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AT A GLANCE COMMENTARY 

Scientific Knowledge on the Subject 

The respiratory diseases asthma and chronic obstructive pulmonary disease (COPD) have 

many similar symptoms and are typically diagnosed by performing a number of clinical tests 

to assess an individual’s lung function and response to reliever medication.  To date, some 

studies have attempted to identify biomarkers of COPD or asthma, however, no study has 

attempted to identify non-invasive, blood-based, diagnostic biomarkers that can discriminate 

between healthy controls, asthmatics and individuals with COPD. 

What This Study Adds to the Field 
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Using a proteomics approach, we have identified a panel of four blood-based biomarkers that, 

when used in combination, can discriminate between healthy controls, asthmatics and 

individuals with COPD and has the potential to be a valuable tool in the clinical diagnosis of 

respiratory disease. These markers implicate the anti-inflammatory iron metabolism pathways 

in the pathogenesis of asthma and COPD.  

 

This article has an online data supplement, which is accessible from this issue’s table of 

content online at www.atsjournals.org. 
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ABSTRACT 

Rationale:  Proteomics may identify a useful panel of biomarkers for identification of asthma 

and chronic obstructive pulmonary disease (COPD). 

Objectives:  To conduct an unsupervised analysis of peripheral blood proteins in well 

characterised subjects with asthma and COPD, and identify and validate a biomarker panel for 

disease discrimination.  

Methods:  Two-dimensional difference gel electrophoresis (2D-DIGE) was used to separate 

plasma proteins from healthy controls, stable asthmatics and individuals with COPD.  

Candidate protein markers were identified using matrix assisted laser desorption ionisation 

time of flight mass spectrometry (MALDI-TOF MS) and subsequently validated in two 

populations via immunoassay. A panel of four biomarkers was selected and their ability to 

distinguish between groups assessed in isolation and in combination in 2 separate validation 

populations. 

Results:  Seventy-two protein spots displayed significantly different expression levels 

between the three subject groupings (p<0.05). 58 were positively identified representing 20 

unique proteins.  A panel of four biomarkers (α-2 macroglobulin, haptoglobin, ceruloplasmin 

and hemopexin) was able to discriminate with statistical significance between the clinical 

groups of asthma, COPD, and controls, and these results were confirmed in a second clinical 

population of older adults with airflow obstruction.  

Conclusions:  Proteomics has identified novel biomarkers for asthma and COPD, and shown 

that the iron metabolism pathways and acute phase response may be involved in the 

pathogenesis of airway disease. The panel of peripheral blood biomarkers has the potential to 

become an extremely useful addition to the clinical diagnosis and management of respiratory 

disease. 
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INTRODUCTION 

Word count: 434  

The obstructive airway diseases asthma and chronic obstructive pulmonary disease (COPD) 

are significant and increasing health problems throughout the world. The management of 

these diseases could be improved by better diagnosis and recognition, and better 

understanding of their pathogenesis. New technologies for investigating human diseases now 

offer significant potential to address the need for better diagnosis and improved understanding 

of asthma and COPD. Proteomics can simultaneously identify multiple proteins associated 

with different disease states (1) and potentially discover novel proteins not previously 

associated with particular disease states. Several studies have utilised proteomics for the 

discovery of protein changes in lung tissue from mouse models of asthma (2-6), and 

bronchoalveolar lavage fluid (BALF) (7) and CD3
+
 T-lymphocytes (8) from asthmatic and 

healthy subjects.  However, for diagnostic and prognostic purposes, identification of 

biomarkers in readily obtainable samples, such as blood, is preferred.  A selected analysis of 

multiple known blood markers in COPD using protein array methodology has shown the 

potential for proteomics (9), whereby a panel of biomarkers were found to associate with 

COPD patients versus healthy controls. This type of study used a predefined array of markers, 

and is potentially limited by the pool of analytes available on the protein array and by our 

current knowledge of disease pathology. An open, unsupervised proteomic study should 

identify a broader panel of candidate markers, including proteins not previously associated 

with respiratory disease. The need for such unbiased approaches has recently been 

emphasised and called for in the chronic inflammatory diseases of asthma and COPD (10). 

There is also general agreement that a panel of independent disease-related proteins 

considered in aggregate should be less prone to the influence of genetic and environmental 

‘noise’ than is the level of a single marker protein (11), and that proteomics has the power to 
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identify such panels of proteins in a high-throughput manner.  There remains however a need 

to apply methods to quantify the added benefit of biomarker panels for disease assessment. 

Thus identification of a panel of biomarkers that are differentially expressed between 

asthmatics and COPD patients, and between patients with and without these airway diseases 

is required.  In this study we have utilised 2D-difference gel electrophoresis (2D-DIGE) to 

conduct an unsupervised analysis of circulating proteins in well characterised subjects with 

asthma and COPD, and applied logistic regression to evaluate the power of combining 

markers compared with the markers in isolation. The biomarker panel was then applied to a 

second validation population with obstructive airway disease to demonstrate the power of this 

approach.  

Some of the results of this study have been previously reported in the form of an abstract (12). 

METHODS 

Subjects 

We confirmed 2D-DIGE reproducibility (on-line supplement, Figure E1) and conducted a 

proteomic discovery study and 2 validation studies. The discovery study assessed mutually 

exclusive clinical groups (n=43, Table 1 and Table E3) of stable non-smoking asthma (n=21), 

COPD (n=5), and matched healthy controls (n=17). The biomarkers were then validated by 

immunoassay in this population, supplemented by 7 asthmatics and 9 COPD patients (n=58, 

Table E6). A clinical validation study then assessed the biomarker panel in older adults (>55 

years) with obstructive airway disease (FEV1 <80% predicted and FEV1/VC<70%) 

consecutively recruited from the clinic (n=50) (Table 2, asthma (n = 14), COPD (n = 22), 

overlap asthma/COPD (n = 14)), and in age matched controls (n=23) recruited by 

advertisement (12).  The study was approved by institutional ethics committees and subjects 

gave written informed consent. 
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The proteomic discovery study and immunoassay validation study recruited subjects from 

mutually exclusive clinical groups of asthma, COPD, and controls without airway disease. 

None of the subjects were current smokers. Asthma was defined as a compatible history of 

episodic symptoms responsive to asthma treatment, together with airway hyperresponsiveness 

to hypertonic (4.5%) saline. Asthmatics had fully reversible airflow obstruction. and DLCO 

was >70% predicted. The COPD group were selected to have COPD (GOLD stage II or 

greater) with predominant airway disease with minimal emphysema (DLCO>60% predicted) 

and no asthma. They were ex-smokers with a significant smoking history, compatible 

symptoms and a doctors diagnosis of COPD, and incompletely reversible airflow obstruction 

(FEV1<80% predicted, FEV1/FVC < 0.7 postbronchodilator) and a negative bronchodilator 

response (BDR). The clinical validation study applied these same definitions, and subjects 

with features of both asthma (variable airflow obstruction) and COPD (incomplete 

reversibility of airflow obstruction) were labelled mixed asthma/COPD.   

Sample Preparation & 2D-DIGE & Mass Spectrometry 

Platelet depleted plasma was processed on a ProteomeLab IgY-12 LC2 column (Beckman 

Coulter, CA, USA), precipitated via TCA/acetone and protein quantified (2D quant; GE 

Biosciences). Protein (100µg) was labelled with Cy3 or Cy5 dyes (GE Biosciences) and 

separated on 24cm pH 4-7 IPG strips followed by 4-18% polyacrylamide gels in the second 

dimension, was visualised on a Typhoon  9410 Variable Mode Imager as described (13). A 

pooled internal control consisting of individuals from each clinical group (n=10) was labelled 

with Cy2 and included on every gel. Image analysis and comparison was performed using the 

Batch Processor and Biological Variation Analysis modules of the DeCyder software version 

6.5 (GE Healthcare, Australia). Average expression ratios of individual protein spots were 

compared using one way analysis of variance (1-ANOVA) and proteins with an expression 

ratio of ±1.2 (assigned following reproducibility analysis) and p<0.05 were then manually 

Page 10 of 129



For Review
 O

nly

 6 

inspected for densitometric Gaussian distribution and match quality.  Proteins of interest were 

excised from preparative 2D gels, trypsin digested, and analysed on an Ettan MALDI-

ToF/Pro or an Applied Biosystems 4700 Proteomics Analyser with TOF/TOF optics in MS 

mode as previously described (13).  Data was submitted to the database search program 

Mascot (Matrix Science Ltd, London, UK) for protein identification as described (13). 

Immunoassay 

Serum IgA, complement factor H, haptoglobin, α-2 macroglobulin, ceruloplasmin, 

hemopexin and antithrombin III concentrations were assayed with commercially available 

ELISAs.   For Western blotting, proteins were separated on 10% or 4-18% polyacrylamide 

gels, transferred to nitrocellulose, and probed with anti-prothrombin , anti-fibrinogen gamma 

chain , or anti-inter-alpha-trypsin inhibitor heavy chain H4 (anti-ITI-H4) primary antibodies 

followed by appropriate HRP-linked secondary antibodies. Reactive bands were visualised 

using ECL and a Fujifilm Luminescent Image Analyser LAS-300 and quantified using Multi 

Gauge V3.0 software. The chemiluminescent intensity was normalised to a healthy control 

serum sample run on every gel.   

Statistical Analysis  

Differential expression between groups was assessed using Students t-test (GraphPad Prism 4 

for Windows, GraphPad Software Inc.) with Bonferoni corrected p values. Logistic regression 

(Stata 9, StataCorp) was used to calculate the predicted value of an individual having the 

disease based on their level of a single marker or combination of markers. Receiver-Operating 

Characteristic (ROC) curves were generated, and sensitivity, specificity and the area under the 

curve were calculated. Significance was accepted when p<0.05.  The possibility of biomarker 

serum concentrations varying with inhaled corticosteroid (ICS) use and age was assessed 

using either a simple logistic regression or Spearman’s rank correlation, as appropriate. 
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RESULTS 

Differential Protein Expression Between Healthy Controls, Asthmatics and COPD 

Patients. 

Plasma proteins were separated by 2D-DIGE for 43 subjects across the 3 clinical groups: 

healthy controls (n=17), asthma (n=21) and COPD (n=5).  Over 1900 proteins were detected 

on each gel, 72 proteins displayed significantly altered expression (p<0.05, 1-ANOVA), and 

58 were identified by mass spectrometry (Table 3; Figure 1). While 58 individual protein 

spots were differentially expressed, a number of these represented variant charge and/or 

molecular weight isoforms of the same protein (e.g. 10 isoforms of IgA (Table 3)), thus a total 

of 20 unique proteins were identified as candidate markers. These proteins clustered in groups 

of known function including iron metabolism (ceruloplasmin, haptoglobin, hemopexin), the 

coagulation cascade (α-2-macroglobulin, prothrombin, fibrinogen gamma, fibrin beta), 

immunoglobulins (IgA, IgM), and complement pathways (complement factor H, complement 

factor B). 

Validation of Candidate Markers in the Diagnostic Immunoassay Validation Assessment 

(DIVA) Group 

In order to assess the performance of the markers identified by 2D-DIGE analysis, we 

determined the relative expression of selected marker candidates in serum by immunoassay 

(ELISA or immunoblotting).  Markers were prioritised for validation according to three 

criteria (i) multiple isoforms identified with consistent trends observed, (ii) biologically 

plausible in the context of respiratory disease and (iii) the availability of commercially 

available ELISA kits or primary antibodies.  Serum concentrations of ceruloplasmin (p = 

0.0002), haptoglobin (p = 0.0003) and antithrombin III (p = 0.0140) were significantly higher 

in asthmatics compared with healthy controls.  Additionally, serum levels of prothrombin 
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(high molecular weight isoform) were lower in COPD patients than asthmatics (p = 0.0024) 

and healthy controls (p < 0.0001) (Figure 2). 

Validation of Candidate Markers in the Clinical Validation Population 

We then proceeded to validate the candidate biomarkers in an unselected clinical population 

consisting of older adults with asthma, COPD, and asthma-COPD overlap, and who also 

exhibited significant co morbidity.  Serum concentrations of ceruloplasmin (p = 0.0010), 

haptoglobin (p = 0.0073) and hemopexin (p = 0.0004) were significantly higher in asthmatics 

compared with healthy controls.  When compared to controls, the COPD patients showed 

trends for elevations in ceruloplasmin, α-2 macroglobulin, haptoglobin and hemopexin.  

Haptoglobin (p = 0.0014) and hemopexin (p = 0.0024) exhibited significantly elevated serum 

levels in individuals with overlap asthma-COPD compared with healthy controls.  None of the 

markers investigated showed statistically significant differences between COPD patients and 

individuals with overlap asthma-COPD and asthmatics (Figure 3).   

Analysis of a panel of Proteomic Biomarkers 

The performance of a biomarker panel was evaluated in the two populations and the candidate 

markers ceruloplasmin, α-2 macroglobulin, haptogobin and hemopexin were selected for use 

in a combinatorial analysis due to their statistically significant differences in serum marker 

levels between disease groups and their consistent performance over the two distinct 

populations.  

DIVA Group:  Several biomarker combinations were capable of distinguishing between all 

three clinical groups (asthma, COPD, healthy control) in a manner superior to any one marker 

in isolation (Table 4, Table E4).  The combination of ceruloplasmin and haptoglobin was the 

best for discriminating between asthmatics and healthy controls, whereas serum 

ceruloplasmin and hemopexin concentrations in combination best distinguished between 

COPD patients and healthy controls. For differential diagnosis between COPD patients and 
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asthmatics several marker combinations were able to discriminate between the two disease 

states.  The combination α-2 macroglobulin and either haptoglobin or hemopexin provided a 

good balance of sensitivity and specificity whereas α-2 macroglobulin, haptoglobin and 

hemopexin delivered the best sensitivity (92%) and α-2 macroglobulin, hemopexin and 

ceruloplasmin gave the best specificity (89.3%).  It is interesting to note that the serum 

concentration of α-2 macroglobulin alone performed almost as well, indicating that it was the 

predominant contributor to the power of the combinations tested.   

Clinical Validation Population:.  The combination of haptoglobin and hemopexin  was the 

best for discriminating between asthmatics and healthy controls in this population (Table 5, 

Table E5, Figure 4).  Ceruloplasmin either alone, or combined with haptoglobin also 

performed well.  α-2 macroglobulin and hemopexin concentrations in combination best 

distinguished between COPD patients and healthy controls. The combination of 

ceruloplasmin and hemopexin also demonstrated statistically significant discrimination for 

COPD and controls, in agreement with the analysis of the primary validation group.  

For differential diagnosis between COPD patients and asthmatics the combination α-2 

macroglobulin, haptoglobin and ceruloplasmin delivered the best sensitivity whereas α-2 

macroglobulin, haptoglobin and hemopexin provided the best specificity.  The combination of 

the markers α-2 macroglobulin, haptoglobin and hemopexin was the best for discriminating 

between individuals with asthma-COPD overlap and healthy controls  α-2 macroglobulin and 

ceruloplasmin serum levels in combination could discriminate asthmatics and individuals with 

overlap asthma/COPD No marker combinations or markers in isolation were able to 

discriminate between COPD patients and individuals with overlap asthma-COPD with 

statistical significance. 

Effect of Co-morbid Conditions in the Clinical Validation Population 
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A literature review identified 5 medical conditions as potential confounders of the blood 

based marker diagnosis panel: hepatobiliary disease (14), ischemic coronary disease (15), 

obesity (16, 17), endocrine and metabolic disorders (18, 19) as well as psychiatric conditions 

(20).  Table E7 summarises a co-morbidity analysis of the clinical validation population and 

indicates no significant effect of these co-morbid conditions on the marker levels, apart from 

an effect of psychiatric disease on levels of α-2 macroglobulin.   

Potential Effect of ICS Use and Age on Biomarker Serum Concentrations 

For the DIVA group, stable asthmatics (but not COPD patients) were prescribed ICS.  The 

potential effect of ICS use on serum marker concentrations was assessed and it was found that 

ICS dosage did not significantly alter serum marker concentrations and is thus unlikely to be a 

cause of the observed elevation of serum marker concentrations in this study. [Hemopexin: p 

= 0.5135; haptoglobin: p=0.083; ceruloplasmin: p = 0.6723; α-2 macroglobulin: p = 0.6761]. 

For the clinical validation population many COPD patients were also using ICS. In order to 

evaluate the effect of ICS use on serum marker levels in COPD patients, individuals from the 

clinical validation and DIVA (none using ICS) groups were combined and reclassified into 

two groups (with and without ICS).  Logistic regression analysis identified no statistically 

significant effect of ICS use on marker concentration. 

Additionally, we evaluated the potential effect of age on serum marker concentrations and 

found that there was no significant correlation between age and serum marker concentration 

for the DIGE, DIVA and clinical validation groups (p>0.05 for all panel markers). 

 

DISCUSSION 

This proteomic discovery programme has identified a panel of protein markers whose serum 

concentrations are significantly altered in asthma and COPD compared with age and sex 

matched healthy controls, and whose function points to novel mechanistic pathways 
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indicating the involvement of the iron metabolism pathways, complement pathways, and the 

coagulation cascade in asthma and COPD. In addition, we have identified a panel of 4 serum 

biomarkers that includes ceruloplasmin, haptoglobin, hemopexin and α-2-macroglobulin that 

can be used in combination to accurately identify asthma and COPD, and have validated these 

results in a second clinical population of older adults with obstructive airway diseases, 

including asthma and COPD. The proteins in the diagnostic biomarker panel are all involved 

in the regulation of inflammation, and usually function as anti-inflammatory proteins.   

We used an unbiased analysis design in well characterised groups of patients with asthma and 

COPD to discover differentially expressed proteins in these groups.  Ten of the twenty 

candidate markers identified were subsequently validated in serum and a biomarker panel 

including the markers ceruloplasmin, α-2 macroglobulin, haptoglobin and hemopexin 

provided significant discrimination between subject groups in both validation studies. 

Although individual markers can differentiate between particular clinical groupings, logistic 

regression analysis has shown that the consideration of marker combination for each specific 

comparison yields vastly superior performance.  ROC curves constructed for each comparison 

are of high quality (Figure 4) and specific cut-off points may be chosen to tailor the test for 

either maximum sensitivity or specificity, depending upon the diagnostic requirements.  

Indeed, apart from mixed airways disease and COPD (for which no combination can 

differentiate) cut-points may be chosen where sensitivity and specificity are well balanced 

(Tables 4 and 5).  Thus our study has identified a panel of highly discriminatory proteins that 

could be extremely useful in a clinical context. 

The biomarker panel comprises three positive acute-phase proteins (α-2 macroglobulin, 

ceruloplasmin and haptoglobin) and one type II acute-phase protein (hemopexin).  These are 

predominantly liver-synthesised proteins that can have important anti-inflammatory activity 

through inhibition of oxidative stress, and iron sequestration resulting in antimicrobial 
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activity. As such, they may function to modulate the systemic inflammatory response to 

inflammation (21) and be involved in tissue repair through fibrosis and angiogenesis. 

The acute phase response is an innate body defence observed during infection, physical 

trauma, malignancy and tissue damage that aims to minimise on-going tissue damage by 

isolating and destroying infective agents whilst activating repair processes.  It is an antigen 

non-specific, innate response which aims to eliminate microbes and hence prevent infection.  

The innate immune response involves the recruitment and activation of macrophages and 

leukocytes that release inflammatory cytokines upon recognition of a PAMP.  These 

cytokines travel through the bloodstream and stimulate hepatocytes in the liver to synthesize 

and secrete acute-phase proteins which we have in this case identified as differentially 

expressed between our clinical groupings in circulating blood.   

Ceruloplasmin, also called ferroxidase, is a multi-functional, copper protein synthesised 

primarily in the liver and by activated macrophages. It has important roles in iron 

homeostasis, inflammation, and it has antimicrobial activity via regulation of iron availability 

to microorganisms. Serum levels have previously been reported to be elevated (22, 23) or 

unchanged in children with allergic asthma (24). Engstrom reported that ceruloplasmin and 

haptoglobin were weakly correlated with lung function in COPD, and were associated with an 

increased future risk of hospitalisation in COPD (25).  Our results extend these observations 

by showing elevated ceruloplasmin in adults with asthma and COPD, as well as asthma-

COPD overlap. In addition, we show that the elevation of ceruloplasmin is part of an increase 

in iron metabolism proteins as part of asthma and COPD, probably as an anti-inflammatory 

response to the airway inflammation that characterises these conditions. 

Haptoglobin and hemopexin were other iron–related proteins that were altered in this study.  

The inhibition of heme release from globin by haptoglobin and sequestration of heme by 

hemopexin suppress hemoglobin-mediated oxidative stress, attenuates endothelial 
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cytotoxicity and protects cells from heme toxicity. Iron sequestration may also have 

antimicrobial effects by depriving microbes of essential iron. Additionally, hemoglobin and 

its derivative heme are often released into tissue compartments where there is infection and 

inflammation, in the presence of degrading blood, and hemoglobin synergizes with multiple 

TLR agonists to induce release of high levels of tumor necrosis factor and interleukin-6 from 

macrophages, an effect that is attenuated by hemopexin (26). Hemopexin also down-regulates 

LPS-induced proinflammatory cytokine release from macrophages (27).  Hemopexin has not 

been previously been associated with asthma or COPD.  However, a 2D-DIGE based 

proteomic study of BAL in sarcoidosis patients, chronic beryllium disease (CBD) patients and 

controls showed a significant difference in BAL hemopexin concentration between controls 

and CBD patients.  CBD is a granulomatous disorder that can lead to chronic lung 

inflammation and fibrosis (28). 

Haptoglobin can be expressed by eosinophils, and variable serum levels have been reported in 

asthma, where both elevated (29) and reduced (30) serum haptoglobin levels are described. 

Increases in haptoglobin are seen in uncontrolled asthma, such as asthma exacerbation (31) 

and 24 hours after allergen challenge in late responders (32).  In asthma, haptoglobin has also 

been correlated with FEV1 (29).  As part of its tissue repair function, haptoglobin can induce 

differentiation of fibroblast progenitor cells into lung fibroblasts (33), and angiogenesis, 

potentially implicating haptoglobin in remodelling and fibrosis in asthma and COPD. 

Haptoglobin has not previously been linked to COPD. 

α-2 macroglobulin binds host or foreign peptides and particles, thereby serving as a humoral
 

defense barrier against pathogens in the plasma and tissues of
 
vertebrates.  It interacts with 

and captures virtually any proteinase including serine, cysteine, aspartic and 

metalloproteinases e.g. gelatinase (MMP-2 and MMP-9), both
 
self and foreign, suggesting a 

function as a unique "panproteinase
 
inhibitor" (34).  Its structure contains a 35 amino acid 
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"bait" region.  Proteinases binding and cleaving the bait region become bound to α- 2 

macroglobulin and the proteinase-α-2 macroglobulin complex is recognised by macrophage 

receptors and cleared from the system (35).  α-2 macroglobulin provides negative feedback 

on the inflammatory response by inhibiting thrombin (coagulation) and plasmin (fibrinolysis). 

It has been studied in airway secretions as a marker of plasma exudation, and is increased in 

sputum samples in asthma and COPD (36). Plasma levels may be increased in asthma (37), 

and are normal in emphysema but reduced in chronic bronchitis (38). 

In agreement with these proteins being positive acute-phase proteins, their serum levels are 

elevated in the asthmatic and COPD groups (independent of age and ICS use) in both our 

validation populations relative to the healthy controls in our study.  More importantly, the 

differential expression of the markers in our panel makes sense in the context of asthma and 

COPD which both manifest inflammatory and fibrotic components during their progression. 

Some limitations to our study relate to subject selection in the discovery population. The 

COPD group was small in number, and selected to have airway predominant disease.  The 

primary reason for studying airway predominant COPD was to rigorously test the hypothesis 

that there would be differential markers between asthma and COPD reflective of small airway 

inflammation which is a relevant lesion in both asthma and COPD.  This approach eliminates 

the potentially confounding effects of airspace disease. By designing the study this way, we 

believe that the information about potential disease mechanisms is not confounded by the site 

of pathology.  In addition, because COPD is a heterogeneous disease, we thought it was 

important to minimize this heterogeneity by studying a recognized and clinically relevant 

group of COPD subjects.  A larger group or one with more emphysema may identify 

additional proteins that are associated with COPD, and this would be useful future work. 

Similarly, the COPD subjects in the discovery group were not using inhaled corticosteroid 

(ICS), whereas, most of the patients in the clinical validation group were prescribed ICS. This 
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has the potential to influence results. We conducted some analyses to test for these effects and 

none were apparent, however this requires further study.  The 2D-DIGE technology is not 

well suited to analysis of small molecular weight proteins, eg <10kDa. This means that many 

cytokines would not be detected by this approach, and additional methods such as used by 

PintoPlata are useful here (9).  

The strengths of the results in this study come from the approach used and the combination of 

a panel of markers to use for disease discrimination. A panel of independent disease related 

biomarkers, as can be identified by proteomics, is generally considered to be more powerful 

and less prone to the influence of genetic and environmental ‘noise’ than a single marker 

protein (11). For example, Rai et al. identified three potential biomarkers that could 

differentiate ovarian cancer from healthy individuals and compared their performance against 

the tumour marker, cancer antigen 125 (CA125) (39). Each biomarker individually did not 

out-perform CA125, however the combination of two of the new biomarkers together with 

CA125 significantly improved their performance (39, 40). Similarly, we show here that the 

combination of protein biomarkers significantly improves the performance as a diagnostic 

marker than each individual protein alone.  

Proteomic analysis, utilizing high-resolution 2D-gel electrophoresis coupled with mass 

spectrometry, is a powerful means to identify differential protein expression between 

biological samples. However, a major limitation in traditional 2D-gel technology is the 

reproducibility, and thus statistical comparison of protein expression between individual gels 

is difficult. A recent advance in this area has come from the introduction of Cy dye 

fluorophores for pre-labelling of protein samples. Two-dimensional difference gel 

electrophoresis (2D-DIGE) technology adds a quantitative component to conventional 2D-gel 

analyses, allowing for comparison of protein expression changes across multiple samples 

simultaneously without gel-to-gel variation, and hence with statistical confidence (41, 42). 
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Our reproducibility study (Online supplement) clearly shows that this technology, together 

with immunodepletion of abundant plasma proteins, can reproducibly separate thousands of 

proteins. Combined with well defined clinical groups and advanced statistical analyses, we 

have shown that this technology is a powerful tool for the identification of novel disease 

biomarkers. As the biomarkers are detectable in blood, a readily obtainable biological sample, 

and reagents are currently available for testing the abundance of these proteins, this panel of 

biomarkers has the potential to become an extremely useful addition to the clinical diagnosis 

and management of respiratory disease. 
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TABLE 1. CLINICAL CHARACTERISTICS OF PEOPLE IN THE 2D-DIGE 

MARKER DISCOVERY STUDY 

Group 1 2 3  

Description Healthy 

Controls 

Stable 

Asthma 

COPD 

 

P value 

Number of patients 17 21 5  

Age (Years)
 a
 44.2 ± 14.4 48.1±12.7 

§
*65.7 ± 10.6 0.012 

Sex (Male/ Female)
 c
 8/9 11/10 2/3 1.0 

Smoking, n(%)
c
: 

Never 

Ex 

 

8 (47% 

9 (53%) 

 

11 (52%) 

10 (48%) 

 

0 

5 (100%) 

0.127 

Pack years
 a
 20.3 ±  17.4 20.7 ±  13.3 

§
*72.7 ±  36.9 0.003 

Atopy, n(%)
c
 6 (35.3%) *19 (90.5%) 

§
1 (20.0%) <0.0001 

%predicted FEV1
a,e

 97.7 ± 9.0 *81.3 ± 16.7 *65.0 ± 17.5 0.0001 

%predicted FEV1
a,f

 101.0 ± 8.7 *85.9 ± 14.4 *69.0 ± 18.3 <0.0001 

%predicted FVC
a,e

 101.3 ± 11.3 95.1 ± 14.9 *79.9 ± 10.9 0.010 

FEV1/FVC %
a,e

 79.5± 8.0 *70.1 ± 7.9 *63.8 ± 10.0 0.0003 

PD15 (mL)
 b,d

 N/A 5.3 (3.6, 

15.1). 

4.8 (4.7, 8.4) 0.926 

DLCO
 a
 N/A 85.9 ± 15.0 65.6 ± 11.5 0.012 

ICS use, n(%)
c
 N/A 21(100%) 0 <0.0001 

ICS (µg 

beclomethasone 

equivalents /day)
 b

 

N/A 1464 ± 1228 N/A  

ACQ score N/A 1.1 ± 0.8 N/A  

GOLD Classification, n (%) 

I N/A N/A 0 (0%)  

II N/A N/A 5 (100%)  

III N/A N/A 0 (0%)  

IV N/A N/A 0 (0%)  

Induced Sputum Cell Counts 

Quality 
b
 19 (17, 20) 19 (17, 20) 19 (18, 20) 0.976 

Total cell count x 

10
6
/ml 

b
 

3.96  

(2.4, 6.7) 

3.47 

(1.6, 5.1) 

6.03  

(3.7, 10.1) 

0.3224 

Neutrophils% 
b
 34.5  

(17.8, 61.0) 

42.0  

(27.5, 49.3) 

§
64.5  

(57.8, 67.8) 

0.028 

Eosinophils% 
b
 0  

(0, 0.25) 

*1.0  

(0.25, 6.5) 

1.25  

(0.25, 1.5) 

0.002 

Macrophages% 
b
 59.8  

(36.8, 79.8) 

51.5  

(41.3, 62.8) 

§
*31.8  

(31.3, 32.0) 

0.032 

Lymphocytes% 
b
 0.75  

(0.25, 1.25) 

0.5 

(0.25, 0.75) 

0.75  

(0.5, 1.25) 

0.551 

Columnar 

epithelial% 
b
 

2.0  

(0.5, 5.5) 

2.25  

(1.0, 6.5) 

1.75  

(0.25, 2.25) 

0.442 

Squamous% 
b
 2.7 

(1.7, 5.7) 

4.5 

(0.7, 7.2) 

2.2 

(0.99, 3.9) 

0.453 
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a
Values are Mean ± SD, oneway ANOVA; 

b
Values are median (interquartile range), Kruskall-

Wallis test; 
c
Chi Square or Fisher’s exact test; 

d
PD15 is provocation dose resulting in 15% 

drop in baseline FEV1 expressed as geometric mean (log SD); FEV1 is forced expiratory 

volume in 1 second either pre
e
- or post-

f
 bronchodilator; FVC is forced vital capacity; DLCO is 

carbon monoxide diffusing capacity; ICS is inhaled corticosteroids; Bonferroni post hoc test 

significant compared to: *Healthy Controls; 
§
Stable Asthma.  Asthma: symptoms with fully 

reversible variable airflow obstruction [airway hyperresponsiveness and/or increased 

bronchodilator reversibility]. COPD: symptoms, incomplete reversibility of airflow 

obstruction [postbronchodilator FEV<80%predicted].  
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TABLE 2. CLINICAL DATA FOR THE CLINICAL VALIDATION POPULATION 

Group 1 2 3 4  

Description Healthy 

Controls 

Stable 

Asthma 

COPD 

 

Overlap 

Asthma-

COPD 

P value 

Number of 

patients 

23 14 22 14  

Age (Years)
 a
 49.9 ± 17.6 *67.7 ± 6.7 *68.0 ± 7.9 *68.7 ± 9.0 <0.0001 

Sex (Male/ 

Female)
 c
 

11/12 8/6 8/14 5/9 0.566 

Smoking, n(%)
c
: 

Never 

Ex 

Current 

 

12 (52.2%) 

11 (47.8%) 

0 

 

7 (50%) 

7 (50%) 

0 

 

8 (36.4%) 

13 (59.1%) 

1 (4.6%) 

 

5 (35.7%) 

8 (57.1%) 

1 (7.1%) 

0.759 

Pack years
 a
 13.9 ± 15.6 39.5 ± 28.6 39.9 ± 36.9 37.2 ± 37.9 0.151 

Atopy, n(%)
c
 6 (26.1%) *11 (78.6%) 8 (36.4%) 9 (64.3%) 0.006 

%predicted 

FEV1
a,e

 

103.9 ± 13.6 *56.9 ± 22.4 *54.1 ± 21.5 *50.6 ±14.9 <0.0001 

%predicted 

FEV1
a,f

 

109.0 ± 13.8 *61.6 ± 23.8 *60.6 ± 22.7 *55.0 ± 17.1 <0.0001 

%predicted 

FVC
a,e

 

110.10 ± 

14.3 

*75.1 ± 18.6 *75.1 ± 22.6 *76.6 ± 14.8 <0.0001 

FEV1/FVC %
a,e

 77.5 ± 5.3 *59.2 ± 15.2 *55.9 ± 13.6 *52.1 ± 12.9 <0.0001 

PD15 (mL)
 b, d

 N/A 7.4  

(3.5, 19.6) 

5.9  

(4.9, 8.7) 

6.3  

(2.9, 11.2) 

0.935 

DLCO
 a
 N/A 73.3 ± 17.3 72.5 ± 23.2 84.1 ± 21.2 0.323 

ICS use, n(%)
c
 0 11 (78.6%) 21 (95.5%) 14 (100%) 0.08 

ICS (µg 

beclomethasone 

equivalents /day)
 

b
 

N/A 1600 ± 780 1460 ± 646 1657 ± 511 0.659 

GOLD Classification, n (%) 

I N/A N/A 4 (20%) N/A  

II N/A N/A 9 (45%) N/A  

III N/A N/A 4 (20 %) N/A  

IV N/A N/A 3 (15%) N/A  

Sputum Cell Counts 

Quality 
b
 18 (16, 19) 17 (16, 19) 18.5  

(17.5, 19) 

17.5 (16, 

18) 

0.250 

Total cell count x 

10
6
/ml 

b
 

1.7 

(1.3, 3.1) 

4.0 

(2.8, 8.5) 

3.3 

(1.9, 7.6) 

3.7 

(1.4, 9.5) 

0.039 

Neutrophils% 
b
 28.5 

(13.3, 54.5) 

62.9 

(45.5, 78.5) 

*56.0 

(35.5, 88.3) 

*77.0 

(45.8, 85.5) 

0.003 

Eosinophils% 
b
 0.25 

(0, 0.5) 

*1.65 

(0.5, 3.25) 

*2.0 

(0.75, 7.25) 

*1.0  

(0.25, 5.5) 

0.0001 

Macrophages% 
b
 63.8 

(41.5, 77.8) 

29.9 

(16.8, 52.0) 

*15.0 

(8.0, 44.0) 

*17.5 

(7.3, 37.3) 

0.0003 
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Lymphocytes% 
b
 0.75 

(0.25, 1.75) 

0 

(0, 0.5) 

0.25 

(0, 1.0) 

0.25 

(0, 1.0) 

0.062 

Columnar 

epithelial% 
b
 

1.0 

(0.25, 7.5) 

1.5 

(0.5, 2.0) 

0.75 

(0.25, 2.25) 

1.0 

(0.5, 2.25) 

0.659 

Squamous% 
b
 4.5 

(1.96, 8.3) 

1.6 

(0.7, 18.4) 

2.7 

(0.99, 8.9) 

3.9 

(2.2, 8.5) 

0.725 

a
Values are Mean ± SD, oneway ANOVA; 

b
Values are median (interquartile range), Kruskall-

Wallis test; 
c
Chi Square or Fisher’s exact test; 

d
 PD15 is provocation dose resulting in 15% 

drop in baseline FEV1 expressed as geometric mean (log SD); FEV1 is forced expiratory 

volume in 1 second either pre
e
- or post-

f
 bronchodilator; FVC is forced vital capacity; DLCO is 

carbon monoxide diffusing capacity; ICS is inhaled corticosteroids. Bonferroni post hoc test 

significant compared to: *Healthy Controls.  Asthma: symptoms and reversible variable 

airflow obstruction [airway hyperresponsiveness and/or increased bronchodilator 

reversibility]. COPD: symptoms, incomplete reversibility of airflow obstruction 

[postbronchodilator FEV<80%predicted]; Overlap asthma/COPD: symptoms with increased 

variability and incomplete reversibility of airflow obstruction. 
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TABLE 3. DIFFERENTIALLY EXPRESSED PROTEINS BETWEEN THE 3 

DISEASE GROUPS (HEALTHY CONTROLS, ASTHMATICS AND COPD 

PATIENTS) IDENTIFIED BY 2D-DIGE AND MASS SPECTROMETRY. 
Master 

spot no. 

ANOVA 

p-value Protein ID Accession # 

Differential Expression Ratio 

(*p<0.05, t-test) 

    

Asthmatics / 

Controls 

COPD / 

Controls 

COPD / 

Asthmatics 

Iron Metabolism 

480 0.002 Ceruloplasmin (ferroxidase) P00450 1.01 -1.34* -1.35* 

1437 0.0066 Haptoglobin P00738  1.94* 1.48 -1.31 

1394 0.016 Haptoglobin  P00738  2.13* 1.59 -1.34 

1444 0.022 Haptoglobin P00738  1.83* 1.37 -1.33 

1403 0.027 Haptoglobin P00738  1.88* 1.59 -1.18 

1381 0.03 Haptoglobin P00738  2.13* 1.37 -1.55 

968 0.024 Hemopexin P02790 -1.2* NA NA 

965 0.029 Hemopexin P02790 -1.12 -1.23* -1.1 

977 0.033 Hemopexin P02790 -1.34* -1.2 -1.12 

Coagulation cascade  

822 0.04 Prothrombin P00734 -1.08 -1.24* -1.15 

824 0.0054 Prothrombin P00734 -1.1 -1.31* -1.19 

818 0.016 Prothrombin P00734 -1.14* -1.26* -1.1 

819 0.018 Prothrombin P00734 -1.13* -1.19* -1.05 

1242 0.0019 Fibrinogen gamma P02679 1.06 1.31* 1.24* 

1235 0.03 Fibrinogen gamma P02679 1.18 1.48* 1.26 

1153 0.011 Fibrinogen gamma P02679 1.25* 1.28* 1.02 

859 0.0041 Heparin cofactor II  P05546 1.18* -1.25 -1.47* 

865 0.0097 Heparin cofactor II  P05546 1.1 -1.2* -1.32* 

611 0.037 Heparin cofactor II  P05546 1.31* 1.05 -1.24 

911 0.0028 Protein S precursor P07225 -1.28* -1.19 1.07 

1152 0.0084 Fibrin beta  1.2* 1.51* 1.26 

559 0.025 ITI heavy chain  H4 Q14624 -1.24* -1.15 1.08 

557 0.031 ITI heavy chain  H4 Q14624 -1.14* -1.25* -1.09 

558 0.049 ITI heavy  chain  H4 Q14624 -1.14 -1.29* -1.13 

1284 0.036 alpha-2-antiplasmin P08697 1.19 1.27* 1.07 

967 0.0085 alpha-2 antiplasmin P08697 1.18 2.07* 1.75* 

857 0.041 Histidine-rich glycoprotein  P04196 1.07 -1.22 -1.3* 

1116 0.048 Antithrombin-III P01008 -1.23* -1.15 1.08 

1106 0.019 Antithrombin-III P01008 -1.18* -1.22* -1.04 

737 0.042 Gelsolin P06396 -1.19 -1.43* -1.21 

236 0.0034 Alpha-2 macroglobulin  P01023 -1.31* NA NA 

495 0.022 Alpha-2-macroglobulin  P01023 -1.23* -1.02 1.2 
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498 0.032 Alpha-2 macroglobulin  P01023 -1.34* -1.17 1.14 

249 0.041 Alpha-2-macroglobulin  P01023 -1.3* NA NA 

Complement Pathways  

349 0.028 Complement factor H P08603 1.3* 1.34 1.03 

338 0.00017 Complement factor H P08603 -1.53* 1.19 1.82* 

336 0.0031 Complement factor H P08603 -1.24* 1.59* 1.97* 

340 0.0045 Complement factor H P08603 -1.3* 1.27 1.66* 

339 0.0078 Complement factor H P08603 1.16 1.81* 1.56* 

680 0.015 Complement factor B P00751 -1.25 -1.5* -1.2 

688 0.029 Complement factor B P00751 1.12 -1.2 -1.34* 

547 0.032 Complement 3 P01024 -1.18 -1.76* -1.49 

691 0.0034 Complement component C4-A P0C0L4 -1.29* -1.59* -1.23* 

Immunoglobulins     

1001 0.0019 IgA P01876 1.45* 2.38* 1.64* 

992 0.0055 IgA P01876 1.19 1.98* 1.66* 

1009 0.0084 IgA P01876 1.24 1.85* 1.49* 

1005 0.016 IgA P01876 1.33 2.11* 1.58 

1017 0.017 IgA P01876 1.2 1.94* 1.62* 

1018 0.022 IgA P01876 1.11 1.86* 1.67* 

1022 0.022 IgA P01876 1.16 1.86* 1.61* 

996 0.024 IgA P01876 -1.36 1.3 1.77* 

1011 0.034 IgA P01876 1.22 1.92* 1.57 

1010 0.039 IgA P01876 1.3 1.99* 1.53 

806 0.011 IgM heavy chain P01871 -2.17* -2.04 1.07 

796 0.02 IgM heavy chain P01871 -1.8* -2.68* -1.49 

794 0.026 IgM heavy chain P01871 -2.09* -2.2 -1.06 

811 0.018 IgM heavy chain P01871 -1.74* -2.22* -1.27 

804 0.04 IgM heavy chain P01871 -1.87* -2.42 -1.3 

COPD = chronic obstructive pulmonary disease; ITI heavy chain H4 = Inter-alpha-trypsin 

inhibitor heavy chain H4; IgA = immunoglobulin A; IgM = immunoglobulin M. 
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TABLE 4. ANALYSIS OF DIAGNOSTIC VALUES OF MARKER AND MARKER IN 

COMBINATIONS IN DIAGNOSTIC IMMUNOASSAY VALIDATION GROUP. 
Minimal False Negatives Minimal False Positives 

Comparison Marker 

combination 

Logistic 

Regression 

Model p 

value 

Cut-off, 

Predicted 

value 

Sensitivity Specificity Cut-off 

Predicted 

value 

Sensitivity Specificity 

AUC (%) 

Asthma v 

Healthy  
Combination 

        

n = 44 Ceruloplasmin 

Haptoglobin 

<0.00001 >=0.448 92.86 75.0 >=0.785 67.86 93.75 89.29 

 Ceruloplasmin 

Hemopexin 

0.0006 >=0.442 89.29 62.5 >=0.753 67.86 93.75 83.04 

 Haptoglobin  

Hemopexin  

0.0006 >=0.590 85.71 68.75 >=0.676 78.57 81.25 82.59 

COPD v 

Healthy 
Combination 

        

n = 30 Ceruloplasmin  

Haptoglobin 

0.0004 >=0.342 84.62 68.75 >=0.590 69.23 87.50 88.94 

 Ceruloplasmin  

Hemopexin 

<0.00001 >=0.426 92.86 75.0 >=0.480 85.71 87.50 91.07 

 Haptoglobin  

Hemopexin  

0.009 >=0.444 76.92 62.50 >=0.547 61.54 87.50 81.25 

COPD v 

Asthma 
Combination 

        

n = 42 α-2-Macroglobulin 

Haptoglobin 

0.045 >=0.289 84.62 64.29 >=0.382 61.54 78.57 74.73 

 α-2-Macroglobulin 

Hemopexin 

0.019 >=0.314 78.57 67.86 >=0.435 57.14 78.57 75.51 

 αααα-2-Macroglobulin 

Haptoglobin 

Hemopexin 

0.046 >=0.285 92.31 64.29 >=0.355 76.92 75.0 76.10 

 αααα-2-Macroglobulin 

Hemopexin 

Ceruloplasmin 

0.048 >=0.338 78.57 71.43 >=0.493 50.0 89.29 75.77 

COPD = chronic obstructive pulmonary disease; AUC = area under the curve. 
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TABLE 5. ANALYSIS OF THE DIAGNOSTIC VALUES OF MARKER AND MARKER IN 

COMBINATIONS IN THE CLINICAL VALIDATION POPULATION: 
Minimal false negatives Minimal false positives 

Comparison Marker 

combination 

Logistic 

Regression 

Model p 

value 

Cut-off 

Predicted 

value 

Sensitivity Specificity Cut-off 

Predicted 

value 

Sensitivity Specificity 

AUC (%) 

Asthma v 

Healthy  
Combination 

        

n = 36 Ceruloplasmin 

Haptoglobin 

0.0002 >=0.342 85.71  72.73 >=0.561 64.29 95.45 87.01 

 Ceruloplasmin 

Hemopexin 

0.0001 >=0.226 92.31 68.18 >=0.421 69.23 81.82 89.16 

 Haptoglobin 

Hemopexin  

<0.00001 >=0.289 100.0 90.91 >=0.457 92.31 95.45 96.85 

COPD v 

Healthy 
Combination 

        

n = 44 Ceruloplasmin  

Haptoglobin 

0.016 >=0.460 72.73 59.09 >=0.573 63.64 81.82 75.41 

 Ceruloplasmin  

Hemopexin 

0.008 >=0.521 72.73 77.27 >=0.617 63.64 90.91 76.65 

 Haptoglobin  

Hemopexin  

0.014 >=0.439 72.73 63.64 >=0.567 59.09 95.45 73.97 

 αααα-2-Macroglobulin 

Hemopexin 

0.006 >=0.412 86.36 68.18 >=0.631 54.55 95.45 80.17 

Mixed v 

Healthy 

Combination         

n = 36 Ceruloplasmin  

Haptoglobin 

0.002 >=0.321 92.86 59.09 >=0.488 64.29 81.82 80.84 

 Ceruloplasmin  

Hemopexin 

0.007 >=0.321 92.86 68.18 >=0.464 64.29 86.36 81.49 

 Ceruloplasmin  

Hemopexin  

Haptoglobin 

0.0007 >=0.277 92.86 59.09 >=0.530 71.43 95.45 86.04 

 αααα-2-Macroglobulin 

Hemopexin 

Haptoglobin 

0.0002 >=0.295 100.0 77.27 >=0.435 92.86 95.45 94.16 

COPD v 

Asthma 

Individual         

n = 36 α-2-Macroglobulin 0.013 >=0.585 72.73 71.43 >=0.672 54.55 92.86 71.43 

 Combination         

 α-2-Macroglobulin 

Haptoglobin 

0.008 >=0.556 72.73 64.29 >=0.621 68.18 92.86 79.55 

 α-2-Macroglobulin 

Hemopexin 

0.028 >=0.523 81.82 61.54 >=0.667 59.09 84.62 74.48 

 α-2-Macroglobulin 

Ceruloplasmin 

0.012 >=0.585 72.73 71.43 >=0.665 68.18 92.86 78.25 

 αααα-2-Macroglobulin 

Haptoglobin 

Hemopexin 

0.003 >=0.512 81.82 61.54 >=0.686 68.18 100.0 84.27 

 αααα-2-Macroglobulin 

Haptoglobin 

Ceruloplasmin 

0.011 >=0.520 86.36 64.29 >=0.641 63.64 85.71 79.87 

 α-2-Macroglobulin 

Hemopexin 

Ceruloplasmin 

0.024 >=0.477 81.82 61.54 >=0.684 68.18 84.62 78.67 

Mixed v 

Asthma 

Individual         

n = 28 α-2-Macroglobulin 0.025 >=0.392 78.57 64.29 >=0.544 57.14 71.43 70.92 

 Combination         

 α-2-Macroglobulin 

Haptoglobin 

0.069 >=0.340 

or 

>=0.450 

85.71 

or 

78.57 

64.29 

or 

71.43 

>=0.490 64.29 78.57 77.04 

 α-2-Macroglobulin 

Hemopexin 

0.063 >=0.380 78.57 61.54 >=0.602 57.14 84.62 75.82 

 αααα-2-Macroglobulin 

Ceruloplasmin 

0.045 >=0.368 85.71 57.14 >=0.583 

or 

>=0.509 

57.14 

or 

64.29 

92.86 

or 

71.43 

75.00 

 α-2-Macroglobulin 

Haptoglobin 

Ceruloplasmin 

0.069 >=0.390 85.71 71.43 >=0.503 71.43 78.57 78.57 

 α-2-Macroglobulin 

Hemopexin 

Ceruloplasmin 

0.089 >=0.428 71.43 61.54 >=0.517 64.29 76.92 73.63 

COPD = chronic obstructive pulmonary disease; AUC = area under the curve. 
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Figure Legends 

Figure 1. Representative Cy3-labelled 2D-gel of immunodepleted human plasma proteins 

from a healthy control. Proteins were separated on pH 4-7 IPG strips in the first dimension, 

and by 4-18%T SDS-PAGE in the second dimension. Numbered spots are differentially 

expressed (p<0.05; 1-ANOVA) across the 3 disease groups (healthy controls, asthmatics and 

COPD) and were positively identified by mass spectrometry (Table 3).  

Figure 2.  Validation data for A prothrombin, B ceruloplasmin, C haptoglobin D 

antithrombinIII in the diagnostic immunoassay validation group.  Statistical significance 

determined using un-paired, two-tailed students t-test with multiple comparisons correction 

using the Bonferroni method (significant p < 0.017). Triplicate analyses were performed using 

either two-site ELISA or immunoblotting for each patient, and the mean value used for 

analysis.  Error bars represent ± SEM. 

Figure 3.  Validation data for A ceruloplasmin, B haptoglobin and C hemopexin in the 

clinical validation population. Statistical significance determined using un-paired, two-tailed 

students t test with multiple comparisons correction using the Bonferroni method (significant 

p < 0.0083 ).  A single analysis was performed for this population using either two-site 

ELISA or immunoblotting.  Error bars represent ± SEM. 

Figure 4.  Selected ROC curves for A asthma versus healthy controls, B. COPD versus 

healthy controls and C COPD versus asthma in the clinical validation population. 
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ADDITIONAL METHODS 

Chemicals & Reagents 

Cy2, Cy3 and Cy5 (minimal dye), Immobiline Drystrips (pH 4-7, 24 cm)  PlusOne 

drystrip cover fluid, Pharmalyte 3-10 for IEF, Bind-silane solution, 2D quant kit, 

ECL anti-mouse IgG HRP-linked whole antibody (from sheep), ECL anti-rabbit IgG 

HRP-linked whole antibody (from sheep), Hybond C-extra nitrocellulose and ECL 

Plus western blotting detection system were purchased from GE Healthcare Bio-

Sciences AB, Uppsala, Sweden.  SDS, 40% acrylamide solution, 30% acrylamide/Bis 

solution (37.5:1, 2.6%C), SyproRuby protein stain and SDS PAGE standards 

(broad range, unstained) were all electrophoresis purity and purchased from BioRad, 

NSW, Australia.  Agarose (Type I-A: Low EEO), tributyl phosphine solution (TBP), 

N,N,N',N'-tetramethylethylenediamine (TEMED, >99%), CF3COOH (TFA, Fluka 

Biochimika, >99.5%) NH4HCO3 (Reagent Plus, ≥ 99%), CCl3COOH (TCA, 99%), 

L-lysine monochloride (> 98%), thiourea (ACS reagent), CHAPS (> 98%), bovine 

serum albumin (BSA) Fraction V, protease inhibitor cocktail, and anti-goat/sheep-

HRP were purchased from Sigma-Aldrich, NSW, Australia.  (NH4)2S2O8 (>98 %), 

urea (>98 %), glycine (>98.5%) were sourced from Chem. Supply, Gillman, SA, 

Australia.  Tris(hydroxymethyl)-aminomethane (ACS reagent), glycerol (BDH 

AnalR, > 99.5%), CH3CN (BDH HiPer Solv for HPLC, >99.9 %), NaOH (BDH 

AnalR, 99%) and CH3COOH (BDH, 100%) were purchased from Merck Australia, 

VIC, Australia.  Methanol (CH3OH, >  99.8%) was purchased from Ajax Finechem., 

NSW, Australia. Dithiothreitol (DTT, >99.5%) was purchased from Applichem, 

Darmstadt, Germany.  Bromophenol blue (BPB) was purchased as the sodium salt 

from Research Organics, Cleveland, OH, USA.  (CH3)2NCOH (DMF, ≥99.5%) was 

purchased from USB Corporation, Cleveland, OH, USA and was stored in the dark 
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under a N2 atmosphere.  α-cyano-4-hydoxycinnamic acid (α-CHCA, recrystallised) 

and peptide calibration mix 1 (1000-2500 Da) were purchased from Laser BioLabs, 

Sophia-Antipolis Cedex, France. Sequencing-grade modified porcine trypsin was 

purchased from Promega (Madison, WI, USA).   Ziptip µ-C18 pipette tips and 0.45 

µm white nylon filters were purchased from Millipore. MA, USA.  Human IgA 

ELISA quantitation kit and ELISA starter accessory package were purchased from 

Bethyl Laboratories, Inc., TX, USA.  Human haptoglobin, α-2 macroglobulin, and 

hemopexin ELISA kits were purchased from Genway Biotech San Diego, CA, USA.  

Human ceruloplasmin and antithrombin III ELISA kits were purchased from Assay 

Pro, St. Charles, MO, USA.  Human complement factor H ELISA kit was purchased 

from Hycult biotechnology, Uden, The Netherlands.  Anti-prothrombin (ab48627) 

was purchased from Abcam, Cambridge, UK.  Anti-fibrinogen γ chain monoclonal 

antibody (M01), clone 1F2 was purchased from Abnova Corporation, Taipei, Taiwan.  

Anti-inter-α-trypsin inhibitor heavy chain H4 (45A12) monoclonal antibody was 

purchased from Ab Frontier, Seoul, Korea. All reagents were used as received without 

further purification. 

Clinical Assessment 

The recruitment criteria for the proteomic discovery study were established to 

clinically characterise the subject groups of interest with the aim of establishing 

mutually exclusive clinical diagnostic groups of asthma, COPD, and controls without 

airway disease. None of the subjects were current smokers. The selection criteria 

ensured there was control for smoking and that there was control for age and sex 

effects by matching subjects within defined age ranges. Stable airway disease was 

defined as no increase in bronchodilator use, no use of oral corticosteroids, no 

limitation in activities, no doctor’s visit and no hospitalisation due to asthma in the 
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past 4 weeks. Subjects with recent respiratory tract infection (past 4 weeks) were 

excluded. 

Asthma was defined as a compatible history of episodic wheeze, cough and dyspnea 

that were responsive to asthma treatment, together with airway hyperresponsiveness 

to hypertonic (4.5%) saline. Asthmatics had fully reversible airflow obstruction and 

no evidence of COPD as FEV1/FVC ratio after bronchodilator was normal (>70%) 

and DLCO was >70% predicted.  

The COPD group were selected to have COPD (GOLD stage II or greater) with 

predominant airway disease with minimal emphysema (DLCO>60% predicted) and no 

asthma. They were ex-smokers with a significant smoking history, compatible 

symptoms and a doctors diagnosis of COPD, and incompletely reversible airflow 

obstruction (FEV1<80% predicted, FEV1/FVC < 0.7 postbronchodilator). In addition, 

there was a negative bronchodilator response (BDR). 

Healthy controls had no respiratory symptoms, nor a diagnosis of respiratory disease, 

together with normal measures of airway function.  

Sample Collection and Clinical Measurements 

Subjects were assessed following an overnight fast (minimum 12 hours). Peripheral 

blood was collected from a vein in the forearm. Sputum was induced during 

hypertonic saline challenge as described (E1, E2). Atopy was assessed using skin 

prick testing to common allergen extracts (Dome/Hollister-Steir; Bayer 

Pharmaceuticals, Sydney, Australia) for house dust mites (Dermatophagoides 

pteronyssinus), mold mix (Alternaria, Tenuis, Aspergillus mix), mixed grasses, and 

cockroach, together with positive (histamine) and negative (glycerine) controls. 

Participants were asked to withhold antihistamine 5 days prior to testing.  A skin-

prick test was defined as positive if the wheal diameter was 3 mm or greater at 15 
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min.  Participants were considered atopic if a positive skin-prick test was recorded for 

any allergen, with no reaction to the negative control. 

Airway responsiveness was assessed from spirometry (KoKo spirometer, PDS 

instrumentation, Louisville, Co, 80027, USA) with hypertonic saline (4.5%) 

provocation challenge as described (1). Airflow obstruction was assessed in each 

participant using spirometry (KoKo K313100 PDS Instrumentation, Louisville, CO, 

USA) to measure pre and post bronchodilator FEV1, FVC and FEV1/FVC%, 

Participants withheld bronchodilators for their duration of action before testing. Three 

reproducible measurements of FEV1 and FVC were obtained before and after 

inhalation of 200 mg albuterol via a metered dose inhaler with valved holding 

chamber (Volumatic, Allen and Hanbury’s, Melbourne Victoria, Australia) using 

predicted values according to Knudson et al. Airflow obstruction was defined as an 

FEV1 < 80% predicted and an FEV1/FVC% as <70% and performed using the 

American Thoracic Society/European Respiratory Society standards of lung function 

testing.  

The carbon monoxide transfer co-efficient (KCO) was determined according to ATS 

guidelines (Med- Graphics Elite DX Pulmonary function testing system Medical 

Graphics Corporation, Minnesota, MN, USA) (4).  

Induced Sputum Processing 

All sputum samples were processed within 2 hours of collection. Mucus portions were 

selected from saliva and divided into two portions; the first portion was processed for 

RNA extraction and the second portion was mixed with a dispersing agent 

(dithiothreitol, DTT, 0.1%, Calbiochem, La Jolla Ca USA). The tube was capped and 

rocked for 30 minutes at room temperature, after which PBS was added and the 

dispersed suspension was filtered (60µm, Millipore, Australia). A leukocyte total cell 
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count (TCC) and cell viability (trypan blue exclusion) was performed using a 

haemocytometer. After centrifugation at 400 × g for 10 minutes, the cell pellet was 

resuspended to 1 × 10
6
 cells/mL using phosphate buffered saline (PBS). The 

supernatant was aspirated and stored at -80°C. Cytospins were prepared from the 

resuspended cell pellet. 

Sputum Differential 

Cytospins were fixed in methanol and stained with May and Grunwald stain and 

subsequently with Giemsa stain. A total of 400 non-squamous cells were counted, 

with the squamous cells proportion recorded separately. Cells were identified by their 

morphology and the differential cell count was expressed as a percentage of non-

squamous cells. Cytospin quality was determined using a scale to evaluate squamous 

contamination, cell and nuclear integrity, presence of airway macrophages and 

number of cells present on the slide. 

Sample collection and immunodepletion 

Blood samples were collected from a peripheral vein in the forearm. Serum samples 

were collected in tubes in the absence of anti-coagulant and plasma with anti-

coagulant.  For serum isolation, blood was allowed to clot and serum collected via 

ultrafiltration at 1400g.  For plasma collection, samples were centrifuged at 2000g for 

10 minutes at room temperature. Plasma was removed and centrifuged at 2500g for 15 

minutes at room temperature to deplete platelets. Protease inhibitor cocktail (Sigma-

Aldrich, Missouri, USA) (1% v/v) was added to the platelet depleted plasma prior to 

storage at -80
o
C. Each plasma sample was subjected to immuno-depletion using an 

IgY-12 LC-2 Proteome Partitioning Kit (Beckman Coulter™, CA, USA) and an 

AKTA P920 FPLC system (GE Healthcare Bio-Sciences AB, Uppsala, Sweden).  

Using this methodology, the twelve most abundant plasma proteins (albumin, IgG, 
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α1-antitrypsin, IgA, IgM, transferrin, haptoglobin, α1-acid glycoprotein, α2-

macroglobulin, HDL (apolipoproteins A-I and A-II) and fibrinogen) were depleted 

from samples to yield a sub-sample for analysis that was enriched with respect to the 

other proteins present (E3). Briefly, human plasma (50 µL) was diluted in dilution 

buffer (200 µL, 10 mM Tris-HCl pH 7.4, 150 mM NaCl), centrifuged at 8300 rpm for 

1 min and loaded into an injection loop. The IgY column was pre-equilibrated 

(dilution buffer, 1 column volume (CV), 0.35 mL min
1
) prior to automated sample 

injection.   The unbound protein fraction was collected (fraction 1, 5 mL) using a Frac 

900 fraction collector. Dilution buffer was passed through the column (3.5 CV, 0.35 

mL min
1
) prior to elution of the bound (high abundance) proteins with stripping 

buffer (50 mM glycine-HCl, pH 2.5, 8 CV, 0.35 mL min
1
).   The eluate was 

subsequently neutralised with 10 × neutralisation buffer (1M Tris-HCl, pH 8.0) and 

stored at -80 °C until required.   The column was then immediately re-equilibrated 

with dilution buffer (32 CV, 0.35 mL min
1
) to neutralise the column pH.  As 100µg of 

protein was required per sample hence multiple depletion runs (three to four) were 

performed and pooled in order to obtain the required quantity of protein.  Eluted 

proteins were stored immediately at -80 ºC until required. The unbound column 

fractions were thawed, replicates pooled and subsequently concentrated by TCA 

precipitation. Briefly, an aqueous stock solution of TCA (90% 
w

/v) was added to each 

of the pooled replicates to yield a final concentration of 9% and the samples were left 

overnight at 4 °C to facilitate protein precipitation.  Each tube was then centrifuged at 

15,000 × g (15 min, 4 °C) and the supernatant discarded.  The protein pellet was 

washed sequentially in acidified ethanol (40 mM CH3COOH in CH3OH) and ice-cold 

acetone (precipitate pelleted via centrifugation at 15,000 ×g (15 min, 4 °C)), dried in a 

rotary vacuum concentrator. Proteins were allowed to precipitate overnight at 4 ºC, 
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centrifuged for 15 min at 15000 g (4 ºC) and the resultant pellet resuspended in DIGE 

lysis buffer (30 mM Tris pH 8.5, 2M thiourea, 7M urea, 4%(w/v) CHAPS, pH 8.5).  

Samples were vortexed briefly and pulse sonicated (2 × 2 second pulse at an 

amplitude of ≤ 2 microns whilst on ice) prior to analysis. Sample pH was adjusted to 

8.5 with NaOH solution (50 mM) and the quantity of protein recovered estimated 

using a 2-D Quant Kit (GE Biosciences) according to the manufacturer’s 

recommendations.   

2D-DIGE & Image analysis   

Reproducibility study: An experimental design was formulated in order to test the 

reproducibility of the sample preparation and 2D-DIGE technique. Plasma was 

collected from one healthy control (#9173) and divided into 3 separate aliquots 

(labelled A, B, C). Each sample was immunodepleted, TCA precipitated, and 

quantitated as described previously. The reproducibility of the FPLC separation is 

shown in Figure E1. Separate aliquots were then labelled with Cy2, Cy3 or Cy5 dyes. 

Equal protein from the Cy2 samples were pooled for the internal control to be run on 

every gel. The remaining samples were separated by 2D-DIGE in two independent gel 

runs, as shown in Table E1. The variability between dye labelling, sample 

preparation, and gel runs was determined across all spots using the DeCyder 

generated volume ratios (Table E2). 

Discovery study: An experimental design (Table E3) was formulated with the 43 

samples assigned to a particular gel and CyDye™ label.  Within each clinical group, 

some samples were labelled with Cy3 and others the Cy5.  An internal pooled control 

was produced from equal quantities of ten of the samples (two per clinical group). 

Proteins were CyDye labelled and separated on 24cm pH 4-7 IPG strips in the first 

dimension and 4-18% gradient acrylamide gels in the second dimension as previously 
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described. Protein separations were visualised on a Typhoon  9410 Variable Mode 

Imager with Ettan DALT alignment guides using excitation/emission wavelengths 

specific for Cy2 (488/520 nm), Cy3 (532/580 nm) and Cy5 (633/670 nm)  The 

photomultiplier tube voltage (PMT) was adjusted to preclude spot intensity saturation.  

The resultant image files were cropped using the program ImageQuant™ Tools 2.1 

and saved using the DIGE file naming format.  

Image analysis was performed using the Batch Processor and Biological Variation 

Analysis (BVA) modules of the DeCyder 2D software version 6.5 (GE Healthcare, 

Australia). This analysis initially normalizes each sample to its respective in-gel Cy2 

internal standard, and then matches all controls and samples between different gels. A 

total of 1918 spots were detected in the master gel (automatically assigned by 

DeCyder) and matched across the gel images. Comparing each disease group in the 

BVA module generated average expression ratios and Student’s t tests of individual 

protein spots. One way analysis of variance (1-ANOVA) was also used to identify 

protein spots that showed a significant change across the three groups (healthy 

control, asthmatic and COPD).  Proteins with an expression ratio of +/-1.2 (assigned 

following reproducibility analysis – see results) and p<0.05 by 1-ANOVA or 

individual group comparison Student’s t-test, were assigned as a protein of interest 

(POI). Each of these proteins spots were manually inspected for densitometric 

Gaussian distribution and match quality.   

Protein Identification  

For protein identification, five preparative 2D-gels were prepared, one from each 

disease group.  Immuno-depleted plasma (600 µg) was separated by 2D-PAGE as 

described above. Gels were stained with SyproRuby protein stain or Colloidal 

Coomassie G250 and protein spots of interest excised and subjected to tryptic 
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digestion.  Tryptic digests were analysed by matrix assisted laser desorption ionisation 

time of flight (MALDI-TOF) mass spectrometry.  Peptide mass fingerprint data was 

acquired using an Ettan MALDI-ToF/Pro mass spectrometer and analysed using the 

NCBI FASTA human database provided with the system.  The instrument was 

operated in positive reflectron mode acquiring duplicate spectra (700 – 4000 m/z), 

each comprising signal from 400 laser shots (fixed laser power, 337 nm nitrogen 

laser).  Positive ions were extracted into the mass analyser at 20 kV using pulsed 

extraction.  The instrument was calibrated using Pepmix 1 (Laser Biolabs, Ang II 

(1046.542 Da) and hACTH 18-39 (2465.199 Da)) according to the manufacturers 

directions.  Each sample spectrum was further internally calibrated using Trypsin I 

(842.508 Da) and trypsin III (2211.108 Da) autolytic peaks prior to database 

searching.  Tryptic digestion was specified with only 1 missed cleavage allowed.  The 

partial amino acid modifications oxidation (M) and propionamide (C) were 

considered and a fragment mass tolerance of 0.2 m/z allowed.  PMF data was searched 

against Homo Sapien entries in the NCBI FASTA database (20060322) with the 

protein database update tool v1.30 using the PROFOUND peptide mass fingerprinting 

search engine licensed from ProteoMetrics (NY, USA).  Bayesian statistics were used 

to rank the protein sequences in the database according to their probability of 

generating the experimental data (expt < 0.010 significant with p<0.05). Proteins were 

assigned as positive identifications if they showed an expectation value <0.05. 

Samples that were unable to be identified by MALDI-TOF were analysed by MALDI-

TOF/TOF at the Australian Proteome Analysis Facility on an Applied Biosystems 

4700 Proteomics Analyser with TOF/TOF optics in MS mode.  Data was submitted to 

the database search program Mascot (Matrix Science Ltd, London, UK) and searched 

against Homo Sapien entries in the Swisprot database.  Significant Mascot scores in 
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the database search indicated a likely match, and were confirmed or qualified by 

operator inspection.    

ELISA analysis 

Non-depleted serum from the primary validation population was tested for IgA, 

complement factor H, haptoglobin, α-2 macroglobulin, ceruloplasmin, hemopexin 

and antithrombin III concentrations using commercially available two-site ELISA kits 

following the manufacturer’s instructions.  Both samples and standards were analysed 

in duplicate wells for each determination and the quantification was performed in 

triplicate (three separate runs) for the primary validation population and duplicate 

wells singly for the secondary validation population.  Standard curves were fit using a 

four parameter logistic regression and individual sample concentrations calculated via 

interpolation.  Triplicate determinations (primary validation population) for each 

sample were averaged and the mean data analysed for differentiation between known 

subject groupings using GraphPad Prism 4.02 for Windows.  Unpaired t-test 

analysis was used to test for statistical significance of the observed experimental 

trends. 

Western Blotting 

Blood serum was analysed via Western blotting for the candidate markers 

prothrombin, inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4) and fibrinogen γ 

chain .  Proteins were separated on 10 % or 4-18% acrylamide gels and transferred to 

nitrocellulose. Membranes were blocked with 2 % BSA in Tris-buffered-saline with 

Tween (TBST, 20 mM Tris-Cl, 140 mM NaCl, pH 7.5, 0.05 % Tween-20) for one 

hour at room temperature or overnight at 4 °C.   Primary antibodies anti-prothrombin 

(1:200), anti-ITIH4 (1/1000) and anti-fibrinogen gamma chain (1:1000) in TBST 

were incubated with the appropriate blocked membranes with agitation for 60 min at 
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room temperature, the membranes washed in TBST (triplicate, 20 min) and then 

incubated with secondary antibody (rabbit anti-mouse IgG, HRP-linked whole 

antibody, 1:10000 in TBST, 60 min) with agitation.  Reactive bands were visualised 

using ECL chemiluminescent reagents and a Fujifilm Luminescent Image Analyser 

LAS-300 and quantified using Multi Gauge V3.0 software. The chemiluminescent 

intensity was normalised to a healthy control serum sample run on every gel.  Blots 

were run in triplicate (primary validation group) or singly (secondary validation 

group). Unpaired Students t-test was used to test for statistical significance between 

the clinical groups. 

Statistical Analysis for quantitative assessment of multiple biomarkers  

In this programme logistic regression was used to calculate the predicted value of an 

individual having the disease based on their level of a particular marker (simple 

logistic regression) or combination of markers (multiple logistic regression). The 

regression equation utilised was: 

ln(p/(1-p))= β0 +  βixi 

 

p = exp(β0 +  βixi)/(1 + exp(β0 +  βixi) 

 

The predicted value is the probability that the person has the disease given the level 

of the markers.  Receiver-Operating Characteristic (ROC) Curves were generated 

from the predicted values from the regression analyses.  The ROC curves were then 

used to determine the sensitivity and specificity of both individual or combinations of 

markers at specified cut points of the predicted values. An individuals’ protein 

measurements can be entered into the logistic regression equation to determine their 

predicted value, a value above or below the cut point would determine their 

likelihood of disease with the defined sensitivity and specificity calculated from the 
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ROC curve. The area under the curve (AUC) was also calculated. The AUC value 

gives a measure of the ability of the test to correctly classify people. 

The significance of the regression models were used to assist in determining the best 

combination of markers. The combinations with the greatest significance and greatest 

AUC are highlighted in red in Table E4 (primary validation population) and Table E5 

(secondary validation population). Sensitivity and specificity were used to describe 

the discriminatory power of the protein combinations. We selected cut-points in order 

to maximise the discriminatory power in any given diagnostic situation. Different 

batches of ELISA kits were used in the in the two validations and this is why there 

were some differences in the cut offs for the two datasets. We are now able to source 

kits from the same company on a consistent basis. 

Statistically significant combinations are presented in the two tables in red. The 

combinations highlighted (bold + italics) display highest sensitivity (rule out) and 

specificity (rule in). High AUC was also considered. 

SUPPLEMENTARY RESULTS 

Reproducibility analysis of immuno-depletion and 2D-DIGE  

The reproducibility of the sample preparation procedure and 2D-DIGE separation was 

examined. This involved evaluation of the reproducibility of 2D DIGE separations 

from one healthy control sample in order to test the variability of three parameters: (i) 

dye labelling; (ii) sample preparation; (iii) independent gel runs (temporal changes).  

The densitometric volume relative to the internal control (volume ratio) was 

determined for each protein using the program DeCyder, and the variation between 

parameters determined by linear regression analysis (Figure. E1). There is a strong 

correlation between the spot volume ratio of samples labelled with Cy3 and Cy5, 

slope = 1.07 ± 0.01, r
2
 = 0.9744, p < 0.0001.  (Figure E1A). Similarly, a good 
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correlation is observed between two samples that have been independently prepared 

(IgY column, TCA precipitation, protein quantitation, Cy dye labelling), slope = 

0.786 ± 0.02, r
2
 = 0.8155, p < 0.0001 (Figure E1B) and between the same sample Cy-

labelled and separated by 2D-DIGE in independent experimental gel runs one week 

apart, slope = 091 ± 0.02, r
2
 = 0.8495, p < 0.0001 (Figure E1C). Additionally, 

DeCyder was used to analyse the differences between all possible comparator 

combinations across the 12 gel images, and the analysis of variance determined 

(Table E2). For downstream analyses, we arbitrarily set proteins of interest as 

statistically significant changes that show a fold change of at least the mean ± 1 

standard deviation. From the reproducibility analysis (Table E2) the mean ± 1SD 

correlates to a 1.2 fold up- or down-regulation. Thus only protein changes greater than 

or equal to ±1.2 fold were considered in the subsequent analyses. 

The clinical details of the diagnostic immunoassay validation group are shown in 

Table E6. These results are similar to the discovery population.  

Effect of Co-morbid Conditions in the Clinical Validation Population 

A literature review identified 5 medical conditions as potential confounders of the 

blood based marker diagnosis panel: hepatobiliary disease, ischemic coronary disease, 

obesity , endocrine and metabolic disorders as well as psychiatric conditions.  Table 

E7 summarises a co-morbidity analysis of the clinical validation population and 

indicates no significant effect of these co-morbid conditions on the marker levels, 

apart from an effect of psychiatric disease on levels of α-2 macroglobulin.   
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TABLE E1. 2D-DIGE EXPERIMENTAL DESIGN FOR REPRODUCIBILITY 

STUDY 

Gel # Cy3 Cy5 Run # 

1 Sample A Sample A 1 

2 Sample B Sample B 1 

3 Sample C Sample C 1 

4 Sample A Sample A 2 

5 Sample B Sample B 2 

6 Sample C Sample C 2 

 

TABLE E2. STATISTICS OF SPOT VOLUME RATIOS ACROSS ALL 

REPRODUCIBILITY ANALYSES 

Number of values 3126 

  

Minimum 0.2128 

25% Percentile 0.9259 

Median 1 

75% Percentile 1.08 

Maximum 3.68 

  

Mean 1.008 

Std. Deviation 0.1745 

Std. Error 0.003121 

  

Lower 95% CI of mean 1.002 

Upper 95% CI of mean 1.014 
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TABLE E3. EXPERIMENTAL DESIGN FOR BIOMARKER DISCOVERY 

STUDY 

Gel # Cy3 (group #) Cy5 (group #) Cy2 

1 9028 (1) 9787 (4) Pooled Control 

2 9295 (3) 10336 (4) Pooled Control 

3 9404 (5) 9428 (3) Pooled Control 

4 9629 (4) 9620 (3) Pooled Control 

5 9197 (2) 9750 (5) Pooled Control 

6 9210 (2) 9738 (5) Pooled Control 

7 9559 (4) 9311 (2) Pooled Control 

8 9239(1) 9651 (2) Pooled Control 

9 9694 (5) 9249 (1) Pooled Control 

10 9371 (3) 9305 (1) Pooled Control 

11 9444 (1) 10359 (2) Pooled Control 

12 9476 (3) 10404 (4) Pooled Control 

13 10928 (4) 9506 (3) Pooled Control 

14 9612 (3) 10662 (2) Pooled Control 

15 10911 (2) 9666 (3) Pooled Control 

16 9770 (3) 9450 (1) Pooled Control 

17 11173 (4) 9903 (3) Pooled Control 

18 10855 (2) 10540 (4) Pooled Control 

19 9525 (4) 9494 (1) Pooled Control 

20 11165 (2) 10570 (4) Pooled Control 

21* 9197 (2) 9750 (5) Pooled Control 

22* 11108 (3) 10336 (4) Pooled Control 

* represents repeat gels 
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TABLE E4. ANALYSIS OF DIAGNOSTIC VALUES OF MARKER AND MARKER IN COMBINATIONS IN PRIMARY 

VALIDATION POPULATION. 

Logistic regression Minimal false negatives/rule disease out Minimal false positives/ rule disease in 

Comparis
on 

Marker 
combination 

Constant Coefficient p 

value 

Model p 

value 

Cut off 

measurement 

Cut-off, 

Predicted 

value 

Sensitivity Specificity Cut off 

measurement 

Cut-off, 

Predicted 

value 

Sensitivity Specificity 

AUC 

(%) 

Asthma v 

Healthy  
Individual  

             

n = 44 Ceruloplasmin -4.018952 0.005213  0.002 0.0002 >=761.22mcg/ml >=0.487 85.71 62.5 >=1017.89mcg/ml >=0.784 64.29 93.75 81.47 

 Haptoglobin -3.276754 1.109178 0.003 0.0001 >=3.37mg/ml >=0.613 85.71 75.0 >=3.84mg/ml >=0.727 67.86 87.50 82.37 

 Hemopexin 0.307188 0.0002305 0.904 0.904         50.89 

 α-2-Macroglobulin 1.891332 0.0005327 0.190 0.181         65.63 

 

Combination  

             

 Ceruloplasmin 

Haptoglobin 

-6.880227 0.0045298  

1.036785 

0.015 

0.014 

<0.00001  >=0.448 92.86 75.0  >=0.785 67.86 93.75 89.29 

 Ceruloplasmin 

Hemopexin 

-2.27678 0.005567  

-0.0018857 

0.002 

0.436 

0.0006  >=0.442 89.29 62.5  >=0.753 67.86 93.75 83.04 

 

Haptoglobin  

Hemopexin  

-2.215251 1.144461 

-0.0010982 

0.003 

0.626 

0.0006  >=0.590 85.71 68.75  >=0.676 78.57 81.25 82.59 

COPD v 

Healthy 
Individual 

             

n = 30 Ceruloplasmin -7.004728 0.0079928 0.005 0.0003 >=794.79mcg/ml >=0.343 85.71 75.0 >=972.71mcg/ml >=0.684 64.29 93.75 86.61 

 Haptoglobin -3.684739 1.104089 0.034 0.013 >=2.96mg/ml >=0.398 76.92 56.25 >=3.15mg/ml >=0.448 61.54 68.75 73.56 

 Hemopexin 4.024576 -0.004047 0.093 0.073          

 α-2-Macroglobulin -1.084965 0.0003458 0.535 0.531          

 

Combination 

             

 Ceruloplasmin  

Haptoglobin 

-9.850005 0.0073615 

1.063352 

0.013 

0.072 

0.0004  >=0.342 84.62 68.75  >=0.590 69.23 87.50 88.94 

 Ceruloplasmin  

Hemopexin 

-0.8243742 0.0118777 

-0.0092461 

0.007 

0.024 

<0.00001  >=0.426 92.86 75.0  >=0.480 85.71 87.50 91.07 

 

Haptoglobin  

Hemopexin  

0.9626632 1.420984 

-0.0055647 

0.035 

0.104 

0.009  >=0.444 76.92 62.50  >=0.547 61.54 87.50 81.25 

 α-2-Macroglobulin 

Hemopexin 

3.912215 0.0000273 

-0.0040107 

0.964 

0.114 

0.199          

COPD v 

Asthma 
Individual 
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n = 42 Ceruloplasmin 0.0630528 -0.0007368 0.576 0.575          

 Haptoglobin 1.20993 -0.5029125 0.102 0.078          

 Hemopexin 4.72965 -0.0052496 0.032 0.02 <=1090.89mg/ml >=0.270 85.71 57.14 <=1009.75mg/ml >=0.361 64.29 75.0 71.68 

 α-2-Macroglobulin -2.927178 0.0008705 0.066 0.050 >=2518.45mg/ml >=0.324 85.71 75.0 >=2689.38mg/ml >=0.358 64.29 82.14 76.28 

 Combination              

 α-2-Macroglobulin 

Haptoglobin 

-0.9782056 0.000794 

-0.4664416 

0.092 

0.137 

0.045  >=0.289 84.62 64.29  >=0.382 61.54 78.57 74.73 

 α-2-Macroglobulin 

Hemopexin 

2.392418 0.0007116 

-0.0047623 

0.133 

0.058 

0.019  >=0.314 78.57 67.86  >=0.435 57.14 78.57 75.51 

 αααα-2-Macroglobulin 

Haptoglobin 

Hemopexin 

2.530823 0.0006869 

-0.3750563 

-0.0034578 

0.147 

0.251 

0.193 

0.046  >=0.285 92.31 64.29  >=0.355 76.92 75.0 76.10 

 αααα-2-Macroglobulin 

Hemopexin 

Ceruloplasmin 

2.668874 0.0007084 

-0.0047018 

-0.0003201 

0.134 

0.063 

0.829 

0.048  >=0.338 78.57 71.43  >=0.493 50.0 89.29 75.77 

COPD = chronic obstructive pulmonary disease; AUC = area under the curve. 
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TABLE E5. ANALYSIS OF DIAGNOSTIC VALUES OF MARKER AND MARKER IN COMBINATIONS IN SECONDARY 

VALIDATION POPULATION. 

 
Logistic regression Minimal false negatives/rule disease out Minimal false positives/ rule disease in 

Comparis
on 

Marker 
combination 

Constant Coefficient p value Model p 

value 

Cut off 

measurement 

Cut-off, 

Predicted 

value 

Sensitivity Specificity Cut off 

measurement 

Cut-off, 

Predicted 

value 

Sensitivity Specificity 

AUC 

(%) 

Asthma v 

Healthy  
Individual  

             

n = 36 Ceruloplasmin -7.266969 0.0085751 0.008 0.0007 >=744.93 mcg/ml >=0.293 85.71 68.18 >=898.31 mcg/ml >=0.607 50.0 95.45 82.47 

 Haptoglobin -3.976472 0.5013821 0.014 0.002 >=6.36 mg/ml >=0.313 85.71 54.55 >=8.70 mg/ml >=0.596 50.0 86.36 79.87 

 Hemopexin -9.184255 0.0187517 0.004 0.0002 >=402.35 mg/ml >=0.162 100.00 50.0 >=479.65 mg/ml >=0.453 69.23 86.36 82.17 

 α-2-Macroglobulin 0.1041666 -0.1956642 0.677 0.672 <=2.89 mg/ml >=0.386 64.29 65.22 <=2.85 mg/ml >=0.388 57.14 69.57 53.73 

 

Combination  

             

 Ceruloplasmin 

Haptoglobin 

-10.4399 0.0087462 

0.434046 

0.022 

0.046 

0.0002  >=0.342 85.71  72.73  >=0.561 64.29 95.45 87.01 

 Ceruloplasmin 

Hemopexin 

-11.97446 0.0052252 

0.015727 

0.074 

0.024 

0.0001  >=0.226 92.31 68.18  >=0.421 69.23 81.82 89.16 

 

Haptoglobin  

Hemopexin  

-22.76312 1.248297 

0.0276208 

0.014 

0.015 

<0.00001  >=0.289 100.0 90.91  >=0.457 92.31 95.45 96.85 

COPD v 

Healthy 
Individual 

             

n = 44 Ceruloplasmin -3.5269 0.0045915 0.032 0.014 >=692.70 mcg/ml >=0.414 81.82 50.0 >=800.27 mcg/ml >=0.537 54.55 72.73 71.07 

 Haptoglobin -1.58826 0.245888 0.047 0.034 >=5.17 mg/ml >=0.422 77.27 40.91 >=7.81 mg/ml >=0.582 50.0 81.82 65.91 

 Hemopexin -4.232852 0.0093937 0.019 0.009 >=462.65 mg/ml >=0.523 72.73 86.36 >=517.64 mg/ml >=0.652 50.0 95.45 73.76 

 α-2-Macroglobulin -2.46742 0.6973598 0.038 0.016 >=3.29 mg/ml >=0.456 72.73 69.57 >=3.79 mg/ml >=0.544 50.0 91.3 71.15 

 

Combination 

             

 Ceruloplasmin  

Haptoglobin 

-4.246169 0.0039499 

0.1850704 

0.079 

0.150 

0.016  >=0.460 72.73 59.09  >=0.573 63.64 81.82 75.41 

 Ceruloplasmin  

Hemopexin 

-6.018214 0.0034743 

0.0074654 

0.110 

0.071 

0.008  >=0.521 72.73 77.27  >=0.617 63.64 90.91 76.65 

 

Haptoglobin  

Hemopexin  

-4.623185 0.1674288 

0.007912 

0.200 

0.061 

0.014  >=0.439 72.73 63.64  >=0.567 59.09 95.45 73.97 

 αααα-2-Macroglobulin 

Hemopexin 

-6.03456 0.6182299 

0.0086636 

0.090 

0.039 

0.006  >=0.412 86.36 68.18  >=0.631 54.55 95.45 80.17 
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Mixed v 

Healthy 

Individual 

n = 36 Ceruloplasmin -3.238282 0.0037112 0.119 0.092 >=694.91 mcg/ml >=0.341 71.43 50.0 >=785.22 mcg/ml >=0.420 50.0 72.73 64.61 

 Haptoglobin -5.139459 0.6587639 0.009 0.0005 >=6.64 mg/ml >=0.318 85.71 68.18 >=7.74 mg/ml >=0.490 71.43 81.82 81.49 

 Hemopexin -8.831491 0.0187215 0.010 0.002 >=435.08 mg/ml >=0.335 85.71 63.64 >=454.53 mg/ml >=0.420 64.29 81.82 79.87 

 α-2-Macroglobulin -2.941042 0.7262588 0.089 0.071 >=3.07 mg/ml >=0.330 71.43 56.52 >=3.50 mg/ml >=0.401 50.0 82.61 68.63 

 Combination              

 Ceruloplasmin  

Haptoglobin 

-6.705737 0.0024152 

0.6268258 

0.468 

0.016 

0.002  >=0.321 92.86 59.09  >=0.488 64.29 81.82 80.84 

 Ceruloplasmin  

Hemopexin 

-9.419774 0.0017056 

0.017201 

0.552 

0.022 

0.007  >=0.321 92.86 68.18  >=0.464 64.29 86.36 81.49 

 

Ceruloplasmin  

Hemopexin  

Haptoglobin 

-12.00865 0.0006532 

0.0156691 

0.5881633 

0.866 

0.069 

0.030 

0.0007  >=0.277 92.86 59.09  >=0.530 71.43 95.45 86.04 

 αααα-2-macroglobulin 

Hemopexin 

Haptoglobin 

 

-15.55849 1.120276 

0.0153898 

0.63758 

0.106 

0.078 

0.029 

0.0002  >=0.295 100.0 77.27  >=0.435 92.86 95.45 94.16 

COPD v 

Asthma 

Individual              

n = 36 Ceruloplasmin 1.67445 -0.0014039 0.414 0.408          

 Haptoglobin 1.521738 -0.1376352 0.323 0.310          

 Hemopexin 2.222555 -0.0033549 0.346 0.334          

 α-2-Macroglobulin -2.734693 0.9372688 0.038 0.013 >=3.29 mg/ml >=0.585 72.73 71.43 >=3.68 mg/ml >=0.672 54.55 92.86 71.43 

 Combination              

 Ceruloplasmin  

Haptoglobin 

2.242203 -0.0010095 

-0.1169128 

0.575 

0.422 

0.510          

 Ceruloplasmin  

Hemopexin 

3.0697 -0.0011649 

-0.0030206 

0.506 

0.404 

0.502          

 

Haptoglobin 

Hemopexin 

3.373483 -0.2144594 

-0.0022269 

0.193 

0.557 

0.247          

 α-2-Macroglobulin 

Haptoglobin 

-1.485353 1.281106 

-0.304815 

0.024 

0.088 

0.008  >=0.556 72.73 64.29  >=0.621 68.18 92.86 79.55 

 α-2-Macroglobulin 

Hemopexin 

-1.175074 0.9805878 

-0.0031468 

0.044 

0.417 

0.028  >=0.523 81.82 61.54  >=0.667 59.09 84.62 74.48 

 α-2-Macroglobulin 

Ceruloplasmin 

-0.9186874 1.211829 

-0.0031181 

0.026 

0.118 

0.012  >=0.585 72.73 71.43  >=0.665 68.18 92.86 78.25 

 αααα-2-Macroglobulin 

Haptoglobin 

Hemopexin 

-0.1642794 1.898634 

-0.5863676 

-0.0015585 

0.019 

0.034 

0.749 

0.003  >=0.512 81.82 61.54  >=0.686 68.18 100.0 84.27 

 αααα-2-Macroglobulin 

Haptoglobin 

Ceruloplasmin 

-0.0511131 1.439518 

-0.2743187 

-0.002518 

0.019 

0.153 

0.234 

0.011  >=0.520 86.36 64.29  >=0.641 63.64 85.71 79.87 

 α-2-Macroglobulin 0.0666635 1.279262 0.030 0.024  >=0.477 81.82 61.54  >=0.684 68.18 84.62 78.67 
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Hemopexin 

Ceruloplasmin 

-0.0023254 

-0.0030108 

0.576 

0.141 

Mixed v 

Asthma 

Individual              

n = 28 Ceruloplasmin 2.635702 -0.0031127 0.183 0.154          

 Haptoglobin -0.225885 0.0273526 0.888 0.888          

 Hemopexin 3.613586 -0.0070479 0.193 0.177          

 α-2-Macroglobulin -4.068517 1.232145 0.047 0.025 >=2.94 mg/ml >=0.392 78.57 64.29 >=3.45 mg/ml >=0.544 57.14 71.43 70.92 

 Combination              

 Ceruloplasmin  

Haptoglobin 

1.894628 -0.0035794 

0.1383806 

0.144 

0.528 

0.294          

 Ceruloplasmin  

Hemopexin 

5.38602 -0.0025878 

-0.0062152 

0.260 

0.271 

0.202          

 

Haptoglobin 

Hemopexin 

4.881399 -0.141323 

-0.0071849 

0.567 

0.186 

0.341          

 α-2-Macroglobulin 

Haptoglobin 

-5.300792 1.308788 

0.1190857 

0.046 

0.586 

0.069  >=0.340 

or 

>=0.450 

85.71 

or 

78.57 

64.29 

or 

71.43 

 >=0.490 64.29 78.57 77.04 

 α-2-Macroglobulin 

Hemopexin 

-3.045245 1.231603 

-0.0018068 

0.083 

0.773 

0.063  >=0.380 78.57 61.54  >=0.602 57.14 84.62 75.82 

 αααα-2-Macroglobulin 

Ceruloplasmin 

-1.67291 1.150547  

-0.0024947 

0.068 

0.302 

0.045  >=0.368 85.71 57.14  >=0.583 

or 

>=0.509 

57.14 

or 

64.29 

92.86 

or 

71.43 

75.00 

 α-2-Macroglobulin 

Haptoglobin 

Hemopexin 

-2.289593 1.202923 

-0.067749 

-0.0019742 

0.094 

0.803 

0.755 

0.133          

 α-2-Macroglobulin 

Haptoglobin 

Ceruloplasmin 

-3.341737 1.276604 

0.2225828 

-0.0031672 

0.063 

0.371 

0.206 

0.069  >=0.390 85.71 71.43  >=0.503 71.43 78.57 78.57 

 α-2-Macroglobulin 

Hemopexin 

Ceruloplasmin 

-1.267479 1.18816 

-0.0011687 

-0.0022912 

0.100 

0.858 

0.337 

0.089  >=0.428 71.43 61.54  >=0.517 64.29 76.92 73.63 

Mixed v 

COPD 

Individual              

n = 36 Ceruloplasmin 0.3701332 -0.0009998 0.567 0.558          

 Haptoglobin -1.829842 0.1760592 0.243 0.227          

 Hemopexin -0.1913662 -0.0005365 0.884 0.884          

 α-2-Macroglobulin 0.3487275 -0.2102742 0.474 0.458          

 Combination              

 Ceruloplasmin  

Haptoglobin 

-0.6409984 -0.0019024 

0.225127 

0.326 

0.157 

0.285          

 Ceruloplasmin  

Hemopexin 

0.3984816 -0.0009929 

-0.0000701 

0.578 

0.985 

0.843          

 

Haptoglobin 

Hemopexin 

-0.5461736 0.2702018 

-0.0041748 

0.162 

0.370 

0.316          

 α-2-Macroglobulin 

Haptoglobin 

-0.9540765 -0.2721244 

0.1971568 

0.366 

0.196 

0.308          
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 α-2-Macroglobulin 

Hemopexin 

0.6977482 -0.2143809 

-0.0006869 

0.471 

0.853 

0.747          

 α-2-Macroglobulin 

Ceruloplasmin 

0.8839842 -0.1852103 

-0.0007668 

0.538 

0.664 

0.689          

 α-2-Macroglobulin 

Haptoglobin 

Hemopexin 

0.794288 -0.3306576 

0.3095113 

-0.0049681 

0.309 

0.119 

0.302 

0.322          

 α-2-Macroglobulin 

Haptoglobin 

Ceruloplasmin 

-0.0225753 -0.2367757 

0.238172 

-0.0016801 

0.441 

0.136 

0.388 

0.369          

 α-2-Macroglobulin 

Hemopexin 

Ceruloplasmin 

1.022907 -0.1882617 

-0.0003211 

-0.0007321 

0.535 

0.933 

0.686 

0.861          

COPD = chronic obstructive pulmonary disease; AUC = area under the curve. 
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TABLE E6. CLINICAL DATA FOR THE DIAGNOSTIC IMMUNOASSAY 

VALIDATION (DIVA) GROUP  

Group 1 2 3  

Description Healthy 

Controls 

Stable 

Asthma 

COPD 

 

P value 

Number of patients 16 28 14  

Age (Years)
 a
 45.2 ± 14.3 50.4 ± 13.2 

§
*65.5 ± 7.3 0.0001 

Sex (Male/ Female)
 c
 7/9 13/15 8/6 0.737 

Smoking, n(%)
c
: 

Never 

Ex 

Current 

 

7 (43.8%) 

9 (56.3%) 

0 

 

14 (50.0%) 

14 (50.0%) 

0 

* 

1 (7.1%) 

11 (78.6%) 

2 (14.3%) 

0.012 

Pack years
 a
 20.3 ± 17.4 15.9 ± 14.5 

§
*67.7 ± 31.4 <0.0001 

Atopy, n(%)
c
 6 (37.5%) *24 (85.7%) 

§
5 (35.7%) 0.001 

%predicted FEV1
a,e

 97.2 ±  9.0 *76.9 ± 18.3 *71.2 ± 14.7 <0.0001 

%predicted FEV1
a,f

 100.4 ± 8.6 *85.9 ± 14.4
g
 *72.7 ± 14.4 <0.0001 

%predicted FVC
a,e

 101.4 ± 11.6 91.8 ± 15.5 *85.2 ± 14.8 0.011 

FEV1/FVC %
a,e

 79.0± 8.0 *68.2 ± 9.3 *62.5 ± 7.6 <0.0001 

PD15 (mL)
 b, d

 N/A 5.1 (2.7, 8.8) 4.8 (2.2, 8.4) 0.941 

DLCO
 a
 N/A 85.5 ± 14.6 65.3 ± 13.2 0.01 

ICS use, n(%)
c
 0 27 (96.4%) 

§
0 0.0003 

ICS (µg beclomethasone 

equivalents /day)
 b

 

N/A 1406 ± 1121 N/A  

ACQ score N/A 1.13 ± 0.82 N/A  

GOLD Classification, n (%) 

I N/A N/A 4 (28%)  

II N/A N/A 10 (71,4%)  

III N/A N/A 0 (0%)  

IV N/A N/A 0 (0%)  

Sputum Cell Counts 

Quality 
b
 18.5 (17, 20) 19 (17, 20) 19 (17, 20) 0.926 

Total cell count x 10
6
/ml 

b
 3.5 

(2.4, 6.7) 

4.1 

(2.3, 9.7) 

5.7 

(2.9, 10.4) 

0.728 

Neutrophils% 
b
 28.7 

(17.8, 54.8) 

48.9 

(35.3, 74.5) 

57.0 

(53.5, 64.5) 

0.065 

Eosinophils% 
b
 0  

(0, 0.25) 

*1.5  

(0.5, 2.75) 

§
0.25 

(0, 0.75) 

0.0001 

Macrophages% 
b
 62.0 

(38.3, 79.87) 

42.8 

(22.8, 54.8) 

40.5 

(31.8, 44.5) 

0.066 

Lymphocytes% 
b
 0.75 

 (0.25, 1.25) 

0.5 

(0.25, 0.75) 

1.0 

(0.75, 1.5) 

0.083 

Columnar epithelial% 
b
 2.25 

(0.5, 5.5) 

2.0 

(0.5, 4.0) 

1.75 

(0.75, 2.5) 

0.815 

Squamous% 
b
 2.3 

(1.7, 5.7) 

3.6 

(0.99, 7.2) 

2.2 

(0.25, 3.9) 

0.190 
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a
Values are Mean ± SD, oneway ANOVA; 

b
Values are median (interquartile range), 

Kruskall-Wallis test; 
c
Chi Square or Fisher’s exact test; 

d
 PD15 is provocation dose 

resulting in 15% drop in baseline FEV1 expressed as geometric mean (log SD); FEV1 

is forced expiratory volume in 1 second either pre
e
- or post-

f
 bronchodilator (

g
 data 

only available for 20/28 individuals); FVC is forced vital capacity; DLCO is carbon 

monoxide diffusing capacity; ICS is inhaled corticosteroids. Bonferroni post hoc test 

significant compared to: *Healthy Controls; 
§
Stable Asthma. Asthma: symptoms with  

fully reversible variable airflow obstruction[airway hyperresponsiveness and/or 

increased bronchodilator reversibility]. COPD: symptoms, incomplete reversibility of 

airflow obstruction [postbronchodilator FEV<80%predicted].   
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TABLE E7 BIOMARKER LEVELS BY COMORBIDITIES 

Biomarker No Diabetes 

N= 66 

Diabetes 

N=6 

P value 

Ceruloplasmin, mcg/ml
 b
 785(668, 906) 717 (695, 749) 0.328 

Haptoglobin, mg/ml
 a
 7.0 ± 2.6 8.3 ± 3.0 0.255 

Hemopexin, mcg/ml
 a
 469 ± 95.5 493 ± 39.6 0.549 

α-2-macroglobulin, mg/ml
 b

 3.2 (2.8, 3.8) 3.8 (2.4, 4.1) 0.962 

 BMI<=30 

N=54 

BMI>30 

N=19 

 

Ceruloplasmin mcg/ml
 b

 800 (668, 898) 732 (680, 875) 0.754 

Haptoglobin, mg/ml
 a
 6.9 ± 2.8 7.6 ± 2.1 0.354 

Hemopexin, mcg/ml
 a
 470 ± 94 476 ± 90 0.806 

α-2-macroglobulin, mg/ml
 b

 3.2 (2.8, 3.7) 3.0 (2.7, 4.1) 0.880 

 No Cardiac 

disease 

N=60 

Cardiac disease 

n=12 

 

Ceruloplasmin, mcg/ml
 b
 793 (666, 910) 721 (681, 783) 0.257 

Haptoglobin, mg/ml
 a
 6.9  ± 2.7 8.1 ± 2.3 0.158 

Hemopexin, mcg/ml
 a
 474 ± 95 460 ± 83 0.632 

α-2-macroglobulin, mg/ml
 b

 3.1 (2.8, 3.7) 3.7 (3.2, 4.1) 0.181 

 No Liver disease 

N=67 

Liver disease 

N=5 

 

Ceruloplasmin, mcg/ml
 b
 766 (668, 898) 800 (708, 801) 0.938 

Haptoglobin, mg/ml
 a
 7.2 ± 2.7 7.0 ± 3.0 0.867 

Hemopexin, mcg/ml
 a
 477 ± 85 400 ± 158 0.072 

α-2-macroglobulin, mg/ml
 b

 3.2 (2.8, 3.8) 3.7 (2.7, 5.0) 0.600 

 No Psychiatric 

disorder, n=55 

Psychiatric 

disorder, n=17 

 

Ceruloplasmin, mcg/ml
 b
 785 (680, 913) 708 (652, 820) 0.210 

Haptoglobin, mg/ml
 a
 7.2 ± 2.5 6.9 ± 3.2 0.626 

Hemopexin, mcg/ml
 a
 464 ± 88 493 ± 103 0.262 

α-2-macroglobulin, mg/ml
 b

 3.1 (2.7, 3.6) 3.7 (3.5, 4.5) 0.031 
a
Values are Mean ± SD, Student’s tests; 

b
Values are median (interquartile range), 

Wicoxon rank sum test; 
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FIGURE LEGENDS 

 

Figure E1. Reproducibility of plasma sample preparation and 2D-DIGE. Correlation 

of protein spot ratios between (A) the same sample labelled with Cy3 or Cy5; (B) the 

same plasma sample independently immunodepleted and TCA precipitated; and (C) 

the same sample run on a different gel one week apart.  
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AT A GLANCE COMMENTARY 

Scientific Knowledge on the Subject 

The respiratory diseases asthma and chronic obstructive pulmonary disease (COPD) have 

many similar symptoms and are typically diagnosed by performing a number of clinical tests 

to assess an individual’s lung function and response to reliever medication.  To date, some 

studies have attempted to identify biomarkers of COPD or asthma, however, no study has 

attempted to identify non-invasive, blood-based, diagnostic biomarkers that can discriminate 

between healthy controls, asthmatics and individuals with COPD. 

What This Study Adds to the Field 
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Using a proteomics approach, we have identified a panel of four blood-based biomarkers that, 

when used in combination, can discriminate between healthy controls, asthmatics and 

individuals with COPD and has the potential to be a valuable tool in the clinical diagnosis of 

respiratory disease. These markers implicate the anti-inflammatory iron metabolism pathways 

in the pathogenesis of asthma and COPD.  

 

This article has an online data supplement, which is accessible from this issue’s table of 

content online at www.atsjournals.org. 
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ABSTRACT 

Rationale:  Proteomics may identify a useful panel of biomarkers for identification of asthma 

and chronic obstructive pulmonary disease (COPD). 

Objectives:  To conduct an unsupervised analysis of peripheral blood proteins in well 

characterised subjects with asthma and COPD, and identify and validate a biomarker panel for 

disease discrimination.  

Methods:  Two-dimensional difference gel electrophoresis (2D-DIGE) was used to separate 

plasma proteins from healthy controls, stable asthmatics and individuals with COPD.  

Candidate protein markers were identified using matrix assisted laser desorption ionisation 

time of flight mass spectrometry (MALDI-TOF MS) and subsequently validated in two 

populations via immunoassay. A panel of four biomarkers was selected and their ability to 

distinguish between groups assessed in isolation and in combination in 2 separate validation 

populations. 

Results:  Seventy-two protein spots displayed significantly different expression levels 

between the three subject groupings (p<0.05). 58 were positively identified representing 20 

unique proteins.  A panel of four biomarkers (α-2 macroglobulin, haptoglobin, ceruloplasmin 

and hemopexin) was able to discriminate with statistical significance between the clinical 

groups of asthma, COPD, and controls, and these results were confirmed in a second clinical 

population of older adults with airflow obstruction.  

Conclusions:  Proteomics has identified novel biomarkers for asthma and COPD, and shown 

that the iron metabolism pathways and acute phase response may be involved in the 

pathogenesis of airway disease. The panel of peripheral blood biomarkers has the potential to 

become an extremely useful addition to the clinical diagnosis and management of respiratory 

disease. 
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Word count: 239  

Key words:  Plasma proteomics, biomarkers, asthma, COPD, logistic regression. 
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INTRODUCTION 

Word count: 434  

The obstructive airway diseases asthma and chronic obstructive pulmonary disease (COPD) 

are significant and increasing health problems throughout the world. The management of 

these diseases could be improved by better diagnosis and recognition, and better 

understanding of their pathogenesis. New technologies for investigating human diseases now 

offer significant potential to address the need for better diagnosis and improved understanding 

of asthma and COPD. Proteomics can simultaneously identify multiple proteins associated 

with different disease states (1) and potentially discover novel proteins not previously 

associated with particular disease states. Several studies have utilised proteomics for the 

discovery of protein changes in lung tissue from mouse models of asthma (2-6), and 

bronchoalveolar lavage fluid (BALF) (7) and CD3
+
 T-lymphocytes (8) from asthmatic and 

healthy subjects.  However, for diagnostic and prognostic purposes, identification of 

biomarkers in readily obtainable samples, such as blood, is preferred.  A selected analysis of 

multiple known blood markers in COPD using protein array methodology has shown the 

potential for proteomics (9), whereby a panel of biomarkers were found to associate with 

COPD patients versus healthy controls. This type of study used a predefined array of markers, 

and is potentially limited by the pool of analytes available on the protein array and by our 

current knowledge of disease pathology. An open, unsupervised proteomic study should 

identify a broader panel of candidate markers, including proteins not previously associated 

with respiratory disease. The need for such unbiased approaches has recently been 

emphasised and called for in the chronic inflammatory diseases of asthma and COPD (10). 

There is also general agreement that a panel of independent disease-related proteins 

considered in aggregate should be less prone to the influence of genetic and environmental 

‘noise’ than is the level of a single marker protein (11), and that proteomics has the power to 
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identify such panels of proteins in a high-throughput manner.  There remains however a need 

to apply methods to quantify the added benefit of biomarker panels for disease assessment. 

Thus identification of a panel of biomarkers that are differentially expressed between 

asthmatics and COPD patients, and between patients with and without these airway diseases 

is required.  In this study we have utilised 2D-difference gel electrophoresis (2D-DIGE) to 

conduct an unsupervised analysis of circulating proteins in well characterised subjects with 

asthma and COPD, and applied logistic regression to evaluate the power of combining 

markers compared with the markers in isolation. The biomarker panel was then applied to a 

second validation population with obstructive airway disease to demonstrate the power of this 

approach.  

Some of the results of this study have been previously reported in the form of an abstract (12). 

METHODS 

Subjects 

We confirmed 2D-DIGE reproducibility (on-line supplement, Figure E1) and conducted a 

proteomic discovery study and 2 validation studies. The discovery study assessed mutually 

exclusive clinical groups (n=43, Table 1 and Table E3) of stable non-smoking asthma (n=21), 

COPD (n=5), and matched healthy controls (n=17). The biomarkers were then validated by 

immunoassay in this population, supplemented by 7 asthmatics and 9 COPD patients (n=58, 

Table E6). A clinical validation study then assessed the biomarker panel in older adults (>55 

years) with obstructive airway disease (FEV1 <80% predicted and FEV1/VC<70%) 

consecutively recruited from the clinic (n=50) (Table 2, asthma (n = 14), COPD (n = 22), 

overlap asthma/COPD (n = 14)), and in age matched controls (n=23) recruited by 

advertisement (12).  The study was approved by institutional ethics committees and subjects 

gave written informed consent. 
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The proteomic discovery study and immunoassay validation study recruited subjects from 

mutually exclusive clinical groups of asthma, COPD, and controls without airway disease. 

None of the subjects were current smokers. Asthma was defined as a compatible history of 

episodic symptoms responsive to asthma treatment, together with airway hyperresponsiveness 

to hypertonic (4.5%) saline. Asthmatics had fully reversible airflow obstruction. and DLCO 

was >70% predicted. The COPD group were selected to have COPD (GOLD stage II or 

greater) with predominant airway disease with minimal emphysema (DLCO>60% predicted) 

and no asthma. They were ex-smokers with a significant smoking history, compatible 

symptoms and a doctors diagnosis of COPD, and incompletely reversible airflow obstruction 

(FEV1<80% predicted, FEV1/FVC < 0.7 postbronchodilator) and a negative bronchodilator 

response (BDR). The clinical validation study applied these same definitions, and subjects 

with features of both asthma (variable airflow obstruction) and COPD (incomplete 

reversibility of airflow obstruction) were labelled mixed asthma/COPD.   

Sample Preparation & 2D-DIGE & Mass Spectrometry 

Platelet depleted plasma was processed on a ProteomeLab IgY-12 LC2 column (Beckman 

Coulter, CA, USA), precipitated via TCA/acetone and protein quantified (2D quant; GE 

Biosciences). Protein (100µg) was labelled with Cy3 or Cy5 dyes (GE Biosciences) and 

separated on 24cm pH 4-7 IPG strips followed by 4-18% polyacrylamide gels in the second 

dimension, was visualised on a Typhoon  9410 Variable Mode Imager as described (13). A 

pooled internal control consisting of individuals from each clinical group (n=10) was labelled 

with Cy2 and included on every gel. Image analysis and comparison was performed using the 

Batch Processor and Biological Variation Analysis modules of the DeCyder software version 

6.5 (GE Healthcare, Australia). Average expression ratios of individual protein spots were 

compared using one way analysis of variance (1-ANOVA) and proteins with an expression 

ratio of ±1.2 (assigned following reproducibility analysis) and p<0.05 were then manually 
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inspected for densitometric Gaussian distribution and match quality.  Proteins of interest were 

excised from preparative 2D gels, trypsin digested, and analysed on an Ettan MALDI-

ToF/Pro or an Applied Biosystems 4700 Proteomics Analyser with TOF/TOF optics in MS 

mode as previously described (13).  Data was submitted to the database search program 

Mascot (Matrix Science Ltd, London, UK) for protein identification as described (13). 

Immunoassay 

Serum IgA, complement factor H, haptoglobin, α-2 macroglobulin, ceruloplasmin, 

hemopexin and antithrombin III concentrations were assayed with commercially available 

ELISAs.   For Western blotting, proteins were separated on 10% or 4-18% polyacrylamide 

gels, transferred to nitrocellulose, and probed with anti-prothrombin , anti-fibrinogen gamma 

chain , or anti-inter-alpha-trypsin inhibitor heavy chain H4 (anti-ITI-H4) primary antibodies 

followed by appropriate HRP-linked secondary antibodies. Reactive bands were visualised 

using ECL and a Fujifilm Luminescent Image Analyser LAS-300 and quantified using Multi 

Gauge V3.0 software. The chemiluminescent intensity was normalised to a healthy control 

serum sample run on every gel.   

Statistical Analysis  

Differential expression between groups was assessed using Students t-test (GraphPad Prism 4 

for Windows, GraphPad Software Inc.) with Bonferoni corrected p values. Logistic regression 

(Stata 9, StataCorp) was used to calculate the predicted value of an individual having the 

disease based on their level of a single marker or combination of markers. Receiver-Operating 

Characteristic (ROC) curves were generated, and sensitivity, specificity and the area under the 

curve were calculated. Significance was accepted when p<0.05.  The possibility of biomarker 

serum concentrations varying with inhaled corticosteroid (ICS) use and age was assessed 

using either a simple logistic regression or Spearman’s rank correlation, as appropriate. 
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RESULTS 

Differential Protein Expression Between Healthy Controls, Asthmatics and COPD 

Patients. 

Plasma proteins were separated by 2D-DIGE for 43 subjects across the 3 clinical groups: 

healthy controls (n=17), asthma (n=21) and COPD (n=5).  Over 1900 proteins were detected 

on each gel, 72 proteins displayed significantly altered expression (p<0.05, 1-ANOVA), and 

58 were identified by mass spectrometry (Table 3; Figure 1). While 58 individual protein 

spots were differentially expressed, a number of these represented variant charge and/or 

molecular weight isoforms of the same protein (e.g. 10 isoforms of IgA (Table 3)), thus a total 

of 20 unique proteins were identified as candidate markers. These proteins clustered in groups 

of known function including iron metabolism (ceruloplasmin, haptoglobin, hemopexin), the 

coagulation cascade (α-2-macroglobulin, prothrombin, fibrinogen gamma, fibrin beta), 

immunoglobulins (IgA, IgM), and complement pathways (complement factor H, complement 

factor B). 

Validation of Candidate Markers in the Diagnostic Immunoassay Validation Assessment 

(DIVA) Group 

In order to assess the performance of the markers identified by 2D-DIGE analysis, we 

determined the relative expression of selected marker candidates in serum by immunoassay 

(ELISA or immunoblotting).  Markers were prioritised for validation according to three 

criteria (i) multiple isoforms identified with consistent trends observed, (ii) biologically 

plausible in the context of respiratory disease and (iii) the availability of commercially 

available ELISA kits or primary antibodies.  Serum concentrations of ceruloplasmin (p = 

0.0002), haptoglobin (p = 0.0003) and antithrombin III (p = 0.0140) were significantly higher 

in asthmatics compared with healthy controls.  Additionally, serum levels of prothrombin 
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(high molecular weight isoform) were lower in COPD patients than asthmatics (p = 0.0024) 

and healthy controls (p < 0.0001) (Figure 2). 

Validation of Candidate Markers in the Clinical Validation Population 

We then proceeded to validate the candidate biomarkers in an unselected clinical population 

consisting of older adults with asthma, COPD, and asthma-COPD overlap, and who also 

exhibited significant co morbidity.  Serum concentrations of ceruloplasmin (p = 0.0010), 

haptoglobin (p = 0.0073) and hemopexin (p = 0.0004) were significantly higher in asthmatics 

compared with healthy controls.  When compared to controls, the COPD patients showed 

trends for elevations in ceruloplasmin, α-2 macroglobulin, haptoglobin and hemopexin.  

Haptoglobin (p = 0.0014) and hemopexin (p = 0.0024) exhibited significantly elevated serum 

levels in individuals with overlap asthma-COPD compared with healthy controls.  None of the 

markers investigated showed statistically significant differences between COPD patients and 

individuals with overlap asthma-COPD and asthmatics (Figure 3).   

Analysis of a panel of Proteomic Biomarkers 

The performance of a biomarker panel was evaluated in the two populations and the candidate 

markers ceruloplasmin, α-2 macroglobulin, haptogobin and hemopexin were selected for use 

in a combinatorial analysis due to their statistically significant differences in serum marker 

levels between disease groups and their consistent performance over the two distinct 

populations.  

DIVA Group:  Several biomarker combinations were capable of distinguishing between all 

three clinical groups (asthma, COPD, healthy control) in a manner superior to any one marker 

in isolation (Table 4, Table E4).  The combination of ceruloplasmin and haptoglobin was the 

best for discriminating between asthmatics and healthy controls, whereas serum 

ceruloplasmin and hemopexin concentrations in combination best distinguished between 

COPD patients and healthy controls. For differential diagnosis between COPD patients and 
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asthmatics several marker combinations were able to discriminate between the two disease 

states.  The combination α-2 macroglobulin and either haptoglobin or hemopexin provided a 

good balance of sensitivity and specificity whereas α-2 macroglobulin, haptoglobin and 

hemopexin delivered the best sensitivity (92%) and α-2 macroglobulin, hemopexin and 

ceruloplasmin gave the best specificity (89.3%).  It is interesting to note that the serum 

concentration of α-2 macroglobulin alone performed almost as well, indicating that it was the 

predominant contributor to the power of the combinations tested.   

Clinical Validation Population:.  The combination of haptoglobin and hemopexin  was the 

best for discriminating between asthmatics and healthy controls in this population (Table 5, 

Table E5, Figure 4).  Ceruloplasmin either alone, or combined with haptoglobin also 

performed well.  α-2 macroglobulin and hemopexin concentrations in combination best 

distinguished between COPD patients and healthy controls. The combination of 

ceruloplasmin and hemopexin also demonstrated statistically significant discrimination for 

COPD and controls, in agreement with the analysis of the primary validation group.  

For differential diagnosis between COPD patients and asthmatics the combination α-2 

macroglobulin, haptoglobin and ceruloplasmin delivered the best sensitivity whereas α-2 

macroglobulin, haptoglobin and hemopexin provided the best specificity.  The combination of 

the markers α-2 macroglobulin, haptoglobin and hemopexin was the best for discriminating 

between individuals with asthma-COPD overlap and healthy controls  α-2 macroglobulin and 

ceruloplasmin serum levels in combination could discriminate asthmatics and individuals with 

overlap asthma/COPD No marker combinations or markers in isolation were able to 

discriminate between COPD patients and individuals with overlap asthma-COPD with 

statistical significance. 

Effect of Co-morbid Conditions in the Clinical Validation Population 
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A literature review identified 5 medical conditions as potential confounders of the blood 

based marker diagnosis panel: hepatobiliary disease (14), ischemic coronary disease (15), 

obesity (16, 17), endocrine and metabolic disorders (18, 19) as well as psychiatric conditions 

(20).  Table E7 summarises a co-morbidity analysis of the clinical validation population and 

indicates no significant effect of these co-morbid conditions on the marker levels, apart from 

an effect of psychiatric disease on levels of α-2 macroglobulin.   

Potential Effect of ICS Use and Age on Biomarker Serum Concentrations 

For the DIVA group, stable asthmatics (but not COPD patients) were prescribed ICS.  The 

potential effect of ICS use on serum marker concentrations was assessed and it was found that 

ICS dosage did not significantly alter serum marker concentrations and is thus unlikely to be a 

cause of the observed elevation of serum marker concentrations in this study. [Hemopexin: p 

= 0.5135; haptoglobin: p=0.083; ceruloplasmin: p = 0.6723; α-2 macroglobulin: p = 0.6761]. 

 

For the clinical validation population many COPD patients were also using ICS. In order to 

evaluate the effect of ICS use on serum marker levels in COPD patients, individuals from the 

clinical validation and DIVA (none using ICS) groups were combined and reclassified into 

two groups (with and without ICS).  Logistic regression analysis identified no statistically 

significant effect of ICS use on marker concentration.. 

Additionally, we evaluated the potential effect of age on serum marker concentrations and 

found that there was no significant correlation between age and serum marker concentration 

for the DIGE, DIVA and clinical validation groups (p>0.05 for all panel markers). 

 

DISCUSSION 

This proteomic discovery programme has identified a panel of protein markers whose serum 

concentrations are significantly altered in asthma and COPD compared with age and sex 

matched healthy controls, and whose function points to novel mechanistic pathways 
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indicating the involvement of the iron metabolism pathways, complement pathways, and the 

coagulation cascade in asthma and COPD. In addition, we have identified a panel of 4 serum 

biomarkers that includes ceruloplasmin, haptoglobin, hemopexin and α-2-macroglobulin that 

can be used in combination to accurately identify asthma and COPD, and have validated these 

results in a second clinical population of older adults with obstructive airway diseases, 

including asthma and COPD. The proteins in the diagnostic biomarker panel are all involved 

in the regulation of inflammation, and usually function as anti-inflammatory proteins.   

We used an unbiased analysis design in well characterised groups of patients with asthma and 

COPD to discover differentially expressed proteins in these groups.  Ten of the twenty 

candidate markers identified were subsequently validated in serum and a biomarker panel 

including the markers ceruloplasmin, α-2 macroglobulin, haptoglobin and hemopexin 

provided significant discrimination between subject groups in both validation studies. 

Although individual markers can differentiate between particular clinical groupings, logistic 

regression analysis has shown that the consideration of marker combination for each specific 

comparison yields vastly superior performance.  ROC curves constructed for each comparison 

are of high quality (Figure 4) and specific cut-off points may be chosen to tailor the test for 

either maximum sensitivity or specificity, depending upon the diagnostic requirements.  

Indeed, apart from mixed airways disease and COPD (for which no combination can 

differentiate) cut-points may be chosen where sensitivity and specificity are well balanced 

(Tables 4 and 5).  Thus our study has identified a panel of highly discriminatory proteins that 

could be extremely useful in a clinical context. 

The biomarker panel comprises three positive acute-phase proteins (α-2 macroglobulin, 

ceruloplasmin and haptoglobin) and one type II acute-phase protein (hemopexin).  These are 

predominantly liver-synthesised proteins that can have important anti-inflammatory activity 

through inhibition of oxidative stress, and iron sequestration resulting in antimicrobial 
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activity. As such, they may function to modulate the systemic inflammatory response to 

inflammation (21) and be involved in tissue repair through fibrosis and angiogenesis. 

The acute phase response is an innate body defence observed during infection, physical 

trauma, malignancy and tissue damage that aims to minimise on-going tissue damage by 

isolating and destroying infective agents whilst activating repair processes.  It is an antigen 

non-specific, innate response which aims to eliminate microbes and hence prevent infection.  

The innate immune response involves the recruitment and activation of macrophages and 

leukocytes that release inflammatory cytokines upon recognition of a PAMP.  These 

cytokines travel through the bloodstream and stimulate hepatocytes in the liver to synthesize 

and secrete acute-phase proteins which we have in this case identified as differentially 

expressed between our clinical groupings in circulating blood.   

Ceruloplasmin, also called ferroxidase, is a multi-functional, copper protein synthesised 

primarily in the liver and by activated macrophages. It has important roles in iron 

homeostasis, inflammation, and it has antimicrobial activity via regulation of iron availability 

to microorganisms. Serum levels have previously been reported to be elevated (22, 23) or 

unchanged in children with allergic asthma (24). Engstrom reported that ceruloplasmin and 

haptoglobin were weakly correlated with lung function in COPD, and were associated with an 

increased future risk of hospitalisation in COPD (25).  Our results extend these observations 

by showing elevated ceruloplasmin in adults with asthma and COPD, as well as asthma-

COPD overlap. In addition, we show that the elevation of ceruloplasmin is part of an increase 

in iron metabolism proteins as part of asthma and COPD, probably as an anti-inflammatory 

response to the airway inflammation that characterises these conditions. 

Haptoglobin and hemopexin were other iron–related proteins that were altered in this study.  

The inhibition of heme release from globin by haptoglobin and sequestration of heme by 

hemopexin suppress hemoglobin-mediated oxidative stress, attenuates endothelial 
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cytotoxicity and protects cells from heme toxicity. Iron sequestration may also have 

antimicrobial effects by depriving microbes of essential iron. Additionally, hemoglobin and 

its derivative heme are often released into tissue compartments where there is infection and 

inflammation, in the presence of degrading blood, and hemoglobin synergizes with multiple 

TLR agonists to induce release of high levels of tumor necrosis factor and interleukin-6 from 

macrophages, an effect that is attenuated by hemopexin (26). Hemopexin also down-regulates 

LPS-induced proinflammatory cytokine release from macrophages (27).  Hemopexin has not 

been previously been associated with asthma or COPD.  However, a 2D-DIGE based 

proteomic study of BAL in sarcoidosis patients, chronic beryllium disease (CBD) patients and 

controls showed a significant difference in BAL hemopexin concentration between controls 

and CBD patients.  CBD is a granulomatous disorder that can lead to chronic lung 

inflammation and fibrosis (28). 

Haptoglobin can be expressed by eosinophils, and variable serum levels have been reported in 

asthma, where both elevated (29) and reduced (30) serum haptoglobin levels are described. 

Increases in haptoglobin are seen in uncontrolled asthma, such as asthma exacerbation (31) 

and 24 hours after allergen challenge in late responders (32).  In asthma, haptoglobin has also 

been correlated with FEV1 (29).  As part of its tissue repair function, haptoglobin can induce 

differentiation of fibroblast progenitor cells into lung fibroblasts (33), and angiogenesis, 

potentially implicating haptoglobin in remodelling and fibrosis in asthma and COPD. 

Haptoglobin has not previously been linked to COPD. 

α-2 macroglobulin binds host or foreign peptides and particles, thereby serving as a humoral
 

defense barrier against pathogens in the plasma and tissues of
 
vertebrates.  It interacts with 

and captures virtually any proteinase including serine, cysteine, aspartic and 

metalloproteinases e.g. gelatinase (MMP-2 and MMP-9), both
 
self and foreign, suggesting a 

function as a unique "panproteinase
 
inhibitor" (34).  Its structure contains a 35 amino acid 
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"bait" region.  Proteinases binding and cleaving the bait region become bound to α- 2 

macroglobulin and the proteinase-α-2 macroglobulin complex is recognised by macrophage 

receptors and cleared from the system (35).  α-2 macroglobulin provides negative feedback 

on the inflammatory response by inhibiting thrombin (coagulation) and plasmin (fibrinolysis). 

It has been studied in airway secretions as a marker of plasma exudation, and is increased in 

sputum samples in asthma and COPD (36). Plasma levels may be increased in asthma (37), 

and are normal in emphysema but reduced in chronic bronchitis (38). 

In agreement with these proteins being positive acute-phase proteins, their serum levels are 

elevated in the asthmatic and COPD groups (independent of age and ICS use) in both our 

validation populations relative to the healthy controls in our study.  More importantly, the 

differential expression of the markers in our panel makes sense in the context of asthma and 

COPD which both manifest inflammatory and fibrotic components during their progression. 

Some limitations to our study relate to subject selection in the discovery population. The 

COPD group was small in number, and selected to have airway predominant disease.  The 

primary reason for studying airway predominant COPD was to rigorously test the hypothesis 

that there would be differential markers between asthma and COPD reflective of small airway 

inflammation which is a relevant lesion in both asthma and COPD.  This approach eliminates 

the potentially confounding effects of airspace disease. By designing the study this way, we 

believe that the information about potential disease mechanisms is not confounded by the site 

of pathology.  In addition, because COPD is a heterogeneous disease, we thought it was 

important to minimize this heterogeneity by studying a recognized and clinically relevant 

group of COPD subjects.  A larger group or one with more emphysema may identify 

additional proteins that are associated with COPD, and this would be useful future work. 

Similarly, the COPD subjects in the discovery group were not using inhaled corticosteroid 

(ICS), whereas, most of the patients in the clinical validation group were prescribed ICS. This 
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has the potential to influence results. We conducted some analyses to test for these effects and 

none were apparent, however this requires further study.  The 2D-DIGE technology is not 

well suited to analysis of small molecular weight proteins, eg <10kDa. This means that many 

cytokines would not be detected by this approach, and additional methods such as used by 

PintoPlata are useful here (9).  

The strengths of the results in this study come from the approach used and the combination of 

a panel of markers to use for disease discrimination. A panel of independent disease related 

biomarkers, as can be identified by proteomics, is generally considered to be more powerful 

and less prone to the influence of genetic and environmental ‘noise’ than a single marker 

protein (11). For example, Rai et al. identified three potential biomarkers that could 

differentiate ovarian cancer from healthy individuals and compared their performance against 

the tumour marker, cancer antigen 125 (CA125) (39). Each biomarker individually did not 

out-perform CA125, however the combination of two of the new biomarkers together with 

CA125 significantly improved their performance (39, 40). Similarly, we show here that the 

combination of protein biomarkers significantly improves the performance as a diagnostic 

marker than each individual protein alone.  

Proteomic analysis, utilizing high-resolution 2D-gel electrophoresis coupled with mass 

spectrometry, is a powerful means to identify differential protein expression between 

biological samples. However, a major limitation in traditional 2D-gel technology is the 

reproducibility, and thus statistical comparison of protein expression between individual gels 

is difficult. A recent advance in this area has come from the introduction of Cy dye 

fluorophores for pre-labelling of protein samples. Two-dimensional difference gel 

electrophoresis (2D-DIGE) technology adds a quantitative component to conventional 2D-gel 

analyses, allowing for comparison of protein expression changes across multiple samples 

simultaneously without gel-to-gel variation, and hence with statistical confidence (41, 42). 
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Our reproducibility study (Online supplement) clearly shows that this technology, together 

with immunodepletion of abundant plasma proteins, can reproducibly separate thousands of 

proteins. Combined with well defined clinical groups and advanced statistical analyses, we 

have shown that this technology is a powerful tool for the identification of novel disease 

biomarkers. As the biomarkers are detectable in blood, a readily obtainable biological sample, 

and reagents are currently available for testing the abundance of these proteins, this panel of 

biomarkers has the potential to become an extremely useful addition to the clinical diagnosis 

and management of respiratory disease. 
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TABLE 1. CLINICAL CHARACTERISTICS OF PEOPLE IN THE 2D-DIGE 

MARKER DISCOVERY STUDY 

Group 1 2 3  

Description Healthy 

Controls 

Stable 

Asthma 

COPD 

 

P value 

Number of patients 17 21 5  

Age (Years)
 a
 44.2 ± 14.4 48.1±12.7 

§
*65.7 ± 10.6 0.012 

Sex (Male/ Female)
 c
 8/9 11/10 2/3 1.0 

Smoking, n(%)
c
: 

Never 

Ex 

 

8 (47% 

9 (53%) 

 

11 (52%) 

10 (48%) 

 

0 

5 (100%) 

0.127 

Pack years
 a
 20.3 ±  17.4 20.7 ±  13.3 

§
*72.7 ±  36.9 0.003 

Atopy, n(%)
c
 6 (35.3%) *19 (90.5%) 

§
1 (20.0%) <0.0001 

%predicted FEV1
a,e

 97.7 ± 9.0 *81.3 ± 16.7 *65.0 ± 17.5 0.0001 

%predicted FEV1
a,f

 101.0 ± 8.7 *85.9 ± 14.4 *69.0 ± 18.3 <0.0001 

%predicted FVC
a,e

 101.3 ± 11.3 95.1 ± 14.9 *79.9 ± 10.9 0.010 

FEV1/FVC %
a,e

 79.5± 8.0 *70.1 ± 7.9 *63.8 ± 10.0 0.0003 

PD15 (mL)
 b,d

 N/A 5.3 (3.6, 

15.1). 

4.8 (4.7, 8.4) 0.926 

DLCO
 a
 N/A 85.9 ± 15.0 65.6 ± 11.5 0.012 

ICS use, n(%)
c
 N/A 21(100%) 0 <0.0001 

ICS (µg 

beclomethasone 

equivalents /day)
 b

 

N/A 1464 ± 1228 N/A  

ACQ score N/A 1.1 ± 0.8 N/A  

GOLD Classification, n (%) 

I N/A N/A 0 (0%)  

II N/A N/A 5 (100%)  

III N/A N/A 0 (0%)  

IV N/A N/A 0 (0%)  

Induced Sputum Cell Counts 

Quality 
b
 19 (17, 20) 19 (17, 20) 19 (18, 20) 0.976 

Total cell count x 

10
6
/ml 

b
 

3.96  

(2.4, 6.7) 

3.47 

(1.6, 5.1) 

6.03  

(3.7, 10.1) 

0.3224 

Neutrophils% 
b
 34.5  

(17.8, 61.0) 

42.0  

(27.5, 49.3) 

§
64.5  

(57.8, 67.8) 

0.028 

Eosinophils% 
b
 0  

(0, 0.25) 

*1.0  

(0.25, 6.5) 

1.25  

(0.25, 1.5) 

0.002 

Macrophages% 
b
 59.8  

(36.8, 79.8) 

51.5  

(41.3, 62.8) 

§
*31.8  

(31.3, 32.0) 

0.032 

Lymphocytes% 
b
 0.75  

(0.25, 1.25) 

0.5 

(0.25, 0.75) 

0.75  

(0.5, 1.25) 

0.551 

Columnar 

epithelial% 
b
 

2.0  

(0.5, 5.5) 

2.25  

(1.0, 6.5) 

1.75  

(0.25, 2.25) 

0.442 

Squamous% 
b
 2.7 

(1.7, 5.7) 

4.5 

(0.7, 7.2) 

2.2 

(0.99, 3.9) 

0.453 
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a
Values are Mean ± SD, oneway ANOVA; 

b
Values are median (interquartile range), Kruskall-

Wallis test; 
c
Chi Square or Fisher’s exact test; 

d
PD15 is provocation dose resulting in 15% 

drop in baseline FEV1 expressed as geometric mean (log SD); FEV1 is forced expiratory 

volume in 1 second either pre
e
- or post-

f
 bronchodilator; FVC is forced vital capacity; DLCO is 

carbon monoxide diffusing capacity; ICS is inhaled corticosteroids; Bonferroni post hoc test 

significant compared to: *Healthy Controls; 
§
Stable Asthma.  Asthma: symptoms with fully 

reversible variable airflow obstruction [airway hyperresponsiveness and/or increased 

bronchodilator reversibility]. COPD: symptoms, incomplete reversibility of airflow 

obstruction [postbronchodilator FEV<80%predicted].  
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TABLE 2. CLINICAL DATA FOR THE CLINICAL VALIDATION POPULATION 

Group 1 2 3 4  

Description Healthy 

Controls 

Stable 

Asthma 

COPD 

 

Overlap 

Asthma-

COPD 

P value 

Number of 

patients 

23 14 22 14  

Age (Years)
 a
 49.9 ± 17.6 *67.7 ± 6.7 *68.0 ± 7.9 *68.7 ± 9.0 <0.0001 

Sex (Male/ 

Female)
 c
 

11/12 8/6 8/14 5/9 0.566 

Smoking, n(%)
c
: 

Never 

Ex 

Current 

 

12 (52.2%) 

11 (47.8%) 

0 

 

7 (50%) 

7 (50%) 

0 

 

8 (36.4%) 

13 (59.1%) 

1 (4.6%) 

 

5 (35.7%) 

8 (57.1%) 

1 (7.1%) 

0.759 

Pack years
 a
 13.9 ± 15.6 39.5 ± 28.6 39.9 ± 36.9 37.2 ± 37.9 0.151 

Atopy, n(%)
c
 6 (26.1%) *11 (78.6%) 8 (36.4%) 9 (64.3%) 0.006 

%predicted 

FEV1
a,e

 

103.9 ± 13.6 *56.9 ± 22.4 *54.1 ± 21.5 *50.6 ±14.9 <0.0001 

%predicted 

FEV1
a,f

 

109.0 ± 13.8 *61.6 ± 23.8 *60.6 ± 22.7 *55.0 ± 17.1 <0.0001 

%predicted 

FVC
a,e

 

110.10 ± 

14.3 

*75.1 ± 18.6 *75.1 ± 22.6 *76.6 ± 14.8 <0.0001 

FEV1/FVC %
a,e

 77.5 ± 5.3 *59.2 ± 15.2 *55.9 ± 13.6 *52.1 ± 12.9 <0.0001 

PD15 (mL)
 b, d

 N/A 7.4  

(3.5, 19.6) 

5.9  

(4.9, 8.7) 

6.3  

(2.9, 11.2) 

0.935 

DLCO
 a
 N/A 73.3 ± 17.3 72.5 ± 23.2 84.1 ± 21.2 0.323 

ICS use, n(%)
c
 0 11 (78.6%) 21 (95.5%) 14 (100%) 0.08 

ICS (µg 

beclomethasone 

equivalents /day)
 

b
 

N/A 1600 ± 780 1460 ± 646 1657 ± 511 0.659 

GOLD Classification, n (%) 

I N/A N/A 4 (20%) N/A  

II N/A N/A 9 (45%) N/A  

III N/A N/A 4 (20 %) N/A  

IV N/A N/A 3 (15%) N/A  

Sputum Cell Counts 

Quality 
b
 18 (16, 19) 17 (16, 19) 18.5  

(17.5, 19) 

17.5 (16, 

18) 

0.250 

Total cell count x 

10
6
/ml 

b
 

1.7 

(1.3, 3.1) 

4.0 

(2.8, 8.5) 

3.3 

(1.9, 7.6) 

3.7 

(1.4, 9.5) 

0.039 

Neutrophils% 
b
 28.5 

(13.3, 54.5) 

62.9 

(45.5, 78.5) 

*56.0 

(35.5, 88.3) 

*77.0 

(45.8, 85.5) 

0.003 

Eosinophils% 
b
 0.25 

(0, 0.5) 

*1.65 

(0.5, 3.25) 

*2.0 

(0.75, 7.25) 

*1.0  

(0.25, 5.5) 

0.0001 

Macrophages% 
b
 63.8 

(41.5, 77.8) 

29.9 

(16.8, 52.0) 

*15.0 

(8.0, 44.0) 

*17.5 

(7.3, 37.3) 

0.0003 
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Lymphocytes% 
b
 0.75 

(0.25, 1.75) 

0 

(0, 0.5) 

0.25 

(0, 1.0) 

0.25 

(0, 1.0) 

0.062 

Columnar 

epithelial% 
b
 

1.0 

(0.25, 7.5) 

1.5 

(0.5, 2.0) 

0.75 

(0.25, 2.25) 

1.0 

(0.5, 2.25) 

0.659 

Squamous% 
b
 4.5 

(1.96, 8.3) 

1.6 

(0.7, 18.4) 

2.7 

(0.99, 8.9) 

3.9 

(2.2, 8.5) 

0.725 

a
Values are Mean ± SD, oneway ANOVA; 

b
Values are median (interquartile range), Kruskall-

Wallis test; 
c
Chi Square or Fisher’s exact test; 

d
 PD15 is provocation dose resulting in 15% 

drop in baseline FEV1 expressed as geometric mean (log SD); FEV1 is forced expiratory 

volume in 1 second either pre
e
- or post-

f
 bronchodilator; FVC is forced vital capacity; DLCO is 

carbon monoxide diffusing capacity; ICS is inhaled corticosteroids. Bonferroni post hoc test 

significant compared to: *Healthy Controls.  Asthma: symptoms and reversible variable 

airflow obstruction [airway hyperresponsiveness and/or increased bronchodilator 

reversibility]. COPD: symptoms, incomplete reversibility of airflow obstruction 

[postbronchodilator FEV<80%predicted]; Overlap asthma/COPD: symptoms with increased 

variability and incomplete reversibility of airflow obstruction. 
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TABLE 3. DIFFERENTIALLY EXPRESSED PROTEINS BETWEEN THE 3 

DISEASE GROUPS (HEALTHY CONTROLS, ASTHMATICS AND COPD 

PATIENTS) IDENTIFIED BY 2D-DIGE AND MASS SPECTROMETRY. 
Master 

spot no. 

ANOVA 

p-value Protein ID Accession # 

Differential Expression Ratio 

(*p<0.05, t-test) 

    

Asthmatics / 

Controls 

COPD / 

Controls 

COPD / 

Asthmatics 

Iron Metabolism 

480 0.002 Ceruloplasmin (ferroxidase) P00450 1.01 -1.34* -1.35* 

1437 0.0066 Haptoglobin P00738  1.94* 1.48 -1.31 

1394 0.016 Haptoglobin  P00738  2.13* 1.59 -1.34 

1444 0.022 Haptoglobin P00738  1.83* 1.37 -1.33 

1403 0.027 Haptoglobin P00738  1.88* 1.59 -1.18 

1381 0.03 Haptoglobin P00738  2.13* 1.37 -1.55 

968 0.024 Hemopexin P02790 -1.2* NA NA 

965 0.029 Hemopexin P02790 -1.12 -1.23* -1.1 

977 0.033 Hemopexin P02790 -1.34* -1.2 -1.12 

Coagulation cascade  

822 0.04 Prothrombin P00734 -1.08 -1.24* -1.15 

824 0.0054 Prothrombin P00734 -1.1 -1.31* -1.19 

818 0.016 Prothrombin P00734 -1.14* -1.26* -1.1 

819 0.018 Prothrombin P00734 -1.13* -1.19* -1.05 

1242 0.0019 Fibrinogen gamma P02679 1.06 1.31* 1.24* 

1235 0.03 Fibrinogen gamma P02679 1.18 1.48* 1.26 

1153 0.011 Fibrinogen gamma P02679 1.25* 1.28* 1.02 

859 0.0041 Heparin cofactor II  P05546 1.18* -1.25 -1.47* 

865 0.0097 Heparin cofactor II  P05546 1.1 -1.2* -1.32* 

611 0.037 Heparin cofactor II  P05546 1.31* 1.05 -1.24 

911 0.0028 Protein S precursor P07225 -1.28* -1.19 1.07 

1152 0.0084 Fibrin beta  1.2* 1.51* 1.26 

559 0.025 ITI heavy chain  H4 Q14624 -1.24* -1.15 1.08 

557 0.031 ITI heavy chain  H4 Q14624 -1.14* -1.25* -1.09 

558 0.049 ITI heavy  chain  H4 Q14624 -1.14 -1.29* -1.13 

1284 0.036 alpha-2-antiplasmin P08697 1.19 1.27* 1.07 

967 0.0085 alpha-2 antiplasmin P08697 1.18 2.07* 1.75* 

857 0.041 Histidine-rich glycoprotein  P04196 1.07 -1.22 -1.3* 

1116 0.048 Antithrombin-III P01008 -1.23* -1.15 1.08 

1106 0.019 Antithrombin-III P01008 -1.18* -1.22* -1.04 

737 0.042 Gelsolin P06396 -1.19 -1.43* -1.21 

236 0.0034 Alpha-2 macroglobulin  P01023 -1.31* NA NA 

495 0.022 Alpha-2-macroglobulin  P01023 -1.23* -1.02 1.2 

Page 98 of 129

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=116117
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=123508
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=123508
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=123508
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=123508
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=123508
http://kr.expasy.org/cgi-bin/get-sprot-entry?P02790
http://kr.expasy.org/cgi-bin/get-sprot-entry?P02790
http://kr.expasy.org/cgi-bin/get-sprot-entry?P02790
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&id=135807
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&id=135807
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&id=135807
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&id=135807
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=20178280
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=20178280
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=20178280
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=123055
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=123055
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=123055
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=131086
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=13432192
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=13432192
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=13432192
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=112907
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=112907
http://kr.expasy.org/cgi-bin/get-sprot-entry?P04196
http://kr.expasy.org/cgi-bin/get-sprot-entry?P01008
http://kr.expasy.org/cgi-bin/get-sprot-entry?P01008
http://kr.expasy.org/cgi-bin/get-sprot-entry?P06396
http://kr.expasy.org/cgi-bin/get-sprot-entry?P01023
http://kr.expasy.org/cgi-bin/get-sprot-entry?P01023


For Review
 O

nly

 28 

498 0.032 Alpha-2 macroglobulin  P01023 -1.34* -1.17 1.14 

249 0.041 Alpha-2-macroglobulin  P01023 -1.3* NA NA 

Complement Pathways  

349 0.028 Complement factor H P08603 1.3* 1.34 1.03 

338 0.00017 Complement factor H P08603 -1.53* 1.19 1.82* 

336 0.0031 Complement factor H P08603 -1.24* 1.59* 1.97* 

340 0.0045 Complement factor H P08603 -1.3* 1.27 1.66* 

339 0.0078 Complement factor H P08603 1.16 1.81* 1.56* 

680 0.015 Complement factor B P00751 -1.25 -1.5* -1.2 

688 0.029 Complement factor B P00751 1.12 -1.2 -1.34* 

547 0.032 Complement 3 P01024 -1.18 -1.76* -1.49 

691 0.0034 Complement component C4-A P0C0L4 -1.29* -1.59* -1.23* 

Immunoglobulins     

1001 0.0019 IgA P01876 1.45* 2.38* 1.64* 

992 0.0055 IgA P01876 1.19 1.98* 1.66* 

1009 0.0084 IgA P01876 1.24 1.85* 1.49* 

1005 0.016 IgA P01876 1.33 2.11* 1.58 

1017 0.017 IgA P01876 1.2 1.94* 1.62* 

1018 0.022 IgA P01876 1.11 1.86* 1.67* 

1022 0.022 IgA P01876 1.16 1.86* 1.61* 

996 0.024 IgA P01876 -1.36 1.3 1.77* 

1011 0.034 IgA P01876 1.22 1.92* 1.57 

1010 0.039 IgA P01876 1.3 1.99* 1.53 

806 0.011 IgM heavy chain P01871 -2.17* -2.04 1.07 

796 0.02 IgM heavy chain P01871 -1.8* -2.68* -1.49 

794 0.026 IgM heavy chain P01871 -2.09* -2.2 -1.06 

811 0.018 IgM heavy chain P01871 -1.74* -2.22* -1.27 

804 0.04 IgM heavy chain P01871 -1.87* -2.42 -1.3 

COPD = chronic obstructive pulmonary disease; ITI heavy chain H4 = Inter-alpha-trypsin 

inhibitor heavy chain H4; IgA = immunoglobulin A; IgM = immunoglobulin M. 
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TABLE 4. ANALYSIS OF DIAGNOSTIC VALUES OF MARKER AND MARKER IN 

COMBINATIONS IN DIAGNOSTIC IMMUNOASSAY VALIDATION GROUP. 
Minimal False Negatives Minimal False Positives 

Comparison Marker 

combination 

Logistic 

Regression 

Model p 

value 

Cut-off, 

Predicted 

value 

Sensitivity Specificity Cut-off 

Predicted 

value 

Sensitivity Specificity 

AUC (%) 

Asthma v 

Healthy  
Combination 

        

n = 44 Ceruloplasmin 

Haptoglobin 

<0.00001 >=0.448 92.86 75.0 >=0.785 67.86 93.75 89.29 

 Ceruloplasmin 

Hemopexin 

0.0006 >=0.442 89.29 62.5 >=0.753 67.86 93.75 83.04 

 Haptoglobin  

Hemopexin  

0.0006 >=0.590 85.71 68.75 >=0.676 78.57 81.25 82.59 

COPD v 

Healthy 
Combination 

        

n = 30 Ceruloplasmin  

Haptoglobin 

0.0004 >=0.342 84.62 68.75 >=0.590 69.23 87.50 88.94 

 Ceruloplasmin  

Hemopexin 

<0.00001 >=0.426 92.86 75.0 >=0.480 85.71 87.50 91.07 

 Haptoglobin  

Hemopexin  

0.009 >=0.444 76.92 62.50 >=0.547 61.54 87.50 81.25 

COPD v 

Asthma 
Combination 

        

n = 42 α-2-Macroglobulin 

Haptoglobin 

0.045 >=0.289 84.62 64.29 >=0.382 61.54 78.57 74.73 

 α-2-Macroglobulin 

Hemopexin 

0.019 >=0.314 78.57 67.86 >=0.435 57.14 78.57 75.51 

 αααα-2-Macroglobulin 

Haptoglobin 

Hemopexin 

0.046 >=0.285 92.31 64.29 >=0.355 76.92 75.0 76.10 

 αααα-2-Macroglobulin 

Hemopexin 

Ceruloplasmin 

0.048 >=0.338 78.57 71.43 >=0.493 50.0 89.29 75.77 

COPD = chronic obstructive pulmonary disease; AUC = area under the curve. 
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TABLE 5. ANALYSIS OF THE DIAGNOSTIC VALUES OF MARKER AND MARKER IN 

COMBINATIONS IN THE CLINICAL VALIDATION POPULATION: 
Minimal false negatives Minimal false positives 

Comparison Marker 

combination 

Logistic 

Regression 

Model p 

value 

Cut-off 

Predicted 

value 

Sensitivity Specificity Cut-off 

Predicted 

value 

Sensitivity Specificity 

AUC (%) 

Asthma v 

Healthy  
Combination 

        

n = 36 Ceruloplasmin 

Haptoglobin 

0.0002 >=0.342 85.71  72.73 >=0.561 64.29 95.45 87.01 

 Ceruloplasmin 

Hemopexin 

0.0001 >=0.226 92.31 68.18 >=0.421 69.23 81.82 89.16 

 Haptoglobin 

Hemopexin  

<0.00001 >=0.289 100.0 90.91 >=0.457 92.31 95.45 96.85 

COPD v 

Healthy 
Combination 

        

n = 44 Ceruloplasmin  

Haptoglobin 

0.016 >=0.460 72.73 59.09 >=0.573 63.64 81.82 75.41 

 Ceruloplasmin  

Hemopexin 

0.008 >=0.521 72.73 77.27 >=0.617 63.64 90.91 76.65 

 Haptoglobin  

Hemopexin  

0.014 >=0.439 72.73 63.64 >=0.567 59.09 95.45 73.97 

 αααα-2-Macroglobulin 

Hemopexin 

0.006 >=0.412 86.36 68.18 >=0.631 54.55 95.45 80.17 

Mixed v 

Healthy 

Combination         

n = 36 Ceruloplasmin  

Haptoglobin 

0.002 >=0.321 92.86 59.09 >=0.488 64.29 81.82 80.84 

 Ceruloplasmin  

Hemopexin 

0.007 >=0.321 92.86 68.18 >=0.464 64.29 86.36 81.49 

 Ceruloplasmin  

Hemopexin  

Haptoglobin 

0.0007 >=0.277 92.86 59.09 >=0.530 71.43 95.45 86.04 

 αααα-2-Macroglobulin 

Hemopexin 

Haptoglobin 

0.0002 >=0.295 100.0 77.27 >=0.435 92.86 95.45 94.16 

COPD v 

Asthma 

Individual         

n = 36 α-2-Macroglobulin 0.013 >=0.585 72.73 71.43 >=0.672 54.55 92.86 71.43 

 Combination         

 α-2-Macroglobulin 

Haptoglobin 

0.008 >=0.556 72.73 64.29 >=0.621 68.18 92.86 79.55 

 α-2-Macroglobulin 

Hemopexin 

0.028 >=0.523 81.82 61.54 >=0.667 59.09 84.62 74.48 

 α-2-Macroglobulin 

Ceruloplasmin 

0.012 >=0.585 72.73 71.43 >=0.665 68.18 92.86 78.25 

 αααα-2-Macroglobulin 

Haptoglobin 

Hemopexin 

0.003 >=0.512 81.82 61.54 >=0.686 68.18 100.0 84.27 

 αααα-2-Macroglobulin 

Haptoglobin 

Ceruloplasmin 

0.011 >=0.520 86.36 64.29 >=0.641 63.64 85.71 79.87 

 α-2-Macroglobulin 

Hemopexin 

Ceruloplasmin 

0.024 >=0.477 81.82 61.54 >=0.684 68.18 84.62 78.67 

Mixed v 

Asthma 

Individual         

n = 28 α-2-Macroglobulin 0.025 >=0.392 78.57 64.29 >=0.544 57.14 71.43 70.92 

 Combination         

 α-2-Macroglobulin 

Haptoglobin 

0.069 >=0.340 

or 

>=0.450 

85.71 

or 

78.57 

64.29 

or 

71.43 

>=0.490 64.29 78.57 77.04 

 α-2-Macroglobulin 

Hemopexin 

0.063 >=0.380 78.57 61.54 >=0.602 57.14 84.62 75.82 

 αααα-2-Macroglobulin 

Ceruloplasmin 

0.045 >=0.368 85.71 57.14 >=0.583 

or 

>=0.509 

57.14 

or 

64.29 

92.86 

or 

71.43 

75.00 

 α-2-Macroglobulin 

Haptoglobin 

Ceruloplasmin 

0.069 >=0.390 85.71 71.43 >=0.503 71.43 78.57 78.57 

 α-2-Macroglobulin 

Hemopexin 

Ceruloplasmin 

0.089 >=0.428 71.43 61.54 >=0.517 64.29 76.92 73.63 

COPD = chronic obstructive pulmonary disease; AUC = area under the curve. 
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Figure Legends 

Figure 1. Representative Cy3-labelled 2D-gel of immunodepleted human plasma proteins 

from a healthy control. Proteins were separated on pH 4-7 IPG strips in the first dimension, 

and by 4-18%T SDS-PAGE in the second dimension. Numbered spots are differentially 

expressed (p<0.05; 1-ANOVA) across the 3 disease groups (healthy controls, asthmatics and 

COPD) and were positively identified by mass spectrometry (Table 3).  

Figure 2.  Validation data for A prothrombin, B ceruloplasmin, C haptoglobin D 

antithrombinIII in the diagnostic immunoassay validation group.  Statistical significance 

determined using un-paired, two-tailed students t-test with multiple comparisons correction 

using the Bonferroni method (significant p < 0.017). Triplicate analyses were performed using 

either two-site ELISA or immunoblotting for each patient, and the mean value used for 

analysis.  Error bars represent ± SEM. 

Figure 3.  Validation data for A ceruloplasmin, B haptoglobin and C hemopexin in the 

clinical validation population. Statistical significance determined using un-paired, two-tailed 

students t test with multiple comparisons correction using the Bonferroni method (significant 

p < 0.0083 ).  A single analysis was performed for this population using either two-site 

ELISA or immunoblotting.  Error bars represent ± SEM. 

Figure 4.  Selected ROC curves for A asthma versus healthy controls, B. COPD versus 

healthy controls and C COPD versus asthma in the clinical validation population. 
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ADDITIONAL METHODS 

Chemicals & Reagents 

Cy2, Cy3 and Cy5 (minimal dye), Immobiline Drystrips (pH 4-7, 24 cm)  PlusOne 

drystrip cover fluid, Pharmalyte 3-10 for IEF, Bind-silane solution, 2D quant kit, 

ECL anti-mouse IgG HRP-linked whole antibody (from sheep), ECL anti-rabbit IgG 

HRP-linked whole antibody (from sheep), Hybond C-extra nitrocellulose and ECL 

Plus western blotting detection system were purchased from GE Healthcare Bio-

Sciences AB, Uppsala, Sweden.  SDS, 40% acrylamide solution, 30% acrylamide/Bis 

solution (37.5:1, 2.6%C), SyproRuby protein stain and SDS PAGE standards 

(broad range, unstained) were all electrophoresis purity and purchased from BioRad, 

NSW, Australia.  Agarose (Type I-A: Low EEO), tributyl phosphine solution (TBP), 

N,N,N',N'-tetramethylethylenediamine (TEMED, >99%), CF3COOH (TFA, Fluka 

Biochimika, >99.5%) NH4HCO3 (Reagent Plus, ≥ 99%), CCl3COOH (TCA, 99%), 

L-lysine monochloride (> 98%), thiourea (ACS reagent), CHAPS (> 98%), bovine 

serum albumin (BSA) Fraction V, protease inhibitor cocktail, and anti-goat/sheep-

HRP were purchased from Sigma-Aldrich, NSW, Australia.  (NH4)2S2O8 (>98 %), 

urea (>98 %), glycine (>98.5%) were sourced from Chem. Supply, Gillman, SA, 

Australia.  Tris(hydroxymethyl)-aminomethane (ACS reagent), glycerol (BDH 

AnalR, > 99.5%), CH3CN (BDH HiPer Solv for HPLC, >99.9 %), NaOH (BDH 

AnalR, 99%) and CH3COOH (BDH, 100%) were purchased from Merck Australia, 

VIC, Australia.  Methanol (CH3OH, >  99.8%) was purchased from Ajax Finechem., 

NSW, Australia. Dithiothreitol (DTT, >99.5%) was purchased from Applichem, 

Darmstadt, Germany.  Bromophenol blue (BPB) was purchased as the sodium salt 

from Research Organics, Cleveland, OH, USA.  (CH3)2NCOH (DMF, ≥99.5%) was 

purchased from USB Corporation, Cleveland, OH, USA and was stored in the dark 
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under a N2 atmosphere.  α-cyano-4-hydoxycinnamic acid (α-CHCA, recrystallised) 

and peptide calibration mix 1 (1000-2500 Da) were purchased from Laser BioLabs, 

Sophia-Antipolis Cedex, France. Sequencing-grade modified porcine trypsin was 

purchased from Promega (Madison, WI, USA).   Ziptip µ-C18 pipette tips and 0.45 

µm white nylon filters were purchased from Millipore. MA, USA.  Human IgA 

ELISA quantitation kit and ELISA starter accessory package were purchased from 

Bethyl Laboratories, Inc., TX, USA.  Human haptoglobin, α-2 macroglobulin, and 

hemopexin ELISA kits were purchased from Genway Biotech San Diego, CA, USA.  

Human ceruloplasmin and antithrombin III ELISA kits were purchased from Assay 

Pro, St. Charles, MO, USA.  Human complement factor H ELISA kit was purchased 

from Hycult biotechnology, Uden, The Netherlands.  Anti-prothrombin (ab48627) 

was purchased from Abcam, Cambridge, UK.  Anti-fibrinogen γ chain monoclonal 

antibody (M01), clone 1F2 was purchased from Abnova Corporation, Taipei, Taiwan.  

Anti-inter-α-trypsin inhibitor heavy chain H4 (45A12) monoclonal antibody was 

purchased from Ab Frontier, Seoul, Korea. All reagents were used as received without 

further purification. 

Clinical Assessment 

The recruitment criteria for the proteomic discovery study were established to 

clinically characterise the subject groups of interest with the aim of establishing 

mutually exclusive clinical diagnostic groups of asthma, COPD, and controls without 

airway disease. None of the subjects were current smokers. The selection criteria 

ensured there was control for smoking and that there was control for age and sex 

effects by matching subjects within defined age ranges. Stable airway disease was 

defined as no increase in bronchodilator use, no use of oral corticosteroids, no 

limitation in activities, no doctor’s visit and no hospitalisation due to asthma in the 
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past 4 weeks. Subjects with recent respiratory tract infection (past 4 weeks) were 

excluded. 

Asthma was defined as a compatible history of episodic wheeze, cough and dyspnea 

that were responsive to asthma treatment, together with airway hyperresponsiveness 

to hypertonic (4.5%) saline. Asthmatics had fully reversible airflow obstruction and 

no evidence of COPD as FEV1/FVC ratio after bronchodilator was normal (>70%) 

and DLCO was >70% predicted.  

The COPD group were selected to have COPD (GOLD stage II or greater) with 

predominant airway disease with minimal emphysema (DLCO>60% predicted) and no 

asthma. They were ex-smokers with a significant smoking history, compatible 

symptoms and a doctors diagnosis of COPD, and incompletely reversible airflow 

obstruction (FEV1<80% predicted, FEV1/FVC < 0.7 postbronchodilator). In addition, 

there was a negative bronchodilator response (BDR). 

Healthy controls had no respiratory symptoms, nor a diagnosis of respiratory disease, 

together with normal measures of airway function.  

Sample Collection and Clinical Measurements 

Subjects were assessed following an overnight fast (minimum 12 hours). Peripheral 

blood was collected from a vein in the forearm. Sputum was induced during 

hypertonic saline challenge as described (E1, E2). Atopy was assessed using skin 

prick testing to common allergen extracts (Dome/Hollister-Steir; Bayer 

Pharmaceuticals, Sydney, Australia) for house dust mites (Dermatophagoides 

pteronyssinus), mold mix (Alternaria, Tenuis, Aspergillus mix), mixed grasses, and 

cockroach, together with positive (histamine) and negative (glycerine) controls. 

Participants were asked to withhold antihistamine 5 days prior to testing.  A skin-

prick test was defined as positive if the wheal diameter was 3 mm or greater at 15 
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min.  Participants were considered atopic if a positive skin-prick test was recorded for 

any allergen, with no reaction to the negative control. 

Airway responsiveness was assessed from spirometry (KoKo spirometer, PDS 

instrumentation, Louisville, Co, 80027, USA) with hypertonic saline (4.5%) 

provocation challenge as described (1). Airflow obstruction was assessed in each 

participant using spirometry (KoKo K313100 PDS Instrumentation, Louisville, CO, 

USA) to measure pre and post bronchodilator FEV1, FVC and FEV1/FVC%, 

Participants withheld bronchodilators for their duration of action before testing. Three 

reproducible measurements of FEV1 and FVC were obtained before and after 

inhalation of 200 mg albuterol via a metered dose inhaler with valved holding 

chamber (Volumatic, Allen and Hanbury’s, Melbourne Victoria, Australia) using 

predicted values according to Knudson et al. Airflow obstruction was defined as an 

FEV1 < 80% predicted and an FEV1/FVC% as <70% and performed using the 

American Thoracic Society/European Respiratory Society standards of lung function 

testing.  

The carbon monoxide transfer co-efficient (KCO) was determined according to ATS 

guidelines (Med- Graphics Elite DX Pulmonary function testing system Medical 

Graphics Corporation, Minnesota, MN, USA) (4).  

Induced Sputum Processing 

All sputum samples were processed within 2 hours of collection. Mucus portions were 

selected from saliva and divided into two portions; the first portion was processed for 

RNA extraction and the second portion was mixed with a dispersing agent 

(dithiothreitol, DTT, 0.1%, Calbiochem, La Jolla Ca USA). The tube was capped and 

rocked for 30 minutes at room temperature, after which PBS was added and the 

dispersed suspension was filtered (60µm, Millipore, Australia). A leukocyte total cell 
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count (TCC) and cell viability (trypan blue exclusion) was performed using a 

haemocytometer. After centrifugation at 400 × g for 10 minutes, the cell pellet was 

resuspended to 1 × 106 cells/mL using phosphate buffered saline (PBS). The 

supernatant was aspirated and stored at -80°C. Cytospins were prepared from the 

resuspended cell pellet. 

Sputum Differential 

Cytospins were fixed in methanol and stained with May and Grunwald stain and 

subsequently with Giemsa stain. A total of 400 non-squamous cells were counted, 

with the squamous cells proportion recorded separately. Cells were identified by their 

morphology and the differential cell count was expressed as a percentage of non-

squamous cells. Cytospin quality was determined using a scale to evaluate squamous 

contamination, cell and nuclear integrity, presence of airway macrophages and 

number of cells present on the slide. 

Sample collection and immunodepletion 

Blood samples were collected from a peripheral vein in the forearm. Serum samples 

were collected in tubes in the absence of anti-coagulant and plasma with anti-

coagulant.  For serum isolation, blood was allowed to clot and serum collected via 

ultrafiltration at 1400g.  For plasma collection, samples were centrifuged at 2000g for 

10 minutes at room temperature. Plasma was removed and centrifuged at 2500g for 15 

minutes at room temperature to deplete platelets. Protease inhibitor cocktail (Sigma-

Aldrich, Missouri, USA) (1% v/v) was added to the platelet depleted plasma prior to 

storage at -80oC. Each plasma sample was subjected to immuno-depletion using an 

IgY-12 LC-2 Proteome Partitioning Kit (Beckman Coulter™, CA, USA) and an 

AKTA P920 FPLC system (GE Healthcare Bio-Sciences AB, Uppsala, Sweden).  

Using this methodology, the twelve most abundant plasma proteins (albumin, IgG, 
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α1-antitrypsin, IgA, IgM, transferrin, haptoglobin, α1-acid glycoprotein, α2-

macroglobulin, HDL (apolipoproteins A-I and A-II) and fibrinogen) were depleted 

from samples to yield a sub-sample for analysis that was enriched with respect to the 

other proteins present (E3). Briefly, human plasma (50 µL) was diluted in dilution 

buffer (200 µL, 10 mM Tris-HCl pH 7.4, 150 mM NaCl), centrifuged at 8300 rpm for 

1 min and loaded into an injection loop. The IgY column was pre-equilibrated 

(dilution buffer, 1 column volume (CV), 0.35 mL min1) prior to automated sample 

injection.   The unbound protein fraction was collected (fraction 1, 5 mL) using a Frac 

900 fraction collector. Dilution buffer was passed through the column (3.5 CV, 0.35 

mL min1) prior to elution of the bound (high abundance) proteins with stripping 

buffer (50 mM glycine-HCl, pH 2.5, 8 CV, 0.35 mL min1).   The eluate was 

subsequently neutralised with 10 × neutralisation buffer (1M Tris-HCl, pH 8.0) and 

stored at -80 °C until required.   The column was then immediately re-equilibrated 

with dilution buffer (32 CV, 0.35 mL min1) to neutralise the column pH.  As 100µg of 

protein was required per sample hence multiple depletion runs (three to four) were 

performed and pooled in order to obtain the required quantity of protein.  Eluted 

proteins were stored immediately at -80 ºC until required. The unbound column 

fractions were thawed, replicates pooled and subsequently concentrated by TCA 

precipitation. Briefly, an aqueous stock solution of TCA (90% w/v) was added to each 

of the pooled replicates to yield a final concentration of 9% and the samples were left 

overnight at 4 °C to facilitate protein precipitation.  Each tube was then centrifuged at 

15,000 × g (15 min, 4 °C) and the supernatant discarded.  The protein pellet was 

washed sequentially in acidified ethanol (40 mM CH3COOH in CH3OH) and ice-cold 

acetone (precipitate pelleted via centrifugation at 15,000 ×g (15 min, 4 °C)), dried in a 

rotary vacuum concentrator. Proteins were allowed to precipitate overnight at 4 ºC, 
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centrifuged for 15 min at 15000 g (4 ºC) and the resultant pellet resuspended in DIGE 

lysis buffer (30 mM Tris pH 8.5, 2M thiourea, 7M urea, 4%(w/v) CHAPS, pH 8.5).  

Samples were vortexed briefly and pulse sonicated (2 × 2 second pulse at an 

amplitude of ≤ 2 microns whilst on ice) prior to analysis. Sample pH was adjusted to 

8.5 with NaOH solution (50 mM) and the quantity of protein recovered estimated 

using a 2-D Quant Kit (GE Biosciences) according to the manufacturer’s 

recommendations.   

2D-DIGE & Image analysis   

Reproducibility study: An experimental design was formulated in order to test the 

reproducibility of the sample preparation and 2D-DIGE technique. Plasma was 

collected from one healthy control (#9173) and divided into 3 separate aliquots 

(labelled A, B, C). Each sample was immunodepleted, TCA precipitated, and 

quantitated as described previously. The reproducibility of the FPLC separation is 

shown in Figure E1. Separate aliquots were then labelled with Cy2, Cy3 or Cy5 dyes. 

Equal protein from the Cy2 samples were pooled for the internal control to be run on 

every gel. The remaining samples were separated by 2D-DIGE in two independent gel 

runs, as shown in Table E1. The variability between dye labelling, sample 

preparation, and gel runs was determined across all spots using the DeCyder 

generated volume ratios (Table E2). 

Discovery study: An experimental design (Table E3) was formulated with the 43 

samples assigned to a particular gel and CyDye™ label.  Within each clinical group, 

some samples were labelled with Cy3 and others the Cy5.  An internal pooled control 

was produced from equal quantities of ten of the samples (two per clinical group). 

Proteins were CyDye labelled and separated on 24cm pH 4-7 IPG strips in the first 

dimension and 4-18% gradient acrylamide gels in the second dimension as previously 

Page 110 of 129



For Review
 O

nly

 9 

described. Protein separations were visualised on a Typhoon  9410 Variable Mode 

Imager with Ettan DALT alignment guides using excitation/emission wavelengths 

specific for Cy2 (488/520 nm), Cy3 (532/580 nm) and Cy5 (633/670 nm)  The 

photomultiplier tube voltage (PMT) was adjusted to preclude spot intensity saturation.  

The resultant image files were cropped using the program ImageQuant™ Tools 2.1 

and saved using the DIGE file naming format.  

Image analysis was performed using the Batch Processor and Biological Variation 

Analysis (BVA) modules of the DeCyder 2D software version 6.5 (GE Healthcare, 

Australia). This analysis initially normalizes each sample to its respective in-gel Cy2 

internal standard, and then matches all controls and samples between different gels. A 

total of 1918 spots were detected in the master gel (automatically assigned by 

DeCyder) and matched across the gel images. Comparing each disease group in the 

BVA module generated average expression ratios and Student’s t tests of individual 

protein spots. One way analysis of variance (1-ANOVA) was also used to identify 

protein spots that showed a significant change across the three groups (healthy 

control, asthmatic and COPD).  Proteins with an expression ratio of +/-1.2 (assigned 

following reproducibility analysis – see results) and p<0.05 by 1-ANOVA or 

individual group comparison Student’s t-test, were assigned as a protein of interest 

(POI). Each of these proteins spots were manually inspected for densitometric 

Gaussian distribution and match quality.   

Protein Identification  

For protein identification, five preparative 2D-gels were prepared, one from each 

disease group.  Immuno-depleted plasma (600 µg) was separated by 2D-PAGE as 

described above. Gels were stained with SyproRuby protein stain or Colloidal 

Coomassie G250 and protein spots of interest excised and subjected to tryptic 
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digestion.  Tryptic digests were analysed by matrix assisted laser desorption ionisation 

time of flight (MALDI-TOF) mass spectrometry.  Peptide mass fingerprint data was 

acquired using an Ettan MALDI-ToF/Pro mass spectrometer and analysed using the 

NCBI FASTA human database provided with the system.  The instrument was 

operated in positive reflectron mode acquiring duplicate spectra (700 – 4000 m/z), 

each comprising signal from 400 laser shots (fixed laser power, 337 nm nitrogen 

laser).  Positive ions were extracted into the mass analyser at 20 kV using pulsed 

extraction.  The instrument was calibrated using Pepmix 1 (Laser Biolabs, Ang II 

(1046.542 Da) and hACTH 18-39 (2465.199 Da)) according to the manufacturers 

directions.  Each sample spectrum was further internally calibrated using Trypsin I 

(842.508 Da) and trypsin III (2211.108 Da) autolytic peaks prior to database 

searching.  Tryptic digestion was specified with only 1 missed cleavage allowed.  The 

partial amino acid modifications oxidation (M) and propionamide (C) were 

considered and a fragment mass tolerance of 0.2 m/z allowed.  PMF data was searched 

against Homo Sapien entries in the NCBI FASTA database (20060322) with the 

protein database update tool v1.30 using the PROFOUND peptide mass fingerprinting 

search engine licensed from ProteoMetrics (NY, USA).  Bayesian statistics were used 

to rank the protein sequences in the database according to their probability of 

generating the experimental data (expt < 0.010 significant with p<0.05). Proteins were 

assigned as positive identifications if they showed an expectation value <0.05. 

Samples that were unable to be identified by MALDI-TOF were analysed by MALDI-

TOF/TOF at the Australian Proteome Analysis Facility on an Applied Biosystems 

4700 Proteomics Analyser with TOF/TOF optics in MS mode.  Data was submitted to 

the database search program Mascot (Matrix Science Ltd, London, UK) and searched 

against Homo Sapien entries in the Swisprot database.  Significant Mascot scores in 
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the database search indicated a likely match, and were confirmed or qualified by 

operator inspection.    

ELISA analysis 

Non-depleted serum from the primary validation population was tested for IgA, 

complement factor H, haptoglobin, α-2 macroglobulin, ceruloplasmin, hemopexin 

and antithrombin III concentrations using commercially available two-site ELISA kits 

following the manufacturer’s instructions.  Both samples and standards were analysed 

in duplicate wells for each determination and the quantification was performed in 

triplicate (three separate runs) for the primary validation population and duplicate 

wells singly for the secondary validation population.  Standard curves were fit using a 

four parameter logistic regression and individual sample concentrations calculated via 

interpolation.  Triplicate determinations (primary validation population) for each 

sample were averaged and the mean data analysed for differentiation between known 

subject groupings using GraphPad Prism 4.02 for Windows.  Unpaired t-test 

analysis was used to test for statistical significance of the observed experimental 

trends. 

Western Blotting 

Blood serum was analysed via Western blotting for the candidate markers 

prothrombin, inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4) and fibrinogen γ 

chain .  Proteins were separated on 10 % or 4-18% acrylamide gels and transferred to 

nitrocellulose. Membranes were blocked with 2 % BSA in Tris-buffered-saline with 

Tween (TBST, 20 mM Tris-Cl, 140 mM NaCl, pH 7.5, 0.05 % Tween-20) for one 

hour at room temperature or overnight at 4 °C.   Primary antibodies anti-prothrombin 

(1:200), anti-ITIH4 (1/1000) and anti-fibrinogen gamma chain (1:1000) in TBST 

were incubated with the appropriate blocked membranes with agitation for 60 min at 
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room temperature, the membranes washed in TBST (triplicate, 20 min) and then 

incubated with secondary antibody (rabbit anti-mouse IgG, HRP-linked whole 

antibody, 1:10000 in TBST, 60 min) with agitation.  Reactive bands were visualised 

using ECL chemiluminescent reagents and a Fujifilm Luminescent Image Analyser 

LAS-300 and quantified using Multi Gauge V3.0 software. The chemiluminescent 

intensity was normalised to a healthy control serum sample run on every gel.  Blots 

were run in triplicate (primary validation group) or singly (secondary validation 

group). Unpaired Students t-test was used to test for statistical significance between 

the clinical groups. 

Statistical Analysis for quantitative assessment of multiple biomarkers  

In this programme logistic regression was used to calculate the predicted value of an 

individual having the disease based on their level of a particular marker (simple 

logistic regression) or combination of markers (multiple logistic regression). The 

regression equation utilised was: 

ln(p/(1-p))= β0 +  βixi 

 

p = exp(β0 +  βixi)/(1 + exp(β0 +  βixi) 
 

The predicted value is the probability that the person has the disease given the level 

of the markers.  Receiver-Operating Characteristic (ROC) Curves were generated 

from the predicted values from the regression analyses.  The ROC curves were then 

used to determine the sensitivity and specificity of both individual or combinations of 

markers at specified cut points of the predicted values. An individuals’ protein 

measurements can be entered into the logistic regression equation to determine their 

predicted value, a value above or below the cut point would determine their 

likelihood of disease with the defined sensitivity and specificity calculated from the 
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ROC curve. The area under the curve (AUC) was also calculated. The AUC value 

gives a measure of the ability of the test to correctly classify people. 

The significance of the regression models were used to assist in determining the best 

combination of markers. The combinations with the greatest significance and greatest 

AUC are highlighted in red in Table E4 (primary validation population) and Table E5 

(secondary validation population). Sensitivity and specificity were used to describe 

the discriminatory power of the protein combinations. We selected cut-points in order 

to maximise the discriminatory power in any given diagnostic situation. Different 

batches of ELISA kits were used in the in the two validations and this is why there 

were some differences in the cut offs for the two datasets. We are now able to source 

kits from the same company on a consistent basis. 

Statistically significant combinations are presented in the two tables in red. The 

combinations highlighted (bold + italics) display highest sensitivity (rule out) and 

specificity (rule in). High AUC was also considered. 

SUPPLEMENTARY RESULTS 

Reproducibility analysis of immuno-depletion and 2D-DIGE  

The reproducibility of the sample preparation procedure and 2D-DIGE separation was 

examined. This involved evaluation of the reproducibility of 2D DIGE separations 

from one healthy control sample in order to test the variability of three parameters: (i) 

dye labelling; (ii) sample preparation; (iii) independent gel runs (temporal changes).  

The densitometric volume relative to the internal control (volume ratio) was 

determined for each protein using the program DeCyder, and the variation between 

parameters determined by linear regression analysis (Figure. E1). There is a strong 

correlation between the spot volume ratio of samples labelled with Cy3 and Cy5, 

slope = 1.07 ± 0.01, r2 = 0.9744, p < 0.0001.  (Figure E1A). Similarly, a good 
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correlation is observed between two samples that have been independently prepared 

(IgY column, TCA precipitation, protein quantitation, Cy dye labelling), slope = 

0.786 ± 0.02, r2 = 0.8155, p < 0.0001 (Figure E1B) and between the same sample Cy-

labelled and separated by 2D-DIGE in independent experimental gel runs one week 

apart, slope = 091 ± 0.02, r2 = 0.8495, p < 0.0001 (Figure E1C). Additionally, 

DeCyder was used to analyse the differences between all possible comparator 

combinations across the 12 gel images, and the analysis of variance determined 

(Table E2). For downstream analyses, we arbitrarily set proteins of interest as 

statistically significant changes that show a fold change of at least the mean ± 1 

standard deviation. From the reproducibility analysis (Table E2) the mean ± 1SD 

correlates to a 1.2 fold up- or down-regulation. Thus only protein changes greater than 

or equal to ±1.2 fold were considered in the subsequent analyses. 

The clinical details of the diagnostic immunoassay validation group are shown in 

Table E6. These results are similar to the discovery population.  

Effect of Co-morbid Conditions in the Clinical Validation Population 

A literature review identified 5 medical conditions as potential confounders of the 

blood based marker diagnosis panel: hepatobiliary disease, ischemic coronary disease, 

obesity , endocrine and metabolic disorders as well as psychiatric conditions.  Table 

E7 summarises a co-morbidity analysis of the clinical validation population and 

indicates no significant effect of these co-morbid conditions on the marker levels, 

apart from an effect of psychiatric disease on levels of α-2 macroglobulin.   
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TABLE E1. 2D-DIGE EXPERIMENTAL DESIGN FOR REPRODUCIBILITY 

STUDY 

Gel # Cy3 Cy5 Run # 
1 Sample A Sample A 1 
2 Sample B Sample B 1 
3 Sample C Sample C 1 
4 Sample A Sample A 2 
5 Sample B Sample B 2 
6 Sample C Sample C 2 

 

TABLE E2. STATISTICS OF SPOT VOLUME RATIOS ACROSS ALL 

REPRODUCIBILITY ANALYSES 

Number of values 3126 
  
Minimum 0.2128 
25% Percentile 0.9259 
Median 1 
75% Percentile 1.08 
Maximum 3.68 
  
Mean 1.008 
Std. Deviation 0.1745 
Std. Error 0.003121 
  
Lower 95% CI of mean 1.002 
Upper 95% CI of mean 1.014 
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TABLE E3. EXPERIMENTAL DESIGN FOR BIOMARKER DISCOVERY 

STUDY 

Gel # Cy3 (group #) Cy5 (group #) Cy2 
1 9028 (1) 9787 (4) Pooled Control 
2 9295 (3) 10336 (4) Pooled Control 
3 9404 (5) 9428 (3) Pooled Control 
4 9629 (4) 9620 (3) Pooled Control 
5 9197 (2) 9750 (5) Pooled Control 
6 9210 (2) 9738 (5) Pooled Control 
7 9559 (4) 9311 (2) Pooled Control 
8 9239(1) 9651 (2) Pooled Control 
9 9694 (5) 9249 (1) Pooled Control 
10 9371 (3) 9305 (1) Pooled Control 
11 9444 (1) 10359 (2) Pooled Control 
12 9476 (3) 10404 (4) Pooled Control 
13 10928 (4) 9506 (3) Pooled Control 
14 9612 (3) 10662 (2) Pooled Control 
15 10911 (2) 9666 (3) Pooled Control 
16 9770 (3) 9450 (1) Pooled Control 
17 11173 (4) 9903 (3) Pooled Control 
18 10855 (2) 10540 (4) Pooled Control 
19 9525 (4) 9494 (1) Pooled Control 
20 11165 (2) 10570 (4) Pooled Control 
21* 9197 (2) 9750 (5) Pooled Control 
22* 11108 (3) 10336 (4) Pooled Control 
* represents repeat gels 
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TABLE E4. ANALYSIS OF DIAGNOSTIC VALUES OF MARKER AND MARKER IN COMBINATIONS IN PRIMARY 

VALIDATION POPULATION. 
Logistic regression Minimal false negatives/rule disease out Minimal false positives/ rule disease in 

Comparis
on 

Marker 
combination 

Constant Coefficient p 

value 

Model p 

value 

Cut off 

measurement 

Cut-off, 

Predicted 

value 

Sensitivity Specificity Cut off 

measurement 

Cut-off, 

Predicted 

value 

Sensitivity Specificity 

AUC 
(%) 

Asthma v 

Healthy  
Individual  

             

n = 44 Ceruloplasmin -4.018952 0.005213  0.002 0.0002 >=761.22mcg/ml >=0.487 85.71 62.5 >=1017.89mcg/ml >=0.784 64.29 93.75 81.47 
 Haptoglobin -3.276754 1.109178 0.003 0.0001 >=3.37mg/ml >=0.613 85.71 75.0 >=3.84mg/ml >=0.727 67.86 87.50 82.37 
 Hemopexin 0.307188 0.0002305 0.904 0.904         50.89 
 α-2-Macroglobulin 1.891332 0.0005327 0.190 0.181         65.63 
 

Combination  

             

 Ceruloplasmin 

Haptoglobin 

-6.880227 0.0045298  

1.036785 

0.015 

0.014 

<0.00001  >=0.448 92.86 75.0  >=0.785 67.86 93.75 89.29 

 Ceruloplasmin 
Hemopexin 

-2.27678 0.005567  
-0.0018857 

0.002 
0.436 

0.0006  >=0.442 89.29 62.5  >=0.753 67.86 93.75 83.04 

 

Haptoglobin  

Hemopexin  

-2.215251 1.144461 
-0.0010982 

0.003 
0.626 

0.0006  >=0.590 85.71 68.75  >=0.676 78.57 81.25 82.59 

COPD v 

Healthy 
Individual 

             

n = 30 Ceruloplasmin -7.004728 0.0079928 0.005 0.0003 >=794.79mcg/ml >=0.343 85.71 75.0 >=972.71mcg/ml >=0.684 64.29 93.75 86.61 
 Haptoglobin -3.684739 1.104089 0.034 0.013 >=2.96mg/ml >=0.398 76.92 56.25 >=3.15mg/ml >=0.448 61.54 68.75 73.56 
 Hemopexin 4.024576 -0.004047 0.093 0.073          
 α-2-Macroglobulin -1.084965 0.0003458 0.535 0.531          
 

Combination 

             

 Ceruloplasmin  
Haptoglobin 

-9.850005 0.0073615 
1.063352 

0.013 
0.072 

0.0004  >=0.342 84.62 68.75  >=0.590 69.23 87.50 88.94 

 Ceruloplasmin  

Hemopexin 

-0.8243742 0.0118777 

-0.0092461 

0.007 

0.024 

<0.00001  >=0.426 92.86 75.0  >=0.480 85.71 87.50 91.07 

 

Haptoglobin  

Hemopexin  

0.9626632 1.420984 
-0.0055647 

0.035 
0.104 

0.009  >=0.444 76.92 62.50  >=0.547 61.54 87.50 81.25 

 α-2-Macroglobulin 
Hemopexin 

3.912215 0.0000273 
-0.0040107 

0.964 
0.114 

0.199          

COPD v 

Asthma 
Individual 
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n = 42 Ceruloplasmin 0.0630528 -0.0007368 0.576 0.575          
 Haptoglobin 1.20993 -0.5029125 0.102 0.078          
 Hemopexin 4.72965 -0.0052496 0.032 0.02 <=1090.89mg/ml >=0.270 85.71 57.14 <=1009.75mg/ml >=0.361 64.29 75.0 71.68 
 α-2-Macroglobulin -2.927178 0.0008705 0.066 0.050 >=2518.45mg/ml >=0.324 85.71 75.0 >=2689.38mg/ml >=0.358 64.29 82.14 76.28 
 Combination              
 α-2-Macroglobulin 

Haptoglobin 
-0.9782056 0.000794 

-0.4664416 
0.092 
0.137 

0.045  >=0.289 84.62 64.29  >=0.382 61.54 78.57 74.73 

 α-2-Macroglobulin 
Hemopexin 

2.392418 0.0007116 
-0.0047623 

0.133 
0.058 

0.019  >=0.314 78.57 67.86  >=0.435 57.14 78.57 75.51 

 αααα-2-Macroglobulin 

Haptoglobin 

Hemopexin 

2.530823 0.0006869 

-0.3750563 

-0.0034578 

0.147 

0.251 

0.193 

0.046  >=0.285 92.31 64.29  >=0.355 76.92 75.0 76.10 

 αααα-2-Macroglobulin 

Hemopexin 

Ceruloplasmin 

2.668874 0.0007084 

-0.0047018 

-0.0003201 

0.134 

0.063 

0.829 

0.048  >=0.338 78.57 71.43  >=0.493 50.0 89.29 75.77 

COPD = chronic obstructive pulmonary disease; AUC = area under the curve. 
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TABLE E5. ANALYSIS OF DIAGNOSTIC VALUES OF MARKER AND MARKER IN COMBINATIONS IN SECONDARY 

VALIDATION POPULATION. 

 
Logistic regression Minimal false negatives/rule disease out Minimal false positives/ rule disease in 

Comparis
on 

Marker 
combination 

Constant Coefficient p value Model p 

value 

Cut off 

measurement 

Cut-off, 

Predicted 

value 

Sensitivity Specificity Cut off 

measurement 

Cut-off, 

Predicted 

value 

Sensitivity Specificity 

AUC 
(%) 

Asthma v 

Healthy  
Individual  

             

n = 36 Ceruloplasmin -7.266969 0.0085751 0.008 0.0007 >=744.93 mcg/ml >=0.293 85.71 68.18 >=898.31 mcg/ml >=0.607 50.0 95.45 82.47 
 Haptoglobin -3.976472 0.5013821 0.014 0.002 >=6.36 mg/ml >=0.313 85.71 54.55 >=8.70 mg/ml >=0.596 50.0 86.36 79.87 
 Hemopexin -9.184255 0.0187517 0.004 0.0002 >=402.35 mg/ml >=0.162 100.00 50.0 >=479.65 mg/ml >=0.453 69.23 86.36 82.17 
 α-2-Macroglobulin 0.1041666 -0.1956642 0.677 0.672 <=2.89 mg/ml >=0.386 64.29 65.22 <=2.85 mg/ml >=0.388 57.14 69.57 53.73 
 

Combination  

             

 Ceruloplasmin 
Haptoglobin 

-10.4399 0.0087462 
0.434046 

0.022 
0.046 

0.0002  >=0.342 85.71  72.73  >=0.561 64.29 95.45 87.01 

 Ceruloplasmin 
Hemopexin 

-11.97446 0.0052252 
0.015727 

0.074 
0.024 

0.0001  >=0.226 92.31 68.18  >=0.421 69.23 81.82 89.16 

 

Haptoglobin  

Hemopexin  

-22.76312 1.248297 

0.0276208 

0.014 

0.015 

<0.00001  >=0.289 100.0 90.91  >=0.457 92.31 95.45 96.85 

COPD v 

Healthy 
Individual 

             

n = 44 Ceruloplasmin -3.5269 0.0045915 0.032 0.014 >=692.70 mcg/ml >=0.414 81.82 50.0 >=800.27 mcg/ml >=0.537 54.55 72.73 71.07 
 Haptoglobin -1.58826 0.245888 0.047 0.034 >=5.17 mg/ml >=0.422 77.27 40.91 >=7.81 mg/ml >=0.582 50.0 81.82 65.91 
 Hemopexin -4.232852 0.0093937 0.019 0.009 >=462.65 mg/ml >=0.523 72.73 86.36 >=517.64 mg/ml >=0.652 50.0 95.45 73.76 
 α-2-Macroglobulin -2.46742 0.6973598 0.038 0.016 >=3.29 mg/ml >=0.456 72.73 69.57 >=3.79 mg/ml >=0.544 50.0 91.3 71.15 
 

Combination 

             

 Ceruloplasmin  
Haptoglobin 

-4.246169 0.0039499 
0.1850704 

0.079 
0.150 

0.016  >=0.460 72.73 59.09  >=0.573 63.64 81.82 75.41 

 Ceruloplasmin  
Hemopexin 

-6.018214 0.0034743 
0.0074654 

0.110 
0.071 

0.008  >=0.521 72.73 77.27  >=0.617 63.64 90.91 76.65 

 

Haptoglobin  

Hemopexin  

-4.623185 0.1674288 

0.007912 

0.200 

0.061 

0.014  >=0.439 72.73 63.64  >=0.567 59.09 95.45 73.97 

 αααα-2-Macroglobulin 

Hemopexin 

-6.03456 0.6182299 

0.0086636 

0.090 

0.039 

0.006  >=0.412 86.36 68.18  >=0.631 54.55 95.45 80.17 
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Mixed v 

Healthy 

Individual 

n = 36 Ceruloplasmin -3.238282 0.0037112 0.119 0.092 >=694.91 mcg/ml >=0.341 71.43 50.0 >=785.22 mcg/ml >=0.420 50.0 72.73 64.61 
 Haptoglobin -5.139459 0.6587639 0.009 0.0005 >=6.64 mg/ml >=0.318 85.71 68.18 >=7.74 mg/ml >=0.490 71.43 81.82 81.49 
 Hemopexin -8.831491 0.0187215 0.010 0.002 >=435.08 mg/ml >=0.335 85.71 63.64 >=454.53 mg/ml >=0.420 64.29 81.82 79.87 
 α-2-Macroglobulin -2.941042 0.7262588 0.089 0.071 >=3.07 mg/ml >=0.330 71.43 56.52 >=3.50 mg/ml >=0.401 50.0 82.61 68.63 
 Combination              
 Ceruloplasmin  

Haptoglobin 
-6.705737 0.0024152 

0.6268258 
0.468 
0.016 

0.002  >=0.321 92.86 59.09  >=0.488 64.29 81.82 80.84 

 Ceruloplasmin  
Hemopexin 

-9.419774 0.0017056 
0.017201 

0.552 
0.022 

0.007  >=0.321 92.86 68.18  >=0.464 64.29 86.36 81.49 

 

Ceruloplasmin  

Hemopexin  

Haptoglobin 

-12.00865 0.0006532 

0.0156691 

0.5881633 

0.866 

0.069 

0.030 

0.0007  >=0.277 92.86 59.09  >=0.530 71.43 95.45 86.04 

 αααα-2-macroglobulin 

Hemopexin 

Haptoglobin 

 

-15.55849 1.120276 

0.0153898 

0.63758 

0.106 

0.078 

0.029 

0.0002  >=0.295 100.0 77.27  >=0.435 92.86 95.45 94.16 

COPD v 

Asthma 

Individual              

n = 36 Ceruloplasmin 1.67445 -0.0014039 0.414 0.408          
 Haptoglobin 1.521738 -0.1376352 0.323 0.310          
 Hemopexin 2.222555 -0.0033549 0.346 0.334          
 α-2-Macroglobulin -2.734693 0.9372688 0.038 0.013 >=3.29 mg/ml >=0.585 72.73 71.43 >=3.68 mg/ml >=0.672 54.55 92.86 71.43 
 Combination              
 Ceruloplasmin  

Haptoglobin 
2.242203 -0.0010095 

-0.1169128 
0.575 
0.422 

0.510          

 Ceruloplasmin  
Hemopexin 

3.0697 -0.0011649 
-0.0030206 

0.506 
0.404 

0.502          

 

Haptoglobin 

Hemopexin 

3.373483 -0.2144594 
-0.0022269 

0.193 
0.557 

0.247          

 α-2-Macroglobulin 
Haptoglobin 

-1.485353 1.281106 
-0.304815 

0.024 
0.088 

0.008  >=0.556 72.73 64.29  >=0.621 68.18 92.86 79.55 

 α-2-Macroglobulin 
Hemopexin 

-1.175074 0.9805878 
-0.0031468 

0.044 
0.417 

0.028  >=0.523 81.82 61.54  >=0.667 59.09 84.62 74.48 

 α-2-Macroglobulin 
Ceruloplasmin 

-0.9186874 1.211829 
-0.0031181 

0.026 
0.118 

0.012  >=0.585 72.73 71.43  >=0.665 68.18 92.86 78.25 

 αααα-2-Macroglobulin 

Haptoglobin 

Hemopexin 

-0.1642794 1.898634 

-0.5863676 

-0.0015585 

0.019 

0.034 

0.749 

0.003  >=0.512 81.82 61.54  >=0.686 68.18 100.0 84.27 

 αααα-2-Macroglobulin 

Haptoglobin 

Ceruloplasmin 

-0.0511131 1.439518 

-0.2743187 

-0.002518 

0.019 

0.153 

0.234 

0.011  >=0.520 86.36 64.29  >=0.641 63.64 85.71 79.87 

 α-2-Macroglobulin 0.0666635 1.279262 0.030 0.024  >=0.477 81.82 61.54  >=0.684 68.18 84.62 78.67 
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Hemopexin 
Ceruloplasmin 

-0.0023254 
-0.0030108 

0.576 
0.141 

Mixed v 

Asthma 

Individual              

n = 28 Ceruloplasmin 2.635702 -0.0031127 0.183 0.154          
 Haptoglobin -0.225885 0.0273526 0.888 0.888          
 Hemopexin 3.613586 -0.0070479 0.193 0.177          
 α-2-Macroglobulin -4.068517 1.232145 0.047 0.025 >=2.94 mg/ml >=0.392 78.57 64.29 >=3.45 mg/ml >=0.544 57.14 71.43 70.92 
 Combination              
 Ceruloplasmin  

Haptoglobin 
1.894628 -0.0035794 

0.1383806 
0.144 
0.528 

0.294          

 Ceruloplasmin  
Hemopexin 

5.38602 -0.0025878 
-0.0062152 

0.260 
0.271 

0.202          

 

Haptoglobin 

Hemopexin 

4.881399 -0.141323 
-0.0071849 

0.567 
0.186 

0.341          

 α-2-Macroglobulin 
Haptoglobin 

-5.300792 1.308788 
0.1190857 

0.046 
0.586 

0.069  >=0.340 
or 

>=0.450 

85.71 
or 

78.57 

64.29 
or 

71.43 

 >=0.490 64.29 78.57 77.04 

 α-2-Macroglobulin 
Hemopexin 

-3.045245 1.231603 
-0.0018068 

0.083 
0.773 

0.063  >=0.380 78.57 61.54  >=0.602 57.14 84.62 75.82 

 αααα-2-Macroglobulin 

Ceruloplasmin 

-1.67291 1.150547  

-0.0024947 

0.068 

0.302 

0.045  >=0.368 85.71 57.14  >=0.583 

or 

>=0.509 

57.14 

or 

64.29 

92.86 

or 

71.43 

75.00 

 α-2-Macroglobulin 
Haptoglobin 
Hemopexin 

-2.289593 1.202923 
-0.067749 

-0.0019742 

0.094 
0.803 
0.755 

0.133          

 α-2-Macroglobulin 
Haptoglobin 
Ceruloplasmin 

-3.341737 1.276604 
0.2225828 
-0.0031672 

0.063 
0.371 
0.206 

0.069  >=0.390 85.71 71.43  >=0.503 71.43 78.57 78.57 

 α-2-Macroglobulin 
Hemopexin 
Ceruloplasmin 

-1.267479 1.18816 
-0.0011687 
-0.0022912 

0.100 
0.858 
0.337 

0.089  >=0.428 71.43 61.54  >=0.517 64.29 76.92 73.63 

Mixed v 

COPD 

Individual              

n = 36 Ceruloplasmin 0.3701332 -0.0009998 0.567 0.558          
 Haptoglobin -1.829842 0.1760592 0.243 0.227          
 Hemopexin -0.1913662 -0.0005365 0.884 0.884          
 α-2-Macroglobulin 0.3487275 -0.2102742 0.474 0.458          
 Combination              
 Ceruloplasmin  

Haptoglobin 
-0.6409984 -0.0019024 

0.225127 
0.326 
0.157 

0.285          

 Ceruloplasmin  
Hemopexin 

0.3984816 -0.0009929 
-0.0000701 

0.578 
0.985 

0.843          

 

Haptoglobin 

Hemopexin 

-0.5461736 0.2702018 
-0.0041748 

0.162 
0.370 

0.316          

 α-2-Macroglobulin 
Haptoglobin 

-0.9540765 -0.2721244 
0.1971568 

0.366 
0.196 

0.308          
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 α-2-Macroglobulin 
Hemopexin 

0.6977482 -0.2143809 
-0.0006869 

0.471 
0.853 

0.747          

 α-2-Macroglobulin 
Ceruloplasmin 

0.8839842 -0.1852103 
-0.0007668 

0.538 
0.664 

0.689          

 α-2-Macroglobulin 
Haptoglobin 
Hemopexin 

0.794288 -0.3306576 
0.3095113 
-0.0049681 

0.309 
0.119 
0.302 

0.322          

 α-2-Macroglobulin 
Haptoglobin 
Ceruloplasmin 

-0.0225753 -0.2367757 
0.238172 

-0.0016801 

0.441 
0.136 
0.388 

0.369          

 α-2-Macroglobulin 
Hemopexin 
Ceruloplasmin 

1.022907 -0.1882617 
-0.0003211 
-0.0007321 

0.535 
0.933 
0.686 

0.861          

COPD = chronic obstructive pulmonary disease; AUC = area under the curve. 
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TABLE E6. CLINICAL DATA FOR THE DIAGNOSTIC IMMUNOASSAY 

VALIDATION (DIVA) GROUP  

Group 1 2 3  
Description Healthy 

Controls 
Stable 

Asthma 
COPD 

 
P value 

Number of patients 16 28 14  
Age (Years) a 45.2 ± 14.3 50.4 ± 13.2 §*65.5 ± 7.3 0.0001 
Sex (Male/ Female) c 7/9 13/15 8/6 0.737 
Smoking, n(%)c: 
Never 
Ex 
Current 

 
7 (43.8%) 
9 (56.3%) 

0 

 
14 (50.0%) 
14 (50.0%) 

0 

* 
1 (7.1%) 

11 (78.6%) 
2 (14.3%) 

0.012 

Pack years a 20.3 ± 17.4 15.9 ± 14.5 §*67.7 ± 31.4 <0.0001 
Atopy, n(%)c 6 (37.5%) *24 (85.7%) §5 (35.7%) 0.001 
%predicted FEV1

a,e 97.2 ±  9.0 *76.9 ± 18.3 *71.2 ± 14.7 <0.0001 
%predicted FEV1

a,f 100.4 ± 8.6 *85.9 ± 14.4g *72.7 ± 14.4 <0.0001 
%predicted FVCa,e 101.4 ± 11.6 91.8 ± 15.5 *85.2 ± 14.8 0.011 
FEV1/FVC %a,e 79.0± 8.0 *68.2 ± 9.3 *62.5 ± 7.6 <0.0001 
PD15 (mL) b, d N/A 5.1 (2.7, 8.8) 4.8 (2.2, 8.4) 0.941 
DLCO

 a N/A 85.5 ± 14.6 65.3 ± 13.2 0.01 
ICS use, n(%)c 0 27 (96.4%) §0 0.0003 
ICS (µg beclomethasone 
equivalents /day) b 

N/A 1406 ± 1121 N/A  

ACQ score N/A 1.13 ± 0.82 N/A  

GOLD Classification, n (%) 

I N/A N/A 4 (28%)  

II N/A N/A 10 (71,4%)  

III N/A N/A 0 (0%)  

IV N/A N/A 0 (0%)  

Sputum Cell Counts 

Quality b 18.5 (17, 20) 19 (17, 20) 19 (17, 20) 0.926 

Total cell count x 106/ml b 3.5 
(2.4, 6.7) 

4.1 
(2.3, 9.7) 

5.7 
(2.9, 10.4) 

0.728 

Neutrophils% b 28.7 
(17.8, 54.8) 

48.9 
(35.3, 74.5) 

57.0 
(53.5, 64.5) 

0.065 

Eosinophils% b 0  
(0, 0.25) 

*1.5  
(0.5, 2.75) 

§0.25 
(0, 0.75) 

0.0001 

Macrophages% b 62.0 
(38.3, 79.87) 

42.8 
(22.8, 54.8) 

40.5 
(31.8, 44.5) 

0.066 

Lymphocytes% b 0.75 
 (0.25, 1.25) 

0.5 
(0.25, 0.75) 

1.0 
(0.75, 1.5) 

0.083 

Columnar epithelial% b 2.25 
(0.5, 5.5) 

2.0 
(0.5, 4.0) 

1.75 
(0.75, 2.5) 

0.815 

Squamous% b 2.3 
(1.7, 5.7) 

3.6 
(0.99, 7.2) 

2.2 
(0.25, 3.9) 

0.190 
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aValues are Mean ± SD, oneway ANOVA; bValues are median (interquartile range), 
Kruskall-Wallis test; cChi Square or Fisher’s exact test; d PD15 is provocation dose 
resulting in 15% drop in baseline FEV1 expressed as geometric mean (log SD); FEV1 
is forced expiratory volume in 1 second either pree- or post-f bronchodilator (g data 
only available for 20/28 individuals); FVC is forced vital capacity; DLCO is carbon 
monoxide diffusing capacity; ICS is inhaled corticosteroids. Bonferroni post hoc test 
significant compared to: *Healthy Controls; §Stable Asthma. Asthma: symptoms with  
fully reversible variable airflow obstruction[airway hyperresponsiveness and/or 
increased bronchodilator reversibility]. COPD: symptoms, incomplete reversibility of 
airflow obstruction [postbronchodilator FEV<80%predicted].   
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TABLE E7 BIOMARKER LEVELS BY COMORBIDITIES 

Biomarker No Diabetes 
N= 66 

Diabetes 
N=6 

P value 

Ceruloplasmin, mcg/ml b 785(668, 906) 717 (695, 749) 0.328 
Haptoglobin, mg/ml a 7.0 ± 2.6 8.3 ± 3.0 0.255 
Hemopexin, mcg/ml a 469 ± 95.5 493 ± 39.6 0.549 
α-2-macroglobulin, mg/ml b 3.2 (2.8, 3.8) 3.8 (2.4, 4.1) 0.962 
 BMI<=30 

N=54 
BMI>30 

N=19 
 

Ceruloplasmin mcg/ml b 800 (668, 898) 732 (680, 875) 0.754 
Haptoglobin, mg/ml a 6.9 ± 2.8 7.6 ± 2.1 0.354 
Hemopexin, mcg/ml a 470 ± 94 476 ± 90 0.806 
α-2-macroglobulin, mg/ml b 3.2 (2.8, 3.7) 3.0 (2.7, 4.1) 0.880 
 No Cardiac 

disease 
N=60 

Cardiac disease 
n=12 

 

Ceruloplasmin, mcg/ml b 793 (666, 910) 721 (681, 783) 0.257 
Haptoglobin, mg/ml a 6.9  ± 2.7 8.1 ± 2.3 0.158 
Hemopexin, mcg/ml a 474 ± 95 460 ± 83 0.632 
α-2-macroglobulin, mg/ml b 3.1 (2.8, 3.7) 3.7 (3.2, 4.1) 0.181 
 No Liver disease 

N=67 
Liver disease 

N=5 
 

Ceruloplasmin, mcg/ml b 766 (668, 898) 800 (708, 801) 0.938 
Haptoglobin, mg/ml a 7.2 ± 2.7 7.0 ± 3.0 0.867 
Hemopexin, mcg/ml a 477 ± 85 400 ± 158 0.072 
α-2-macroglobulin, mg/ml b 3.2 (2.8, 3.8) 3.7 (2.7, 5.0) 0.600 
 No Psychiatric 

disorder, n=55 
Psychiatric 

disorder, n=17 
 

Ceruloplasmin, mcg/ml b 785 (680, 913) 708 (652, 820) 0.210 
Haptoglobin, mg/ml a 7.2 ± 2.5 6.9 ± 3.2 0.626 
Hemopexin, mcg/ml a 464 ± 88 493 ± 103 0.262 
α-2-macroglobulin, mg/ml b 3.1 (2.7, 3.6) 3.7 (3.5, 4.5) 0.031 
aValues are Mean ± SD, Student’s tests; bValues are median (interquartile range), 
Wicoxon rank sum test; 
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FIGURE LEGENDS 

 

Figure E1. Reproducibility of plasma sample preparation and 2D-DIGE. Correlation 

of protein spot ratios between (A) the same sample labelled with Cy3 or Cy5; (B) the 

same plasma sample independently immunodepleted and TCA precipitated; and (C) 

the same sample run on a different gel one week apart.  
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