing impairment, blurred vision, unilateral facial numbness and
difficulties in walking [26]. Magnetic resonance imaging (MRI) analysis revealed
two infiltrating lesions around the cranial nerves indicating either metastatic brain
tumours or meningeal carcinomatosis. Finally, CSF cytological examination
revealed the presence of malignant cells, and endoscopy of the upper gastrointesti-
nal system identified a type 1 squamous cell carcinoma of the oesophagus. Together,
these findings confirmed a diagnosis of LM. Another case study of a LM patient
confirmed that similarities with psychiatric or neurodegenerative symptoms can
occur such as confusion, changes in behaviour, hallucinations and deteriorating
short-term memory [27].

A variety of neurologic symptoms may be seen in LM since multiple brain
regions can be involved, such as the frontal cortex, cerebellum, spinal cord and
cranial nerves. One effect of LM which was first described more than 100 years
again is that of hearing loss [28, 29]. In addition, ocular symptoms may represent
the initial manifestation of LM even in the absence of other symptoms [30]. The
involvement of the CNS can also lead to generalized symptoms such as seizures,
confusion, encephalopathy or intracranial hypertension, as well as symptoms
focussed on specific brain regions including hemiparesis or aphasia. LM patients
frequently present with neurological signs affecting the CNS, although it may be
difficult to distinguish these symptoms from other disorders and from adverse can-
cer treatment effects [31]. The complete MRI of the neuroaxis and identification of
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neoplastic cells in cytological examinations of the CSF are required for diagnosis.
However, the sensitivity and specificity of these analyses are low. This is one reason
why new methods such as CSF proteome profiling are now under development. In
addition, biomarker tests that allow prediction or early detection of LM before pro-
found deficits occur are desperately needed to improve prognosis, as this would
allow initiation of more timely treatment. Currently, treatment options including
radiation therapy and intrathecal administration of chemotherapeutics are mostly
given only as palliative care with a mean expected patient survival time of only
2—-6 months [32].

5.4 Mechanisms of LM

In LM, cancer cells reach the meninges by various routes, including haematogenous
spreading through the venous plexus of Batson or arterial dissemination, direct
extension from contiguous tumour deposits and centripetal migration from systemic
tumours along perineural or perivascular spaces [19, 33]. Once cancer cells have
entered the subarachnoid space, they can be transported by CSF flow, resulting in
multifocal seeding of the leptomeninges. Tumour infiltration is most prominent in
the base of the brain, specifically in the basilar cisterns, and on the dorsal surface of
the spinal cord, particularly the cauda equina [18]. Hydrocephaly or impairment of
CSF flow may occur due to the development of ependymal nodules or obstructing
tumour deposits, mainly at the level of the fourth ventricle, basal cisterns, cerebral
convexity or spinal subarachnoid space.

LM is a devastating complication of malignant cancers, characterized by the spread
of the cancer to the CNS and the formation of secondary tumours within the thin lep-
tomeningeal membranes surrounding the brain. Out of all patients who had cancer
with neurologic symptoms and were autopsied, up to 20% showed evidence of lepto-
meningeal seeding [22]. The most common cancers that can lead to LM are lung
cancer, breast cancer, gastrointestinal cancer, melanoma, acute lymphoblastic leukae-
mia and non-Hodgkin lymphoma. However, virtually any cancer can metastasize to
the leptomeninges, and a definitive diagnosis of LM is based on finding cancer cells
by means of CSF cytological examinations or by using convectional flow cytometry
[34, 35]. However, up to 5% of patients who have had a lumbar puncture which
revealed normal opening pressure, cell counts, protein levels, glucose concentration
and no cytologically determined malignant cells can still have LM [36].

5.5 CSF as Biomarker Source

The CSF is formed mainly in the ventricular choroid plexus and distributed within
the ventricular system and subarachnoid space [37-39]. It occupies the space
between the arachnoid mater and pia mater and makes up the content of all
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ventricles inside the brain and the central canal of the spinal cord. It contains
1545 mg/dL protein, 50-80 mg/dL glucose and 0-5 mononuclear white blood
cells/mL. Since the CSF is in direct contact with the CNS, it provides a sink func-
tion by the absorption of biologically active compounds or selective removal of
various toxic compounds. This vital fluid also facilitates active regulation of the
brain and other organs through the presence of circulating neuropeptides, hor-
mones and other bioactive molecules. Thus, the CSF can also be an excellent
source of biomarkers and serves as a window into CNS functions. As it is also
moderately accessible, CSF has been widely targeted in biomarker discovery stud-
ies of brain cancers [36, 40—46] and a variety of neurological and psychiatric dis-
orders, including Alzheimer’s disease [47-50], Parkinson’s disease [51, 52],
multiple sclerosis [53-55], amyotrophic lateral sclerosis [56] and schizophrenia
[57-60]. Up to 10 mL of CSF is usually collected for testing through a lumbar
puncture, normally using a needle inserted between the third and fourth lumbar
vertebrae.

5.6 Characterization of CSF by Proteomics Approaches

Bearing in mind the important role that proteins play in most of the physiological
aspects of cellular life, it is not surprising that any dysregulation in protein expres-
sion can result in pathology [48]. Mass spectrometry (MS) has become one of the
most powerful technologies in recent years, and different MS-based proteomic
approaches have been used for the characterization of the human CSF proteome
(Fig. 5.1) [61-64]. Several research groups have also combined two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE) with matrix-assisted laser desorp-
tion/ionization-time of flight (MALDI-TOF) MS [65-67] and liquid chromatography-
electrospray ionization (LC-ESI) MS [66, 68]. Other proteomic-based approaches
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Fig. 5.1 Strategy to identity new biomarkers in CSF by proteomics approaches. Individual or
pools of CSF samples were SDS-PAGE separation, digested, fractionated and analysed with
MALDI-TOF or LC-ESI-MS/MS to generate new biomarkers



90 N. Galicia et al.

have been used to characterize the CSF proteome such as isobaric tagging for rela-
tive and absolute protein quantification (I TRAQ) MS [69] and multiplex immunoas-
say [70]. The first comprehensive study of the CSF proteome was published by
Zougman et al. in 2008 [71]. In this study, both the CSF proteome and CSF pepti-
dome were analysed using linear trap quadrupole-Orbitrap (LTQ-Orbitrap) and lin-
ear trap quadrupole-Fourier transform LTQ-FT-MS, which resulted in the
identification of 798 proteins. From the peptidome dataset, 563 unique endogenous
peptides originating from 91 unique proteins were identified. Interestingly, 46 of
these proteins were not detected in the proteome dataset. This illustrates the impor-
tance of combining platforms to increase proteome coverage, given that some tech-
niques have different capabilities and weaknesses. Some of these proteins are
precursors of known neuropeptides, supporting the case that the CSF peptidome
contains biologically important molecules as well as the ex vivo degradation prod-
ucts of high-abundance proteins.

Xu and coworkers used sodium dodecyl sulphate (SDS)-PAGE, strong cation
exchange chromatography (SCX) and a combination of quadrupole ion trap liquid
chromatography (LCQ)-MS and linear trap quadrupole-Fourier transform
(LTQ-FT)-MS to map the CSF proteome of young individuals [72]. By combining
the proteomes obtained using these different methods, they were able to identify
608 different CSF proteins. In 2007, Pan and coworkers [73] identified 2594 CSF
proteins by combining their previously published data [69, 72, 73]. In this dataset,
CSF proteins from healthy individuals [72], as well as those from patients with
Alzheimer’s disease, Parkinson’s disease [69] and a glycoprotein database [73],
were listed. The most extensive mapping of the CSF proteome to date was carried
out by three studies which identified 3256 proteins [74] and 3081 proteins [75]. In
addition, Schutzer and coworkers identified 2630 proteins from a group of healthy
individuals using immunoaffinity depletion of abundant proteins, multiple liquid
chromatography separations and label-free MS quantification, and Pan et al. identi-
fied 2594 proteins [61, 73]. In the Schutzer et al. study, 56% of the proteins were
found to be CSF-specific [61]. A list of protein numbers reported in the proteomic
characterization of human CSF is given in Table 5.1.

5.7 Proteomic Biomarkers of LM

The National Institute of Health (NIH) officially defines a biomarker as a “character-
istic that is objectively measured and evaluated as an indicator of normal biologic
process, pathologic processes, or pharmacologic responses to a therapeutic interven-
tion” [76]. Currently, all available biomarkers for LM are based on CSF studies.
However, the application of most of these has been limited by poor sensitivity and
specificity [19]. Biomarker discovery through proteomic analysis of CSF has the
potential for providing future clinical tests with a more sensitive and accurate means
of detecting and monitoring these diseases [77]. Proteomic analyses using MS have
been applied extensively in studies aimed at identifying biomarkers for complications
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Table 5.1 List of proteins reported in the characterization of proteome of human CSF by

proteomic and mass spectrometry

Study Methodology Proteins | Reference
Characterization of proteome of LTQ-FTMS/MS 608 [72]
human cerebrospinal fluid

A combined dataset of human Multidimensional 2594 [73]
cerebrospinal fluid proteins chromatography and tandem

identified by multidimensional mass spectrometry (ESI-based

chromatography and tandem mass IT and MALDI-TOF-TOF)

spectrometry

Establishing the proteome of SCX chromatography and 2630 [61]
normal human cerebrospinal fluid reversed-phase LC-MS/MS

In-depth characterization of the (RP-AX) HPLC in combination | 3081 [75]
cerebrospinal fluid (CSF) proteome | with immunoaffinity depletion

displayed through the CSF and LC-MS/MS

proteome resource (CSF-PR)

A comprehensive map and High-pH reverse-phase liquid 3256 [74]
functional annotation of the normal | chromatography and LC-MS/

human cerebrospinal fluid proteome | MS

of non-CNS primary malignancies such as LM as well as for CNS lymphoma and
leukaemia [78, 79].

One approach for identifying biomarkers is through the comparison of differen-
tial protein profiles, such as those between CNS lymphoma and healthy control
subjects. In the case of CNS lymphoma, these studies generated the first insights
into the utility of proteomic analysis for biomarker identification and demonstrated
that identifying specific proteins had much greater sensitivity for detecting metasta-
ses in comparison to standard CSF cytological protocols [79]. Proteomic studies of
CSF in primary neurological malignancies using MS have focussed primarily on
adult populations with some successes in the identification of putative biomarkers
in meningiomas and astrocytic brain tumours [44, 46].

Two studies were carried out looking specifically at CSF protein expression pro-
files of LM patients with breast cancer [42, 43]. Dekker et al. analysed the protein
patterns of 54 breast cancer patients who had LM in a comparison with 52 breast
cancer patients without LM and 45 control subjects. On the basis of LM-specific
protein expression patterns, they were able to employ a statistical method to build a
prediction algorithm which had a sensitivity of 0.79 and specificity of 0.76 for dis-
tinguishing LM patients from the non-LM patients. This is similar to the sensitivity
of magnetic resonance imaging (MRI) detection of LM. This suggests that the test
may be useful to support the diagnosis of LM in patients with breast cancer [42]. In
a follow-up study, Rompp et al. used three MS methods (MALDI-TOF, MALDI-
FTICR and nano-LC-FTICR MS) which led to the identification of 17 peptides,
corresponding to eight known proteins that were present at significantly different
levels in the CSF of the breast cancer patients with LM (Table 5.2) [43]. Most of
these had functions in molecular transport. Three of these proteins (apolipoprotein
Al, haptoglobin and transferrin) have also been found to be correlated with poor
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Table 5.2 Identification of Protein Function
:L%)};t/e(c:lsitg rr;)(tiell:\ltll;?n Alphfa 1 —anticl.lymotrypsin Protease
breast cancer patients who Apolipoprotein A-I Transport
developed LM Apolipoprotein E Transport
Haptoglobin Transport
Hemopexin Transport
Prostaglandin D2 Transport
synthase
Transthyretin Transport
Serotransferrin Transport

clinical outcome in serum of LM patients. The authors postulated that the identified
proteins are not related to a blood-brain barrier disruption and are LM specific.
Furthermore, antithrombin III was recently identified as a potential protein bio-
marker for distinguishing CNS lymphoma patients from those with benign focal
brain lesions [78, 79].

5.8 Conclusions and Future Directions

LM is a consequence of solid peripheral tumours and primary brain tumours with an
extremely poor prognosis. CSF proteome profiling has proven to be a valuable tool
for identifying biomarkers for this devastating outcome of cancer. These approaches
could lead to the development of clinical tests with improved sensitivity and speci-
ficity, which may allow more rapid detection and treatment of individuals in the
earliest stages of LM before extensive pathophysiological changes have occurred.
Despite the comprehensiveness of the CSF proteome database, there is still a need
for continued developments, including integration with a CSF metabolomics data-
base. Currently, the latter comprises approximately 500 molecules [80], which con-
stitutes a wealth of additional potential biomarkers for LM. Integrating these
databases will require the application of sophisticated bioinformatic approaches,
considering that proteins, metabolites and other molecules are interactive as compo-
nents of the same biological networks in a systems biology manner. This may even
lead to the identification of tests which can be performed using blood serum or
plasma as another means of diagnosing CNS disorders. As research in this area
evolves from traditional clinical and biological investigations to incorporate multi-
omic technologies, the integration of the resulting data has emerged as an important
next stage. Finally, it is most important that the resulting biomarker fingerprints of
these endeavours are validated and then translated to user-friendly platforms to
allow more rapid testing in clinical settings. This may allow clinicians to treat LM
patients in a personalized medicine manner for the best possible therapeutic
outcomes.
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