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Abstract
According to the Global Initiative for Chronic Obstructive Lung Disease (GOLD)
Management Guidelines (2001), the definition of COPD is “a disease state
characterised by airflow limitation that is not fully reversible. The airflow is usually
progressive and associated with inflammatory responses of the lungs to noxious
particles and gases.” It is becoming an increasing prevalent problem worldwide, with
the incidences of morbidity and mortality continually increasing and promoting a
lower quality of life in individuals that continue to suffer from it.
To date, there is still an incomplete understanding of the pathogenesis of the disease
resulting in poor diagnosis and treatment plans for COPD that are insufficient in
preventing a decline in lung function. In recent years, research has focussed on
discovering a set of biomarkers that could improve our understanding of pathogenesis
of disease. The ability to measure a vast array of biomarkers simultaneously is highly
desirable however the cost associated is somewhat prohibitive. Current methods
centre on measuring the presence or absence of multiple biomarkers in patient
samples compared to controls.
As COPD is a multi-component disease which encompasses diseases such as
emphysema and chronic bronchitis, it may be necessary to look at biomarker patterns
within each disease category. A variety of immune effector cells are known to lead to
the pathophysiology of COPD including neutrophils, macrophages and CD8 Tlymphocytes that are all documented to be increased in number and contribute to the
inflammatory process.
Protein microarrays are used as a measurement tool to determine and quantify the
presence or amount of proteins that exist in biological samples (i.e. blood, sputum,
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urine etc). The wide use of protein microarray technology has advanced diagnosis and
management of multifactorial diseases such as cancer, autoimmunity and allergy.
At present, multiple microarray kits are available to researchers at a large cost which
make it impractical for most research groups to investigate multiple biomarkers of
interest simultaneously. Here we show development, validation and implementation of
our bespoke in-house microarray platform enabling quantitative and simultaneous
analysis of multiple protein biomarkers at a reasonable cost. The methodology is
based on the traditional sandwich ELISA; antibodies are immobilised on poly-Llysine coated glass and signals amplified and quantified through fluorescence.
The accuracy and reproducibility of the in-house microarray was investigated using
the guidelines outlined by the Food and Drug Administration (FDA) for
pharmacokinetic assay validation. The assay was shown to have high reproducibility
with assay accuracy between 80-120% and precision within 20% coefficient of
variation, except in very low abundant cytokines such as IL-10, where the CVs were
higher due to the variation at the lowest concentrations in sera. Importantly there were
no significant differences between ELISA and microarray.
This microarray platform was then used to study a selection of healthy controls
(n=12), healthy smoking controls (n=36) and COPD patients (n=60) to see if there
was a difference in the expression of the 16 biomarkers tested. The overall analysis of
the 16 biomarkers investigated in this study, a significant increase in expression of
eotaxin-2 was observed in the sera those that have COPD compared to healthy
controls and healthy smoking controls. This suggests that eoxtaxin-2 may potentially
be responsible for the recruitment and activation of multiple cytokines which in turn
lead to the inflammatory cascade observed in COPD.
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COPD severity is divided into four categories according to international guidelines
outlined by the Global Initiative for Chronic Obstructive Lung Disease (GOLD). This
is often known as stage 1 (mild), stage 2 (moderate), stage 3 (severe) and stage 4 (very
severe). This is based on the forced expiratory volume per second (FEV-1%).
Interestingly when investigating the different severities of GOLD in COPD, it was
observed that at the highest stage of GOLD (stage 4), the expression of 15 of the 16
biomarkers had dropped significantly in comparison to the other stages. This may
suggest that at this point of the disease process, the immune system may in fact be
suppressed in alliance to hypoxia experienced by an individual.
Additionally it has to be acknowledged that the medication that the COPD patients
were on were not available prior to analysis. It has to be taken into account that
patients at GOLD stages 3 and 4 could be likely to be on a high dose of inhaled
corticosteroids, which are immunosuppressive which would lead to drop in the 15
cytokines observed. However without the information available, it cannot be
definitive to make such conclusions.
Hence this work offers an understanding into the development of a bespoke
microarray platform that is capable of investigating protein biomarkers in any disease
setting.
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Chapter 1: General Introduction
1.1: Chronic Obstructive Pulmonary Disease
1.1.1 COPD general introduction and definition
Chronic obstructive pulmonary disease (COPD) can be defined as “a disease state
characterised by airflow limitation that is not fully reversible. The airflow is usually
progressive and associated with inflammatory responses of the lungs to noxious
particles and gases” [1, 2]. COPD has become a major worldwide problem with the
incidences of morbidity and mortality continually increasing and promoting a lower
quality of life of the individuals that continue to suffer from it. In the United States,
COPD has become the 4th highest cause of mortality and morbidity [3-6]. Additionally
in the United Kingdom, COPD is said to be the 3rd highest cause of mortality and
morbidity [7, 8] .

1.1.2: Pathophysiological symptoms
The sub-phenotype of COPD include emphysema and chronic obstructive bronchitis
(Figures 1 and 2). Bronchitis causes a narrowing of the airway lumen which limits
airflow. Emphysema causes a reduction in elasticity recoil due to damage of lung
alveoli, which cause small pockets of air being trapped in the lungs, which gives rise
to symptoms such as shortness of breath [5]. Some of the hallmarks of COPD include
ineffective tissue repair, and a mass influx of inflammatory cells which in turn leads to
increased cell death (apoptosis) [9, 10].
Two of the main symptoms observed in those that smoke and have COPD are
breathlessness (during normal day activities) and a chronic cough. Additionally
symptoms include reoccurring lung infections, weight loss and the use of accessory
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muscles to breathe [11, 12]. The smaller airway diseases in smokers can persist for
many years without exhibiting any clinical symptoms and can only be diagnosed
through spirometry [13-15]

Emphysema

C
O
P
D

Chronic Bronchitis

Asthma

Figure 1: COPD is a multiple component disease setting which is a combination of smaller
diseases such as emphysema and chronic bronchitis.

The symptoms that manifest from such diseases are used as possible indicators of the
overall disease state. Asthma shares many of the clinical features of COPD such as
wheezing and airflow obstruction. In many cases COPD is often misdiagnosed as
asthma due to the close overlapping of clinical symptoms [16-18].
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Figure 2: The pathogenesis of COPD.

Cigarette smoke leads to the activation of COPD (A) which in turn leads to the
chemotactic recruitment and activation of neutrophils (B). This releases oxidants like
NO which over time leads to tissue damage in the lungs (C) giving rise to
emphysema. Activation of bronchial epithelial leads to fibroblast activity (D) leading
to chronic bronchitis and bronchiolitis (E). Adapted from [19].
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1.1.3: Diagnosis
In terms of diagnosis, spirometry is currently used to measure lung function. A key
characteristic of COPD includes a reduced forced expiratory volume (FEV 1) which is
partly due to a combination of emphysema as well as other airway diseases [20].
Furthermore, FEV1 values are often used to grade the severity of COPD. If an
individual has a FEV1 value of 80%, it is thought their pathogenesis of the disease can
be classified as being mild whilst, if the percentage drops down to 30%, then the
individual has severe COPD (Table 1) [21].
Chest X-rays are used as possible indicators of those with emphysema but this
technique is inconclusive as a predictor of the severity of COPD. An X-ray will point
to pockets of trapped air which is associated with emphysema [22, 23]. Alternative
tests for diagnosis include a normal exercise test (such as the 6 minute walk test),
which indicate breathlessness and also there are questionnaires on the quality of life
which indicates the states of mind with those that suffer from the disease [24, 25].
As the disease is progressive, there is a continuous decrease in airflow which, over a
period of time, leads to disability and premature death. Environmental factors
influence an individual’s susceptibility to COPD including dust, gases, and in
particular cigarette smoke which is the leading cause of the disease [26].
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Table 1: outlines the key stages of COPD progression in association with the characteristics
of the disease with reference to FEV1/FVC1 values.

COPD Diagnostic Stages:
1) Mild

Characteristics of Disease
FEV1/FVC1<0.70
FEV1≥80% predicted

2) Moderate COPD

FEV1/FVC1<0.70
50%≤FEV1≤80% predicted

3) Severe COPD

FEV1/FVC1<0.70
30%≤FEV1≤50% predicted

4) Very severe COPD

FEV1/FVC1<0.70
FEV1≤50% predicted
respiratory failure
FEV1≤30% predicted

plus

Spirometric classification of COPD severity based on postbronchodilator
FEV1 according to Global Initiative for Chronic Obstructive Lung Disease
(GOLD) Management Guidelines 2011.
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1.1.4: Treatment
Currently many of the treatments for COPD are insufficient in preventing a decline in
lung function. The main treatment involves the cessation of smoking. In terms of
pharmaceutical

treatments,

the

leading

drugs

include

nicotine

inhibitors,

bronchodilators and Bupropion which can relieve the craving symptoms associated
with giving up smoking. Furthermore increasing the price of cigarettes as well as
increased health warnings are being pursued in a bid to reduce the number of people
smoking both nationally and worldwide [27] [28]. Treatment is often centred on
treatment that is based primarily for asthmatics and hence not very specific for those
with COPD [29-31].
Interestingly in terms of preventing chronic inflammation, anti-inflammatory drugs
such as steroids are ineffective due to the resistance induced by macrophages
producing peroxynitrate [32]. Additionally cytokines such as IL-8 and TNF-α can also
induce steroid resistance. Theophylline is currently used to treat individuals with a
more severe spectrum of the disease, often in combination with bronchodilators [33].
It has been found to be successful as it can reduce the number of neutrophils and also
reduce the overall concentration of IL-8 which is a key chemoattractant in the
recruitment of these cells of the immune system. Also Theophylline is thought to
increase the activity of histone deacetylases (HDACs) which can regulate the
transcription of inflammatory cells [34] [35].
It has been shown that bronchodilators can increase FEV1 levels in those with COPD
by up to 15-20% which is similarly observed in asthmatics. Those used specifically
for COPD involve beta antagonists, anticholinergics and methylxanthines [36].
As COPD is an irreversible airflow disease, whilst there is an improvement in FEV1
levels in such cases, lung function will never return to normal. Alternatively, oral
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corticosteroids have been used to treat COPD patients [37]. The net effects of these
drugs show improved spirometry results and better clinical outcomes in those with
acute exacerbations of the disease [38]. In patients with COPD who are at a higher
stage of the disease will be more likely to be on a higher dose of inhaled
corticosteroids or other medications which can affect the immune system. Hence this
has to be taken into account when measuring biological samples from patients.

1.1.5: Smoking Risk factors
Smoking is the leading cause of development of COPD. Approximately 25% of heavy
smokers will at some point in their lives develop symptomatic COPD [39, 40] [41]. A
cigarette contains many thousands of chemicals (including nicotine, tar and carbon
monoxide) that serve to alter the mechanisms that are responsible for protection and
repair of tissues that are regularly damaged by inhalation [42, 43].
Cigarette smoke in particular contains many oxidants and once inhaled into the lungs
can cause an imbalance in the protective antioxidants that are present in lung tissue.
Specifically reactive oxidative species include nitrogen oxide (NO) and peroxynitrate.
NO can cause a dilatation of vascular and bronchiolar smooth muscle [44-46].
The primary antioxidant in the lungs is glutathione. Additionally there are superoxide
dismutases (SODs) which are a group of enzymes whose function is to combat the
threat of free radicals, which in this case would be from cigarette smoke [47, 48].
Specifically, manganese SOD is found in the alveoli, and in combination with other
SODs, can convert highly reactive species, such as superoxide and nitrogen oxide,
into less harmful substances that can be managed by the body. The activity of this
enzyme is vastly increased in tissue samples of those who smoke and have COPD
[49].
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Individuals are encouraged to stop smoking as soon they are diagnosed with COPD.
Many patients believe that once they have COPD the damage to the lungs has been
done, that smoking cessation is not required. However as the Fletcher-Peto plot shows
(Figure 3) the importance of smoking cessation could extend the number of years an
individual can survive. However it has been noticed that despite the cessation of
smoking, lung inflammation still persists in individuals, which could suggest that
these reactive species may be present and or can be produced independent of cigarette
smoke [50].

Figure 3: The Fletcher-Peto Graph outlining the benefits of smoking cessation.

The graph above clearly illustrates the importance of smoking cessation even at a late
stage of COPD could extend the expected life span. Adapted from [51].
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It is thought that histone deacetylase (HDACs) play a role in COPD. Multiple
inflammatory genes are controlled by the acetylation of histones (to which DNA is
wrapped around). Hence acetylation of key histones such as histone 4 allows
transcription factors to become bound to the DNA and thus can begin transcription
and eventually lead to the expression of inflammatory genes. This process is regulated
by HDACs [52]. In those that smoke and have COPD, it is thought that this regulatory
process is disrupted by the presence of peroxynitrate brought on by oxidative stress
[53]. This in turn causes a decrease in HDAC activity which ultimately causes the
release of inflammatory mediators in the lungs [54] [55].
The lung epithelium provides a protective barrier between the lung tissue and the
external environment. It also provides a large surface area for the exchange of gases
and in COPD it allows the transfer of cigarette smoke into the body. This smoke can
cause damage to the lung tissue and thus the body responds by repairing and
remodelling the epithelium to protect itself from subsequent injury [56] [57]. The
inflammatory process leads to bronchiolar constriction through the release of
mediators such as cytokines which has a direct effect on the airway smooth muscle
cells. In addition to the mass infiltration of cells, the T-lymphocytes and neutrophils in
the lung tissue cause a thickening of the airway walls which could conversely lead to
airway narrowing, limiting airflow. The mechanism of infiltration depends upon
tachykinins which recruit neutrophils through a chemotactic gradient and adhesion of
neutrophils to the walls. This situation is worsened in conjunction with cigarette
smoke which can accelerate the process. Additionally it has been observed there is an
increase of number of goblet cells. Neutrophils cause goblet cells to degranulate
through the release of elastase and cathepsin G [58].
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1.1.6: Non-Smoking Risk factors
Whilst smoking is an established risk factor in COPD, it has emerged recently that up
to 45% of patients with COPD have never smoked [59, 60]. Other factors which may
cause onset of COPD include exposure to indoor and outdoor air pollutants,
workplace exposure to dust and fumes and poor socioeconomic status [61]. In less
developed countries, approximately half of all households and the vast majority of
rural households use biomass fuel (such as charcoal and animal excrement) with coal
as their main source of domestic energy. Many billions of people are exposed to
second hand smoke from biomass fuel which may contribute as an increased risk
factor to a variety of irreversible lung diseases. With approximately 3 billion people
exposed to smoke from biomass fuels, it is now thought that biomass smoke is a
leading worldwide risk factor for COPD [62, 63].
Due to the rising cost of energy bills in developed countries such as Australia, Canada
and certain parts of USA, households have switched to using a variety of biomass
fuels including wood and charcoal for heating purposes. In countries like Nepal,
Pakistan and India, women use biomass fuel for cooking and have reduced respiratory
function to those who do not use such fuels [64] [65].
Biomass is a poorly combustible fuel which is derived from both plant and animal
sources. Due to poor combustion of the materials, highly toxic concentrations are
enclosed in domestic households that are harmful to the health of those who are
exposed to them [66] [67]. Chemicals released as a consequence of burning biomass
fuel include carbon monoxide, sulphur dioxide and a variety of carcinogens [68].
Additionally it is suggested an increase in COPD is associated with occupational
exposure to dust, fumes and toxic gases in the workplace [69]. It is thought that the
effect of such exposure is worse than that of smoking [70-72]. Those who are
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consistently exposed to such working conditions have a high prevalence for
developing COPD than that of those who are sufficiently protected from such
occupational hazards. For example railroad workers can inhale diesel exhaust fumes
which once inhaled deep inside the lung leads to pulmonary inflammation [73].
Additionally chemical exposure as well as crop and animal farming are said to be risk
factors associated with COPD [74].
Poor socioeconomic status is another risk factor that is associated with COPD. This
often encompasses a variety of smaller factors, including poor nutrition whereby an
individual is consuming insufficient antioxidants [75] [76].

1.2. Immune Cells Involved in COPD
A variety of immune effector cells are known to lead to the pathophysiology of
COPD. There is a mass infiltration of cells like T-lymphocytes and neutrophils into
the lung tissue that causes a thickening of the airway walls which could conversely
lead to airway narrowing and limitation [77]. Additionally, macrophages and
epithelial cells are thought to play a substantial role in the disease process (Figure 4).
One of the main differences between smokers with COPD and those without COPD is
the intensity of the immune response rather than the nature of the inflammatory
responses [78]. The key chemokines involved in the recruitment of T-cells include IL1β, MIP-1α and IL-8 [79]. Additionally the presence and activation of these T-cells
can contribute to emphysema. It has been shown that CD8 T-cells have the capability
to produce cytokines and chemokines such as IFN-γ and IP-10 that upregulate
metalloproteinases (such as MMP-12) that can effectively lead to emphysema [80].
Once the disease had been fully established the CD8+ subset of effector cells are
selectively recruited, over neutrophils [81].
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1.2.1: Macrophages
Macrophages are part of the innate immune system and are often one of the first
immune cells involved in airways defence against infection and are thought to play a
prominent role in COPD. Macrophages have several roles in COPD including the
recruitment of neutrophils and activation of CD8 T-lymphocytes as well as releasing a
host of chemotactic factors such as IL-8, CXCR3 and CCL2 etc. Additionally
macrophages release TGF-β that are involved in airway remodelling and also can
release IL-6 that induces hepatocytes to produce acute phase proteins [45, 82, 83].

1.2.2: Neutrophils
Neutrophils are documented to be increased in number and contribute to the
inflammatory process in COPD. Additionally increased neutrophils levels have been
observed in the sputum of those whom are α1-antitrypsin deficient compared to
normal healthy subjects [84, 85]. A number of different chemotactic factors, such as
IL-8, leukotriene B4 and CXCL5, are involved in the recruitment of neutrophils which
contributes to acute exacerbations in COPD. Neutrophils can lead to the activation of
proteases such as elastases and matrix-metalloproteinases that can lead to excess
mucus hypersecretion, proteolysis and TGF-β activation [86] [87] which in turn leads
to inflammation and the release of proinflammatory cytokines and chemokines.
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1.2.3: T-Lymphocytes
In COPD it is thought that the different subsets of T-lymphocytes; CD8+ T-cells,
CD4+ T-cells, T-regulatory cells (Tregs) and TH-17 cells all could contribute to the
pathogenesis of the disease.
In particular CD8+ T-cell lymphocytes are thought to participate in the inflammatory
response in the airways of COPD patients of which there are two major mechanisms
which contribute to CD8 T-cell cytotoxicity [88]. The first is dependent upon the
release of cytotoxic proteins such as perforin and granzyme. These proteins cause cell
lysis through the creation of pores in the lipid bilayer of target cells that disrupts their
polarity and leads to immediate cell death. The second mechanism is through the
expression of the Fas-ligand that is able to induce apoptosis by binding to the Fas
receptor on target cells [89].
CD8 T-cells are found in elevated numbers at various sites in patients with COPD,
including the draining lymph nodes, lung parenchyma and many of the blood vessels
that lead to the lungs [4, 90].
An exacerbation of COPD could possibly occur due to infectious agents like bacteria
and viruses that lead to lower respiratory tract infections. This could partly explain the
reason for high numbers of CD8+ T-cells found in lung tissue. These T-cells cause
alveolar damage and their homing to these sites are dependent upon cytokines,
selectins and integrins. Even after infections, CD8 T-cells can still persist at these sites
as memory cells [91] (Figure 4).
CD4+ T-cells are responsible for controlling downstream immune processes by
activating cytokines that are involved in the amplification of the immune response in
COPD. CD4+ T-cells are responsible for eliciting the development of the adaptive
immune response as well as promoting the survival of CD8 T-cells [92]. It has been
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shown in various publications that the ratio of CD4+/CD8+ T-cells is lower in those
that have an exacerbation in COPD compared to those with stable COPD [93] [94]
[95]. Additionally a publication by Gupta et al have shown there to a lower ratio of
CD4+/CD8+ T-cells in COPD patients compared to healthy controls [96].
T-regulatory cells (Tregs) are a subset of CD4 lymphocytes have been thought to play
a role in the immune regulation of COPD. There are two main lineages of CD4 +
Tregs; natural Tregs (nTregs) and inducible Tregs (iTregs) [97].
In particular Tregs serve to provide protection to the body against overactive immune
responses through the production of immune-modulatory cytokines such as IL-10 that
inhibit T-cell proliferation [98, 99]. Additionally IL-10 is thought to suppress the
production and induction of Th1 cytokines such as TNF-α and IL-6 and chemokines
such as IL-8 and MIP-1 which are responsible for neutrophilia in COPD [100]. Tregs
can also produce novel anti-inflammatory markers such as IL-35. In rodents it has
been shown that IL-35 can inhibit Th17 production however this has not been shown
in humans [101].
As COPD is an inflammatory disease, it was hypothesised that their numbers would
be reduced in those with the disease. Interestingly, recent research has shown that
increased levels of nTregs cells were found in patients who have an exacerbation in
COPD and also those who have emphysema [102]. Overall there is growing evidence
that whilst there is an increase in the number of Treg cells in those with COPD,
however these cells are dysfunctional and are unable to alter the balance between proand anti-inflammatory cytokines. This is further justified where healthy smoking
controls who do not have COPD, have elevated numbers of Tregs in their lungs but
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the cells are more effective in regulating the level of inflammation in response to
cigarette smoke [103].
Th17 (T-helper-17) cells are another subset of CD4 T-lymphocytes. Th17 cells are
suggested to induce strong pro-inflammatory cytokines and chemokines such as IL-6
and IL-8 respectively. Cigarette smoke can directly lead to the upregulation of
chemokines that are associated with Th17 cells which lead to the inflammation
associated with COPD [104]. The main cytokine that is secreted by Th17 cells are IL17. The IL-17 cytokine family has 6 cytokines in its family from IL-17A-F which are
secreted from a variety of immune effector cells including antigen presenting cells and
B-cells [105].
Two additional cytokines that are produced from Th17 cells are IL-21 and IL-22.
Whilst IL-21 is said to be involved in a positive feedback loop that aids the
amplification of Th17 cells, IL-22 is said to be involved in many autoimmune diseases
as well as COPD [106].
IL-23 may also plays a role in the maintenance of Th17 cell through the induction and
release of both IL-17 and IL-22 [107]. IL-23 is expressed in chronic inflammation and
shown by immunohistology in those with stable COPD [108]. Work with murine
models have shown there to be increased level of expression of IL-17 in the lungs
upon exposure of cigarette smoke [104].
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1.2.4: Epithelial Cells
The surface of airway epithelial is a mixture of basal cells, ciliated cells, Clara cells as
well as goblet cells. The airway epithelium forms a rigid barrier through intracellular
epithelial junctions. These junctions serve to protect against pathogens and noxious
particles which are inhaled through the lungs [109].
When airway epithelial cells are exposed to cigarette smoke there is a reduction in the
trans-epithelial electric resistance (TEER) [109]. This reduces the efficiency of the
barrier function making it more prone to attack from pathogens. Cigarette smoking
induces the upregulation of growth receptor gene 1 (Egr-1) in epithelial cells [110].
This in turn leads to the activation of pro-inflammatory cytokines such as TNF-α and
IL-1 as well as leads to the production of IL-8 and mucins [111] (Figure 4).
Recent publications have shown that pathogens such as rhinovirus (RV) and
adenovirus (AV) cause injury to the epithelial cell lining in the airways which cause a
deterioration in lung function which in turn exacerbate the effects of COPD [112,
113].
The immune system responds to these viruses by producing a variety of different
inflammatory chemokines and cytokines such as RANTES, GM-CSF and MCP-1.
This leads further to the recruitment of other immune effector cells such as CD8+ Tcells and NK-cells which amplify the existing inflammatory processes that leads to
pulmonary and systemic inflammation in the lungs [114].
A key feature of COPD in the lung is mucus hypersecretion. Normally mucus acts as a
physical barrier to trap pathogens in the lungs and is cleared by the immune system.
Cigarette smoke causes the apoptosis of ciliary epithelial cells, the activation of
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capases and the IL-18Rα dependant pathway which results on the oversecretion of
mucus and the inability to clear the trapped pathogens [115]. This serves to exacerbate
the symptoms of COPD with an increase in the level of inflammation and airway lung
diseases.
COPD is involved in the airway remodelling of epithelial cells, in particular squamous
metaplasia and mucous hyperplasia [116]. It is this remodelling that contributes to
irreversible airflow obstruction which is a key symptom in COPD. Cigarette smoke
cause the injury to epithelial cells and also disrupts the ability of the cell to regenerate
and repair itself. Both TGF-β and matrix metalloproteinases (MMPs) are thought to be
involved in the destruction and repair of epithelial cells [117]. In this process of
regeneration, bacteria that exist in the lungs bind to cells that are undergoing repair.
These bacteria release virulent factors which undermine the ability of the cell to
regenerate, leaving it vulnerable to attack and unable to keep the epithelial barrier
intact [118].
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Overview of COPD:

Figure 4: Cytokines and chemokines play a key role in the pathogenesis of COPD.

These include IL-8, TNF-α as well as IL-1β, TGF-β and IL-17. Many of these
cytokines serve to amplify the inflammatory process by recruiting key immune
effector cells such as macrophages and neutrophils that contribute to the symptoms
associated with COPD.
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1.3 Biomarkers in COPD
A biomarker is defined as a “measurement of a molecule of interest which can
indicate biological processes and thus can be used to predict disease process”, [119].
The key characteristics of a biomarker could be to show the pathophysiological
process of a given disease, responses to changes in disease and possibly to indicate the
phenotype at different stages of the disease [120].
FEV1 is the only accepted marker that meets the FDA criteria for COPD as it
characterises the severity of the disease and is a known predictor of mortality and
morbidity. Rosenberg and Kalhan, argue the problem of using FEV1 solely as a
marker of COPD is that whilst is it both reproducible and easy to measure it, it doesn’t
correlate with the health status or symptoms of the patient [121]. Specifically, FEV1
doesn’t distinguish between the heterogeneity of the COPD with regard to two
individuals who may have the same FEV1 %, but display two different subphenotypes of COPD such as emphysema and small airways disease with varying
levels of severity [122]. Hence the need to identify biomarkers in COPD that help
improve the general understanding with regard to the complex nature of this disease.
It is thought that certain biomarkers will be more useful in the prognosis of the
disease. In the case of COPD, which is a multifaceted disease involving many immune
cells, enzymes and mediators (Fig 4 & Fig 5), there will be many biomarkers which
could prove to be good indicators of the disease process. With the development of
novel assays, such as microarrays, there is a possibility for a greater number of
biomarkers to be studied with greater reproducibility and enhanced sensitivity [123]
[124].
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Frangogiannis, suggests at present there are two main approaches to identifying
suitable biomarkers in disease setting. The first employs choosing a set of biomarkers
based on the understanding of the pathophysiology of the disease. The second
involves using an “unbiased” proteomic approach investigating multiple biomarkers
which may be able to distinguish between the differential expression between normal
and disease state individuals [125].
A further advantage of examining a spectrum of biomarkers is in drug development.
At present pharmaceutical companies are producing drugs that are targeting
inflammation in COPD. Hence there is a need to identify reliable biomarkers which
can indicate the clinical effectiveness of anti-inflammatory therapy in those with
COPD [126] [127].
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Figure 5: A systemic view on the potential biomarkers of interest that could be investigated
in COPD from those in the lungs to those in peripheral blood.

Using one of the approaches Frangogiannis, used to described to identifying
biomarkers according to the present understanding of the pathophysiology of COPD,
the figure above illustrates a potential vast array of biomarkers that could be produced
by cells of the immune system ranging from macrophages to neutrophils to Tlymphocytes that could be investigated in the context of one another on a proteomic
platform. Figure taken from [128].
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When looking for biomarkers in COPD, taking into consideration pathophysiology of
the disease, biomarkers can be split broadly into four distinct categories namely; i)
chemo-attractants, ii) inflammatory mediators, iii) immune-modulatory iv) those
involved in destruction and repair, all of which could play a role in disease
progression (Table 2).

Table 2: A selection of potential biomarkers to which have been reportedly associated with
COPD:
Type of
Biomarker:
Chemo-attractants
Inflammation
Destruction & Repair
Immunomodulatory
Regulatory

IL-8
IL-1β
TGF-β

Eot-1
TNF-α
VEG-F

IL-10
IL-23

IL-17

MCP-1
IFN-G

(Adapted from Pinto-Plata et al.)
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IL-4

IP-10
IL-6

RAGE
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Over the last four or five years there has been an increased emphasis in discovering
new biomarkers that could contribute to improving the overall understanding of
COPD. In 2007, a major study by Pinto-Plata investigated the profiling of serum
biomarkers in those that had COPD using a protein microarray platform [129]. From
well over a hundred biomarkers investigated it was shown that a panel of 24
biomarkers significantly correlated with FEV, BODE index as well as exacerbation
frequency including IL-8, IL-17 and Eotaxin-2 (Table 3) [129].
In 2008, the ECLIPSE study was conducted to evaluate the phenotype and genetic
parameters that would help define COPD as well as looking at potentially new
biomarkers. This study was one of the biggest longitudinal studies in this research
field looking at over 2000 COPD patients over a period of three years. Their research
indicated that it was important to consider disease activity compared to disease
severity when trying to investigate biomarkers in COPD. Their results showed that
fibrinogen, serum surfactant protein D (SP-D) and CCL-18 could be considered
potentially new biomarkers in COPD as they significantly correlated longitudinally
with the disease as well with morality [130] [131]. However they emphasised the need
to not only investigate one biomarker in COPD but look for a variety of biomarkers
that could serve to contribute at different stages of the disease.
A separate publication by Higashimoto et al, who also looked at serum biomarkers in
COPD, found that CRP and MMP-9 were significantly correlated to lung function
decline in those with COPD (Table 3) [127]. Interestingly their study showed that
commonly sought biomarkers in COPD such as IL-8, IL-6 and TNF-α (often
associated in the inflammatory stage of the disease) did not correlate with FEV-1
levels [127]. However it was shown in this publication that concentrations of IL-8 and
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TNF-α were higher into those who smoked compared to non-smoking healthy controls
[127].
In a more recent study by Garcia-Rio et al, looked at systemic biomarkers in COPD
found that IL-8 and TNF-α were significantly higher than healthy controls whilst
serum biomarker concentrations of IL-6 and albumin were linked to exercise tolerance
[132]. Further studies by Rocke et al, [133] and Pinto-Plata et al, [134] have also
shown a reoccurring theme whereby IL-6, TNF-A and CRP are significantly shown
to be increased in COPD patients compared to healthy controls (Table 3).
Over the past four years, as there has become a clearer understanding of the role of
regulatory T-cells in COPD, new investigations have looked at the role of cytokines
that govern this subset of cells. Specifically studies conducted by Di Stefano et al,
have shown there to be an increased expression of novel markers such as IL-17 and
IL-23 in the sub-mucosa of those with COPD compared with healthy controls [135].
In addition, Gasse et al, have shown that IL-23 could be a key biomarker that could
control part of the inflammatory pathway of COPD by inducing the production of IL17 that leads to pulmonary inflammation in the disease [136].
Further publications have found “alternative” biomarkers that could contribute to the
pathogenesis of COPD which include MCP-1 which is found to be higher in those
with COPD than in healthy controls [137] whilst soluble receptor for advanced
glycation endproducts (RAGE) were decreased in COPD [138, 139].
At present no single biomarker in COPD demands worldwide acceptance mainly due
to the conflicting reporting of specific biomarkers in publications. Therefore instead
of looking at just one biomarker in a clinical setting it is far more beneficial to see
whether a pattern could exist when looking at a variety of biomarkers in the same
clinical setting as one another. This could improve the overall understanding of the
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disease to help differentiate the role each biomarker could play in the pathogenesis of
the disease and also to ascertain whether one biomarker may be responsible for the
increased or decreased expression of another biomarker. It would be interesting to see
if there is a different biomarker pattern displayed by the three components that
contribute to COPD (emphysema, chronic bronchitis and asthma) (Figure 1).
Therefore the following section will outline the role of prominent cytokines that have
been chosen from recent publications and we will examine the function of these
cytokines in COPD.
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Table 3: Shows all known information on COPD biomarkers and the tissue type analysed

Type of Biomarker

Cytokines

References:

Tissue type:

Chemoattractants

IL-8

[140]

Epithelial Cells

[141]

Plasma

[107]

Sputum/Plasma

[142]

Bronchoalveolar lavage
(BAL) Fluid

Eotaxin-1

[143]

Sputum
MCP-1

Eotaxin-2

IP-10

Inflammation

IL-1-β

TNF-α

IL-6

[144]

Sputum

[134]

Serum

[145]

Plasma/Sputum

[129]

Serum

[146]

Serum

[147]

Serum

[148]

Epithelial Cells

[149]

Epithelial Cells/Sputum

[150]

Plasma

[151]

Plasma

[152]

Plasma

[153]

Serum

[154]

Sputum/Plasma

[155]

Serum/Sputum

[156]

Plasma

[157]

Sputum

[158]

Plasma
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IL-4

IFN-γ

RAGE

IL-23

IL-17

Immunomodulatory IL-10

Destruction and
Repair

TGF-β

VEGF

[159]

Epithelial Cells

[160]

Epithelial Cells

[161]

Serum

[162]

Epithelial Cells

[163]

Epithelial Cells/Plasma

[164]

Plasma

[165]

Lung Tissue

[138]

Serum

[139]

Serum

[136]

Epithelial Cells

[132]

Serum

[166]

BAL Fluid

[135]

Endothelial Cells

[108]

Plasma

[105]

Plasma

[167]

Serum/Sputum

[168]

Plasma

[169]

Sputum/Serum

[127]

Serum

[170]

Plasma

[171]

Serum

[133]

BAL
Fluid/Serum/Sputum

~ 27 ~

Chapter 1: General Introduction

1.4 Cytokines as biomarkers
Cytokines are small, extracellular signalling proteins (less than <75kDa) which are
produced by a variety of cell types [172]. Cytokines are able to directly affect closely
residing cells (paracrine) as well as target cells at a distance (endocrine/autocrine).
Rarely are cytokines produced alone, often in association in one another. Hence when
cytokines are produced together, patterns develop which can be used to characterize a
type of disease.
The pathology of COPD shows chronic inflammatory reaction whereby a cycle of
tissue damage and repair takes place in association with a mass influx of inflammatory
cells regulated by a group of cytokines [173]. The recruitment of cells such as
neutrophils, macrophages, T-cells and eosinophils to the site of inflammation is
governed by a type of chemoattractant cytokines called chemokines [144].
Chemokines are smaller than cytokines and are primarily responsible for recruiting
leukocytes to tissues (Figure 6).
Cytokines can be subdivided into the role they contribute to the pathology in COPD
(Table 3 and 4) [172]. As can be seen there are a variety of cytokines such as IL-6,
MCPs and RANTES that appear in more than one category indicating more than one
role for this cytokines. Whilst the cytokines mentioned in Tables 3 and 4 all contribute
to COPD, there is not a recognised pattern of cytokines that can be easily related to
the disease.
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Figure 6: Some of the inflammatory mediators involved in COPD.

Cigarette smoke activates macrophages (A) which in turn secrete IL-6, TNF-α and a
variety of other cytokines (B) as well as proteases (C). TNF-α promotes further gene
transcription (D) that cause epithelial cells to release IL-8 (E) that leads to
neutrophilic chemotaxis and further releases of proteases. Additionally epithelial cells
produce TGF-beta (F) that is involved in tissue remodelling and repairs which
eventually leads to fibrosis. Adapted from [19].
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Family of

Cytokine/Chemokine

Cytokine/Chemokine
Lymphokine

IL-4, IL-5, IL-6, IL-10, IL-13

Neutrophil Chemokine

IL-8, GRO-α, IL-1, TNF-α

Eosinophil Chemokine

RANTES, GMCSF, MCP-3/4

Macrophage Chemokine

RANTES,

MCP-1,

MIP-1α,

GRO-α
T-cells

MCP-1, RANTES, IL-16

Proinflammatory

IL-1β, TNF-α, IL-6

Anti-Inflammatory

IL-10, IFN-γ

Growth Factors

TGF-β, PDGF, IGF

Table 4: Shows the subclasses of cytokines/chemokines involved in COPD.

The overlapping nature of certain cytokines and chemokine indicate more than one
role in the pathogenesis in COPD affecting more than one subset of immune effector
cells.
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1.4.1 Proinflammatory Cytokines
Proinflammatory cytokines include IL-1, IL-6 and TNF-α. IL-6 is secreted by a
variety of immune effector cells including macrophages, T-cells and B-cells. IL-6 has
been recognised to be involved in exacerbation of COPD symptoms [153, 174, 175].
Specifically IL-6 contributes to the proliferation, survival and activation of T-cells in
COPD [156, 158, 176]. IL-6 levels are known to be elevated in not only serum but
also BAL fluid and sputum in the different stages of COPD [157]. IL-1β has also
been reported to have a primary role when investigated in rodents [148]. High
expression of this cytokine was found in rat lung epithelia that eventually manifests
into emphysema and airway remodelling [177]. It is possible IL-1β exerts a similar
type of effect in humans. Finally TNF-α is known to be an exceptionally potent
mediator of inflammation. It is thought that the inhalation of cigarette smoke triggers
the activation of TNF-α which in turn can lead to a cascade of reactions that result in
further activation of other inflammatory cytokines like IL-6, IL-1β, GMCSF and
GCSF [178, 179].
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1.4.2 Immunomodulatory Cytokines
IL-10 and IFN-γ are two such examples of anti-inflammatory cytokines that play a
role in the inhibition of the production of inflammatory mediators mentioned above.
Both IL-10 and IFN-γ play a role in the inhibition of CD4+ T-cell activity [180]. IFNγ is thought to play a role in the inhibition of MMPs in COPD and thus activating
TIMPs which are inhibitors of MMPs [181]. In the sputum of those with COPD, the
level of IL-10 was found to be reduced whereas proinflammatory cytokines such as
TNF-alpha and IL-1β were up-regulated, ultimately leading to tissue damage. IFN-γ is
a cytokine that plays a major role in COPD as it contributes to pulmonary emphysema
[182, 183]. IFN-γ is thought to inhibit CCR2 expression in human monocytes hence
act as an inhibitor against the recruitment of macrophages [184].

1.4.3 Eosinophil Chemokines
Eosinophils are thought to play an inflammatory process in the lung mucosa through
the release of highly toxic proteins such as eosinophil cationic protein (ECP) that have
been found to be in peripheral blood as well as BAL fluid in those with COPD [185].
Chemokines involved in this process include RANTES, eotaxin-1 & -2 as well as
MCP-3 and MCP-4 [186] [142]. These cytokines are thought to be elevated in those
with COPD compared to healthy controls and those with asthma indicating a role of
cigarette smoke for inducing such changes [187]. These chemokines activate and
attract eosinophils, in particular eotaxin-1 through the selective binding to the high
affinity CCR3 receptor [187].
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1.4.4 Neutrophil Chemokines
IL-8, IP-10 and MCP-1 are all but a few chemokines involved in the recruitment of
neutrophils. They are expressed through either mesenchymal or inflammatory cells
and can be stimulated by other cytokines including IL-6 and TNF-α [188] [147] .
Additionally cigarette smoke is thought stimulate the production of IL-8 from both
macrophages and bronchial epithelial cells [189] [190].
IL-8 is a potent neutrophilic chemokine that upregulates cell adhesion molecules such
as ICAM-1 and e-selectin as well as increased production of LTB4 that all contributes
to neutrophils leaving the blood and migrating to the site of inflammation [191]. In
addition to elevated serum levels of IL-8, an increased amount has been also observed
in COPD sputum samples [192].

1.4.5 Lymphokines:
Lymphokines are a subset of cytokines that are produced by lymphocytes; in
particular CD4+ T cells and CD8+ cells. These T cells are responsible for the
regulation of the immune response through the signalling between cells [193-195].
Smoking can cause CD8 T-cells to release to IFN-γ which in turn up-regulates IFN-γinducible protein (IP-10). IP-10 can induce the production of matrix metalloproteinase
12 (MMP-12) that can lead to a reduction in elasticity recoil due to damage of lung
alveoli [146]. Hence is its postulated IFN-γ, IP-10 and MMP-12 can work by a
positive feedback loop in emphysema [44] [196].
Over the years, publications have shown that plasma cells in the submucosal glands of
the lungs that express IL-4 can also lead to goblet cell hyperplasia [197] [198] [199].
It is thought that T-lymphocytes can secrete IFN-γ and the cytokine itself is
responsible for the inhibition of cell proliferation and also contribute to the
pathogenesis of the disease by augmenting the cytotoxic effects of TNF-α [76].
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Research have shown that CD8 T-cells have the potential to be polarised towards a
Tc2 profile; leading to production of cytokines such as IL-4 which lead to mucus
hypersecretion [200].

1.4.6 Macrophage Chemokines
Growth-regulated protein alpha (GRO-α) and monocyte chemotactic protein-1 (MCP1) play a similar role to IL-8 in the pathogenesis of COPD. Whilst both chemokines
have been implicated as a potent neutrophilic chemoattractants, they have also been
shown to be involved in a mass influx of macrophages that have been found in lung
biopsies and sputum samples in COPD [144, 201]. Traditionally when there is
saturated concentration of chemokine, the natural movement of cells is to bind to the
cell surface slowing chemotaxis. However it has been noticed with GRO-α that even
at high concentrations macrophages continue to migrate leading to a greater burden of
these monocytes at the site of inflammation (Fig 7) [144].
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Figure 7: A modified representation of monocyte migration in response to a
chemoattractant.

At low concentrations of chemoattractant there is a low gradient for cells to move
efficiently (A). At the optimal concentration of chemoattractant the gradient is perfect
for monocyte movement to the site of inflammation (B). As the concentration of
chemoattractant increases, normally cells stick to the cell surface leading to reduced
migration (C). However for chemokines like GRO-α, IL-8 and MCP-1 cell migration
still continues leading to a greater number of macrophages observed in COPD (D).
Figure originally adapted from [202].
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1.4.7: Growth Factors
Growth factors such as TGF-β and platelet-derived growth factor (PDGF) induce the
proliferation of structural cells; specifically airways smooth muscle cells and
fibroblasts. TGF-β is a cytokine that is involved in cell proliferation and cell
differentiation [203]. Airway smooth muscle cells of those who have COPD have
been shown to express large amounts of this cytokine. Due to airway remodelling that
occurs with those that smoke and have COPD, TGF-β is shown to be highly expressed
[204]. Recent research has shown that TGF-β and its receptor TGF-R can enhance
apoptosis of peripheral T-lymphocytes by preventing the progression of growth of
these cells from the G1-S transition phase [205] [206].
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1.5 Microarray Overview
Protein microarrays can be used as a measurement tool to determine and quantify the
presence or amount of proteins that exists in biological samples (i.e. blood, sputum, or
urine etc). This is a fairly novel approach (since early 2000s) which has many benefits
in proteomic research. The most common protein microarray that is used is an
antibody microarray. This is whereby capture antibodies are printed onto a small chip
or slide which can be then used to detect proteins of interest in a biological sample
(Figure 8).

Figure 8: An example of one type of protein microarray using a nitrocellulose slide.

Antigens or proteins of interest can be detected using primary antibody and amplified
further by the use of a secondary antibody which is tagged to biotin or alkaline
phosphatase. The slide is subsequently scanned and standard curves are drawn to
calculate the amount of protein present in a biological sample. (Figure courtesy of Dr
Paddy Tighe).
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Overall microarrays offer the potential to measure and evaluate a variety of
inflammatory mediators including cytokines across a

broad spectrum of

concentrations, at a reduced overall cost compared to the traditional Enzyme-Linked
Immuno-Sorbant Assay (ELISA). Despite the potential promise this technology brings
to medical research; it is hindered by a lack of experience and reproducibility issues
which require further validation and optimisation.
At present ELISAs are the “gold standard” for the measurement of inflammatory
cytokines and is the best known method for measuring cytokines and other
inflammatory mediators with both high levels of sensitivity and specificity. Recently
there have been a lot of published studies that show the use of microarray technology
in the quantification of cytokines in serum [207] [208] .
Microarrays also allow for multiple repeats to be performed on the same chip
enhancing the validity of subsequent results.
The key advantages of microarrays over ELISAs involve:
a) A smaller amount of sample required to run the assay
b) The ability to detect and/or quantify more than one inflammatory mediator
c) The ability to undertake multiple repeats of the same cytokine under the same
experimental conditions
d) The ability to detect a variety of proteins across a range of concentrations
e) Reduced time and cost to run the assay
Antibody microarrays are regarded as the future of biomarker detection of disease
[209] [210] [211]. At present protein microarrays have evolved from DNA microarray
technology, however they are not as robust and as reliable as the latter. Sandwich
ELISA microarrays allow for the analysis and quantification of a large variety of
proteins which require a small volume.
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1.5.1 Microarray Slide Surfaces and Immobilisation
One of the biggest obstacles to developing reproducible protein microarrays are slide
surfaces. The surface chemistry of the slide dictates the immobilisation between the
slide surface and the antibody or protein that is to be printed [212]. The physical
interaction between proteins and the slide surface can occur by Van der Waals,
covalent, ionic or hydrophobic interactions that need to be optimised depending on the
nature of the protein of interest. In addition, the nature of the interaction should leave
the protein functionally unaltered [213].
The adsorption of proteins to the surface of the slide can be engineered by either a
combination of a large number of weak contacts (which could alter the shape and
functionality of the protein) or small number of strong bonds which leaves the protein
unchanged except for at the point of contact.
To enable this to occur, different types of slide surfaces have been developed. These
can be divided into two broad classes. Firstly are 2D planar slides. These are coated
by a variety of slide surface chemistries such as aminosilane, epoxysilane and poly-Llysine [214]. These slide surface chemistries interact with the proteins of interest
through either the formation of covalent bonds or electrostatic interactions. However
the disadvantage of using such 2D surfaces is evaporation of the liquid environment
that the antibodies are printed, which in turn can affect the 3D structure of the protein
[215].
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Another approach is to use a 3D surface such as a nitrocellulose or hydrophobic
surfaces that bind to the protein via physical adsorption. The advantages of using such
slide surfaces are that they can preserve the protein in its original conformation over a
period of time. On the other hand there are large variations in signal intensities
associated with using such slides [216]. More recently time has been invested
developing slides with 3D surfaces such as hydrogels. It is thought that such a surface
chemistry could provide a partially hydrated surface that would help maintain the
functionality of the protein. Additionally the surface would allow a larger number of
proteins to bind to the surface due to the increased surface area [217].
Ultimately the slide surface and the way they interacts with the protein of interest will
govern the spot morphology/size, spot intensity and amount of antibody that binds
with the surface. Therefore the key aspect of choosing the best slide surface with
respect to slide surface chemistry must consider the following:
1) A high binding capacity
2) A high signal to noise ratio
3) The ability to bind to proteins securely whilst maintaining their functionality
4) A reduced variability between slides of the same surface chemistry
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1.5.2 Slide Noise and Spot Background
Slide noise can be defined as “the fluorescent signal that appears on areas of the slide
that have not been printed with antibody” [214]. Spot background can be defined as
the signal that appears on the spot when there is no antigen bound during the
experimental procedure. Therefore an increase in either slide noise or spot background
can reduce the sensitivity of the assay especially at the lower spectrum of detection
[217].
A possible reason for the increase in slide noise could be due to the denaturation of
proteins used in the blocking phase of the procedure or alternatively non-specific
binding of signal related proteins [218]. Spot background is due to non-specific
binding of proteins to the slide which is influenced by the slide surface chemistry.
Spot background may lead to the denaturation of the protein which can expose
hydrophobic bonds which increases the likelihood of nonspecific binding.

1.5.3 Spot Size and Morphology
Often the spot size and morphology are dependent on either the slide surface
chemistry or the printing buffer. Certain slide surfaces can prevent spot spreading,
leading to a reduced spot diameter and better spot morphology [219]. The net result
allows for more densely printed arrays. A poor slide composition can lead to poor spot
morphology due to the inability of the surface to hold functionally active antibodies,
which can ultimately lead to reduced signal intensities [214].
Another important question is to look at the spot size and the number of spots that can
be printed into a defined area on a slide. Currently spot size varies in diameter from as
little as 25 microns to 150 microns [214]. If the spot diameter can be reduced but can
still maintain the same intensity this could lead to a greater number of spots being
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printed in the same space. Clearly this has the advantage of permitting more proteins
of interests to be studied on one slide.

1.5.4 Signal Detection and Generation
The sensitivity and detection step of an assay are the key factor in microarray
technology [220]. Signal detection can be achieved in two main ways; A) directly by
molecules of interest or B) indirectly without any modifications to the molecules of
interest [221]. Direct labelling can occur through the labelling of the protein of
interest which can involve biotinylation (Figure 9) [222]. The advantage of direct
labelling allows all proteins to be labelled in exactly the same way however, the
potential disadvantage of using this method could lead to high background due to
nonspecific adsorption of proteins such as albumin in serum that could affect the
sensitivity of the assay [223]. Indirect labelling involves the addition of a detection
antibody either biotin conjugated or with the use of a tertiary antibody.
Fluorescent binding includes using Alexa, Oyster or Cyanine dyes. Fluorescence
detection methods are currently the preferred choice in microarray detection as they
are safe, have a high sensitivity limit as well as having a high resolution once scanned
[224].
A major limitation that occurs with antibody microarrays is possible cross reactivity
especially in a mixed antibody arrays where more than one marker is measured at one
time. An important element of the detection process has been the advent of signal
amplification enzymatically. This can occur through the use of biotin, alkaline
phosphatase or tyramide signal amplification [225].
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C

Key:

B
A

Capture Ab
Protein of interest
Biotin

Detection
Ab
Tertiary
Ab
Colorimetric or fluorescent
detection

Figure 9: Methods of detection and signal generation.

The simplest way to generate a signal is to directly label the protein of interest through
biotinylation (Fig A). The indirect approach involves the labelling of detection
antibody (Fig B) or the labelling of tertiary antibody (Fig C). The latter approach takes
away the need to chemically modify the nature of the detection antibody.
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1.6 Introduction to Assay Validation
Assay validation is an evaluation of an experimental method to determine how well it
fits for its specific use. In the validation process multiple parameters are investigated.
Most importantly the use of validation enables the one to understand the limitations of
the method and where it might be improved.
Validation is an on-going process where the design, development and establishment of
a method, as well as optimisation and revalidation, are encompassed. However with
many validatory procedures it is often limited by time constraints, resources and being
able to have an assay that justifies the purpose of its needs [226].
Assay development is a major part of quality control and at present there are multiple
guidelines provided by professional bodies, such as the FDA [227]. These guidelines
provide the model of boundaries and limitations in assay.
Validation protocols have been published in recent literature with a variety of
microarray concepts that have been developed by both major manufacturing
companies (such as ThermoFisher and BIO-RAD) and in house microarray systems
that have been used in research laboratories. The general definition of assay validation
has been agreed to be the following “Assay validation involves documenting, through
the use of specific laboratory investigations, that the performance characteristics of
the method are suitable and reliable for the intended analytical applications. The
acceptability of analytical data corresponds directly to the criteria used to validate the
method.” [227].
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A validation study can be described as a series of experiments that test the
performance of an assay such as the accuracy, specificity and reproducibility of a
system [228-230]. The major consideration taken in assay development is the intended
purpose of the assay and how to construct a series of experiments that could answer
the questions that could affect the assay [231].
One of the aims of this thesis is the validation of a microarray assay. In the antibody
microarray system developed here, the purpose is to address the absence/ presence of
proteins in biological samples. Specifically this requires the quantification of these
proteins in biological samples. Hence in the validation of this microarray system we
ask the following questions: i) can this microarray system accurately measure the
exact concentration of a sample?, ii) what is the dynamic range of the assay and what
would be the lowest reproducible value? and iii) is the assay accurate and precise
when measured multiple times on the same day and on multiple days? (Table 5)
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Table 5: To explore the validatory questions asked when developing an antibody
microarray method.

Test:

Antibody
Microarray

Purpose of Assay:

Measure/
detect/quantify the
presence of
absence of proteins
in biological
samples

Questions asked

Validation

of Assay:

parameters tested:

a) Can assay
accurately
measure
samples

Accuracy and
Reproducibility

b) What is the
dynamic
range?

Standard Curve &
Range

c) Can the
assay be
specific?

Specificity/Cross
Reactivity

d) Can assay
be precise
and
accurate if
repeated on
the same
day or
multiple
days?

Accuracy,
reproducibility and
precision (CV%)

The antibody microarray platform is used to measure and quantify proteins in
biological samples. The key in being able to do this is to be accurate, precise and
reproducible. A variety of different questions have to be answered by a variety of
validatory tests.
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Antibody microarrays can be used to be both qualitative (ie measuring the presence or
absence of a protein in a sample) and quantitative (ie measuring the actual amount of a
substance). Hence figure 10 illustrates the types of experiments and parameters that
have to be tested when measuring a microarray system when deciding to run a
qualitative or quantitative approach. As seen with a quantitative approach, as used
here more validatory tests have to be performed to make sure the system is highly
reproducible and accurate.

Figure 10: The validatory experiments that have to be performed on an antibody
microarray for both qualitative and quantitative approaches.

The qualitative approach allows for less validatory experiments to be performed as the
accuracy whilst needed is not as important as if a sample is to be quantified. In the
quantitative approach multiple validatory approaches have to be performed and
implemented to make the system highly reproducible for everyday use.
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The accepted standard procedure in running a validatory process is to divide the
nature of these experiments into different stages [232]. These stages include, i)
Method selection: choosing the best way to quantify proteins in biological samples
and how and best way to run the microarray system, ii) Development of the
microarray system; this involves most optimisation including trying a variety of
reagents, slides and buffers to enable the best combination that allows validation to
take place (see Chapter 3) and iii) Measuring performance of the microarray; working
out accuracy and reproducibility which involves repeatability, robustness and
improving precision [233] (Figure 11). Often optimisation and validation are a joint
process whereby improving one concept has an impact on the other and vice versa.
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Figure 11: The three key stages involved in validation.

Stage 1 involves understanding the concept and choosing the right type of microarray
procedure to run. Stage 2 involves the optimisation stage where the platform is built
and initially tested with the biological samples to understand what is required from it.
Thirdly, stage 3 is the main bulk of the validatory process where multiple
experimental procedures are carried out to work out the accuracy and reproducibility
of the platform and have a system in place that has no major issues which is ready to
perform the initial hypothesis of the study.
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If each stage is looked at in greater detail, one can understand why it is split into 3
different stages;
A) Method Selection; in this thesis the main aim was to build a methodology that is
highly accurate and precise and allows for quantifiable detection of multiple
biomarkers simultaneously across a variety of biological samples. For this reason the
microarray approach was selected as the costs will be substantially reduced, requiring
less sample and reagent than a traditional ELISA (which is limited to being able to
measure one biomarker at one time). Furthermore microarrays have the capacity to
deliver results quicker than an ELISA.
B) Method Development: Here the best conditions to run the microarray must be
optimised, for example, what is the best print buffer? The best blocking buffer? The
best slide surface? All these variables have to be investigated in depth and the best
combination of these factors are then chosen together to move the microarray process
forward. At this stage normal biological samples are tested and unknown
concentrations of proteins are detected. However the reliability of these proteins
concentrations can only be checked in the performance stage.
C) Method Performance: This is where most of the validatory tests are performed.
Initially the limits of detection and quantification are defined. This will allow any
further quantification work to fall within the boundaries of accurate quantification.
Furthermore the performance of the assay can be tested by running a series of intra
and inter assays over a period of days that show the accuracy and reproducibility of
the system. In this investigation the guidelines for the parameters of the assay are
based around the FDA Guidance on “Bioanalytical Method Validation” [227]. Here
we compare the microarray system to the traditional ELISA. Once the methodology
has been validated with the ELISA, clinical samples can be used in the assay.
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1.6.1: Assay Validation Parameters
In all literature showing validation of an analytical method, parameters such as
accuracy and precision have been identified and established to characterize the
performance of an assay [234].

1.6.2: Accuracy
Accuracy can be defined as how exact the actual value obtained in an experiment is to
the expected value [235]. This can be experimentally proven by applying the
procedure to samples that can be prepared with a quantifiable accuracy (ie a series of
“spikes”). Samples can be “spiked” to a known concentration and the amount detected
in the assay is determined. Accuracy is often expressed as the % error between the
observed concentration and the expected concentration. Whilst accuracy is an
important parameter in validatory testing, in certain examples such as qualitative
measure accuracy cannot be required and instead can be replaced by sensitivity and
specificity.

1.6.3: Precision
Precision is defined as the coefficient of variation (CV(%)) of multiple measurements
or repeats [236, 237]. CV% is often calculated by dividing the standard deviation of
multiple repeats by the mean of multiple repeats. Precision can be measured in a
variety of ways, including repeatability of the same test, inter- and intra assays where
experiments are performed multiple times on the same day or across multiple days.
Accuracy and precision are often misinterpreted as being same but in fact they are
completely different to one another. The diagram (figure 12) below illustrates these
concepts in relation to one another. For an analytical method to be successful it needs
to be both highly precise and accurate:
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Figure 12: The relationship between accuracy and precision.

It is possible to have a high degree of accuracy and yet be imprecise across multiple
measurements (A). Ultimately the aim of any assay is to be highly precise and highly
accurate. This shows that from an experiment, the measured value is very close to the
actual value (B). It is possible to have a set of data that is highly inaccurate but
consistent for that experiment. This is again highly undesirable (C). Finally in the
worst case scenario of microarray validation it is possible to be both imprecise and
inaccurate giving rises to questions about the validity of the method which will have
to be readdressed (D) [238].
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1.6.4: Intra assay
Repeatability or the intra-assay can be defined as the precision obtained when the
procedure or experiment is carried out under the same conditions within a short
interval [239]. In the case of the microarray this is when the experiment is performed
multiple times on the same slide. This serves as an indicator of how the precision is
within the same day under normal working conditions.

1.6.5: Inter Assay
Inter assay where the experiment is carried out under the same experimental
conditions across a few days. For example if a sample is taken and measured for any
given protein on day 1, day 2 and day 3, one would expect the result to be consistent
across the three days [240]. The precision is calculated and again serves as an
indicator of how the effects of precision vary in slightly different external
environments (i.e. change in room temperature, light, buffers/reagents etc). Often the
precision is expected to be lower than that obtained in the intra assay.

1.6.6: Specificity
The specificity of a method, with reference to a microarray platform, is the ability to
measure the presence of an analyte in the context of multiple analytes [241]. It is
important that the microarray platform can be specific for individual analytes and
show no cross-reactivity with other analytes in the same experiment.
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Within specificity, both selectivity and recovery are two further parameters to be
considered. Selectivity is defined as the presence or absence of a particular analyte in
the context of complex sample mixture [242]. Recovery of an analyte is the amount
detected from the total amount of a sample that has been added to a biological sample
mixture. Often in recovery experiments these are run at three different concentrations;
low, medium and high. The closer the recovery is to 100% the greater the precision of
the assay.

1.6.7: Limit of Detection
The lower limit of detection (LOD), is defined as the lowest level that an analyte that
can be detected but not be truly quantified [243] [244]. This is often presented as a
concentration. In terms of the microarray the LOD is defined as a point that is above
the level of the blank. Often the LOD is calculated as three times the standard
deviation of the blank + the blank [243] [245].
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1.6.8: Limit of Quantification
The limits of quantification are defined as the lowest (LLoQ) and highest (ULoQ)
points in an assay that can be detected and quantified to an acceptable level of
accuracy and precision [246-248]. Both the LLoQ and ULoQ, like the LOD, are
expressed as a concentration. The LOD, LLoQ and ULoQ are all measured using
standard curves. The LLoQ can be equal to the LOD but is often higher than the LOD.
The LLoQ cannot however be lower than the LOD (Figure 13).

Figure 13: The relationship between the LOD, LLoQ and ULoQ from a standard curve.

The graph above illustrates the relationship of how the LOD, LLoQ and ULoQ can be
determined from a standard curve. The LOD is often calculated to be 3 times the level
of background intensity. Both the LLoQ and ULoQ are defined as the point in a
standard curve which are an analyte can be detected and quantified to an acceptable
level of accuracy and precision.
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1.7 Aims and Hypothesis:
The aim of this research is to develop a technique to enable a list of prominent
biomarkers that allow for the early diagnosis of COPD. Additionally possible patterns
of expression of biomarkers may help clinicians to categorise the severity of COPD.
This would make it more beneficial and quicker to treat patients with this disease.
The wide use of protein microarray technology has allowed for the diagnosis and
management of numerous diseases, such as cancer and autoimmunity. This ability to
measure a vast array of biomarkers simultaneously is highly desirable. In the case of
multifaceted diseases such as COPD which involves many immune cells, enzymes
and mediators, microarray technology could detect biomarkers which could prove to
be good indicators of the disease process. Sixteen prominent biomarkers are to be
investigated in this study. All have been implicated in the disease process yet all 16
have yet to be investigated together.
The main hypothesis of the thesis was thus to build an antibody microarray platform
that can be used as a diagnostic tool for the simultaneous quantification of
inflammatory biomarkers in the sera of COPD patients. This has to be both
reproducible and sensitive as compared to an ELISA (which is considered the “Gold
standard” of inflammatory quantification). Once this is achieved the expression of
these biomarkers will be compared between COPD patients and smokers with and
without COPD to determine whether there are significant differences between the
groups with relation to FEV1, age or sex. Ultimately the aim is to use such a
diagnostic tool to improve the prognosis, intervention and treatment of COPD.
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2.1: Materials
2.1.1: Chemicals and Reagents
2.1.1.1 Printing Buffers
A variety of inhouse coating buffers were made to identify the ideal buffer for printing
antibody microarrays (Table 6):
Table 6: The ingredients involved in the formulation of 8 different coating buffers tested.

Printing Buffers:
i) PBS
ii) PBS-Tween

Ingredients:
x1 PBS (Sigma) (v/v)
x1 PBS (Sigma), 0.01% Tween-20(Sigma)
(v/v)
x1 PBS (Sigma), 5% Glycerol (v/v)
iii) PBS-Glycerol
x1 PBS (Sigma), 5% Glycerol, 0.01%
iv) PBS-Glycerol-Tween
Tween-20 (Sigma) (v/v)
x1 PBS (Sigma), 5% Glycerol, 0.01%
v) PBS-Glycerol-TweenTween-20 (Sigma), 50mM Trehalose (v/v)
Trehalose
x1 PBS (Sigma), 50mM Trehalose (v/v)
vi) PBS-Trehalose
x1 PBS (Sigma), 50mM Trehalose, 0.01%
vii) PBS-Trehalose-Tween
Tween-20 (Sigma) (v/v)
70% DMSO, 25% 0.2M sodium acetate
viii)
DMSO
pH 4.5, 5% Glycerol (v/v)
Abbreviations: i) PBS, ii) PBS-T, iii) PBS-GLYc iv) PBS-GLYc-Tw v) PBS-GLYcTwTre vi) PBS-Tre vii) PBS-Tre-Tw and viii) DMSO
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2.1.1.2: Blocking Buffers
A selection of blocking buffers were tested (Table 7):
Table 7: The different blocking buffers tested.

Blocking Buffers:

Purchased from:

Ingredients:

I Block

Tropix (Bedford, MA)

0.05g I Block in 25mL
PBS-Tween-20 (0.05%)
(Sigma)

3% BSA Block

Sigma, UK

Diluting 30% BSA in x1
PBS in 50mL

3% Milk Block

Marvel, UK

Diluting 3g dried milk
powder in 100mL PBST
(0.05% Tween-20)

NAP Block

G-Biosciences, MO

X2 Buffer diluted in
50mL of PBS

Smart Block

Candor Bioscience GmbH

Used directly onto slides

(Germany)
PVA Block

Sigma, UK

Diluting 2g in 50mL in
destilled water and
heated until dissolved

Low Cross Block

Candor Bioscience GmbH
(Germany)
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2.1.1.3: Wash Buffer (PBS-Tween 0.05%)
PBS (x10): tablets where diluted in deionised water and mixed with 0.05% Tween-20.

2.1.1.4: Reagent Diluent
Reagent Concentrate (x10) of 10% BSA solution (R&D systems, MN, USA) was
diluted in 1:10 in deionized water before use.

2.1.1.5: Slide Surfaces
A selection of slide surfaces were tested (Table 8)
Table 8: The type of slide surface used and where they were purchased from.

Slide Surface

Purchased from:

Epoxysilane

Thermofisher, UK
Schott, Germany

Aminosilane

Thermofisher, UK

Poly-L-Lysine

Thermofisher, UK

Aldehyde

Thermofisher, UK

Nitrocellulose

Grace Bio-Labs, OR, USA
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2.1.2: Antibodies
2.1.2.1: Antibodies for print testing
The capture antibody used for the initial experiments was a monoclonal rat anti-mouse
IgG1(Cambridge Biosciences, UK). Detection antibodies were Alexa Fluor 488
labeled mouse IgG1, isotype control (BD Pharmingen, UK).
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2.1.2.2 Antibodies for all ELISA and Microarray work
All antibodies were purchased as duosets kits from R&D systems with product
numbers (MN, USA) (table 9).
Table 9: A list of all the antibodies used from optimisation to running patient samples.

Antibody

Product Number:

IL-8

DY208

IL-6

DY206

IL-1β

DY201

TNFα

DY210

VEGF

DY293b

Eotaxin-1

DY320

IFN-γ

DY285

IL-17

DY317

Eotaxin-2

DY343

IP-10

DY266

RAGE

DY1145

MCP-1

DY279

IL-4

DY204

IL-10

DY217B

TGFβ

DY240

IL-23

DY1290

GCSF

DY214

GMCSF

DY215

MIP-1β

DY271

RANTES

DY278

MCSF

DY216
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2.2 Methods
2.2.1: Biomarker Study Population
Serum was obtained from 60 COPD patients, 37 healthy smoker volunteers and 13
age and gender matched non-smoking healthy controls. The study was approved by
the local reseach ethics committee (Leicestershire, Northamptonshire, Ruthland
(LNR), REC 10/H0406/65. Samples were collected and stored at -70°C until use on
the microarray to prevent repeated freeze-thaw cycles.
Table 10 displays patient demographics and spirometric measurements of the study
participants.
Table 10: Demographic and Spirometric Data of the Study Participants.

COPD (n=60):

Age Mean
(Range)

Gender

FEV-1%
Mean (Range

67 (46-84)

35 Females
25 Males

72% (1780%)

65 (42-80)

16 Females
20 Males

76% (30115%)

55 (41-65)

7 Females
5 Males

103.6% (87122%)

Gold Stage 1 (n=7)
Gold Stage 2 (n=37)
Gold Stage 3 (n=13)
Gold Stage 4(n=3)

Healthy
Smokers
(n=36)
Control Non
Smokers
(n=12)

Values are expressed as mean and (range). FEV1% - Percentage of Expected FEV1.
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2.2.2: Slide Surfaces and Print Buffer
The capture antibody for the initial experiments were diluted serially from 250µg/ml
across 10 dilutions in 8 different coating buffers (Figure 14) and all detection
antibodies were used at 1:500, 1:1000 and 1:5000 dilution (PBS containing 3% BSA).
Slides outlined in Table 8 were purchased and were processed immediately and after 1
week in storage in a vacuum.

2.2.2.1 Protocol for Print Production for Slide Surface
and Print Buffer testing
Diluted capture antibody was loaded onto a 384 well plate (Genetix), and arrayed onto
the different slides using a Biorobotics Microgrid II arrayer (Microgrid) and silicon
contact pins (Parallel Synthesis Technologies, USA). The array chamber has a
humidifier which was set at 58% humidity and run at room temperature during
printing. The distance between spots was set to 315 microns and dwell time limited to
0.400s and target height printed was -0.184mm. The average spot diameter varied
between 50-150 microns.
After printing slides were left overnight on the arrayer before being processed
immediately or stored under vacuum or in air until use. Printed slides were blocked
for 1 hour in 3% BSA, I-Block, 3% milk block or NAP block on a shaker. After
blocking, slides were washed three times with PBST (containing 0.05% Tween-20)
and incubated in solutions containing detection antibody conjugated with fluorescent
dye for 1 hour at room temperature on a shaker.
Slides were washed with PBST (as described above) and rinsed briefly in ultrapure
water. Slides were dried by spinning at 1200 rpm for 5 min and scanned a 4200 AL
microarray scanner (Axon GenePix®).
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Figure 14: Illustrating the printing buffer /slide surface experiment overview.

Antibodies were printed on a slide surface (A & B), blocked (C) and then probed by
detection antibodies tagged with Alexa 488 (D) and scanned.
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2.2.2.2 Data Analysis
For a 16 pad slide, half of the slide is used for the construction of the standard curve.
Often the top left well is used as a blank control well and the remainder of the left
hand side of the slide is used to process the samples of interest. Each well on the
microarray slide is equivalent to a well on an ELISA plate (Figure 15):

Figure 15: This is an illustration which shows the distribution of how each 16 pad slide is set
up.

On the right hand side the standard curves are constructed with each concentration
point in each well. On the top left hand slide is the negative control or blank. The
remainder of the left hand of the slide is used for processing biological samples.
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For the analysis undertaken in this thesis, the median value of the spot is considered as
compared to the mean of the spot. When choosing between the median and mean of
the spot the following has to be considered. “The mean intensity is defined as the
average intensity of the signal pixel”, where the median is defined as the “intensity
value that splits the distribution of the signal pixels in half” [249] [250]. The number
of pixels above the spot should be the same as the number of pixels below the spot.
The advantage of choosing the median value over the mean value lies in the ability of
the median to take into account the outliners of within the spot. Contamination is a
major issue in the microarray printing and processing. Contamination occurs due to
dust and impurities that are present on the spot result in brighter pixels present on the
image. Hence contamination introduces outliers in spot that are processed. If the
software is incapable of correctly identifying the signal of the spot, taking into
account the background and removing contaminated pixels, the median is often the
preferred choice over the mean. In the majority of the experiments contamination of
spots were rarely seen and hence to overcome this issue replicate spots are printed
taking the average median of all the spots to give a signal. The median-background
was taken in all experiments to take into account potential irregular spots and maintain
consistency in the data with regard to possible contamination that may occur in the
spots. This was used to construct a standard curve for each cytokine tested. From the
standard curve, unknown concentrations of cytokines were calculated.
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2.2.3: ELISA protocol
ELISA plates (96 wells) were purchased from Nunc-Immuno plate Maxisorp (Nunc,
Denmark). ELISA duoset kits were purchased from R&D systems (Minneapolis, MN)
and performed as described by the manufacturer’s instructions (Figure 16).
Briefly, plates were coated with 1-4μg/ml of capture antibody and incubated overnight
at room temperature. The plates were washed 3 times with PBS-Tween 0.05%
(Sigma) and blocked with Reagent Diluent (1% BSA in PBS) for 1 hour and washed
three times. Standards were made in Reagent Diluent at the top concentration
(according to kit instructions) and diluted 2 fold (across seven points) at 100µl per
well in duplicates for 2 hrs. The plate was washed three times and 50µl of
appropriately diluted biotinylated detection antibody was added to each well for 2hrs.
After washing three times with washing buffer, 50µl of diluted streptavidin-HRP was
added and incubated at room temperature for 30 mins in the dark. Wells were washed
three times and the enzyme substrate peroxidase chromogen was added. After
incubation for 30 mins at room temperature the reaction was stopped by adding 50µl
of 0.18M H2SO4 per well and the absorbances were read at 450nm (See Figure 16).
Graphs were plotted to show the absorbances against the varying concentrations of the
standards. This was repeated three times and averaged to show reproducibility of the
kits.
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Figure 16: Illustrates the ELISA procedure.

Briefly, ELISA plates are coated with capture antibodies overnight. The plate is
washed and blocked. The plate is washed and the standards and samples are added.
After a period of 2 hrs the plate is washed again and detection antibodies are added for
another 2 hrs. The plate is washed and streptavidin HRP is added for 30 mins and the
plate is kept in the dark. The plate is washed three times and substrate peroxidase
chromogen was added for 20 mins and finally stopped with 0.18M sulphuric acid. The
absorbance is read on a plate reader at 450nm and graphs are plotted with the
appropriate standard curve and samples.
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2.2.4 Generating Microarray Standard Curves; Initial
Protocol
Microarray slides were purchased from Thermofisher (UK) with epoxysilane surface
coatings. The protocol performed is similar to an ELISA. Briefly, diluted capture
antibody was loaded onto a 384 well plate (Genetix), and arrayed onto slides at
100µg/ml using a Biorobotics Microgrid II arrayer (Microgrid) and silicon contact
pins (Parallel Synthesis Technologies, USA). Printed slides were blocked with either
3% BSA (Sigma) or I-Block (Tropix) for one hour and washed three times with wash
buffer (PBS-Tween 0.05%). Standards were made for each cytokine according to
manufacturer’s instructions and diluted two fold across seven dilutions and added at
100µl per block in ten replicates for two hours. The slide was washed three times and
100µl of appropriately diluted biotinylated detection antibody was added to each
block for 90 mins. After washing three times with washing buffer, 100µl of 1:1000
diluted streptavidin-conjugated cy5 (E-Biosciences, UK) was added and incubated at
room temperature for 30 mins in the dark. The slide was washed three times and
rinsed in ultra-pure water and centrifuged dry (Figure 17).
Slides were spun dried and scanned with a 4200 AL microarray scanner at 635nm
(Axon GenePix®). Fluorescence was quantified using the GenePix Pro Software
(Axon GenePix®). The experiment was performed as an intra assay and repeated at
least three times. As before the median fluorescence of each spot was measured
(minus background) and the corrected fluorescence was used to calculate the average
fluorescence signal across the standard detectable range (2000pg/ml-12.5pg/ml).
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Figure 17: Illustrates the initial microarray method.

Briefly, capture antibodies were mixed with PBS-Tre and printed on slides at
100µg/ml. Slides were washed blocked with 3% BSA or I Block for one hour. Slides
were then washed and standards/samples were added for 2 hrs. Slides were washed
three times again and detection antibodies were added for 90mins. Slides were washed
and streptavidin cy5 was added for 30 mins in the dark. The slide was finally washed
and dried and scanned on the 4200 AL microarray scanner at 635nm.
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2.2.5 Final Optimised Microarray Array Protocol
Printed slides were blocked with I Block (Tropix) for one hour and washed three
times with wash buffer (PBS-Tween 0.05%). A calibrated cocktail of standards were
made for each cytokine according to manufacturer’s instructions and diluted two-fold
across eight dilutions and added at 50µl per block for 45mins. Additionally samples
were added in corresponding wells on the slide. The slide was washed three times and
50µl of appropriately diluted cocktail of biotinylated detection antibodies were added
to each block for 45mins. After washing three times with washing buffer, 50µl of
1:1000 diluted streptavidin-conjugated cy5 (E-Biosciences, UK) was added and
incubated at room temperature for 15 mins in the dark. The slide was washed three
times and rinsed in ultra-pure water and centrifuged dry.
Slides were spun dried and scanned with a 4200 AL microarray scanner at 635nm
(Axon GenePix®). Fluorescence was quantified using the GenePix Pro Software
(Axon GenePix®). The experiment was repeated at least twice. As before the median
fluorescence of each spot was measured (minus background) and the corrected
fluorescence was used to calculate the average fluorescence signal across the standard
detectable range.
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2.2.6: Amplification
Amplification was performed after the detection stage of the microarray process
described above with the addition of 50µl of 1:1000 diluted streptavidin-HRP (BioRAD, USA) and incubated at room temperature for 15 mins in the dark. The slide was
washed and 50µl of Bio-Rad Amplification Reagent was added for 10 mins in the
dark. The slides were washed three times with 20% DMSO-PBST and subsequently
washed three times with wash buffer (see Figure 18). After washing, 50µl of 1:1000
diluted streptavidin-conjugated cy5 (E-Biosciences, UK) was added and incubated at
room temperature for 15 mins in the dark. The slide was washed three times and
rinsed in ultra-pure water and centrifuged dry and analysed as mentioned above.

Figure 18: The amplification procedure and the effect it has on a standard curve

The HCN method is used to amplify the standard curve (A). As can be seen on the
slide shot the effect of amplification increases the signal intensities of the spots (B).
The effect of amplification is beneficial to the microarray platform as it is able to
substantially increase the performance and range of the standard curve (C).
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2.3 Printing
Slides were used to investigate the effects of dwell time, target height and humidity on
spot shape, size and intensity. A slide was taken and was split for print into two. The
top half of the slide was kept constant for the slide target height at -0.18mm and the
dwell time was varied between 0.00 sec to 4.00 sec. In the second half of the slide the
dwell time was kept constant at 0.40sec and the target height was changed between
0.0mm to -0.5mm (Figure 19). This was initially run without humidity (25-30%
humidity) and repeated with humidity (60%). Each pad of the 16 pad slide was set to
print up to 120 spots. The slide was processed as mentioned in 2.2.5 and signal
intensity was measured as well as the number of spots printed per pad.
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Figure 19: The layout of the print experiment.

In the top half of the slide the target height was kept constant at -0.18mm and the
dwell time was varied (A). In the bottom half of the slide the dwell time was kept
constant at 0.40sec and the target height was varied (B). Additionally the experiment
was run without humidity and then with humidity set at 60%. Note per pad up to 120
spots were expected to be printed.
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2.4: Microarray Validation
Due to the lack of guidelines for protein microarray assays the accuracy and
reproducibility of the methodology was established based on the guidelines outlined
by the Food and Drug Administration (FDA) for pharmacokinetic assay validation
where multiple validation experiments were performed including intra- and inter
assays. A series of “spike recovery” experiments were also performed. Additionally
healthy donors were quantified by both ELISAs and microarrays to see the
comparison between techniques. The accepted criteria for this assay for accuracy was
between 80-120% and precision at <20% [227].

2.4.1 Intra and Inter-Assay
To determine the precision of the microarray platform, intra-assays and inter-assays
were performed. Intra-assays were performed repeatedly over the same slide on the
same day and inter-assays performed over a period of three consecutive days. Up to
30 sera from healthy donors were collected and quantified for 16 biomarkers. The
mean of the replicates and standard deviation was used to calculate the precision of
the microarray methodology.

2.4.2: PBS Spikes and Serum Spikes
PBS was spiked to three known concentrations at 750pg/ml, 188pg/ml and 24pg/ml
using recombinant protein standards for each of the 16 biomarkers and quantified
using the standard curves generated from the microarrays. These three spikes were set
to be above and below the limits of quantification. Accuracy was calculated based on
the observed concentration measured against the expected concentration that was
spiked (%).
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Additionally sera from healthy donors were taken and cytokine levels were quantified
for all 16 biomarkers. This serum was then spiked to three known concentration
points. The observed concentration was subtracted from background levels to
calculate accuracy and precision.

2.4.3 ELISA Vs Microarray Comparison
The microarray technology was compared to a traditional ELISA. 30 sera from
healthy donors were obtained and quantified for all 16 biomarkers through microarray
and ELISAs. Direct correlations were made between the quantified values between
techniques. Additionally Bland-Altmann plots were drawn as a means to understand
the sensitivity between techniques.

2.4.4: Lower Limit of Detection, Lower Limit of
Quantification (LLoQ) and Upper Limit of
Quantification (ULoQ)
The lower limit of detection was calculated as the concentration of biomarker required
to give a signal that was equal to the background (blank) plus three times the standard
deviation of the blank. This was calculated from the average of 3 standard curves for
all 16 biomarkers. Additionally the lower limit of quantification (LLOQ) can be
calculated to be twice the level of the LOD [243]. However for the limits of
quantification, these were the lowest and highest points that could be detected at an
acceptable level of accuracy and precision. Hence a series of “spikes” were run at the
either end of the standard curves of the 16 biomarkers. The point where the precision
fell below 20% was deemed to be LLoQ and 15% for the ULoQ as in line with FDA
regulations for assay development.
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2.5 Statistical Analysis
For the comparison between ELISA and microarray techniques, paired t-tests were
performed (Chapter 4). For the COPD samples where there were three or more
groups, Kruskal-Wallis tests were performed and subsequently Dunn’s post multiple
comparisons tests between each subgroup. Where the software indicated there were
significant differences between two groups, Mann-Whitney U tests were performed.
For the correlation studies with age and FEV-1 predicted with cytokine concentrations
Spearman’s r coefficient was performed (Chapter 5). A “p” value of ≤0.05 was
considered to be statistically significant. Statistics and the generation of graphs were
performed using Graphpad Prism 5.01.
Undertaking multiple Kruskal-Wallis tests and correlations also constitutes for
multiple testing and therefore needs controlling to avoid the rise in false positive data.
Hence this was performed through J-Express Pro 2012 – Build 119 which allows for
further proteomic expression analysis. Using this software the “significant analysis of
microarrays” or “SAM” was a method chosen to calculate the number of genes that
are false positive. This was used on the data to see if any of the significant cytokines
that were positively expressed were indeed showing as false-positive.
All

heatmaps

and

hierarchical

clustering

MultiExperimentViewer (MEV) version 4.7.4.
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Chapter 3: Optimisation of an Antibody
Microarray Platform
3.1: Introduction
The ability to measure an array of biomarkers systematically in the same experimental
setting is highly desirable. As such, antibody microarrays are regarded as the future of
biomarker detection in disease. In the case of multifaceted diseases such as COPD,
which involves many immune cells, enzymes and mediators, microarray technology
could detect biomarkers which could prove to be useful indicators of the disease
process [129, 251-253].
One of the biggest obstacles to this system is the slide surface. The surface chemistry
of the slide dictates the mobilisation between the slide surface and the antibody or
protein that is to be printed. The physical interaction between proteins and the slide
surface by van der Waals, covalent, ionic or hydrophobic interaction needs to be
optimised depending on the nature of the protein of interest [218].
Commercially there is a large variety of slide surfaces. These can be split into two
main categories; firstly 2D plain slides, which include aminosilane, epoxysilane or
poly-L-lysine surfaces that interact by electrostatic or covalent bonds. Secondly, 3D
slides that are gel or membrane coated surfaces and include nitrocellulose and agarose
slides that interact by physical adsorption [254-257].
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Hence there are some important factors that should be considered when choosing the
slide surface. These include a binding capacity, a signal-to-noise ratio, the ability to
maintain the conformation of the protein that is once bound as well as the
reproducibility between slides. The ideal slide would be a combination that enables
maximal immobilisation and as well as maintaining the functionality of the antibody.
The spot morphology is often dependant on factors such as the slide surface and the
way the capture antibody interacts with the surface chemistry. Poor spot morphology
is indicative of low antibody activity and in turn will lead to poor signal intensities
[219, 258]. Hence it is important to distinguish which slide surface will provide the
best spot morphology but more importantly give higher levels of intensity.
Often the spot size and morphology are dependent on either the slide surface
chemistry or the printing buffer. Certain slides surfaces can prevent spot spreading,
leading to a reduced spot diameter and better spot morphology [219] [258]. The net
result allows for more densely printed arrays.
Prior work in the field has investigated individual parameters such a printing buffers
or slides surfaces or blocking buffers across numerous publications. Work conducted
by Olle W et al, has shown that glycerol to be an efficient printing buffer for printing
antibodies [219]. Additionally work by Seurynck-Servoss et al investigated different
slides surfaces which showed that both aminosilane and poly-L-lysine surfaces are
preferable for antibody microarrays [218]. Finally work by Rimini et al investigated
different types of blocking buffers onto antibody microarray surfaces which showed
that BSA block was effective to in preventing non-specific adsorption [259].
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Here we investigate for the first time multiple parameters simultaneously including
variety of coating/blocking buffers using four different slide surfaces to investigate the
impact on intensity (short and long-term) and spot morphology which provides an
more in-depth understanding what is required to build a successful antibody
microarray platform.
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3.2: Materials and Methods
Briefly slides were purchased from Thermofisher (UK). For the optimisation of slides
surfaces, blocking buffers and investigating intensity levels poly-L-lysine,
epoxysilane, aldehyde, aminosilane and nitrocellulose slides were used respectively.
A variety of 8 in-house coating buffers were used to print on the slide surfaces (see
Table 5) and the experiment was run either immediately or one week later. On the day
of processing the slides were taken and blocked for an hour with a variety of blocking
buffers including I Block, 3% BSA Block, 3% Milk and NAP blocking buffer. The
slides were washed and incubated in solutions containing detection antibody
conjugated with fluorescent dye for one hour. The slides were washed and spun dry
and scanned at 488mm wavelength on the 4200 AL scanner. The intensity levels of
these slides were compared against one another to distinguish which would represent
the best slide surface for both short and long term use.
For the remainder of the Chapter, poly-lysine slides were used. Due to the low level of
sensitivity obtained, these slides were subject to amplification. Briefly, antibody
duoset kits were purchased (R&D Systems, MN, USA) and printed on the slide. Slides
were processed immediately or after one week. Slides on the day of processing were
taken from the vacuum and blocked for an hour with either I Block or 3% BSA block
buffer. Standards were made for all 16 cytokines (IL-8, IL-6, IL-1β, TNF-α, Exotaxin1, Eotaxin-2, IFN-γ, RAGE, IL-10, IL-4, IL-17, IL-23, MCP-1, VEGF and IP-10)
according to manufacturer’s instructions and diluted 2 fold across 7 dilutions and
added at 100µl per block in 10 replicates for two hrs. The slide was washed three
times and 100µl of appropriately diluted biotinylated detection antibody was added to
each block for 90 mins. After washing three times with washing buffer, 100µl of
1:1000 diluted streptavidin-conjugated cy5 (E-Biosciences, UK) was added and
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incubated at room temperature for 30 mins in the dark. Slides were spun dried and
scanned with 4200 AL microarray scanner at 635nm (Axon GenePix®).
For the latter part of this Chapter, and the printing conditions as well as the role Cy5
plays in the detection of antibodies and the detection of cytokines in both plasma and
serum were investigated. Slides initially showed a lack of sensitivity at the lowest
concentrations of standard curves, hence were subject to tyramide amplification.
Briefly, this was performed after the detection stage of the microarray process
described above with the additional of 50µl of 1:1000 diluted streptavidin-HRP (BioRad, USA) in the dark. The slide was washed and 50µl of Bio-Rad Amplification
Reagent was added for 10 mins in the dark. The slides were washed three times with
20% DMSO-PBST and subsequently washed thrice with wash buffer. After washing,
50µl of 1:1000 diluted streptavidin-conjugated cy5 (E-Biosciences, UK) was added
and incubated at room temperature for 15 mins in the dark. The slide was washed
three times and rinsed in ultra-pure water and centrifuged dry and analysed as
mentioned above.
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3.3: Results
To compare printing buffers, 8 commercially available print buffers were tested across
different slide surfaces. Capture antibodies (moclonal rat anti-mouse IgG1) were
mixed with 8 different print buffers (PBS, PBS-T, PBS-GLYc, PBS-GLYc-Tw, PBSGLYc-TwTre, PBS-Tre, PBS-Tre-Tw and DMSO) and detected with an Alexa Fluor
488 labeled mouse IgG1, isotype control.
The median signal intensities of the spots were calculated. In addition the spot
morphology and size were also considered. The final aspect of this investigation was
to examine the effect of storage. It is important to find a surface that when stored
would produce the same level of intensity when printed freshly and analysed
immediately. Hence the correct combination of print buffer and slide surface is
sought.

3.3.1 Epoxysilane
Epoxysilane slides provide an epoxy ring that reacts with the amine group on
antibodies and proteins that are spotted.

3.3.1.1 Slides surface and coating buffer
The average intensity of 8 printing buffers across concentration of primary antibody
ranging from 250µg/ml to 0.49µg/ml on epoxysilane slides was measured (Figure
3.1.). The average intensity falls quite dramatically after 125µg/ml for most buffers. In
these conditions on this slide surface PBS-GLYc, PBS-TRE and to a lesser degree
PBS perform the best at with the highest intensities measured at over 16000 AU for
PBS-Tre and over 12000 AU for both PBSGLY and PBS (Figure 20). PBS-Tre
performs the best with both blocking buffers used and is the most consistent printing
buffer on this particular slide surface.
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Intensity levels could not be maintained at low concentrations in all 8 printing buffers.
With both blocking buffers most signal intensities dropped to almost non-recordable
levels below 31.25µg/ml.
Epoxysilane slides exposed to air lost intensity as the slide surface would interact with
the atmosphere and lose reactivity. PBS-Tre could be suggested as a best printing
buffer as the average intensity was the highest but subsided sharply with decreasing
concentrations of capture antibody printed (at 31.25µg/ml).
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Figure 20: Signal intensity of 8 printing buffers on epoxysilane slides.

The average intensity of 8 printing buffers across monoclonal rat anti-mouse IgG1
serially diluted, ranging from 250µg/ml to 0µg/ml with the addition of mouse IgG1
secondary antibody diluted 1:500, then blocked in 3% BSA (A) and I Block (B) on
epoxysilane slides was measured. On this slide surface PBS-Tre showed to be the best
coating buffer with the highest level of intensity and had the best dynamic range with
signals detectable as low as 15.6µg/ml. Interestingly PBS-Tre performs the best with
either blocking reagent where the other 7 buffers are not so consistent (n=3).

~ 85 ~

Chapter 3: Optimisation of an Antibody Microarray Platform

3.3.1.2 Epoxysilane Spot Morphology and Size
Spot morphology is dependent on a variety of factors including the choice of slide
surface and coating buffers. In the case of PBS, the comet like spotting that occurs at
the highest concentration indicates there is too much capture antibody loaded onto the
spot (Figure 21). As there is so much capture antibody it cannot be sufficiently
contained within the coating buffer, and hence tails off as it is “loosely” bound to the
surface potentially leading to falsely interpreted results.
The spot morphology for PBSTre was good, so in conjunction with figure 20, PBSTre
seemed the most suitable coating buffer for epoxysilane slide surfaces. The next step
was to establish the optimum capture antibody concentration to coat a variety of
cytokines/antibodies.

PBS
PBS-T
PBS-GLYc
PBS-Glyc-Tw
PBS-GLYc-Tw-Tre
PBS-Tre
PBS-Tre-Tw
DMSO
]

Figure 21: Spot morphology epoxysilane slides when tested with 8 coating buffers.

Of the 8 coating buffers tested only PBS, PBS-GLYc and PBS-Tre and to a lesser
degree PBSTreTw produced any signals that could be quantified as shown graphically
in Figure 20 showing the suitability of these coating buffers on epoxysilane slide
surfaces.
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3.3.1.3 Epoxysilane Short vs Long-Term effects of
Printing
Antibodies were printed on epoxysilane slide surface. These were processed
immediately or one week later once left in dessciated vacuum.
As can be seen there is a big drop in intensities when the slides are processed after
one week indicating the slide surface chemistry does not efficiently hold the antibody
over a period of time. Specifically, buffers such as PBS, PBS-GLYc, PBS-Tre
(starting at 15000 AU immediately and dropping to less than 1000 AU after 1 week)
and PBS-Tre-Tw that produced high levels of intensities when processed and analysed
immediately all experienced a sharp drop in intensity 1 week later. This shows that
this type of slide surface is not ideal when investigating the utility for long-term
measurement of biomarkers (Figure 22).
The epoxy slides were tested with I Block to see if a different blocking buffer could
produce a higher intensity than 3% BSA. However there were no discernible
difference between I Block and 3% BSA block irrespective of spot intensity,
morphology or short vs long-term use.
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Figure 22: Signal intensity of epoxysilane slides processed immediately or delayed.

The signal intensities between the coating buffers when analysed fresh and analysed
after a week once printed. The average intensities were measured at the top end range
of 250 µg/ml of capture antibody when blocked with 3 % BSA Block (A) or I Block
(B). Buffers such as PBS, PBS-Tre and PBS-Tre-Tw consistently produced high
levels of intensities when processed and analysed immediately (with either blocking
buffer) but all experienced a sharp drop in intensity when processed one week later.
This indicates this is not the best surface for the long-term use of an antibody
microarray platform (n=3).

~ 88 ~

Chapter 3: Optimisation of an Antibody Microarray Platform

3.3.2 Aminosilane
The aminosilane slide surface provides available amines groups that provide a solid
covalent bond between the slide surface and the protein. The composition of the slide
surface chemistry provides a high signal to noise ratio [260].

3.3.2.1 Slides surface and coating buffer
The average intensity of 8 printing buffers across concentrations of capture antibody
ranging from 250µg/ml to 0µg/ml with the addition of secondary antibody diluted
1:500, then blocked in 3% BSA on aminosilane slides was measured (Figure 23). The
coating buffers, in particular PBS-Tre-Tw and PBS-Glyc produced the best curves.
PBS-Tre-Tw had the highest intensity with a peak of 25000 AU (at 250µg/ml) and
had the most consistent curve with intensities detectable as low as 15.5µg/ml. When I
Block was used as a blocking buffer, PBS and PBS-Tre-Tw produced the best curves.
PBS had the highest intensity at 15000AU (at 250µg/ml) and was the most consistent
curve. Note that the overall levels of intensity of the 8 printing buffers were lower
when blocked with I-Block compared to 3% BSA.
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Figure 23: Signal intensities of 8 printing buffers on aminosilane slides.

The average intensity of 8 printing buffers across monoclonal rat anti-mouse IgG1
serially diluted, ranging from 250µg/ml to 0µg/ml with the addition of mouse IgG1
secondary antibody diluted 1:500, then blocked in 3% BSA (A) and I Block (B) on
aminosilane slides was measured. On this slide surface PBS-Tre-Tw (A) showed to be
the ideal coating buffer with the highest level of intensity and had the best dynamic
range with signals detectable as low as 15.6µg/ml. Interestingly PBS performs
marginally better than PBSTreTw in I-Block (n=3).
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3.3.2.2 Aminosilane Spot Morphology and Size
Aminosilane slides produce nice spot morphology for all printing buffers (Figure 24).
The shape of the spots are round-doughnut and fairly consistent. Note with PBS-Tre
the shape of the spot decreases in diameter as the concentration decreases of capture
antibody. However DMSO does not spot after 250µg/ml, whilst the PBS-T, PBSGlyc-Tw and PBS-Glyc-Tw-Tre show autoflourescence at the lowest concentration.

PBS
PBS-T
PBS-Glyc
PBS-Glyc-Tw
PBS-Glyc-Tw-Tre
PBS-Tre
PBS-Tre-Tw
]

DMSO

Figure 24: Spot morphology aminosilane slides when tested with 8 coating buffers and
blocked with 3% BSA.

Of the 8 coating buffers tested only PBS-Tre-Tw stood out as the print buffer that
produced any signals which could be quantified as shown graphically in Figure 23
showing the suitability of these coating buffers on aminosilane slide surfaces.
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3.3.2.3 Aminosilane Short vs Long-Term effects of
Printing
The short-term vs long-term effects of aminosilane was investigated as described with
epoxysilane slides. Aminosilane, like epoxysilane provides a surface chemistry that
performs well when processed immediately. Short-term using both 3% BSA block and
I Block, aminosilane produce moderate levels of intensity but with high variability,
whilst long term the intensity drops dramatically but the variability is reduced with
both blocking buffers (Figure 25). This once again indicates whilst short term the slide
surface chemistry provides good intensities and spot morphologies, long term it may
not be the ideal surface moving forward. Interestingly, PBS-Tre-Tw in I-Block
produced a high level of variation indicating this combination of print buffer, slide
surface and blocking buffer is unsuitable.
The poor spotting nature of DMSO print buffer on slide surfaces resulted in this buffer
being removed in future analysis of the short and long-term effects of printing (Figure
25).
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Figure 25: Signal intensity of aminosilane slides processed immediately or delayed

The signal intensities between the coating buffers when analysed fresh and analysed
after a week once printed. The average intensities were measured at the top end range
of 250 µg/ml of capture antibody when blocked with 3 % BSA Block (A) or I Block
(B). The aminosilane surface is not conducive to preserving the formation of the
antibodies as shown by a drop of intensity after one week when processed. In all the
buffers the intensities have dropped indicating that this slide surface chemistry is
unsuitable when used long term when preserving the functionality of the antibody
(n=3).
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3.3.3 Poly-L-Lysine
Like aminosilane slides, poly-L-lysine slides provide a dense layer of amine groups
which are ideal for binding a variety of molecules such as proteins, DNA and
oligonucleotides [261].

3.3.3.1 Slides surface and coating buffer
The average intensity of 8 printing buffers across concentrations of primary antibody
ranging from 250µg/ml to 0.49µg/ml with the additional of secondary antibody
diluted 1:500 in I-Block on poly-L-lysine slides were measured.
As can be seen PBS-Tre and PBS-Tre-Tw produce the best curve. The consistency of
both buffers across the 3 slides surfaces investigated thus far shows their adaptability.
The intensity is moderate to high and is detectable as low as 7.8µg/ml showing its
effectiveness at the lower range (Figure 26). Interestingly, most coating buffers apart
from PBS-Tre and PBS-Tre-Tw produced intensities that were too low for detection.
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Figure 26: Signal intensities of 8 printing buffers on poly-L-lysine slides.

The average intensity of 8 printing buffers across monoclonal rat anti-mouse IgG1
serially diluted, ranging from 250µg/ml to 0µg/ml with the addition of mouse IgG1
secondary antibody diluted 1:500, then blocked in 3% BSA (A) and I Block (B) on
poly-L-lysine slides was measured. The level of intensity did not vary greatly between
3% BSA Block and I Block. Both PBS-Tre and PBS-Tre-Tw produced the greatest
intensities of the buffers (n=3). The shape of both curves are smooth and detectable at
the lower range of capture antibody showing both coating buffer has the capacity to
work to a broad dynamic range. The intensities for both peaked at approximately 1375
AU (PBS-Tre-Tw) and 15000 AU (PBS-Tre) which is moderate to high in comparison
to aminosilane and epoxysilane slides from Thermofisher. Both PBS-Tre and PBSTre-Tw have been the most consistent print buffers across the 3 slide surfaces
investigated so far showing their efficiency despite changes in slide surface chemistry
(n=3).
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3.3.3.2 Poly-L-lysine Spot Morphology and Size
The spot morphology did not vary between blocking buffers. Interestingly autofluorescence was observed using both block buffers at the lowest capture antibodies
concentrations indicating the problem is due to the nature of the slide surface
chemistry especially at the lowest concentrations (Figure 27). Additionally for PBSTre-Tw the diameter of the spots were approximately 100 microns in size.

PBS
PBS-T
PBS-GLYc
PBS-GLYc-Tw
PBS-GLYc-Tw-Tre
PBS-Tre
PBS-Tre-Tw
DMSO

Figure 27: Spot morphology aminosilane slides when tested with 8 coating buffers and
blocked with 3% BSA.

Spot morphology poly-L-lysine slides when tested with 8 coating buffers. All 8
printing buffers produced any signals that could be quantified as shown graphically in
figure 26 especially PBS, PBS-Tre and PBS-Tre-Tw showing the suitability of these
coating buffers on poly-L-lysine slide surfaces.
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3.3.3.3 Poly-L-Lysine Short vs Long-Term effects of
printing
Antibodies were printed on poly-L-lysine slide surfaces. These were processed
immediately or one week later once left in dessciated vacuum. As can be seen with IBlock, the intensity of the slide increased across all 7 buffers, when the slides were
printed, stored then analysed one week later. Apart from PBS, the remaining 6 buffers
showed an increase in intensity with time. A possible explanation is due to the
proteins having sufficient time (7 days) from printing to adsorb to the surface of the
slide allowing a greater level of intensity when analysed (Figure 28). Interestingly,
when blocked with I Block there is also less variation amongst all 7 buffers suggesting
a mixture of I Block and poly-L-lysine could potentially be the optimum combination
for printing, storing and maintaining functionally active antibodies.
In the case of PBS, there was a high level of variability over three repetitions leading
to high standard deviations and combined with low levels of intensities both
immediately processed and delayed, show that this buffer is unsuitable for coating of
desired proteins or antibodies. Both PBS-Tre and PBS-Tre-Tw stand out, in particular
the latter (with small deviations and high reproducibility) show promise when
considering a printing buffer to use long-term (Figure 28).
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Figure 28: Signal intensity of poly-L-lysine slides processed immediately or delayed.

The signal intensities between the coating buffers when analysed fresh and analysed
after a week once printed with 3 % BSA (A) or I Block (B). The average intensities
were measured at the top end range of 250 µg/ml of capture antibody. All 7 buffers
showed an increase in intensity when processed a week later except in the case of PBS
which decreased in intensity. This indicates with the correct print buffer this surface is
conducive to long-term storage of slides and can functionally maintain antibodies until
processing. Note DMSO was not included in the final analysis due to the variability in
print pattern (n=3).
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3.3.4 Nitrocellulose
Nitrocellulose slides offer an alternative surface to the slide surfaces described
previously. A thin nitrocellulose coating provides a suitable surface that allows for a
non-covalent surface for the adhesion of molecules of interest [262]. As this is a
coating that does not react with moisture in the atmosphere compared to certain silane
surfaces it offers possibly the best alternative to printing the desired capture antibodies
which can then be stored over an indefinite time and processed when required.
Additionally it has been reported that nitrocellulose slides can offer the lower levels of
background and enhanced signal to noise ratios compared to three slides surfaces
discussed above.

3.3.4.1 Slides surface and coating buffer
The average intensity of 7 printing buffers across moclonal rat anti-mouse IgG1
serially diluted, ranging from 250µg/ml to 0µg/ml with the addition of mouse IgG1
secondary antibody diluted 1:500, then blocked in 3% BSA, I-Block and 3% Milk
Block respective on nitrocellulose (Gentel Biosciences) slides were measured. As can
be seen from figure 29, irrespective of the blocking buffer used, the vast majority of
the printing buffers did not react well with the nitrocellulose surface. In particular
buffers that contained glycerol had very low levels of intensity across the three
blocking buffers. Additionally the better buffers (PBS and PBS-Tre-Tw) were both
inconsistent in shape of their standard curves with neither buffer being smooth. With
the shape of the curves being so poor, it was hard to be conclusive about the exact
point where the intensity levels dropped beyond measureable levels with certain
buffers increasing sporadically as the capture antibody concentration decreased
(Figure 29).
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Figure 29: Signal intensity of 8 printing buffers on nitrocellulose slides.

The average intensity of 8 printing buffers across monoclonal rat anti-mouse IgG1
serially diluted, ranging from 250µg/ml to 0µg/ml with the addition of mouse IgG1
secondary antibody diluted 1:500, then blocked in 3% BSA (A), I Block (B) and Milk
Buffer (C) on nitrocellulose slides were measured. As seen in all three graphs, the
most consistent print buffers were PBS, PBS-Tw and PBS-Tre-Tw. However most of
the printing buffers reacted poorly with the slide surface which coincided with
inconsistent graphs, across the three different blocking buffers (n=3). Additionally as
noticed on the slide shots, at the highest concentration there was comet like
formations, suggesting the problem lies with the amount of capture antibody printed
(Figure 30).
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3.3.4.2 Nitrocellulose Spot Morphology and Size
With all blocking buffers at the highest concentration of capture antibody, there
appears to a combination of poor spotting or comet like formation indicating at
250µg/ml there is an overload of antibody which is not bound to the surface leading to
lower than expected signal intensities. It can be noted compared to the poly-L-lysine
the spotting is not as distinguished suggesting the coating buffers interacts differently
with the 4 slide surfaces investigated (Figure 30).

PBS
PBS-T
PBS-GLYc
PBS-GLYc-Tw
PBS-GLYc-Tw-Tre
PBS-Tre
PBS-Tre-Tw
DMSO

Smears and comet like formations at top dilution when printed.

Figure 30: Image to show irregular spotting and smearing of print buffers on nitrocellulose
slides when blocked with 3% BSA.

At the top concentration of 250µg/ml there was a lot of comet like formations within
the spots leading to falsely low intensities indicating at this concentration the
antibodies are loosely bound or are too high for the slide surface to hold. Additionally
the size and shape of the spots are inconsistent when they are printed and at the lowest
concentration signals are not being detected suggesting potential this type of
nitrocellulose slide surface may be unsuitable for antibody microarray work.
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3.3.4.3 Nitrocellulose Short vs Long-Term effect of
Printing
The strength of the intensities produced from nitrocellulose slides using the above
procedures increases when the slide is analysed after a week compared to when it is
processed immediately (Figure 31). When proteins were not given the adequate time
to bind to the surface when printed and processed immediately, a large majority of
these antibodies are removed during the “wash” phase and thus leads to a lower
intensity signals. As shown in Figure 30, DMSO poor spotting pattern led to its
exclusion when investigating short versus long-term storage study.
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Figure 31: Signal Intensity of nitrocellulose slides processed immediately or delayed.

The average intensity of 7 printing buffers at 125µg/ml of capture antibody when
processed and analysed immediately with the additional of secondary antibody diluted
1:500 and stored and analysed 1 week later in 3% BSA blocking buffer (A), I Block
(B) and 5% Milk Block (C) (n=3). As can be seen in PBS-Tre-Tw and PBS-Tre there
is an increase in intensity when analysed a week later showing that these buffers have
the capacity to hold an antibody functionally active over a course of a week. In
general the errors bars are much higher than those observed in poly-L-lysine
suggesting that this surface despite the ability to hold antibodies better than
aminosilane or epoxysilane over a period of a week is not as reproducible as poly-Llysine.
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3.3.5: Milk and NAP Blocking Buffer
NAP Block buffer is a non-animal protein blocking agent used in a vast array of
immunodetection assays such as western blots and ELISAs [263, 264]. 5% Milk
buffer is a type of casein blocking buffer that is made fresh prior to use. However
NAP and 5% milk block buffers led to high background and in certain cases smearing
of the slides were noticed when scanned (data not shown). This indicates insufficient
blocking. This may indicate that potentially these blocking buffers may be more
suitable for 3D planar surfaces such as nitrocellulose compared to the 2D surfaces of
epoxysilane, aminosilane or poly-L-lysine. These two blocking buffers subsequently
were excluded from future work and not shown in conjunction with the results shown
above.
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The following table shows a summary of all the four slide surfaces tested. As seen, in
terms of consistency and reproducibility, poly-L-lysine slides were the best overall.
Despite a better reproducibility in both aminosilane and epoxysilane a week later a
dramatic drop in intensity was seen. Only in poly-L-lysine and nitrocellulose slides
were there an increase in the level of intensity over time suggesting this slide surfaces
is conducive to both short and long term processing. However there was a greater
variation in nitrocellulose slides compared to poly-L-lysine slides. Interestingly
aldehyde slides were printed with the 8 coating buffers however once processed no
spots appeared suggesting that this type of slide surface is not suited for antibody
microarray work. Epoxysilane slides offered the highest levels of intensity of all the
slide types (Table 11). Hence moving forward to complete the remainder of the
antibody microarray work, poly-L-lysine slides were used unless stated otherwise:
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Table 11: Summary of the optimisation tests performed across the 5 slide surfaces.

Overall poly-L-lysine slides were the best type of slides surfaces which offered the
highest level of consistency. Most encouraging was the increase in intensity levels that
was observed in poly-lysine slides over time making them very desirable for future
antibody microarray work. Both aminosilane and epoxysilane dropped in intensity
when slides were printed after one week making them undesirable for long term use.
Nitrocellulose slides produced inconsistent spot morphology with moderate signal
intensities which made them undesirable. Hence moving forward poly-L-Lysine slides
would be used in future experiments

.
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3.3.6 Establishing the optimum capture antibody
concentration for printing on poly-L-lysine slides
Poly-L-lysine slides in conjunction with PBS-Tre as the print buffer will be used for
future antibody microarray work. The next stage of the investigation was to consider
the concentration of capture antibody that is printed on this slide surface that would
allow for best signal intensity whilst being consistent in both spot size and
morphology. The RANTES duoset kit was used and slides were processed at three
capture antibody concentrations (200µg/ml, 100µg/ml and 50µg/ml respectively)
Printed slides were blocked for 1 hour in 3% BSA and I-Block. After blocking, slides
were washed three times with PBST (containing 0.05% Tween-20) and incubated in
solutions containing detection antibody conjugated with fluorescent dye for 1 hour at
room temperature on a shaker. Slides were washed with PBST (as described above)
and rinsed briefly in ultrapure water. Slides were dried by spinning at 1200 rpm for 5
min and scanned a 4200 AL microarray scanner (Axon GenePix®). Standard curves
were drawn to compare the three concentrations of capture antibodies.
As seen from Figure 32 there is little difference in the strength of the standard curves
with capture antibody concentrations printed at 200µg/ml compared to 100µg/ml.
However it was observed that at 50µg/ml there is a sharp drop in intensity suggesting
at this concentration is would be inappropriate to print capture antibodies.
Additionally at the lower end of the standard curve (from 100pg/ml) there is no
difference between the standard curve printed at 200µg/ml and that printed at
100µg/ml. Additionally the choice of blocking buffer did not have an effect on the
signal intensity as the results with I Block were similar to those produced by 3% BSA
block (results not shown).
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Hence from Figure 32 it was established that printing at 100µg/ml would be the
optimum concentrations for all future antibodies that are printed on the microarray
platform.

Figure 32: Choosing the optimal concentration of capture antibody that was printed on a
poly-L-lysine slide surface and blocked with 3 % BSA.

A substantial drop in intensity was not observed between standard curves printed at
200µg/ml and that printed at 100µg/ml. However at 50µg/ml the standard curve
dipped to near undetectable levels at 100pg/ml. The experiment was repeated using IBlock which produced similar trends in the standard curve. This suggested at
100µg/ml is the optimal capture antibody concentration for printing antibodies on
poly-L-lysine slides.
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3.3.7 Poly-L-Lysine Standard Curve Reproducibility
In section 3.3.3.3 we have shown that poly-L-lysine is the ideal surface for both short
and long term printing and processing. However this was only applied to capture
antibody that was serially diluted. We therefore tested whether the impact of an
increase in signal intensity is recorded when standard curves are drawn for TNF-α,
Rantes, GMCSF, MCSF, IL-2 and IFN-γ respectively.
These six cytokines were taken and processed as outlined in section 2.2.4. Briefly,
standard curves were drawn using poly-L-lysine slides that were processed
immediately and delayed without amplification. As can be seen in Figure 33 the
highest intensities in the standard curves were spotted when poly-L-lysine slides were
processed after a week (delayed). Interestingly the standard curves were higher in
poly-L-lysine slides that were processed a week later. This is in-line with the
observations noted from Figure 33 where an increase in signal intensity was observed
with PBS-Tre when processed a week later. Also it can be seen in figure 33 that there
is no major difference between the signal intensities between poly-L-lysine slides
processed immediately and those delayed. This shows that poly-L-lysine is a surface
that can allow slides to be processed at any given time point which is extremely useful
moving forward. So in future for further experiments poly-L-lysine slides were
processed immediately unless stated otherwise.
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Figure 33: Showing the effect of processing poly-L-lysine slides immediately and delayed on
standard curves using six cytokines: (A) TNF-α, (B) Rantes, (C) GMCSF, (D) MCSF, (E) IL-2 and
(F) IFN-γ respectively.

When poly-L-lysine slides are printed and processed a week later they produce the
highest levels of intensities compared to the same slides that are printed and processed
immediately (red vs. black lines). However there is not a big difference between the
signal intensities when they are printed immediately or delayed suggesting this surface
is suitable for all types of printing and storage.
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3.3.8 Sensitivity at the lower end of a standard curve
A key aim of this thesis is the ability to measure multiple biomarkers at very low
concentrations. However using the protocol outlined in section 2.2.4, there was a lack
of signal intensity at the lowest concentrations of the standard curves (Figure 34). At
the lowest concentrations of the 6 cytokines standard curves there is a minimal signal
which could cause a problem when measuring low abundant cytokines in serum. This
indicates that the poly-L-lysine surface may be incapable of detecting proteins at the
lowest concentration. Hence the use of amplification was considered to improve the
sensitivity of the lower end of the standard curve.
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Figure 34: Standard curves for 6 cytokines at the lower end of the standard curve.

As can be seen in all 6 cytokines there is a lack of signal at the lower end of the
standard curve. In the case of most cytokines, below 100pg/ml there is very little
signal. It is known that most healthy individuals and COPD patients have cytokines
concentrations that are equal to or below 100pg/ml, these standard curves will have to
be improved through amplification in the future.
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3.3.9 Amplification
Amplification was used to improve the sensitivity of the lower range of the standard
curves of low abundant cytokines. Figure 35 gives an example of one low abundant
cytokine that was investigated (GCSF). Signals were amplified using the BIO-RAD
amplification system. Upon amplification the signal intensity is multiplied almost 10
times (Figure 35A). Furthermore with amplification signals can be detected as low as
6pg/ml for GCSF (Figure 35B). Interestingly, the level of background on the slide
dropped from an average of 120 AU to 60 AU, which helps enhance the sensitivity of
the assay (Figure 35C). The signal to noise ratio was again enhanced upon
amplification when the slide is processed normally (Figure 35D). This was found to
be the case in all cytokines tested.
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Figure 35: The effect of Bio-Rad amplification is three fold; it allows the raising of the
standard curve in general enabling greater sensitivity at the lower concentration.

The difference between a non-amplified and amplified standard curve is shown (A).
There is a marked difference at the lowest end of the standard curve with a higher
level of intensity observed with the amplified curved compared to the normal curve
(B). Additionally the background levels that were previously noticed were reduced
(C) and as a result the signal-to-noise ratio of the spots were improved allowing for
better detection at the lower concentration (D).
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3.3.10: Time Course Experiment to Optimise Cytokine
Standard Curves
An important aspect of the microarray protocol was to be quicker than the “gold
standard” ELISA. Often ELISAs have 2 hr incubations when standards/samples are
added and also after detection antibodies are added, so the process could take up to 8
hours from start to finish. However with the multiplexing nature of the microarray it
was important not only to develop a platform that could measure multiple biomarkers
but also one that could be fast and deliver a quick turnaround. Subsequently from the
original protocol 2.2.4 each procedural step i.e. blocking, adding of standards and
detection were continually halved and the signal intensity was measured. It was
important to maintain a high level of intensity and also work out the optimal time for
each stage of the microarray process. As seen in Figure 36, when the assay was run at
half the intended time, the strength of the standard curves were superior than when the
assay was run according to the original devised protocol. This may be due to reagents
working best within a limited time frame across the slide surface and if left on for
longer than required reduces the efficiency of the performance. Additionally,
alternative factors like evaporation and exposure to the external environment when
running the array are halved which could also have a bearing on the signal intensity.
Subsequently from the data analysed from Figure 36, including previous knowledge
gained from understanding both blocking and amplification steps, the protocol was
modified and outlined as written in section 2.2.5. This protocol was used for all
experiments described hereafter.
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Figure 36: Time course experiment to optimise microarray protocol:

With IL-8 (A), IL-6 (B) and TGF-β (D), when the protocol length was halved from
the original time (to 5.5 hours), the strength of the signal is increased whereas in TNFα (C), this is fairly comparable to the original time. Halving the original time may be
the optimal time required for most of the reagents to work at their best. Additionally
halving the original time of the protocol maybe what is required to reduce the effect of
external environmental factors such as evaporation.
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3.3.11 Printing Conditions on Poly-L-Lysine slides
Printing, along with the slide surface, is a crucial step in the microarray process. It is
important to get the settings correct for printing as it will allow the optimal size and
shape of a spot to be printed. Experiments were subsequently undertaken to
investigate the different factors that are involved in the printing procedure. This
includes the dwell time (the amount of time the pin spends on each spot) from 0.0 sec
to 3 sec and the target height (the distance at which the pin comes from to print on the
surface of the slide) from 0.0mm to -0.60mm and also the number of spots the pin can
print in the absence or presence of humidity. The number of spots were counted per
well and the average calculated upon the experiment being repeated three times.
As seen in Figure 37, there is a major difference between printing with (58%) and
without humidity (30%). Firstly when investigating dwell time and the number of
spots printed, it can be seen that as the dwell time increases there is a decrease in the
number of spots which are printed. This is the general trend observed with/out
humidity. However one can see clearly in Figure 37A where there is no humidity there
are less spots printed. This is because without humidity the rate of evaporation in the
microarray chamber is increased. Therefore capture antibody that is picked up in the
pin is more prone to evaporation resulting in less capture antibody that is available to
be printed on the slide surface and hence less spots being printed. Additionally when
the dwell time is increased, the time between spotting is increased allowing
evaporation to take greater effect.
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Secondly, when investigating target height a similar trend is observed where humidity
aids more spots to be printed; however the effects are not as great as that observed
with dwell time. In general, as the target height increases there is not a big difference
in the number of spots that were printed. However it has to be noted that at a target
height of -0.60mm, the pin did not touch the slide surface enough to allow spots to be
printed and were not included in Figure 37 B.
Interestingly when the spot size, shape and diameter were investigated there was no
difference in increasing dwell time or target height.
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Figure 37: The effect of dwell time and target height on spot printing.

The effect of printing on poly-L-lysine slides was investigated in further depth.
Initially the effect of humidity was investigated to see the number of spots that could
be printed with humidity (58%) and without humidity (30%). The number of spots are
counted per well and the average calculated as the experiment is repeated. As seen
humidity enables more spots to be printed irrespective of changes in dwell time or
target height. Additionally as dwell time increased there were less spots printed due to
evaporation that occurred in the microarray chamber (A). Target height does not affect
the number of spots printed except in the case where humidity allows slightly more
spots to be printed (B).

~ 122 ~

Chapter 3: Optimisation of an Antibody Microarray Platform

Figure 38: The effect of dwell time and target height on spot diameter/size.

The effect spot diameter was investigated with by varying both the dwell time and
target height. The spot diameter was calculated using the 4200AL scanner measuring
tool for all spots. The average spot diameter was calculated and plotted above. As
seen above, the increase of dwell time or target height does not have an effect of spot
diameter or size (A/B) with (58%) or without humidity (30%)
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From the data gathered from these experiments, the optimal printing conditions were
as follows: dwell time: 0.40sec, target height -0.184mm and the humidity was set to
58%. This is used for all subsequent experiments in thesis.
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Figure 39: The effect of dwell time and target height on signal intensity.

As seen without humidity, the signal intensity is decreased irrespective of increases in
dwell time and target height (A & B). Interestingly, the increase in dwell height and
target height does not cause major changes in signal intensities. Humidity causes
evaporation which may affect the signal intensity irrespective of the spot size and
shape.
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3.3.12: Cy5 and the Long terms effects on the slide
surface
Here we examined the use of Cy5 for detection on microarray. A major consideration
in using cy5 is the possible effect of signal detection over time. Hence the long term
effects of cy5 on poly-L-lysine slides were investigated.
Briefly printed slides were blocked with I Block (Tropix) for one hour and washed
three times with wash buffer (PBS-Tween 0.05%). A calibrated cocktail of standards
(IL-6, IL-17, IP-10 and MCP-1) were made for each cytokine according to
manufacturer’s instructions and diluted two-fold across eight dilutions and added at
50µl per block for 45mins. The slide was washed three times and 50µl of
appropriately diluted cocktail of biotinylated detection antibodies were added to each
block for 45mins. After washing three times with washing buffer, 50µl of 1:1000
diluted streptavidin-conjugated cy5 (E-Biosciences, UK) was added and incubated at
room temperature for 15 mins in the dark. The slide was washed three times and
rinsed in ultra-pure water and centrifuged dry. Slides were spun dried and scanned
with a 4200 AL microarray scanner at 635nm.
Subsequently, the processed slide was preserved, protected from light and kept in a
vacuum and analysed at repeated intervals over a period of weeks and months. The
graphs in figure 40 show that cy5 fluorescence intensity does not drop over time and
is consistent over a period of 2 months. This is important in the long term analysis of
patient samples, as the slides can be preserved for up to 2 months or more, these
samples can be taken re-scanned and recalculated if required. The key to the
effectiveness of the cy5 is due to a combination of slide surface and also the print
buffer that does not change over time.

~ 126 ~

Chapter 3: Optimisation of an Antibody Microarray Platform

Figure 40: The long terms effects of cy5 on signal intensity.

The durability of cy5 was tested over a period of two months. Processed slides was
preserved, protected from light and kept in a vacuum and analysed at repeated
intervals over a period of weeks and months. Slides were scanned for 4 cytokines (AD) and as seen there is no major drop in the strength of the signal over time. This
shows the strength of cy5 when stored correctly remain very consistent over a
prolonged period of time and can be stored and rescanned if required.
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3.3.13: The Effects
Serum/Plasma

of

Blocking

Buffers

in

Before the validation phase is conducted with serum or plasma, it is important to
define the optimum blocking buffer that is to be used on both serum and plasma that
contain a variety of proteins that could interfere with the microarray. Initially three
serum and plasma were taken from healthy donors and processed.
Serum and plasma was obtained from the sample healthy individuals and the slides
were processed and blocked with 3% BSA as described in 2.2.5. Briefly, printed
slides were blocked with a blocking buffer for one hour and washed three times with
wash buffer (PBS-Tween 0.05%). A calibrated cocktail of standards were made for
each cytokine according to manufacturer’s instructions and diluted two-fold across
eight dilutions and added at 50µl per block for 45mins. Additionally samples were
added in corresponding wells on the slide. The slide was washed three times and 50µl
of appropriately diluted cocktail of biotinylated detection antibodies were added to
each block for 45mins. After washing three times with washing buffer, 50µl of 1:1000
diluted streptavidin-conjugated cy5 (E-Biosciences, UK) was added and incubated at
room temperature for 15 mins in the dark. The slide was washed three times and
rinsed in ultra-pure water and centrifuged dry. Slides scanned with a 4200 AL
microarray scanner at 635nm
Subsequently, the difference in S/N ratio was calculated between serum and plasma in
IL-8, TNF-α, IL-1β, IL-6, TGF-β, MCP-1, VEGF and Eotaxin-1 respectively. Finally
7 different blocking buffers were used to explore the impact on backgrounds levels
and S/N in both serum and plasma.
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From Figure 41, plasma samples produce higher background levels compared to the
sera samples. The biggest problem with this is that low abundance cytokines in
plasma are unable to be quantified. Additionally when the signal to noise (S/N) was
analysed (see Figure 42), plasma had a much more reduced S/N ratio than serum. In
higher abundant cytokines such as MCP-1 and VEGF this may not be a problem as
these can be detected much more easily than low abundant markers such as IL-1β and
IL-6 respectively. Hence a variety of factors could contribute to this high background
including the slide surface and the type of blocking buffer that is used. Ultimately
only one blocking buffer can be used on this microarray system. At present most
experiments so far have centred on using either 3% BSA block or I-Block. We shall
first look at the effect of using a variety of different blocking buffers on serum then
secondly look at plasma to determine which blocking buffer contributes to the least
background and produces the highest signal to noise intensity.
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Figure 41: Visual difference between serum and plasma when blocked with 3% BSA.

Serum and plasma was obtained from the sample healthy individuals and the slides
were processed to investigate the difference in background levels. From the figure, it
can be seen that plasma samples (right) have higher level of background than serum
samples (left). There is a greater degree of non-specific binding that occurs in plasma
samples leading to higher background levels than in serum. Hence this would make it
harder to measure and quantify very low abundance cytokines in plasma than serum
samples.
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Figure 42: The overall S/N ratio between plasma and serum samples for the 8 cytokines
analysed.

The S/N was calculated for 8 cytokines (IL-8, TNF-α, IL-1β, IL-6, TGF-β, MCP-1,
VEGF and MCP-1) between serum and plasma samples. It can be seen that serum has
a higher S/N than plasma samples across all 8 cytokines. The superior S/N in serum
compared to plasma is especially advantageous in being able to detect low abundance
cytokines, such as TNF-α and IL-1β.
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Serum was blocking with 7 different blocking buffers and the S/N and background
levels were determined. As can be seen from Figure 43 A, the optimal background
levels were produced by 3% BSA, I-Block and also milk blocking buffers and
additionally these three buffers also produced the best S/N ratios (B). Interestingly,
Smart block and also PVA had some of the highest backgrounds and lowest S/N ratio.
3% BSA Block is slightly better than both I-Block and milk block as it is consistent
across all 8 cytokines investigated, especially with low abundant cytokines such as IL6, IL-1β and TNF-α, 3% BSA produces a higher S/N ratio than I-Block making this
the preferred choice of blocking buffer when investigating serum samples in the
future. It has to be noted that milk blocking buffer leaves grain like deposits after the
processing of microarray slides making it inconsistent in scanning certain areas of the
slide making it less desirable for use than 3% Block or I-Block
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Figure 43: A/B: Investigating the best blocking buffer in serum.

Seven blocking buffers were tested across 8 cytokines in serum. 3% BSA, I Block and
milk block produced the best background whereas PVA and Smart block were the
highest. Additionally 3% BSA produced the best S/N ratio across all 8 cytokines,
especially in low abundant ones such as IL-6 and IL-1β, suggesting this is the
optimum blocking block for serum in this microarray platform. Note in comparison I
Block and 3% Milk block has signal intensities that are undetectable.
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The same experiment was repeated in plasma to see if the level of background could
be reduced. As seen in Figure 44, I-Block had low background levels when tested on
plasma and also had the best signal to noise ratios of all the blocking buffers across all
the cytokines. However both the background levels and S/N in plasma were far
inferior to that produced in serum. This indicates plasma has some components that
cause unspecific binding and this contribute to a higher background and poorer signal.
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Figure 44: A/B: Investigating the best blocking buffer in plasma.

Plasma was taken and blocked with 6 blocking buffers. As can be seen serum still has
the highest S/N ratio and lowest background despite multiple blocking buffers used.
Overall I Block has the best combination of lowest background and highest S/N ratio.
However the blocking of plasma is not as effective as serum suggesting there are
proteins that can contribute to unspecific binding on the microarray platform.
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3.3.14: Large and low abundance cytokines
When developing a microarray platform it is desirable to have a platform that is able
to measure low (<200pg/ml) and high abundance (µg/ml-mg/ml) cytokines. At present
commercial antibody companies such as R&D Systems are able to provide such a
platform using chemiluminescence microarrays. Therefore we tested this principal on
our microarray system using five cytokines (CRP, MMP-9, RAGE, TIMP-1 and IP10). These included high abundance cytokines, sera were diluted 1 in 250 and added
to the microarray platform and processed with amplification. As seen in Figure 45, by
diluting the high abundance cytokines, the low abundance cytokines were too dilute
and could barely be detected, in particular IP-10 and RAGE. Hence for it was decided
to maintain a platform that could measure cytokines without the need for dilution.
Hence the remainder of the chapters; the validation and analysis of COPD samples
(Chapter 4 and 5) focusses on the measurement of low abundance to mid-range
cytokines.
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Figure 45: Image to show the microarray incorporating high and small abundance cytokines.

The above image shows illustrates the problems to incorporating high abundance
cytokines with low abundance cytokines. CRP required a dilution of 1 in 250 to be
used on the microarray platform. However this required diluting all 5 cytokines, 1 in
250 within the same sample and detecting them together, resulting low abundance
cytokines being lost into the background which makes it unquantifiable. This suggests
the microarray platform can be used to measure low abundance cytokines. Hence for
future work only low to mid-range abundance cytokines would be investigated with
regards to validation and the screening of COPD patients.
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3.4 Discussion
The key aim of the initial part of this project was to establish a print buffer that would
provide a platform for capture antibodies to maintain their structure and reactivity
both short and long-term. Furthermore it was to compare slide surfaces, working out
the best blocking buffer and also to see how the microarray platform performs on
biological samples such as serum and plasma.

3.4.1: Printing Buffers
We have shown consistently that PBS-Tre-Tw and PBS-Tre were the best coating
buffers. Trehalose in particular is a naturally linked alpha disaccharide that forms a
gel like surface on the slide and prevents the antibody from drying out and effectively
holds them in position [265-267]. Subsequent rehydration that occurs upon processing
the slides allows the antibody to resume its reactivity when it binds to the detection
antibody or protein of interest. Tween-20, which is a detergent, also provides
additional stability. Hence we can conclude from the evidence gained thus far that
PBS-Tre-Tw has the best dynamic standard curve range of all the coating buffers
tested. Additionally when this coating buffer was tested across the 4 slide surfaces, it
consistently produced the best intensities showing its adaptability across the different
slide chemistries.
The second most consistent buffer was PBS-Tre. A combination between PBS and
trehalose enabled the antibody to maintain its’ functionality especially at the top range
of concentrations. However unlike PBS-Tre-Tw, the intensity tended to subside at the
lowest concentrations of capture antibody with PBS-Tre.
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Looking at all 8 coating buffers, it is possible to say that PBS-Tre-Tw and PBS-Tre
were the most consistent buffers which had the highest intensities and could also be
detectable at the low range of capture antibody. Thus, PBS-Tre will be used as the
preferred print buffer for the remainder of this project.

3.4.2: Slide Surfaces
From the four slides that were used (aminosilane, epoxysilane, poly-L-lysine and
nitrocellulose) there are questions regarding reproducibility and storage. Each slide
has its own strengths and weaknesses.

3.4.2.1: Epoxysilane
Epoxysilane slides have been very successful in multiplex PCR and DNA microarrays
[268-271]. This choice of slide provided the highest level of intensity of all when used
fresh and processed almost immediately. However exposure to the moisture in the air
results in the surface losing this reactivity and producing very low levels of intensities
especially at the lowest concentrations of capture antibody. For this slide to be used
consistently over a longer frame of time, it is vital it is stored in a vacuum to prevent
exposure to air. Additionally the choice of manufacturer is important as the spot
morphology can vary depending on the way the slide is prepared.
As seen previously, when the ThermoFisher slides were stored at room temperature
under no vacuum and the slide surface is exposed to the atmosphere led to weak
spotting and low signal intensities. It is assumed the ideal storage conditions for
epoxysilane slides are in a vacuum and the poor performance of the ThermoFisher
slides were due to inadequate preservation of the slide. However when the slides were
analysed one week later, the intensity of the spots decreased further with time
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suggesting the slide surface chemistry is not compatible with the antibody that was
tested in this experiment.

3.4.2.2: Aminosilane
The aminosilane slide surface provides a solid covalent bond between the slide
surface and the protein [218, 272] [273]. Aminosilane provides a solid all-round
surface that performs well when used short-term. However the intensity levels
decrease upon storage of the slides. It produces nice spot morphology and interacts
well with PBS-Tre-Tw both short-term and long-term (despite a lack of intensity in
the latter).
An important aspect of the project is to have a sufficiently high level of intensity to
incorporate the detection of very low abundance proteins in serum of those with
irreversible lung disease and healthy controls. Aminosilane does not provide the best
surface to enable this detection to occur.
It is thought that this particular slide surface is more suited to the DNA microarrays,
however these slides can be used in all conditions whether exposed to air or stored in
vacuum. When processed fresh, for long term use this is not the slide surface that
would be used for the remainder of the project.
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3.4.2.3: Poly-L-Lysine
This surface has been successful in DNA microarrays whereby it provides a positively
charged surface to which negatively attached DNA binds to through electrostatic
interactions [274, 275] [208]. Overall the intensity of slides increased when they were
analysed one week later. This process of “ageing” the slides has been recommended
especially in cDNA microarray work [274, 276] [277] and this could be case in our
investigation where an increase in intensity was observed with IgG1.
Poly-L-lysine slides provide a platform for moderate to high levels of intensities and a
nice spot morphology. The greatest disadvantage is that there is a high degree of autofluorescence that could be misinterpreted as false-positive results. However this is
also dependent on the type of coating buffer that is used on the surface and also the
concentration of the capture antibody that is printed. As seen previously, PBS-Tre-Tw
and PBS-Tre is compatible with the slide surface and the first 5 dilutions produce
spots which are not autofluorescing compared to PBS-T or PBS-Glyc-Tw which
suggests a combination of coating buffer at the correct concentration of capture
antibody could provide a platform for measuring proteins in serum.
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3.4.2.4: Nitrocellulose
Nitrocellulose slides are regularly used in antibody microarrays [209, 278, 279].
Nitrocellulose works by providing a thin nitrocellulose coating that allows for a noncovalent yet irreversible surface for the adhesion of molecules of interest [259]. In this
investigation we have shown that in nitrocellulose slides, the level of signal intensity
increases with time, like poly-L-lysine. However it has been noted that unlike the
previous three slide surfaces at 250µg/ml of capture antibody, comet like spot
morphology indicated that the slide was overloaded with too much antibody.
Subsequent dilutions produced nice round spots and moderate intensities, in particular
with PBS-Tre-Tw. The intensities from the nitrocellulose slides at 125µg/ml of
capture antibody were comparable to the intensities from aminosilane. Should these
slides be required for use on this type of antibody microarray platform, further
optimisation will have to be performed.
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3.4.3: Blocking Buffers
Different types of blocking buffers can have a significant influence with antibody
specificity, signal intensity and background levels [255] [280, 281]. To date, most
microarray research focuses on using blocking buffers that reduce non-specific
binding that can lead cross reactivity and poor signal intensities. As such the most
common used blocking buffers in microarray research include BSA, horse serum as
well as varying levels of low fat milk solutions [282] [283, 284].
Overall in this investigation, in terms of blocking buffers there is not much of a
difference between 3% BSA Block and I-Block. Depending on the slide surface, one
block buffer offered slightly higher levels of intensities than the other but this was
marginal in many incidences. However it was noticed on poly-L-lysine slides that
were stored in air for 1 week, only the 3% BSA Block produced visible spots that
could be analysed as the I-Block, NAP and Milk were affected when the slide was
exposed to air and thus did not block as effectively (results not shown).
NAP and 5% milk block buffer led to high background and in certain cases smearing
of the slides were noticed when scanned. This indicates insufficient blocking. Overall
in terms of blocking buffers there are no differences in the blocking buffers and the
intensity was more dependent on the slide surface than the blocking buffer but this
will have to be tested across a wide range of proteins of different concentrations and
abundances. Whilst the use of varying milk blocking buffers has been used successful
in different types of antibodies microarrays, it was deemed incompatible with this
poly-L-lysine slide surface.
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In the future for most experiments using 3% BSA block and I Block on poly-L-lysine
were effective, hence both will continued to be used . However looking forward when
investigating serum and plasma the effect of the blocking buffers were investigated in
greater depth, serum was much easier to block and generate a signal than plasma.
Overall 3% BSA was the best blocking buffer that worked best on the poly-L-lysine
surface and also with serum. Plasma proved more difficult with higher background.
However if plasma samples were run, I-Block would be the choice of blocking buffer.
I-Block (Tropix) is a purified version of casein that used as a blocking buffer in both
western blots and in microarrays [285] [286]. I-Block has been recently been used a
prominent blocking buffer in both reverse phase microarrays as well as lysate
microarrays [287-289] [290]. I-Block has been used successfully in these antibody
microarray experiments where low background levels which can be seen visually on
the slide when scanned compared to other milk blocking buffers.
The use of 3% BSA is not uncommon in blocking of antibody microarrays. A study
by Rimini et al, showed that the blocking with 3% BSA block produced the lowest
background signals compared to Superblock and 5% non-fat milk powder in the
different sera that were tested [259]. The only difference between the blocking used in
their study and the one used in our investigation is that they used 3% BSA in PBS-T
whereas just PBS was used here. The data produced in this study, along with the work
carried out in their study, which suggests that 3% BSA block produces one of the best
S/N ratios.
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3.4.4 Amplification
One of the problems that were seen in the initial stages of optimisation was at the
lowest end of the standard curves a distinct lack of sensitivity was seen. Knowing that
potentially when measuring clinical samples there would be many low abundant
cytokines, this presented a problem. Hence one way to overcome this problem was the
use of amplification. This additional step is not unusual in antibody microarray as it
has been used many years ago by Haab et al, [223] and Zhou, et al [291] and recently
by Chen [292].
In this case tyramide amplification was used. The amplification works by when HRP
enzyme (in the presence of a small amount of H202 on tyramide) causing activation
and oxidation of biotinylated tyramide as extremely reactive intermediates and is
thought to bind covalently to proteins at electron-rich amino acid residues such as
tyrosine. This results in an increased amount of biotin that are present at sites of
immune-reactivity, improving the sensitivity of signals leading to enhanced signal to
noise ratios. Interestingly the effect of amplification also improves the level of
background which almost halved. A possible explanation for this could be when using
cy5 by itself without any amplification the PMT laser setting was set at 450 compared
to 380-400 PMT with amplification to take in account the enhanced signals. With
amplification there is an increase in signal intensity and this makes the background
look weaker when it too has been raised compared to a weaker signal and background
level without amplification.
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3.4.5 Time Course
Ideally a microarray assay has to be sensitive, accurate and precise. However at the
same time it should be able to deliver results which are quicker than what is expected
of an ELISA. A traditional sandwich ELISA takes up to 8 hrs, hence when designing
this stage of the microarray protocol there was an emphasis to build a platform that
could take almost half the time of a traditional ELISA. Initially the experimentation
started using the same times as that of an ELISA. The average length of the time to
perform the assay was continually halved. We noted that half the original time led to
the best standard curves. Interestingly the strength of the curve would improve if the
experimental length was halved. Leaving reagents on for longer periods of time could
lead to unnecessarily structural changes that may reduce the efficiency of the
microarray platform than enhance it. Additionally it has to be acknowledged that
leaving the slide on for a longer period of time could expose it to evaporation which
could also lead to the same problems.
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3.4.6: Printing
One of the major problems in printing large multi-cytokine microarrays is that long
printing times lead to the increased likelihood of the spot drying over time. To
overcome this problem, a study by MacBeath and Schreiber, used humidity inside the
arrayer [293]. In addition to the correct print buffer, the key is to keep the spot as
hydrated as possible during and after printing so that the proteins are not denatured.
The different target heights and dwell times did not affect the spot shape or size. That
was dependant on the printing buffer. The most important part of printing was the
humidity. As the humidity was increased there were more spots that could be printed.

3.4.7 Cy5 Detection
There are multiple ways of obtaining a signal to a microarray experiment. The long
term aim is to use a reagent that would provide a signal that could be detected and
repeated over time. The use of cy5 enables slides once processed to be scanned
repeatedly over a period of 2 months without any apparent drop in signal intensity.
This, with a combination of the reagent used in the processing and the slide surface,
provides a platform for repeated scanning.
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3.5 Conclusion:
In conclusion, multiple parameters were investigated when optimising the microarray
platform from the choice of slide surface, to the optimal blocking buffer, the different
settings on the microarrayer to print antibodies whilst also considering the need to use
amplification to enhance the sensitivity of the platform.
We have shown that PBS-Tre is the best coating buffer when printing a variety of
different antibodies. We have also shown that poly-L-lysine slides are an ideal slide
surface for antibody microarray use with consistent levels of signals intensities with
time making them desirable when slides are printed and analysed both short and longterm. Additionally the use of 3% BSA blocking buffers removes non-specific
adsorption leading to enhanced S/N ratio and reduced background allowing for greater
detection of low abundance cytokines in serum. The use of amplification allowed
enhanced detection of these low abundance cytokines whilst improving both S/N and
backgrounds levels. Moving forward these combination of parameters will be used to
validate the microarray platform. Ultimately, the aim is to use this optimisation data to
help evolve the microarray platform to become both accurate and precise when
measuring cytokines in the sera of both healthy and COPD patients.
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4.0 Introduction
The measurements of proteins or analytes in biological samples (serum, plasma,
sputum etc.) are a key aspect of any bioanalytical method. However for an assay to be
deemed suitable, a series of validatory tests have to be performed to prove it can be
both accurate and reproducible. The validation of a method can be defined by the
FDA as “the process by which a method is tested by the developer or user for
reliability, accuracy and preciseness for its intended purpose” [227]. Hence a variety
of parameters have to be tested that satisfy the above definition. In the case of the
validation of this antibody microarray the following parameters are tested;
A) Limits of Detection,
B) Limits of Quantification,
C) Intra and Inter-assays,
D) Spike Recovery experiments,
E) Cross-reactivity,
F) Direct comparison between Microarray and ELISA techniques.
The six points of validation above will serve to provide a robust test into the nature of
the antibody microarray technique and should allow one to decide whether it is a
reliable method to ultimately measure multiple biological samples in COPD.
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Hence the limits of detection (LOD) and lower and upper limits of quantification
(LLoQ and ULoQ) are the first tests performed on this microarray platform. The LOD
can be defined as lowest level of the analyte that can be detected but cannot be truly
quantified [294-297]. Hence one can say that this approach serves to show how low
the platform can measure an analyte but this value is both inaccurate and also
imprecise. Hence the LLoQ and ULoQ have to be established when measuring
biological samples. Both these limits can be defined as the lowest or highest
concentration of an analyte that can be reliably measured on a platform such as an
ELISA or microarray [227] [243] [294] [298]. This system can then discriminate and
exclude values that fall above and below the limits of quantification.
Interestingly in the field of validation and assay optimisation, there are disagreements
about how best to measure the LOD and the LLoQ. One approach is to measure the
LOD and use this to value to calculate the LoQ. Hence there is more than one
experimental way to calculate the LLoQ. The first way centres on an approach used
by Armbruster et al, whereby doubling the level of the LOD to calculate the LLoQ
[243]. The alternative approach used in line with the FDA requirement for
bioanalytical validation is to calculate the highest and lowest points of an assay that
can be detected and quantified to an acceptable level of accuracy and precision [227].
However it is important to calculate the difference between both the LoD and LLoQ
as these will help discriminate between the absence or presence of an analyte in a
sample.
Before the LLoQ can be determined it is important to define the parameters that are
used to calculate this figure. Initially the limit of the blank (LoB) can be defined as the
highest “apparent” signal at a concentration that is found in multiple replicates of a
sample that has no analytes (i.e. blank). Whilst the samples may contain no analyte is
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it possible that it may give a signal that may or may not be similar to the signal
obtained in the lowest concentration of an analyte. The LoB is calculated by
measuring multiple replicates of a blank and calculating both the mean and the
standard deviation (a).
The LOD can be defined as the lowest concentration of analyte that can be measured
and distinguished from the LoB. Although there are various versions of calculating
this figure the traditional approach to estimating the limit of detection is defined as
“'the concentration of the analyte giving a signal equal to the blank plus 3× the
standard deviation of the blank (b)” [243].
Often the LLoQ can be equivalent to the LoD but often it is observed to be higher;
however it cannot be lower than the LoD (c) [243].
a) LoB = Mean of Blank
b) LOD= Blank + 3SD (Blank)
c) LLoQ= 2 LoD
Briefly, the LLoQ and ULoQ here are defined as the lowest and highest points that
could be detected at an acceptable level of accuracy and precision. When testing
standard curves for all 16 cytokines this was applied to calculate a value that is highly
accurate and precise as defined from the FDA guidelines on bioanalytical method
validation.
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Accuracy can be defined as how close a measurement is to a true value and precision
can be defined as the reproducibility of the values with regard to how close the values
are to one another [238] [299]. This is often known as the coefficient of variation (CV
%). Both the intra and inter-assays are key parameters in determining the performance
and characteristic of the microarray platform. Additionally these parameters are used
to calculate accuracy include spike recovery experiments. It is important to calculate
the accuracy so to take into account how true the value is and if not calculate the level
of inaccuracy. Both accuracy and precision can be calculated by analysing quality
control (QC) samples at 3 concentrations (low, medium and high) which should
represent the range of the standard curve.
The level of accuracy from commercially available microarray kits range from 70130% dependent on the number of cytokines investigated and type of biological
sample tested. Additionally precision (CV %) is often less than or equal to 20-30%
dependent on the nature of the assay. The efficiency of an analytical system depends
upon high levels of accuracy and precision recorded over multiple test experiments.
One of the biggest issues with microarray platforms when using a mixture of different
antibodies and reagents is the problem of cross-reactivity. If cross-reactivity exists
between different capture and detection antibodies, this will then limit the number of
proteins that can be tested on an array. Cross reactivity between detection antibodies
and capture antibodies as well as a non-specific analytes limits the number of proteins
that can be used on a multiplexing platform.
However it is not only antibodies alone that can lead to cross-reactivity. It is thought
that other reagents in which antibodies are diluted could be involved as a source of
interference in the assay [300] [301]. Non-specific binding may lead to a large
background signal, therefore decreasing the sensitivity of the assay. However there are
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reagents which may cause changes in proteins due to varying ionic strength, pH or
hydrophobicity that may irreversibly change the structure of the protein leading to
potential cross-reactivity and hence reducing the efficiency of the microarray platform
[302]. A study by Pfleger et al, showed that use of different diluents in antibodies
contribute significantly to both signal intensity and assay performance [303].
Other factors in assay development, such as the temperature the microarray is run, the
length of incubations, the number of wash steps and concentrations of the reagents,
may all contribute to cross-reactivity and have to be optimised in order to improve the
performance of the microarray.
In this Chapter a direct comparison is made between ELISA and microarray. The
antibody microarray is developed originally from the ELISA model for protein
detection. Here the standard curves of both techniques are compared against one
another to see the level of correlation. However this alone is not adequate to measure
how comparable both techniques are so a selection of consenting healthy controls
were recruited and serum measured for all 16 cytokines on the microarray and also on
the ELISA.
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4.2 Materials and Methods
For the validation Chapter, poly-lysine slides were used. Due to the low level of
sensitivity obtained, these slides were subject to amplification. Briefly, antibody
duoset kits were purchased (R&D Systems, MN, USA) and printed on poly-L-lysine
slides. Slides were processed immediately or after one week. Slides on the day of
processing were taken from the vacuum and blocked for an hour with either I-Block
or 3% BSA block buffer. Standards were made for all 16 cytokines (IL-8, IL-6, IL-1β,
TNF-α, Exotaxin-1, Eotaxin-2, IFN-γ, RAGE, IL-10, IL-4, IL-17, IL-23, MCP-1,
VEGF and IP-10) according to manufacturer’s instructions and diluted 2 fold across 7
dilutions and added at 50µl per well in 10 replicates for 45 mins. Additionally healthy
human sera were added to the corresponding well on the slides. The slide was washed
three times and 50µl of appropriately diluted biotinylated detection antibody was
added to each block for 45 mins. Slides were subjected to tyramide amplification.
Briefly, this was performed after the detection stage of the microarray process
described above with the additional of 50µl of 1:1000 diluted streptavidin-HRP (BioRad, USA) in the dark. The slide was washed and 50µl of Bio-Rad Amplification
Reagent was added for 10 mins in the dark. The slides were washed three times with
20% DMSO-PBST and subsequently washed thrice with wash buffer. After washing,
50µl of 1:1000 diluted streptavidin-conjugated cy5 (E-Biosciences, UK) was added
and incubated at room temperature for 15 mins in the dark. The slide was washed
three times and rinsed in ultra-pure water and centrifuged dry and scanned with the
4200 AL microarray scanner at 635nm (Axon GenePix®). Fluorescence was
quantified using the GenePix Pro Software (Axon GenePix®). The experiment was
repeated at least twice. The median fluorescence of each spot was measured (minus
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background) and the corrected fluorescence was used to calculate the average
fluorescence signal across the standard detectable ranges.
ELISAs were performed using the R&D systems duoset kits (listed in the previous
section and used in the microarray) as described by the manufacturer’s instructions.
Briefly, plates were coated with 1-4μg/ml of capture antibody and incubated overnight
at room temperature. The plates were washed 3 times with PBS-Tween 0.05%
(Sigma) and blocked with Reagent Diluent (1% BSA in PBS) for 1 hour and washed
three times. Standards were made in Reagent Diluent at the top concentration
(according to kit instructions) and diluted 2 fold (across seven points) at 100μl per
well in duplicates for 2 hrs. The plate was washed three times and 100μl of
appropriately diluted biotinylated detection antibody was added to each well for 2 hrs.
After washing three times with washing buffer, 100μl of diluted streptavidin-HRP was
added and incubated at room temperature for 30 mins in the dark. Wells were washed
three times and the enzyme substrate peroxidase chromogen was added. After
incubation for 30 mins at room temperature the reaction was stopped by adding 50μl
of 0.18M H2SO4 per well and the absorbances were read at 450nm.
To determine the precision of the microarray platform, intra- and inter assays were
performed. Intra-assays were performed repeatedly over the same slide on the same
day and inter-assays were performed over a period of three consecutive days. Up to 30
healthy volunteers sera were collected and the 16 biomarkers were quantified. The
mean of the replicates and the standard deviation was used to calculate the precision
of the microarray methodology.
PBS was also spiked to three know concentrations (750pg/ml, 188pg/ml and 24pg/ml)
using recombinant protein standards for each of the 16 biomarkers and quantified
using the standard curves generated from the microarrays. These three spikes were set
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to be above and below the limits of quantification. Accuracy (%) was calculated based
on the observed concentration measured against the expected concentration.
To identify any effects that serum proteins may have on the assay system, sera from
healthy donors were taken and cytokine levels were quantified for all 16 biomarkers.
This serum was then spiked to the three known concentrations points mentioned
above. The observed concentration was subtracted from background levels to
calculate accuracy and precision.
Finally to compare both ELISAs and microarrays, a group of healthy individuals were
chosen and quantified for all 16 cytokines on the ELISA and microarray to determine
the similarity between both methods.
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4.3 Results
4.3.1 Limits of Detection and Quantification
The limits of detection and quantification were calculated first. This was done in three
stages. The first was to calculate LOD. The LOD is defined as the lowest level of the
analyte that can be detected but cannot be truly quantified [227]. This is calculated by
drawing standard curves for all 16 biomarkers and using the curve to work out the
standard deviation of the blank. Then the following equation is applied to calculate the
LOD:
LOD = 3SD (mean Blank) + mean Blank.
For the limits of quantification, these were the lowest and highest points that could be
detected at an acceptable level of accuracy and precision. Hence a series of “spikes”
were run at the either end of the standard curves of the 16 biomarkers. The point
where the precision fell below 20% was deemed to be LLoQ and 15% for the ULoQ
as in line with FDA regulations for assay development.
Table 12 illustrates the limits of detection and quantification for all 16 cytokines. This
shows that with low abundance cytokines such as IL-6 and IL-8 the microarray system
was able to measure signals as low as 1.5pg/ml, where in slightly higher abundant
cytokines such as RAGE and eotaxin-2, the LLoQ was 5.9pg/ml. This shows the
microarray platform can measure to a low level of sensitivity.
Whilst the LOD is very low, often it is not chosen as the limit to measure proteins in
biological samples. As these LOD values are very low, at these concentrations there is
a higher degree of variability between samples. Additionally the ULoQ takes into
account the high abundance cytokines in this 16 cytokine panel such as RAGE,
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Eotaxin-2 and IL-23 and makes the necessary adjustments. Furthermore, in future
studies, biological samples that fall above and below the LLoQ and ULoQ are
included as follows: those that fall below the LLoQ are deemed to be undetectable
(zero): and the ULoQ is the highest analyte concentration that can be quantified with
acceptable precision and accuracy.
The lower limit of detection is calculated as the concentration of biomarker required
to give a signal that is equal to the background (blank) plus three times the SD of the
blank [243] . The LLOQ can defined as twice the level of the LOD [243] or the lowest
analyte concentration that can be quantified with acceptable precision and accuracy as
in line with FDA regulations for assay development [227].
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Table 12: Shows the LOD, LLoQ and ULoQ for 16 cytokines.

Cytokines

Limits of Detection & Quantification

IL-8
IL-6
TNF-α
IL-1β
VEGF
EOTAXIN-1
IFN-γ
IL-17
EOTAXIN-2
IP-10
RAGE
MCP-1
IL-4
IL-10
TGF-β
IL-23

LOD (pg/ml)
0.535
0.683
1.126
0.404
0.744
1.863
0.108
0.445
0.739
0.458
0.968
0.284
0.6
0.503
0.398
0.612

LLoQ (pg/ml)
1.5
1.5
1.5
2.9
1.5
2.9
2.9
5.9
5.9
5.9
5.9
5.9
2.9
2.9
2.9
5.9

ULoQ (pg/ml)
750
750
750
750
750
750
750
750
1900
750
1900
750
750
750
750
1900

Table 12 illustrates the LOD, LLoQ and ULoQ for all 16 cytokines on poly-L-lysine
slides. The lower limit of detection is calculated as the concentration of biomarker
required to give a signal that is equal to the background (blank) plus three times the
standard deviation of the blank. The lower limit of quantification (LLOQ) is defined
as twice the level of the LOD or the point where the CV, as a measure of precision,
falls below 20% is deemed to be LLoQ in line with FDA regulations for assay
development.
The lower limit of detection varied from 0.284 to 1.9pg/ml for the 16 biomarkers
investigated. The lower limit of quantification ranged between 1.5-5.9pg/ml and the
upper limit of quantification between 750-1900pg/ml for the 16 biomarkers
respectively.
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4.3.2: Cross Reactivity
Cross reactivity testing is an important validatory parameter in cytokine binding based
assays such as ELISAs and in this case, the antibody microarray platform.
Hence to determine if cross reactivity occurs in this microarray platform the following
experiments were conducted; (I) A microarray panel was printed with a variety of
capture antibodies and a single protein standard was added to which a complete
cocktail of detection antibodies were added (Figure 46 & 47), and (II) a microarray
panel was printed with a variety of capture antibodies and no protein standards were
added and a complete cocktail of detection antibodies were added and processed as
normal (Figure 48 & 49), and finally (III) a microarray panel was printed with a
variety of capture antibodies and a cocktail of recombinant protein standards and a
complete cocktail of detection antibodies with 1 antibody removed to detect if cross
reactivity occurs between detection antibodies and specific cytokines (Figure 50 &
51).
No cross-reactivity was observed in all three experiments. In the first experiment a
single protein standard was added to a combination of a full set of capture and
detection antibodies and as expected only the protein that was added showed an
observable signal (Figure 46 & 47). In the second experiment a full set of a selection
capture antibodies were printed and added with the complimentary version of the
detection antibodies without any protein standards and as expected no signals were
detected (Figure 48 & 49).
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The third experiment is the most decisive to show a lack of cross-reactivity. When all
16 capture antibodies are printed and their protein standards added with all but one
detection antibody all 15 spots show signals except for the set of spots that have no
specific detection antibody. As an example, eotaxin-1 was not added and in Figure 50
& 51 there was no signal observed, showing the microarray platform to be highly
specific for the remaining 15 cytokines.

Figure 46: Cross reactivity experiment 1; a complete selection of capture antibodies are
added and only 1 protein standard is added with a complete cocktail of detection
antibodies.

As seen from the cartoon, a microarray panel was printed with a variety of different
capture antibodies and a single protein standard (GCSF) was added to which a
complete cocktail of detection antibodies were added including GCSF detection
antibody and developed by streptavidin cy5 (A). This is reflected when the slide was
scanned, as GCSF spots appear to be detected, whilst the remaining cytokines
(GMCSF, TGF-β, IFN-γ, IL-2 and MIP-1β) that were also printed where not detected
in the other panels, hence showing no cross-reactivity (B).
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Figure 47: Cross reactivity experiment 1; A graphical representation of the experiment
where a selection of capture antibodies are added and only 1 protein standard is added
with a complete cocktail of detection antibodies.

A graphical representation of the experiment is shown where a microarray panel was
printed with a variety of different capture antibodies and a single protein standard
(GCSF) was added to which a complete cocktail of detection antibodies were added
including GCSF detection antibody. This is reflected when the slide was scanned, as
GCSF spots appear to be detected, as shown by an increase in signal intensity whilst
the reminder of the cytokines (GMCSF, TGF-β, IFN-γ, IL-2 and MIP-1β) that were
also printed were not detected, as shown, where no signal intensity was observed.
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Figure 48: Cross reactivity experiment; a complete selection of capture antibodies are
added with no recombinant protein standards and a complete cocktail of detection
antibodies.

As seen from the cartoon, a microarray panel was printed with a variety of capture
antibodies and no protein standards were added and a complete cocktail of detection
antibodies were added and developed by streptavidin cy5 (A). This is reflected when
the slide was scanned, when no spots were detected, except for a minimal amount of
autoflourescence (B).
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Figure 49: Cross reactivity experiment 2; a graphical representation of the experiment
complete selection of capture antibodies are added with no protein standards and a
complete cocktail of detection antibodies.

A graphical representation of the experiment is shown where a microarray panel was
printed with a variety of different capture antibodies and no recombinant protein
standards were added to which a complete cocktail of detection antibodies were
added. This is reflected when the slide was scanned, and no spots were detected as
shown by trace levels of signal intensity for the six cytokines detected.
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Figure 50: Cross reactivity experiment 3; 16 capture antibodies are printed and added with
a complete set of 16 protein standards and with a 15 detection antibodies except for
eotaxin-1 antibody

As seen from the cartoon, a microarray panel was printed with a variety of capture
antibodies (16) and a cocktail of recombinant protein standards (16) and a complete
cocktail of detection antibodies with 1 antibody removed to detect if cross reactivity
occurs between detection antibodies and specific cytokines (A). In this case eotaxin-1
detection antibody was removed from the cocktail of detection antibodies. This is
reflected when the slide was scanned, and spots are detected for all the remaining 15
cytokines except for eotaxin-1 as highlighted in the white box where no spots are
seen, indicating the microarray system does not display cross-reactivity (B).
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Figure 51: Cross reactivity experiment 3; a graphical representation of the experiment
where 16 capture antibodies are printed and added with a complete set of 16 protein
standards and with a 15 detection antibodies except for eotaxin-1 antibody

A graphical representation of the experiment is shown where a microarray panel was
printed with a variety of capture antibodies (16) and a cocktail of recombinant protein
standards (16) and a complete cocktail of detection antibodies with 1 antibody
removed to detect if cross reactivity occurs between detection antibodies and specific
cytokines. In this case eotaxin-1 detection antibody was removed from the cocktail of
detection antibodies. This is reflected when the slide was scanned, and no signal is
observed for eotaxin-1, whilst signals can be observed for all other 15 cytokines
indicating there is no cross-reactivity in this microarray platform.
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4.3.3 PBS and Serum Spike recovery
PBS was also spiked to three known concentrations (750pg/ml, 188pg/ml and
22pg/ml) using recombinant protein standards for each of the 16 biomarkers (IL-8, IL6, IL-1β, TNF-α, Exotaxin-1, Eotaxin-2, IFN-γ, RAGE, IL-10, IL-4, IL-17, IL-23,
MCP-1, VEGF and IP-10) and quantified using the standard curves generated from
the microarrays. These three spikes were set to be above and below the limits of
quantification. Accuracy (%) was calculated based on the observed concentration
measured against the expected concentration. To identify any effects that serum
proteins may have on the assay system, sera from healthy donors were taken and
cytokine levels were quantified for all 16 biomarkers. This serum was then spiked to
the three known concentration points mentioned above. The observed concentration
was subtracted from background levels to calculate accuracy and precision (Figure
52).
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Figure 52: Microarray assay validation using PBS and serum samples spiked with known
concentrations of cytokines.

Sixteen cytokines were quantified in PBS (IL-8, IL-6, IL-1β, TNF-α, Exotaxin-1,
Eotaxin-2, IFN-γ, RAGE, IL-10, IL-4, IL-17, IL-23, MCP-1, VEGF and IP-10). Three
different known concentrations of cytokine (750 pg/ml, 188 pg/ml, 22 pg/ml) were
then added to aliquots of PBS. The difference between blank PBS and spiked PBS
was determined by the microarray assay (A).
Additionally these sixteen cytokines were quantified in the serum of a healthy
volunteer. Three different known concentrations of cytokine (750 pg/ml, 188 pg/ml,
22 pg/ml) were then added to aliquots of the serum, and the concentration difference
between the original and spiked serum samples was determined by microarray assay
(B).
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4.3.4 Target Concentration Spiked in PBS or Serum
For all 16 biomarkers, PBS and serum spike recovery (accuracy and precision) were
tested at three targeted concentrations; namely at 750pg/ml, 188pg/ml and 22pg/ml
(Figure 53A). For all three targeted concentration points the observed concentration of
all 16 cytokines (mean) was in line with the actual concentration spiked. As seen in
Figs 53B/C, all biomarkers fall in the acceptance criteria for spike accuracy (80120%) and precision (≤20%).
If this is broken down into individual cytokines it can be seen in both serum and PBS
spikes. For all three targeted concentration points the observed concentrations of all
16 cytokines fall within the acceptable criteria in relation to the expected
concentration (Figure 54A/B). Also in the accuracy and precision of all 16 cytokines
the majority of the cytokines are within the acceptable parameters (Figure 55 & 56).
However it has to be acknowledged that are certain cytokines that fall slightly below
the acceptable levels. This occurs in the lower abundant cytokines such as IL-8, IL-6
and IP-10 which were found in very low levels in healthy subjects and the variation at
these lows levels have led to greater levels of inaccuracy and imprecision. However
these values are comparable to those reported in Wood et al, [28], and Anderson et al,
[29]. This shows that the microarray platform developed is both precise and accurate.
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Figure 53: Accuracy and precision of cytokine concentration determination by microarray
assay.

Cytokine concentrations in spiked PBS and serum samples determined by microarray
assay (mean± SD for 16 cytokines) (A). The actual concentrations are indicated by the
dashed lines. (B) The percentage accuracy of cytokine concentration determination by
microarray assay (mean ± SD for 16 cytokines) relative to the acceptable limits for
variation in accuracy prescribed by the FDA. (C) The coefficient of variation of
cytokine concentration determination by microarray assay (mean ± SD for 16
cytokines) in spiked PBS and serum samples.
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Figure 54: PBS and serum were spiked at three known concentration across all 16
biomarkers (A & B).

Cytokine concentrations in spiked PBS and spiked serum determined by microarray
assay (mean± SD for 16 cytokines) (A + B). The actual concentrations are indicated
by the solid lines. As seen from the figure, the observed concentrations from the spike
experiments for both PBS and serum are close in relation to the actual concentration
with the exception of low abundance cytokines such as IL-8 and IL-6.
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Figure 55: The observed mean concentration was recorded and compared with the
expected concentration to calculate the mean accuracy.

The percentage accuracy of each of the 16 cytokines concentration determination by
microarray assay (IL-8, IL-6, IL-1β, TNF-α, Exotaxin-1, Eotaxin-2, IFN-γ, RAGE,
IL-10, IL-4, IL-17, IL-23, MCP-1, VEGF and IP-10) relative to the acceptable limit
for variation in accuracy prescribed by the FDA. As seen, with the exception of IL-8
and IL-23 the remaining 14 cytokines would fall between the accuracy levels set
between 80-120%.
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Figure 56: The precision of the assay of all 16 cytokines are shown was calculated (A &B).

The coefficient of variation each of the 16 cytokines concentration determination by
microarray assay (IL-8, IL-6, IL-1β, TNF-α, Exotaxin-1, Eotaxin-2, IFN-γ, RAGE,
IL-10, IL-4, IL-17, IL-23, MCP-1, VEGF and IP-10) relative to the acceptable limit
for variation in accuracy prescribed by the FDA. However it was noted that in low
abundance cytokines, such as IL-8 and IL-6 and IP-10, the accuracy and precision
were lower than is considered acceptable.
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4.3.5: Intra and Inter assay precision
For the intra assay variation, 13 out of 16 biomarkers were within the acceptable
limits for precision. However, a lower level of precision was achieved in the inter
assay variation (11 out of 16 biomarkers within acceptable levels of precision) (Figure
57A). This is probably due to the greater variation that occurs at the lowest
concentration in the very low abundance cytokines in healthy sera (for example IL10). From the microarray assay data for the 16 cytokines on up to 30 healthy
volunteer’s sera (see section 4.3.6 below), the cytokines were split into three groups low abundance cytokines with serum concentrations ≤ 50 pg/ml (IL-1beta, IL-4, IL-6,
IL-8, IL-10 and TNF-alpha), mid-abundance cytokines with concentrations 50-200
pg/ml (VEGF, MCP-1, Eot-1, IFN-gamma, TGF-beta, IL-17) and high abundance
cytokines with concentrations ≥ 200 pg/ml (Eot-2, IL-23, IP-10 and RAGE). As
expected there is a greater level of variation in the low abundance cytokines compared
to the mid and high abundance cytokines as the level of CV% is higher in the former
(Figures 57). The precision of the low, mid and high abundance groups was compared
by Kruskal-Wallis test; there was no significant difference between the three groups
for intra-assay CV, although the median CV for the low abundance group was on the
limit for acceptable precision (CV ~20%) and the range of CVs was greatest for this
group (Figure 57B). As anticipated, the inter-assay CVs were higher than the intraassay CVs, although the median CVs for the mid and high abundance cytokines again
similar and well within the acceptable limit (Figure 57C). However, the median intraassay CV for the low abundance cytokines was above the acceptable limit of precision
and was significantly higher than for either the mid or high abundance groups (as
shown by a post-hoc Dunn’s Multiple Comparison Test) (Figure 57C).
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Figure 57: The intra- and inter-assay precision.

(A) The intra- and inter-assay CV% for the quantification of 16 cytokines. (B) The
intra-assay coefficient of variation for low, mid and high abundance cytokines. (C)
The inter-assay coefficient of variation for low, mid and high abundance cytokines.
The dashed lines represent the acceptable limit of precision (CV ≤20%). The solid
lines represent the median for each group. Significant differences between low, mid
and high groups in (B) and (C) were determined by Kruskal-Wallis test with a posthoc Dunn’s Multiple Comparison test. The definition of low, mid and high abundance
cytokines was based on the samples shown in Figure 53, giving the following cut-offs:
low abundance <50 pg/ml; mid abundance 50-200 pg/ml; high abundance >200pg/ml.

~ 176 ~

Chapter 4: Validation of an Antibody Microarray Platform

4.3.6 Comparison of Microarray technology with
ELISA
The next stage was to compare between both ELISA and microarray methodology to
see if the standard curves were positively correlated. When directly comparing
methods, four cytokines (MIP-1β, Rantes, GM-CSF and M-CSF) were investigated
and showed there were positive correlations between both the methods (using
Spearman’s Rank correlation for each cytokine) showing that multiplex microarray
technology does compare well to “traditional” ELISAs (Figure 58A-D).

Both

technologies show a strong degree of correlation which was statistically significant
with regard to their respective standard curves with r values above 0.9865 for all 4
cytokines tested.
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Figure 58: A-D: This shows that multiplex microarray technology significantly correlates
with the “traditional” ELISAs.

Shows correlation between individual “traditional” ELISAs (n=3) and multiplex
microarrays (n=10) of cytokines. The individual values each cytokine was plotted
with microarray values on the Y-axis and ELISA values on the X-axis. The errors bars
are calculated as SD. Note there is a strong correlation between all the 4 cytokines
investigated (MIP-1β: r =0.9937, p≤0.0018, Rantes: r=0.9919, p≤0.0001, GMCSF:
r=0.9979, p≤0.0002 and MSCF: r=0.9865, p≤0.0001 respectively).
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However the comparison of standard curves alone is insufficient to prove conclusively
that both methods comparable. Ultimately another test was performed to see how
similar two methods compare to one another as well as the quantification of clinical
samples. Hence a comparison between the quantitative aspects of both methods was
tested. Thirty sera was obtained from healthy individuals and quantified for all 16
biomarkers using both microarray and ELISAs. The direct correlations are shown in
Figure 59. This shows that across all 16 biomarkers there were no significant
differences between techniques (0.3404≤P≥0.0997). Additionally Bland Altman plots
were drawn to see if there was an agreement between techniques (Figure 60). The
level of bias is dictated by the thin dotted line either side of the zero. In the BlandAltman plot, with IL-8, TNF-α and VEGF there is not so much deviation from the
zero (as indicated by the bias line) (Figure 60). However with IL-1β there is a bias
towards the microarray system and further indicates that when investigating very low
abundance cytokines like IL-1β, the microarray technology has an advantage over an
ELISA as it is able to detect more sensitively at low concentrations.
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Figure 59: Correlation between microarray and ELISA techniques.

Thirty sera were quantified by ELISA and microarray assay for 16 cytokines to see
how well both techniques correlate to one another. The microarray technology was
compared to traditional ELISA. Sera were obtained from 30 healthy individuals and
quantified for all 16 cytokines using both microarray and ELISA. Across the 16
biomarkers tested, there were no significant differences between techniques
(0.3404≤P≥0.997)
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Figure 60: Bland Altman graphs to show difference between two ELISAs and Microarrays.

Bland Altman plots were drawn to see if there was an agreement between both
ELISAs and microarrays. Bland Altman plots further highlight the agreement between
these techniques since, for most cytokines, the bias in favour of one or other technique
was negligible. However it was noticed that, for lower abundance cytokines such as
IL-1β (D), the microarray platform is slightly more sensitive than the ELISA.

~ 181 ~

Chapter 4: Validation of an Antibody Microarray Platform

Table 13 shows a summary of the values gathered from the variety of validatory
experiments undertaken. In the vast majority of cytokines, the values fall well within
the levels of accuracy and precision outlined by the FDA guidelines for bioanalytical
method validation. The majority of exceptions arise often in the low abundant
cytokines where at the lowest level there is variation when samples are repeated
multiple times; ie intra and inter assays. This can now be compensated through the
calculation of both the lower and upper limits of quantification. This allows users to
decide whether those falling outside these limits are to be included when performing a
large population study comparing multiple groups.
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Table 13: Summary of the data from all the validatory tests.

This includes –intra, inter-assays, the limits of detection and quantification as well as
the spiked experiments. Most of the values fall within the FDA derived guidelines for
bioanalytical validation. Those that fall below the expected guidelines are discussed
below.
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4.4 Discussion
At present there are no comprehensive guidelines for the validation of microarray
protein biomarker studies. It is thus highly desirable that such criteria are established
to ensure work can be standardized across research institutions [304] [305].
Consequently, for this study, the optimisation and validation of the microarray
protocol was based upon the FDA guidelines for pharmacokinetic immunoassays.
The limits of quantification are defined as the lowest and highest points in an assay
that can be detected and quantified to an acceptable level of accuracy and precision.
Both the LLoQ and ULoQ like the LOD are expressed as a concentration limit on the
microarray platform. Therefore in association with the LoD/LLoQ established for all
16 biomarkers, the microarray has the advantage of being able to detect the lowest
concentrations. Whilst the LOD shown here is very low, often it is not chosen as the
limit to measure proteins in biological samples, as at this concentration there is a
higher degree of variability between samples and thus the LLoQ is chosen when using
microarray technology as it is the lowest analyte concentration that can be quantified
to an acceptable level with both accuracy and precision.
A spike recovery test was conducted across 3 days to investigate the accuracy and
precision of the methodology across both control samples (PBS) and biological
samples (serum) for 16 biomarkers of interest. We show that, in the majority of
biomarkers (14 out of 16), the accuracy is between 80-120% and the precision ≤20%
CV, which is in accordance with data published in recent literature [126] [306] [307]
[308]. Additionally inter- and intra-assays were both reproducible and precise with 11
of the 16 cytokines falling within the aforementioned criteria. However it was noted
that in low abundance cytokines, such as IL-8 and IL-10, the accuracy and precision
were lower than is considered acceptable. This is due to greater calculated percentage
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differences and as such should be reflected under different guidelines. Nevertheless,
the

biological

and

clinical

relevance

of

very

low

serum

levels

of

cytokines/chemokines has yet to be determined.
Having shown that the majority of biomarker measurements fall within the FDA
guidelines for pharmacokinetic immunoassays we then wanted to show that the assays
were as reproducible and sensitive as the ELISA, the “gold standard” of immunoassay
quantification [309] [310] . We show that when both ELISA and microarray were
used to quantify a biomarker in serum there was no significant difference in the
cytokine concentrations calculated. However, for some low abundance biomarkers,
such as IL-1beta and IL-6, there is less agreement between techniques and this may be
due to the lower sensitivity of the ELISA compared to the microarray, as in
microarrays the standard curves were plotted 2 dilution points lower than in the
ELISA.
One caveat to the comparison between ELISA and microarray is that the microarray
platform is measured by fluorescence intensity compared to that of the optical density
used in an ELISA. Using fluorescence for detection gives the microarray a scale that
is measurable over many 10,000s AU compared to the discrete 0-3 OD scale used in
an ELISA. This clearly offers greater scope for the detection of biomarkers using
microarrays.
Currently there are many commercially available protein microarray platforms,
however, the high cost of purchasing these kits makes it unattainable for most [299]
[311]. The microarray protocol established here shows the stages required for
optimisation that enables detection of multiple biomarkers at a lower running cost.
This detection is not limited to the 16 biomarkers that are shown here but indeed can
be expanded as required.
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The in-house sandwich microarray workflow developed here demonstrates that
multiple biomarkers can be quantified with relative ease, using reduced quantity of
sample volume than required for ELISAs of equal biomarker number.
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Chapter 5: Application of an Antibody
Microarray as a Diagnostic Platform for COPD
5.1 Introduction
COPD is defined as “a preventable and treatable disease state that is characterised by
airflow limitation that is not fully irreversible. The airflow limitation is progressive
over time and is associated by an abnormal inflammatory response to noxious gaseous
particles, in particular those from cigarette fumes” [1, 312].
The detection of early COPD in patients with respiratory disease is highly desirable.
However, diagnosing COPD is difficult as there is no single “GOLD standard”
procedure available. Physical characteristics such as wheezing, chronic cough,
breathlessness and sputum production have been implicated in the diagnosis of
COPD. Additionally, other physical attributes such as use of accessory muscles,
increased paradoxical abdominal movement and monitoring weight are used as
predictors of disease outcome [313-316].
Currently, the common measurements of physical symptoms of the disease include
spirometric airflow tests, which measures FEV1 and FVC. FEV1 is defined as the
volume of air a patient can expire in one second following a full intake of breath,
whilst FVC can be defined as the total maximum volume of air that a patient can
exhale following full inspiration [1, 317, 318]. If the ratio of FEV1/FVC falls below
0.7, allied with a FEV1 <80%, the individual is defined as having COPD [319, 320].
However, spirometry alone may not suggest an individual may have COPD. Chest
radiography may also aid in the differential diagnosis of COPD. Also pulse oximetry
can be undertaken to calculate the saturation of oxygen that is present in an individual
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at rest and at sleep to determine if he/she may have hypoxia, which is a common
characteristic in COPD [321-325]. Finally, a test can be performed for α1-antitrypsin
deficiency, which is a hereditary genetic disorder caused by an abnormality in
chromosome 14. A lack of α1-antitrypsin production by the liver leads to a lack of
control of neutrophil elastases in the lungs; leads to symptoms associated with
emphysema.
Hence, a system that would allow physicians to detect the different stages of the
disease is highly desirable, but is presently unavailable [326-328]. It is vital to have a
diagnostic platform, or combination of platforms, that would aid the diagnosis of
sufferers more effectively, and help them improve their treatment according to the
type of disease they have.
The previous two chapters have shown the development/optimisation (Chapter 3), and
the validation (Chapter 4), of a microarray platform. This section focuses on applying
this microarray platform to screen a selection of individuals that have COPD
compared to non-smoking controls and smokers without symptoms of COPD.
The microarray has been developed to measure up to 16 biomarkers simultaneously;
all of these were measured to see if there are distinguishable patterns which could lead
to improved understanding of the disease. An ultimate goal would be to be able to use
these biomarkers in the early diagnosis of COPD development in ‘healthy’ smokers.
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5.2 Materials and Methods
Briefly, antibody duoset kits were purchased (R&D Systems, MN, USA) and printed
on poly-L-lysine slides. Slides were processed immediately or after one week. Slides
on the day of processing were taken from the vacuum and blocked for an hour with
either I-Block or 3% BSA block buffer. Standards were made for all 16 cytokines (IL8, IL-6, IL-1β, TNF-α, Exotaxin-1, Eotaxin-2, IFN-γ, RAGE, IL-10, IL-4, IL-17, IL23, MCP-1, VEGF and IP-10) according to manufacturer’s instructions and diluted 2
fold across 7 dilutions and added at 50µl per well in 10 replicates for 45 mins.
Additionally healthy human sera and COPD human sera were added to the
corresponding well on the slides. The slide was washed three times and 50µl of
appropriately diluted biotinylated detection antibody was added to each block for 45
mins. Slides were subjected to tyramide amplification. Briefly, this was performed
after the detection stage of the microarray process described above with the additional
of 50µl of 1:1000 diluted streptavidin-HRP (Bio-Rad, USA) in the dark. The slide was
washed and 50µl of Bio-Rad Amplification Reagent was added for 10 mins in the
dark. The slides were washed three times with 20% DMSO-PBST and subsequently
washed thrice with wash buffer. After washing, 50µl of 1:1000 diluted streptavidinconjugated cy5 (E-Biosciences, UK) was added and incubated at room temperature
for 15 mins in the dark. The slide was washed three times and rinsed in ultra-pure
water and centrifuged dry and scanned with the 4200 AL microarray scanner at
635nm (Axon GenePix®). Fluorescence was quantified using the GenePix Pro
Software (Axon GenePix®). The experiment was repeated three times. The median
fluorescence of each spot was measured (minus background) and the corrected
fluorescence was used to calculate the average fluorescence signal across the standard
detectable ranges.
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5.3: Results
5.3.1: The effect of COPD on cytokine levels in Non
Smoking Controls, Smoking Controls and COPD
individuals
Sera from non-smoking controls, healthy smoking controls and COPD individuals
were analysed on the microarray platform. As shown in Figures 61 and 62, there are
no significant differences between groups for serum concentrations of most cytokines,
except for eotaxin-2 and MCP-1, where there are significant differences between all
three groups (p≤0.0326; Figure 63 and p≤0.0167; Figure 64, respectively). However
for other remaining cytokines (IL-8, IL-1β, TNF-α, IL-6, IFN-γ, IP-10, IL-4, IL-10,
IL-23, IL-17, RAGE, eotaxin-1 TGF-β, and VEGF, there were no significant
differences between all three groups.
A line was drawn on all graphs at the 95 percentile of the healthy control group.
Interestingly certain cytokines such as VEGF, MCP-1 and IL-23 showed values in
both the healthy smoker group and COPD group to be well above the 95th percentile.
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Figure 61: Differences in cytokine expressions in subjects with COPD, healthy smoking
controls and non-smoking controls: IL-8, IL-6, IL-β and TNF-α (A-D, respectively).

The difference in cytokine expression was investigated for the in those with COPD,
healthy smoking controls and non-smoking controls in IL-8 (A), IL-6 (B), IL-1β (C)
and TNF-α (D) respectively. Kruskal-Wallis tests were performed to compare all three
patient cohorts, and subsequently Dunn’s post multiple comparisons tests between
each subgroup which showed no significant differences between all three groups for
each of the 4 cytokines. However in general the results were negative with no
differences in groups seen.
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Figure 62: Differences in cytokine expressions in subjects with COPD, healthy smoking
controls and non-smoking controls: IFN-γ, IL-17, IL-4 and IL-10 (E-H, respectively).

The difference in cytokine expression was investigated for the in those with COPD,
healthy smoking controls and non-smoking controls in IFN-γ (E), IL-17 (F), IL-4 (G)
and IL-10 (H) respectively. Kruskal-Wallis tests were performed to compare all three
patient cohorts and subsequently Dunn’s post multiple comparisons tests between
each subgroup which showed no significant differences between all three groups for
each of the 4 cytokines. However in general the results were negative with no
differences in groups seen.
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Figure 63: Differences in cytokine expressions in subjects with COPD, healthy smoking
controls and non-smoking controls: VEGF, Eotaxin-1, Eotaxin-2 and RAGE (I-L, respectively).

The difference in cytokine expression was investigated for the in those with COPD,
healthy smoking controls and non-smoking controls in VEGF (I), eotaxin-1 (J),
eotaxin-2 (K) and RAGE (L) respectively. Kruskal-Wallis tests were performed to
compare all three patient cohorts and subsequently Dunn’s post multiple comparisons
tests between each subgroup which showed no significant differences between all
three groups for VEGF (I), eotaxin-1 (J) and RAGE (L). However, in the case of
eotaxin-2 (K), there is a significant difference between all three groups (p≤0.0326), in
particular between the smoker control and COPD group when Mann Whitney tests
were performed (p≤0.00093) shows an increase in eotaxin-2 expression in the COPD
group compared to the smoking controls.
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Figure 64: Differences in cytokine expressions in subjects with COPD, healthy smoking
controls and non-smoking controls: MCP-1, IP-10, TGF-β and IL-23 (M-P, respectively).

The difference in cytokine expression was investigated for the in those with COPD,
healthy smoking controls and non-smoking controls in MCP (M), IP-10 (N), TGF-β
(O) and IL-23 (P) respectively. Kruskal-Wallis tests were performed to compare all
three patient cohorts and subsequently Dunn’s post multiple comparisons tests
between each subgroup which showed no significant differences between all three
groups for IP-10, TGF-beta and IL-23. In the case of MCP-1 (M) there is a significant
difference between all three groups, in particular between the non-smoking control
and COPD group when Mann Whitney tests were performed (p≤0.0144) shows an
increase in MCP-1 expression in COPD compared to the non-smoking controls.

~ 194 ~

Chapter 5: Application of an Antibody Microarray as a Diagnostic Platform for COPD

5.3.2: The effect of smoking status on the likelihood of
developing COPD
The healthy smokers and COPD patients could be further subdivided into current
smoking and ex-smoking groups to see whether the effect of smoking could possible
indicate a pattern of how COPD may arise from those who are healthy smokers. As
seen in Table 13, there were no significant differences between all 5 groups except in
the case of MCP-1, Kruskal-Wallis tests were performed to compare all five patient
cohorts and subsequently Dunn’s post multiple comparisons tests between each
subgroup, which showed there is a trend towards a progressive increase in this
cytokine across all five groups from never-smokers to COPD current smokers. Mann
Whitney tests performed showed a significant increase in MCP-1 between the healthy
ex-smoking group and the COPD ex-smoking group (p≤0.0021).
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Table 14 Investigates the effect of smoking status of developing COPD in healthy nonsmoking individuals, ex healthy smokers, current healthy smokers, COPD ex-smokers
and COPD current smokers

Cytokine

Kruskal-Wallis P Value

IL-8

0.1460

IL-6

0.5183

IL-1β

0.7472

TNF-α

0.2854

VGEF

0.5247

Eotaxin-1

0.0997

IFN-γ

0.8544

IL-17

0.9938

Eotaxin-2

0.0854

IP-10

0.04698

RAGE

0.6311

MCP-1

0.0120

IL-4

0.6984

IL-10

0.5870

TGF-β

0.5106

IL-23

0.4545
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Table 14 aims to show if there is a significant difference between the effects of
smoking and the cessation of smoking in those who are healthy smokers and COPD
patients. Kruskal-Wallis tests were performed to compare all five patient cohorts (in
healthy individuals and subsequently Dunn’s post multiple comparisons tests between
each subgroup; ex healthy smokers, current healthy smokers, COPD ex-smokers and
COPD current smokers) which showed no significant differences between all five
groups in each of the 16 cytokines except for MCP-1 where there was a significant
difference between all groups (p≤0.0120). With MCP-1 there was trend towards a
progressive increase in MCP-1 across all five groups from non-smoking individuals to
COPD current smokers (data not shown).
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5.3.3: The correlation between cytokine expression and
FEV% in those with COPD
The FEV% predicted was initially evaluated to see if there was a relationship between
this variable and the expression of cytokines. As can be seen in figures 65-69, the
correlation between these two variables were analysed by Spearman’s Rank
correlation, which showed no significant correlations for any of the 16 cytokines.
Overall all 16 cytokines displayed negative results when FEV% correlation was
investigated.
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Figure 65: Correlation between FEV-1 predicted and cytokine concentration: IL-8, IL-6, IL-1β
and TNF-α (A-D, respectively).

Spearman’s Rank correlation tests were performed to compare the relationship
between the FEV-1% predicted against the concentration of the respective cytokines
IL-8 (A), IL-6 (B), IL-1β (C) and TNF-α (D), in patients with COPD which showed
no significant correlations. In general all four cytokines showed negative results in
correlation to FEV-1%pred.
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Figure 66: Correlation between FEV-1 predicted and cytokine concentration: IFN-γ, IL-17, IL4, IL-10 (E-H, respectively).

Spearman’s Rank correlation tests were performed to compare the relationship
between the FEV-1% predicted against the concentration of the respective cytokines,
IFN-γ (E), IL-17 (F), IL-4 (G), and IL-10 (H) in patients with COPD, which showed
no significant correlations. In general all four cytokines showed negative results in
correlation to FEV-1%pred.
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Figure 67: Correlation between FEV-1 predicted and cytokine concentration: VEGF, Eotaxin1, Eotaxin-2 and RAGE (I-L, respectively).

Spearman’s Rank correlation tests were performed to compare the relationship
between the FEV-1% predicted against the concentration of the respective cytokines,
VEGF (I), Eotaxin-1 (J), Eotaxin-2 (K) and RAGE (L) in patients with COPD which
showed no significant correlation for all four cytokines. In general all four cytokines
showed negative results in correlation to FEV-1%pred.
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Figure 68: Correlation between FEV-1 predicted and cytokine concentration: MCP-1, IP-10,
TGF-Beta and IL-23 (M-P, respectively).

Spearman’s Rank correlation tests were performed to compare the relationship
between the FEV-1% predicted against the concentration of the respective cytokines,
MCP-1 (M), IP-10 (N), TGF-β (O) and IL-23 (P) in patients with COPD which
showed no significant correlation in all 4 cytokines. In general all four cytokines
showed negative results in correlation to FEV-1%pred.
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5.3.4: The effect of gender on the cytokine expression in
those with COPD
The difference in gender were investigated between the 3 cohorts (healthy controls,
smoking controls and COPD subjects) to see if there were significant differences
between males and females amongst those who smoked and had COPD and those that
smoked and did not have COPD. Kruskal-Wallis tests were performed and
subsequently Dunn’s post multiple comparisons tests between each subgroup;
i)

Male Healthy Non-Smokers,

ii)

Female Healthy Non-Smokers,

iii)

Male Healthy Smokers,

iv)

Female Healthy Smokers,

v)

Male COPD Subjects,

vi)

Female COPD Subjects

However the results for all 16 cytokines (IL-8, IL-6, IL-1β, TNF-α, VEGF, Eotaxin-1,
Eotaxin-2, RAGE, MCP-1, IL-4, IL-10, TGF-β, IP-10, IFN-γ, IL-17 and IL-23) were
all negative indicating in this study there is no difference between gender in this study
(data not shown)
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5.3.5: The GOLD stages of COPD
COPD severity is divided into four categories according to international guidelines
outlined by the Global Initiative for Chronic Obstructive Lung Disease (GOLD). This
is often known as stage 1 (mild), stage 2 (moderate), stage 3 (severe) and stage 4 (very
severe). This is based on the forced expiratory volume per second (FEV-1%) outlined
in Table 1 (chapter 1). Hence graphs were plotted to show the mean concentration and
standard deviation against the four stages of GOLD. As one might expect, there were
variations between all samples in all groups. Additionally as the severity of COPD
increases, inflammatory markers and growth factors also increase in expression.
However in the graphs plotted (Figure 69-72) due to the unequal distribution of
numbers in each group a general trend in all 16 biomarkers were not established.
Additionally a “REF” group was added to the each graph. This were the normal
healthy controls, which served as a reference point to which the split COPD cohorts
were compared.
Finally the means of all the 16 cytokines for each GOLD stage was grouped to see
whether there was a cumulative difference between groups. In Figure 73 it could be
seen that the expression of cytokines was the lowest in stage 4 and highest in stages
2/3. This may indicate that at GOLD stage 4 the immune response was suppressed as
shown by the lowest expression of nearly all 16 cytokines. Interestingly only the
expression of IL-23 increased in GOLD stage 4. However one has to be cautious when
making definitive assumptions from this data not knowing the medication those in the
most severe group (stage 4) are undertaking.
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Figure 69: Graph to show how the concentration of cytokine varies with the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) stage for IL-8, IL-6, IL-1β and TNF-α
respectively (A-D).

All cytokines are expressed as mean concentration (pg/ml). Kruskal-Wallis test were
performed and subsequently Dunn’s post multiple comparisons tests between each
subgroup to compare all 5 groups across all 4 cytokines that showed no significant
differences. A general trend seemed to show the level of cytokine concentration
increasing as the severity rating of GOLD increases. A “REF” group are healthy nonsmoking control used as a comparison. Note at GOLD stage 4, the immune system
could potentially be suppressed as indicated by low expressions of all 4 cytokines.
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Figure 70: Graph to show how the concentration of cytokine varies with the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) stage for IFN-γ, IL-17, IL-4 and IL-10
respectively (E-H).

All cytokines are expressed as mean concentration (pg/ml). Kruskal-Wallis test were
performed and subsequently Dunn’s post multiple comparisons tests between each
subgroup to compare all 5 groups across all 4 cytokines that showed no significant
differences. A general trend seemed to show the level of cytokine concentration
increasing as the severity rating of GOLD increases. A “REF” group are healthy nonsmoking control used as a comparison. Note at GOLD stage 4, the immune system
could potentially be suppressed as indicated by low expressions of all 4 cytokines.
However it has to be acknowledged that there are 3 subjects in GOLD stage 4 and the
medication they are on is unknown which could influence the data.
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Figure 71: Graph to show how the concentration of cytokine varies with the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) stage for VEGF, Eotaxin-1, Eotaxin-2
and RAGE respectively (I-L).

All cytokines are expressed as mean concentration (pg/ml). Kruskal-Wallis test were
performed and subsequently Dunn’s post multiple comparisons tests between each
subgroup to compare all 5 groups across all 4 cytokines showed significant
differences across all groups in RAGE (p≤0.0446) only. The immune system appears
to be most active at stage 3 in the above cytokines, whilst at GOLD stage 4 the
immune system seems suppressed as indicated by low expressions of all 4 cytokines.
However it has to be acknowledged that there are 3 subjects in GOLD stage 4 and the
medication they are on is unknown which could influence the data.
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Figure 72: Graph to show how the concentration of cytokine varies with the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) stage for MCP-1, IP-10, TGF-beta and
IL-23 respectively (M-P).

All cytokines are expressed as mean concentration (pg/ml). Kruskal-Wallis test were
performed and subsequently Dunn’s post multiple comparisons tests between each
subgroup to compare all 5 groups across all 4 cytokines that showed significant
differences all groups in MCP-1 (p≤0.0371) only. The lowest expression of cytokines
was observed at GOLD stage 4 as in line with the other 12 cytokines above except for
IL-23 which is increased (P). However it has to be acknowledged that there are 3
subjects in GOLD stage 4 and the medication they are on is unknown which could
influence the data.
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Figure 73: Dot plot to show the mean cytokine expression of all 16 cytokines across the 4
stages of GOLD.

As can be seen above the immune system is most active between stages 2 and 3 of
GOLD. However at GOLD stage 4 where the FEV-1% drops less than 30%. It appears
a potential explanation for this drop in the level of cytokines (with the exception of
IL-23 which has increased expression at GOLD stage 4) could be that the immune
system is suppressed significant compared to the other stages. However it has to be
acknowledged that there are 3 subjects in GOLD stage 4 and the medication they are
on is unknown which could influence the data which could negatively impact the
nature of this finding.
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5.3.6: Relationship between Age and FEV-1%
The relationship between FEV-1 and age was investigated. Over time healthy
individuals experience a reduction in FEV-1% and this is exacerbated in those with
COPD and who smoke. However it seems to be no correlation between both variables
in this study. This suggests both variables are independent of each other (Figure 74).
Additionally the data was split to see if there was a difference between age/FEV-1 %
compared to those who were current smokers and those who were ex-smokers. The
data (not shown) shows that there is no correlation between COPD current and exsmokers in relation to age and FEV-1 predicted.

Figure 74: The relationship between “age” and predicted FEV-1% in COPD individuals.

There is no correlation between these two variables. Interestingly, the range of the
COPD variables for age was between 46-84 and FEV-1 between 17-122%. This
indicates there is no relationship between the two variables suggesting both are
independent of one another.
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5.3.7: The effect of Age on COPD
An interesting aspect of this study was to investigate the impact of age on the
progression of COPD. The ages of the COPD patients ranged from 46 to up 83 years
(figures 84-87). As seen in Figure 87, only for IP-10 did age correlate significantly
with serum concentration of the cytokines. There was an increase in IP-10 associated
with an increase in age (p≤0.0162). Additionally VEGF showed a trend towards
positive correlation with age (p≤0.06). The remainder of the cytokines tested showed
no significant correlations with age.

Figure 75: Correlation between “age” and cytokine concentration: IL-8, IL-6, IL-1β and TNF-α
respectively (A-D, respectively.

Spearman’s Rank correlation tests were performed to compare the relationship
between the “age” against the concentration of the respective cytokines; IL-8 (A), IL6 (B) IL-1β (C) and TNF-α (D), which showed no significant correlation in those with
COPD.
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Figure 76: Correlation between “age” and cytokine concentration: IFN-γ, IL-17, IL-4 and IL10 (E-H, respectively).

Spearman’s Rank correlation tests were performed to compare the relationship
between the “age” against the concentration of the respective cytokines; IFN-γ (E),
IL-17 (F), IL-4 (G) and IL-10 (H) which showed no significant correlation in those
with COPD.
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Figure 77: Correlation between “age” and cytokine concentration: VEGF, Eotaxin-1, Eotaxin2 and RAGE (I-L, respectively).

Spearman’s Rank correlation tests were performed to compare the relationship
between “age” and the concentration of the respective cytokines; eotaxin-1 (J),
eotaxin02 (K) and RAGE (L) which showed no significant correlation. VEGF (I)
concentration showed a trend towards a significant positive correlation with age
(p≤0.06) in those with COPD.
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Figure 78: Correlation between “age” and cytokine concentration: MCP-1, IP-10, TGF-β, IL23 (M-P, respectively).

Spearman’s Rank correlation tests were performed to compare the relationship
between “age” and the concentration of the respective cytokines; MCP-1 (M), TGF-β
(O) and IL-23 (P). IP-10 concentration showed a significant positive correlation with
age (p≤0.0162) in those with COPD.
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5.3.8: Clustering of Microarray Data
Due to the large sample size and the 16 biomarkers used, the data was analysed
further in Multiple Experiment Viewer 4.7.4 (MEV). MEV is a Java tool that allows
for complex proteomic data analysis. This was used to see if there were any new
correlations or significant differences to the graphs previously shown in this chapters.
An advantage of using MEV is that it avoids producing multiple graphs of the data
when it can be represented as just one whole data set. This is shown in figure 87
where a heat-map is drawn to show the expression of all 16 biomarkers and also to see
visually the difference between all three patient cohorts.
Interestingly when the heat-map is hierarchical clustered, the expression of the 16
biomarkers is not dependant on the FEV-1 levels. Immediate differences in the
cytokines patterns between patient cohorts are not seen in the heatmap (Figure 79A)
however when the statistical analysis was undertaken on the heatmap both MCP-1
(p≤0.018) and eotaxin-2 (p≤0.034) showed a significant difference between all three
groups illustrated in Figure 79B which was in line with the results shown in section
5.3.1.
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Figure 79: Heat-map to show the expression of all 16 biomarkers across all the samples
which are subdivided into the three patient cohorts.

The heat-map above shows a hierarchical clustering of the levels of expression of the
16 biomarkers studied in sera of COPD, healthy smoking (S) controls and healthy
controls (NS). The multiple different proteins are outlined on the vertical axis, and the
patient cohorts on the horizontal axis. Red and blue colours indicate high and low
protein expression respectively (A). When Kruskal-Wallis test were performed to
compare differences between all patient cohorts both MCP-1 (p≤0.018) and eotaxin-2
(p≤0.034) were deemed statistically significant (B) which was in line with data
produced in section 5.3.1.
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5.3.9 False Discovery:
Undertaking multiple Kruskal-Wallis tests and correlations also constitutes for
multiple testing and therefore needs controlling to avoid the rise in false positive data.
Hence this was preformed through J-Express Pro 2012 – Build 119 which allows for
further proteomic expression analysis. Using this software the “significant analysis of
microarrays” or “SAM” was a method chosen to calculate the number of genes that
are false positive. As both MCP-1 and eotaxin-2 both expressed significant between
healthy non-smokers, healthy smoking controls and COPD patients, SAM was used to
see if these were either true results or in fact false positive results.
Table 15 below shows the results from SAM analysis. Interesting it has shown that
only eotaxin-2 (highlighted in yellow) to be a truly positive result (FDR=0 and q
value=0). MCP-1 (highlighted in orange) that was shown up early in Chapter 5 as
being significant is shown to have a FDR and q-value of 25. Like p-values, q-values
can be assigned of cut of 5% or q≤0.05. Therefore as seen from Table 15, MCP-1 is
defined as being false positive (≥25%) and this has to be acknowledged when
analysing the data. Therefore one can presume that eotaxin-2 is the only significant
cytokine that could have a bearing on COPD from the data generated from this study.
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Table 15: To show the significant analysis of microarrays” or “SAM” method used to
discover false-positive results amongst all 16 cytokines

Number:
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Cytokine:
Eotaxin-2
RAGE
MCP-1
IL-6
VEGF
IL-23
Eotaxin-1
IL-1β
IL-10
IP-10
TGF-β
Il-17
IFN-γ
IL-4
IL-8
TNF-α

False Discovery
Rate (FRD):

Q value:
0
37.5
25
37.5
60
75
75
93.75
91.667
82.5
88.636
87.5
80.769
80.357
75
75

0
25
25
37.5
60
75
75
75
75
75
75
75
75
75
75
75

Table 15 shows the use of the SAM method to discover false-positive data. Previously
in Chapter 5, MCP-1 (p≤0.0167) and Eotaxin-2 (p≤0.0326) were discovered to be
statistically significant when comparing healthy non-smoking controls, healthy
smoking controls and COPD patients. When this data was analysed by SAM, which
serves to assume each null hypothesis is true for each cytokine, it was shown that only
eotaxin-2 can be regarded as a truly positive result. Like p-vales, q-values have a cutoff point of 5% or 0.05 and therefore whilst MCP-1 was considered significant when
analysed by Kruskal-Wallis testing, the repeated nature of performing that test across
16 cytokines has led to a false positive result. Therefore is has to be acknowledged
moving forward from the data in this study, the only eotaxin-2 is a significant
cytokine and could play a role in the pathogenesis of COPD.
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5.4 Discussion
5.4.1 Biomarkers in COPD
Our study shows that none of the 16 biomarkers completely correlates to all the
factors outlined in the patient demographics. In general apart from eotaxin-2, the
remaining of the data across the different variables were largely negative. Indeed
when SAM analysis was performed on the dataset, only eotaxin-2 was shown to have
truly positive data, meaning the significant data produced by MCP-1 has to be
regarded as an obsolete. Therefore only eotaxin-2 can be considered as a cytokine
which has significance in this study.
However eotaxin-2 was not correlated significantly to FEV-1% despite being
significant differences between the COPD group and both the smoking and nonsmoking control groups. Hence eotaxin-2 may be important biomarker in
distinguishing between those that have COPD and those who are healthy smokers.
Many of the inflammatory markers measured in COPD patients in this study, such as
IL-6, IL-1β and TNF-α, were not significantly different to the healthy smoker
controls. Similarly, it is known that IL-8 plays an important role in the recruitment of
neutrophils to the site of inflammation; however in this study there were no significant
differences in IL-8 levels between all 3 groups investigated.
MCP-1 is a chemoattractant that is responsible for the recruitment of monocytes that
can differentiate into macrophages. Currently there are few publications that directly
implicate a role for MCP-1 in COPD. Liu et al, showed there to be an increase in the
level of MCP-1 with low levels of FEV1% predicted in stable COPD patients [137].
However in this investigation no trend was seen between the FEV-1% and MCP-1
concentrations. CCR2 is a receptor that is specific for MCP-1 that is present on all
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monocytes, macrophages and T-lymphocytes [330, 331]. Increased MCP-1 levels in
BAL fluid have been implicated in those with chronic bronchitis who smoke,
suggesting that that this chemokine plays a role in the inflammatory process in
association with cigarette smoke [332, 333].
Similarly it is thought that MCP-1 is secreted by alveolar macrophages which are
exposed to noxious particles present in cigarette smoke. This may enter the circulation
of the pulmonary capillaries in and around the lungs that could contribute to higher
levels of MCP-1 in the serum of those that have COPD compared to the healthy
controls [144]. This suggests that analysing MCP-1 in serum is perhaps futile in
comparison to investigating it in BAL fluid.
Eotaxins, mainly compromising of eotaxin-1,-2 and -3, are strong chemoattractants for
eosinophils. Usually this chemokine and its receptor are known to be associated in
allergic reactions [334, 335]. It is postulated that eotaxins cause an influx of
eosinophils into the bronchoalveolar lavage of those with asthma [336-339]. It has
been reported that eosinophils can also influence other immune effector cells such as
macrophages and T-lymphocytes [187] [340] [341]. However a mechanism for the
role of eotaxins in COPD has yet to be postulated.
In this study we have shown that, of all the 16 biomarkers investigated, eotaxin-2
correlated significantly between the three patient cohorts. As mentioned in chapter
one, as COPD is often described as a multicomponent disease including both
emphysema and asthma, one can postulate that those whose have overlapping
symptoms associated with asthma are represented in this study through the elevated
expression of both eotaxin-1 and eotaxin-2 in the COPD cohort compared to the
healthy smoking controls. Whilst it has never been proven that eotaxins have a
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positive role in the pathogenesis of COPD, the results of this study indicate that these
chemokines may play a role in the recruitment and activation of other immune
effector cells such as macrophages which in turn play a role in the disease.
It is worth noting the inflammatory cytokines such as IL-6, TNF-α and IL-1β showed
no significant differences between these cytokines across the different patient
subgroups which is contrary to results in the field that suggest that these three
cytokines could play a role in the inflammatory processes in COPD. TNF-α in
particular is secreted by macrophages, mast cells and epithelial cells [342] [343]
[344]. IL-1β is known to activate macrophages in those with COPD which in turn
contribute to the inflammatory process by release chemokines and activating the
metalloproteinases [345]. IL-6 has been found to be elevated in the sputum and
plasma of COPD patients who have known to have an exacerbation of the disease. IL6 is known to increase the inflammatory effect of COPD by releasing CRP from the
liver [346].
Here we show that neither of these three inflammatory markers are elevated in this
study, however, information is not available whether the COPD patients have had
recent exacerbations prior to giving a blood sample. However going by results, it
looks unlikely that the COPD patients would have had any exacerbations.
Additionally it is unlikely that these exacerbations would be noticed in serum
compared to BAL fluid. As a caveat it has to be acknowledged that information about
the treatment that these COPD patients are no available which would have a
significant bearing on the expression of these cytokines.
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Interestingly the body’s response to any inflammatory processes that occur is to
produce anti-inflammatory cytokines that could perhaps counteract the effect of
inflammation that is present in COPD. To this end, this study included the
measurement of IL-10 which is a known anti-inflammatory marker [347]. Specifically
IL-10 has the ability to suppress TH1 cytokines such as TNF-α and IL-1β, hence
possibly the reason why the inflammatory cytokines where not as significantly
different between the patient cohorts [348] [349]. However from the data in this study
there was no significant increase in the expression of IL-10 in the COPD cohort
compared to both the control cohorts.
IL-17 is also known as IL17A. It is a glycosylated cytokines; approximately 25kDa in
size that is produced by TH17 cells [350] [351, 352]. The role of IL-17 and the TH17
cells in COPD are yet to be fully understood. Is it thought that IL-17 may play a role
in the pathogenesis of COPD through the stimulation and chemokine production [108]
[107] [353]. Specifically a role for IL-17A involves the production of chemokines
such as IL-8 and GM-CSF which can lead to neutrophilic inflammation in COPD. In
this study, no increase of serum IL-17 is was observed in the COPD cohort compared
to the healthy smoker cohort. Additionally it is thought that IL-17 may a role in the
production of metalloproteinases, in particular MMP-9 which contributes to epithelial
tissue damage that ultimately leads to emphysema [105].
As with IL-17, the exact role of IL-23 is not known. It is thought in mouse models
involving cigarette smoke IL-23 induces the production of IFN-γ and also the
proliferation of memory T-cells [354] . However it is thought that IL-23 has a positive
influence on the expression of IL-17. IL-23 is thought to induce TH17 cells to produce
IL-17 working by a positive feedback system [355, 356]. In this investigation it can be
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seen that both IL-17 and IL-23 are both up-regulated in the COPD cohort compared to
the normal healthy cohort. Interestingly a large population of IL-23 is highly
expressed as shown in the heatmap. A plausible explanation to this could be a
polymorphism in the IL-23 gene which is better recognised in certain samples than
others when using this particular duoset kit.
In studies of severe COPD patients (without a history of asthma), bronchoscopy of
airway smooth muscle has shown an increase in size compared to that of those whom
didn’t suffer from the disease [357] [358]. It is also thought that the expression of
contractile proteins such as calponin and myosin are lower in COPD patients. This
reduces the elasticity of lung fibres which induces airflow resistance [57]. It is
believed that the growth factors such TGF-β plays a pivotal role in increasing the
expression of ASM contractile proteins such as α-actin and calponin in patients with
COPD compared to asymptomatic smokers [57].
In subsequent studies it has been shown that there is an increase in the size of airway
smooth muscle (ASM) in the peripheral airways of those who smoke and are
diagnosed with COPD. Additionally there is a positive correlation in increased ASM
and decreased FEV1 levels. This supports the growing assertion that airway smooth
muscle remodelling may be accountable for chronic airflow limitation. It is
hypothesised that cigarette smoke may be responsible for either the growth of ASM or
specifically increasing ASM tones [57].
In airway remodelling, mucosal thickening can augment the effect of mucosal
restriction against elastic load. In a study in 2004, Baraldo and colleagues further
supported the case that an increase in airflow limitation was in parallel with
abnormalities that occur in airway remodelling of ASM cells. This resulted in a

~ 224 ~

Chapter 5: Application of an Antibody Microarray as a Diagnostic Platform for COPD

thickening of the mucosal epithelial walls, which causes a narrowing of the airway
lumen compared to normal airways [359]. However, in this study it can be seem that
TGF-β there was no difference between the three patient cohorts suggesting if there
was any airway remodelling in the lung there is no overspill into the pulmonary
system as shown by the results.
Interestingly the other growth factor in this biomarker study was VEGF. The actual
role of VEGF and its receptors are not fully understood in COPD. In this study we
have shown that expression of VEGF was not significantly increased in the COPD
cohort compared to the both the healthy control cohorts. Additionally serum VEGF
level correlated negatively with a decline in predicted FEV-1%. In a study by
Kierszniewska-Stepien et al, it was shown that there was an increase in serum VEGF
in those with mild COPD compared to healthy controls and there was a similar
correlation with their FEV-1% predicted level. Additionally they reported there were
no significant increases in serum VEGF in severe COPD patients. They suggest that
alveolar damage that occurs due to emphysema may result in impaired VEGF
production from lung epithelial cells in those with severe COPD [360].
In addition to the measurement of standardised biomarkers in COPD, like those
involved in inflammation and tissue remodelling, a new emphasis has been placed on
discovering potential new biomarkers that could help distinguish those who have
COPD from healthy controls. These biomarkers could help understand how the
disease could progress compared to the standardised biomarkers. Hence for this
investigation, the receptor for advanced glycation end-products (RAGE) was used as a
potential novel biomarker. Work carried out in the field has shown that RAGE could
influence a variety of different immune processes including cell/tissue injury as well
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as being involved in oxidative stress and hypoxia which are two hallmarks of COPD
[138, 165]. Work on murine models has shown that the treatment with sRAGE has
shown to reverse the effect of inflammation. In humans it is thought that low levels of
RAGE in blood may have a regulatory role in diseases such as rheumatoid arthritis
and coronary heart disease, hence suggesting that low levels of this cytokine could be
an indicator of poor inflammatory control [138, 139, 165]. Though it has been known
that RAGE has been expressed in lung tissue of normal healthy controls, the exact role
of this cytokine is not completely understood.
Specifically in relation to RAGE in blood, a study by Smith et al showed that plasma
sRAGE was significantly lower in stable COPD patients compared to healthy
controls. They also noticed a significant positive correlation with FEV-1% predicted
and plasma sRAGE [361]. In this investigation we have shown that there are no
significant differences between the three patient subgroups investigated as well as
there being no significant correlations with respect to “age” and FEV-1%.

5.4.2: Gender differences in COPD
Over many years, there has seen a rise in the number of women developing tobacco
related diseases such as COPD and lung cancer [362] [363] [364] . Compared to men
who have similar levels of airway obstruction women are reported to develop worse
dyspnea and have poorer quality of life scores [365] [366]. Despite COPD being well
studied, there seems to be a lack of knowledge about the gender differences between
men and women in serum biomarkers in those with the disease. In this investigation
we looked closely at the difference between the expression of 16 cytokines across
both genders in the three patient cohorts.
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No significant differences were observed in the expression of the biomarkers between
sexes in all three groups. Overall, the data showed no skew favouring either gender
apart from those mentioned above.
However it has to be acknowledged that there are limitations in the present study.
Ideally it would be beneficial to have exactly the same numbers of both females and
males in each cohort. For all the 16 cytokines studied, there were more males than
females, which may have skewed the data favouring male cytokine expression
especially for VEGF (m=35, f=26). Additionally if information was available with
regard to BODE, BMI and also smoking pack year history, further analyses could be
performed in relation to gender and the expression of the 16 biomarkers. One can
hypothesise at this stage that possibly the smoking pack year history could contribute
to the higher expression of VEGF in males compared to females. A plausible
mechanism for the role in VEGF could be directly related to the number of cigarettes
that is smoked by an individual. Increased smoking could lead to impaired VEGF
production that leads to airway obstruction and, ultimately, emphysema.

5.4.3: Age differences in COPD
In the third part of this study, the effect of age was investigated in relation to the
expression of cytokines. One of the earliest studies was conducted by CM Fletcher et
al, which studied the FEV-1 % in a group of west London men to show the different
stages of GOLD severity introduced by GOLD [367]. Their study showed that over a
period of 75 years of an individual’s life, FEV-1% falls irrespective of smoking.
However their study noted that smoking did increase the drop in FEV-1%. However it
was thought that, whilst the measurements such as FEV-1% and FVC% can be good
indicators of airflow limitation, they fail to distinguish between airflow limitation
caused by small airway obstruction and emphysema. Hence, in this study, the majority
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of the cytokines in this microarray panel did not show a significant correlation with
FEV-1% apart from IP-10. Only IP-10 showed a positively significant relationship
with FEV-1% and age. IP-10 is a chemokine that is secreted by a variety of immune
effector cells such as bronchial epithelial cells and neutrophils in response to both
IFN-γ and TNF-α [368] [369] is known to be up-regulated in those who have an
exacerbation in COPD compared to healthy controls [146]. However there is very
little to show the relationship between the expression of this chemokine in relation to
age in those with COPD. Additionally within the COPD samples, the direct
relationship between age and FEV-1 showed there to be no correlation in the data.
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Chapter 6: General Discussion, Future Work &
Conclusion
6.1 General Discussion
There is increasing evidence that COPD is associated with prolonged systematic
inflammation in both the airways and the lung. Previously ELISA work has shown
that there are biomarkers, such as CRP, IL-8 and TNF-α, that significantly increased
in COPD patients compared to healthy smoking and non-smoking controls [342] [370]
[371] [372]. However the ELISA methodology is limited by the ability to measure one
protein in one sample at any one time.
The main aim of this thesis was develop a microarray platform that would allow
multiple biomarkers to be quantified. Initially a number of variables that can
potentially affect the microarray ranging from printing buffers, blocking buffer, slide
surface etc were examined (Chapter 3). Initially the print buffer was assessed in
combination with different slide surfaces. It was imperative to have a print buffer that
could hold the conformational shape of the capture antibody intact so the sandwich
microarray process would function. Additionally the print buffer had to interact well
with the chemically modified surfaces of the different slide types. Finally the
combination of slide surface and print buffer would have to provide a high level of
reproducibility and signal strength both short and long term.
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In this stage of the investigation trehalose was diluted in PBS and printed on poly-Llysine slides was the best choice for this antibody microarray platform. Trehalose in
particular is a naturally linked alpha disaccharide that forms a gel like surface on the
slide and prevents the antibody from drying out and effectively holds them in position
[212] [265] [267] [373]. Subsequent rehydration that occurs upon processing the
slides allows the antibody to resume its reactivity when it binds to the detection
antibody or protein of interest.
Poly-L-lysine is not novel in terms of its use in microarrays. In particular this slide
surface has been used readily in cDNA work [211] [214] [374]. Of all the slide
surfaces tested, poly-L-lysine was the best type of slide surface for long term
processing of the slide. A key aim when developing this project was to have a
microarray platform that could process and quantify blood immediately and if
required at a later date. The natural ageing of poly-L-lysine coated slides means that
the strength of the signal is consistent over time and in parts the signal may in fact
improve with time making it an ideal surface for running antibody microarrays [219]
[275].
One of the findings of our initial work with the generation of standard curves using
normal sandwich ELISAs on the microarray was that at the lowest concentration of all
16 cytokines tested there was a lack of sensitivity. A lot of research groups have had
the same problem with sensitivity and resort to amplification to improve this issue.
For example work by Zhou et al, used two-colour rolling-circle amplification to
improve sensitivity in their serum antibody microarrays [291] without noticing any
cross-reactivity. More recently Meany et al, have used tyramide signal amplification
in their lectin microarrays [375]. This study used an opti-4CN amplification module
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that is often used in western blots and lysate microarray as shown in a study by Chan
et al, to amplify signals [376]. In our study amplification has a two-fold effect on the
microarray slides; firstly the level of background is almost halved and secondly the
signal to noise ratio is enhanced. An explanation for both could be amplification adds
an extra layer to the antibody microarray process which could remove non-specific
binding, increasing sensitivity and thus leading to less background and hence
enhancing the signal around each spot printed. Additionally amplification did not lead
to any cross reactivity.
The choice of blocking buffer was then considered. It was shown that only 3% BSA
and I-Block were effective on poly-L-lysine slide surfaces. 3% BSA may have
contributed to a slightly higher level of background than I-Block but it was able to
provide the best signal to noise ratio (S/N) which is was vital in being able to detect
very low abundant cytokines.
The main aim of the validation chapter (Chapter 4) was to run a series of experiments
that would examine the robustness of the antibody microarray platform that was
optimised in the previous chapter. The use of microarrays have been prevalent over
the last decade with a lot of focus built on developing a platform that is both robust
and accurate and satisfies the accepted criteria outlined by different assay
developmental federations. However different research groups follow different
acceptable criteria for their own microarray technology. Work carried out by
Urbanoswa et al developed an antibody microarray platform that had accuracy level
between 70-130% and precision levels as high as 30% [126]. These were at the time
in accordance with the FDA for analytical method validation. However more recently
these parameters set by the FDA for accuracy and precision seem to have been revised
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to fit tighter criteria (accuracy 80-120%) and precision (≤20%) [227]. Interestingly,
other companies, namely Affymetrix base their guidelines on the Luminex bead based
assay, where they have accuracy levels between 70-130% and have precision levels
≤20% [377]. No universal level is in place for accuracy and precision for analytical
method validation remains unclear. A consensus needs to be established whereby in
microarray technology a set of criteria are followed that any research group or
company wanting to undertake and develop such a platform can adhere to. By
allowing research groups or companies to adopt their own approach to setting
acceptable accuracy and precision levels doesn’t offer universal standardization with
regard to microarray quantification and validation. Ideally a quantitative microarray
approach should have the parameters for accuracy as close to 100% as possible and
the level of precision as low as possible. In this investigation we adopted an approach
whereby the level of accuracy cumulatively of all 16 biomarkers to be between 80120% as in line with FDA regulations and tried to make sure that the level of
precision was below 20%. However the problem that was identified and has to be
accepted as a limitation in this study is, at the very lowest concentrations (below
1pg/ml) for many cytokines there were higher than acceptable variations that occur in
some sera. However to compensate for this lack of accuracy the lower limits of
quantification were established. This enabled the study to reject and remove values
which even though were quantified were actually below or above the accepted level of
accuracy and precision for the assay. Hence the overall effect is to improve the
microarray platform.
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The two main objectives in this PhD were to firstly to develop an antibody microarray
technology that would enable cytokines to be quantified in sera. This involved the
optimisation and validation of the microarray technology. The second objective was to
quantify biomarkers in serum samples from both COPD patients and healthy controls.
The ultimate aim of this thesis was thus to use the microarray platform developed to
produce a biomarker profile that can be used for diagnostic purposes.
This study has shown that compared to traditionally sandwich ELISA, the microarray
system that has been developed can be used to identify potential biomarkers that have
been implicated in the pathogenesis of COPD. In addition clinical variables such as
smoking history, age and FEV-1% predicted were compared to see if there were
correlations between these parameters.
The main aim of the COPD chapter (chapter 5) was to use to the microarray system to
have sera quantify biomarkers for a selection of age-matched individuals that were
either diagnosed as having COPD, were healthy smoking controls or non-smoking
healthy controls. Within both the COPD and healthy smoking cohorts were current
and ex-smokers. The results of this study showed that whilst certain inflammatory
cytokines were not significantly more up-regulated in the COPD cohort compared to
both the other two control cohorts. Only eotaxin-2 and MCP-1 showed significant
differences between the three groups suggesting these were possibly key biomarkers
in the disease. However one of the problems with multiple Kruskal-Wallis testing
allows for potentially false positive results to be generated. When this was tested
using the SAM method via J-Express Pro, this showed that only eotaxin-2 was only
true result (FDR and q-value=0) and MCP-1 gave a false-positive result (FDR and q-

~ 233 ~

Chapter 6: General Discussion, Future Work & Conclusion

value ≥25%). This therefore meant that the significant MCP-1 result between the 3
subgroups investigated was invalid.
Interestingly it was observed that at GOLD stage 4 of the study there was a significant
drop in the expression of 15 of the 16 biomarkers investigated. This suggested that at
this stage of COPD, the immune system may potentially be immunosuppressed. It has
to be acknowledged that with just three patients in GOLD stage 4 it would be difficult
to make definitive assumptions about why these cytokines are decreased compared to
the previous stages. Additionally it has to be acknowledged and discussed that the
medication that the COPD patients were on were not available prior to analysis. It has
to be taken into account that patients at GOLD stages 3 and 4 could be likely to be on
a high dose of inhaled corticosteroids, which are immunosuppressive which would
lead to drop in the 15 cytokines observed. However without the information available,
this cannot be definitive to make such conclusions.
Overall the data generated from this study were largely negative with the exception of
eotaxin-2, which therefore unlikely to be much use for research and diagnosis of
COPD. It therefore is worth considering whether serum itself may not be the best
biological fluid that can be used when investigating COPD as much of pathogenesis
of the disease occurs within the lungs and therefore using BAL fluid or induced
sputum instead may become more beneficial.
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6.2: Future Work
There are a number of areas where the microarray work could be taken in the future.
One of the problems that were encountered was the potential for antibodies in the
duosets to lose sensitivity over time, reflected in the strength of the standard curve
signal diminishing over time. Specifically this affects the bottom end of the standard
curve meaning that much needed sensitivity to measure low abundant cytokines is no
longer available, reducing the efficiency of the microarray platform.
This problem was overcome in this study as most of the optimisation and validation
were completed with a batch of cytokines kits purchased at the start of the
investigation. A new set of kits were then purchased in during the last steps of the
investigation and for running the COPD samples. In most laboratories the purchasing
of multiple kits is often unattainable. Hence improving the shelf life of cytokine kits
have to be addressed in order to prevent loss of signal over time. This issue was
partially addressed when the second batch of cytokine kits were purchased. All 16
cytokine kits were split in capture, detection and protein standard and almost all the
contents were aliquoted into smaller storage tubes that can be frozen until use.
However another problem that arose from the storing of the samples in the freezer
came through the problem of multiple freeze-thaw cycles. If this occurs over at least
four to five times, the signal strength starts to decrease over time suggesting that the
antibody is suffering damage to its structure through multiple changes in temperature.
To possibly address this problem it may be worth adding a cryopersative agent, such
as trehalose, to the neat concentrations of antibodies that may prevent the issue of loss
of signal over time or avoiding freeze-thawing if possible. One of the biggest
strengths of the microarray is also one of its biggest weaknesses in that so little
reagent is used, there needs to be a better way of storing antibodies and reagents that
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can be used over many months. These kits are purchased to run approximately 20
ELISAs per kit. As the microarrays in this investigation use only a fraction of these
reagents during any one slide the requirement is to make a kit last over the
recommended storage shelf life. Hence cryopersative like trehalose will prevent the
antibody from actually freezing and could thus extend the shelf life. If further time
was available it would have been interesting to run a series of tests that could have
shown whether this would work.
Whilst the sandwich microarray platform established here was highly successful in
being able to quantify cytokines in sera to a high level of accuracy and precision, the
procedure lasts up to 5 hours including analysis. Additionally depending on the
number of samples and cytokines test the analysis could take longer. Moving forward
it is important that if this microarray technology is to be introduced to a greater
clinical audience that a centralised computer programme may have to be developed to
analyse the data much quicker.
It may also be worth considering whether there could be a quicker qualitative
approach whereby the strength of the signal of a spot could indicate whether someone
has a low or high level of cytokine in blood. This would employ a type of reverse
phase microarray system whereby sera would be directly printed on the slide surface
instead of the capture antibody and directly detected using biotinylated secondary
antibody that could be developed by fluorescence. Initial work had begun on this
concept which showed that the printing of sera on poly-L-lysine slides were
unsuitable and the addition of streptavidin cy5 was insufficient in developing a
consistent signal. It was then shown that nitrocellulose slides allow the absorption of
sera better to the surface than poly-L-lysine. Serum prints poorly on poly-L-lysine
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slides, however on nitrocellulose there were indication that the spot morphology and
consistency of spotting was better. Streptavidin infra-red was used instead of
streptavidin cy5 which showed an improved level of sensitivity especially with the
nitrocellulose slide compared with cy5 which leads to many background problems.
The objective of running this reverse phase approach allows the whole process to be
completed within 3 hrs once the sera have been printed on the slide. One can directly
print sera from healthy individuals next to COPD or disease type individuals which
would make it easier to see differences between both cohorts.
Additionally, for the quantification of cytokines developed here, a 16 pad slide was
used. For the reverse phase sera assay there is potential to use more pads on a slide
which would allow for more detection antibodies to be tested. Whilst it is important to
be able to quantify proteins in biological samples it is just as important to be able to
pick out differences between different disease cohorts as soon as possible and this
potential reverse phase sera microarray could potentially become a more faster
approach to help diagnose multiple samples with further optimisation and validation.
Whilst the use of this microarray platform has been useful in distinguishing between
COPD, healthy smoking and non-smoking healthy cohorts in sera it would have been
more informative if more biological samples could have been investigated. Other
biological samples such as urine, bronchoalveolar lavage (BAL), plasma and cerebral
spinal fluid were also tested on this microarray platform. One of the problems noticed
with plasma compared to sera was that there was a higher level of background in
plasma that could be reduced by using a different blocking buffer. However in BAL
fluid, due to the scarcity of low abundant proteins, it made it slightly more difficult to
quantify these 16 biomarkers. However it was noticed that compared to both plasma
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and sera, BAL fluid produced some of the best background levels and subsequently
these samples have been tried on a parallel project using this microarray technology.
In the context of this project it would have been interesting if there were
complimentary BAL, sputum or plasma samples that would have been available to the
sera samples that were obtained in this study. As the sera are from the circulation in
those with COPD, it does not reveal completely the mechanisms of change that are
occurring at the sites of inflammation. For example a combination of BAL samples
and lung biopsies would help provide a more in depth study of the pathogenesis of
COPD.
Furthermore, in this study, only three variables (age, sex and FEV-1%) were available
as a tool for analysis. In previous COPD studies other variables such as BMI, BODE
scale and smoking pack year history have also been used for additional purposes. For
example with the availability of the smoking pack year history or the BODE scale,
correlations could have been performed with the cytokine data to see if there a trend,
in particular with MCP-1 and eotaxin-2 which were the most prominent of all the 16
biomarkers.
Additionally as mentioned in the previous chapters, the microarray study chooses to
investigate 16 cytokines which were considered to be important in the pathogenesis of
COPD. However as mentioned previously, this microarray platform is not just
restricted to these 16 cytokines and if the resources were available there is the
potential to look further and include many more cytokines. Cytokines not included in
this study that have been included in Table 2 (Chapter 1) could be incorporated in any
future work. Additionally over time one would expect novel cytokines to be
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implicated in COPD and it is important that more, less common cytokines are
investigated in this disease setting.
Finally one of the biggest limitations of this microarray platform that needs to be
addressed is the ability to measure high abundance cytokines with low abundant
cytokines. When high abundance cytokines were incorporated with small cytokines, a
dilution of the samples resulted in small abundant cytokines being diluted too much
making them unquantifiable. Realistically it would be impossible to be able to
quantify a high abundance cytokine such as CRP with a low abundant cytokine ILbeta. Indeed this is the case in many leading microarray commercial companies which
often try to limit their dynamic range where very large abundant cytokines are run on
a different microarray platform to low abundant cytokines. The dynamic range for the
16 biomarkers in this thesis is between 0-2000pg/ml. The potential may be to push
this dynamic range up to 10,000pg/ml which would enable more cytokines that can be
investigated. This would require further optimisation and validation.
This microarray technology could have multiple implications in both research and
management of those with COPD. At present there is no specific medication that is
offered to those with COPD. In future the microarray technology could be used in a
hospital setting where physicians could use the technology to monitor a drug
treatment plan over a period of time.
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6.3 Concluding Remarks
In conclusion, this thesis has shown that an in-house antibody microarray system has
been optimised and validated testing many parameters that allows for accurate and
precise detection of up to 16 biomarkers thought to be involved in COPD. The
investigation using the microarray technology on the COPD samples have shown that
eotaxin-2 could potentially be an important biomarker of COPD in sera. They may
work through the recruitment of immune effector cells into the lungs that secrete
further cytokines and contribute to the inflammatory cascade that occurs in disease.
Further future optimisation and validation would allow for more biomarkers to be
tested on this antibody microarray that would allow this platform to be a useful
diagnostic tool. This would enable this microarray system to be used in any disease
setting.
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