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ABSTRACT 

 

Asthma is a lung disease which features chronic inflammation. Multiple genetic 

and environmental factors increase susceptibility and provoke episodes of asthma.  

However, the mechanisms responsible for asthma development are not well 

characterized. Although allergy is associated with asthma, it has not been shown 

to precede or predict asthma. To date, there are no clearly established biomarkers 

of asthma, reflecting our less adequate understanding of asthma pathobiology. In 

order to identify a plasma proteomic biomarker as an indicator that plasma 

constituents are altered early in childhood asthma, this study employed a high-

throughput antibody array technique which simultaneously profiled relative 

expression of 507 proteins in human plasma samples from asthma and non-

asthma groups. It was hypothesized that alterations of proteomic profiles are 

accompanied with asthma development. Out of 444 proteins, 4 proteins 

(erythropoietin, sGP130, galectin-3, and eotaxin-3) were identified with 

differential expression between asthma and non-asthma groups. Erythropoietin 

and sGP130 were validated with quantitative differences, which were consistent 

in direction with the findings from the antibody array, between two groups after 

having all 4 proteins assessed by ELISAs. Erythropoietin then was assessed for its 

biological effects in in vivo and in vitro models. It was hypothesized that EPO has 

influences on acetylcholine-induced airway resistance in animals and on cytokine 

production from peripheral blood mononuclear cells. EPO’s inhibitory effect on 

IL-2 production and its excitatory effect on IL-6 production were demonstrated; 

however, the inhibitory effect of EPO on increases in airway resistance in animals 
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was not evident. The results here suggested that asthma has identifiable 

components in the circulation; these plasma biomarkers may develop via distinct 

pathways. The demonstrated EPO’s capacity of influencing on cytokine 

production from human immune cells, together with its systemic involvement in 

asthma, may reveal new opportunities for therapeutics and insights into 

pathogenesis of asthma.               
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CHAPTER-1 

 

INTRODUCTION 

 

Epidemiology of Asthma  

 

Asthma is a lung disease which features chronic inflammation, episodic 

bronchospasm, airway hyperresponsiveness, and airway remodeling (reviewed in 

Elias et al.(1)), and is a serious public health problem worldwide. According to 

the World Health Organization (WHO) (2), in 2004, about 300 million people 

worldwide were affected by asthma. Nationwide 1 in 9 Americans had or was 

having asthma during his or her lifetime, based on a study conducted by the 

Centers for Disease Control (CDC) in 2007 (3). From 1980 to 1995 the mortality 

rate of asthma in the US increased, but has decreased since 2000, possibly due to 

more effective treatment and management (4). A study in 2007 showed that more 

than $30 billion was spent on asthma care in the US annually (5). In 2006 there 

were estimated 444,000 cases of hospitalizations due to asthma; in addition, 1.1 

million outpatient visits and 1.6 million emergency department visits because of 

asthma were recorded (6). Due to its morbidity, prevalence, healthcare cost, and 

many other factors, a significant burden has been imposed on society by asthma 

(7).    

 

Pathogenesis of Asthma   
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Currently, the mechanisms responsible for asthma development are not well 

understood, according to the National Heart Blood and Lung Institute (8). 

Although it has not been shown to precede or predict asthma, allergy is 

considered associative with asthma (9). Thus, asthma was classically thought as 

an allergic disease. Asthma was initially defined as a complex disease and a 

disorder of the airways, involving variety of cells and cellular elements: 

eosinophils, neutrophils, T cells, macrophages, epithelial cells, and mast cells (10-

13). Airway inflammation has a central role in the pathophysiology of asthma (14) 

and both acute and chronic inflammation contribute to bronchial 

hyperresponsiveness to multiple stimuli, leading to enhanced susceptibility to 

bronchospasm (15); however, how inflammation is initiated in asthma at the 

beginning and why some individuals are more susceptible to inflammatory effects 

than others are still under investigations. The release of various inflammatory 

mediators from inflammatory cells has also been linked with asthma development. 

Given the fact there are two sub-types of T helper cells (Th1 and Th2) and 

different inflammatory mediators (i.e. IL-4, IL5, IL-13) are generated from these 

cells, some studies suggested that asthma was developed as a result of a shift 

toward Th2 phenotype with the feature of eosinophilic inflammation (15-17). In 

addition, the inflammatory mediators released from macrophages (i.e. TNF-α) 

enhance the inflammatory response in asthma (18). In asthma mast cells are 

activated by allergens and various stimuli, including monomeric IgE (19), 

proteases (i.e. tryptase) (20), and cytokines (i.e. TNF-α, IFN-γ) (21, 22), which 

are involved in the inflammatory response in asthma. Additionally, studies 
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demonstrated significantly increased numbers of neutrophils (23, 24) and 

eosinophils (25, 26) in the airway inflammation of asthma. It was also shown that 

survival of eosinophils is promoted by granulocyte-macrophage colony-

stimulating factor (GM-CSF) (27) and neutrophils are recruited by leukotriene B4 

in the inflammatory process of asthma (28). In the disease process of asthma 

cytokines, such as IL-8, eotaxin, and RANTES, synthesized in epithelial cells 

recruit inflammatory cells (i.e. basophil, eosinophil, neutrophil, lymphocyte) to 

the airways and activate them (29), furthering airway inflammation. The 

inflammatory mediators released from epithelium also damage the epithelial cells 

themselves, which is evident with increased number of repair molecule marker 

CD44 (30). In addition, Th2 cells are attracted by thymus and activation-regulated 

chemokines (TARCs) and macrophage-derived chemokines (MDCs) (31).  

It is known that multiple genetic factors can increase susceptibility toward, 

and environmental factors can provoke episodes of asthma attack (32, 33). 

Positional cloning, a technique that identifies genes with chromosomal location-

based associations with a disease (34, 35), has been utilized to identify asthma 

genes and some genes (i.e. SPINK5 (chromosome 5), DPP10 (chromosome 2), 

PHF11 (chromosome 13), ADAM33 (chromosome 20), GRPA (chromosome 7)) 

were identified (36-40). Another widely used approach is the study of 

polymorphisms in the targeted genes, evaluating if a genetic variant is associated 

with asthmatics (41). Studies also have shown that chromosomes 6, 11, 12, and 14 

were linked with asthma (42, 43); particularly, on chromosome 5, genes coding 

for cytokines (i.e. IL-4, IL-5, IL-13) (44, 45), growth factors (i.e. fibroblast 
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growth factors, or FGFs) (46), and growth factor receptors (i.e. Platelet-derived 

growth factor receptors (PDGF-R)) (47), which were possibly involved in asthma, 

have been identified; however, the exact functions of these identified genes in 

relation to asthma are not well characterized. Factors, such as smoke, exercise, 

cold weather, pollen, cockroaches, molds, food allergens and dust, all could 

possibly trigger phenotypic expression of this disease. Studies have identified 

associations of asthma with variants in various genes (reviewed in Vercelli (48)), 

although these account for only a small portion of the familial inheritance patterns. 

 

 

Biomarkers Definitions 

 

WHO defines a biomarker as ―any substance, structure or process that can be 

measured in the body or its products and influences or predicts the incidence of 

outcome or disease‖ (49). A biomarker, according to Lesko and Atkinson (50), is 

defined as ―a physical sign or laboratory measurement that occurs in association 

with a pathological process and that has putative diagnostic and/or prognostic 

utility‖. It is any functional or biochemical trait or change which could be 

measured accurately and reproducibly (51), differentiating healthy individuals 

from the diseased ones. 

 

Value of Biomarkers 
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A biomarker could predict a clinical outcome, either a benefit or a harm (51). It 

can also provide clinicians important information regarding if a treatment is safe 

and effective (51). From the toxicological standpoint of view, a biomarker could 

be classified as identifying exposure (assessing the amount of a chemical present 

in the body), effect (indicating a functional change responding to a chemical 

exposure), or susceptibility (influencing susceptibility of an individual to a 

chemical exposure) (52). Establishing a biomarker is composed of discovery and 

validation (53-55). Two parameters sensitivity and specificity play important roles 

in this process (56-58). Sensitivity indicates how likely an individual with disease 

will test positive whereas specificity indicates how likely an individual without 

disease will test negative (57, 58). A potentially useful biomarker needs to reach 

the high sensitivity and specificity (56). Many biomarkers are currently employed 

in clinical settings to help diagnose diseases. For instance, prostate-specific 

antigen (PSA), a protein that is produced by the prostate gland and can be 

measured in the blood for its concentration, discovered by Dr. Ablin and his 

colleagues in 1970 (59), is one of the most widely used biomarkers approved by 

FDA to diagnose prostate cancer, although its clinical utility now is under debate 

(60, 61). Another serum protein gamma-glutamyl transferase (GGT), an important 

enzyme in liver function, is found elevated with liver damage as the dying cells 

are releasing the enzymes ; therefore, it is utilized as a clinical biomarker for the 

detection of alcohol dependence (62). In addition, the level of serum creatinine 

(SCr), a breakdown product after muscle cells are degraded, was used to represent 

the functionality of glomerular filtration and has been used as a biomarker for 



18 
 

acute kidney injury (63). A serum protein called human epidermal growth factor 

receptor 2 (HER2), of which gene has also been implicated in breast cancer, is 

used as a protein biomarker to monitor this disease (64). Among these protein 

biomarkers, some have disadvantages and limitations. For instance, SCr was 

shown to have unsatisfied accuracy for predicting injury in the early stages of 

acute kidney injury (65). GGT has the issue of specificity since its level may be 

elevated due to other types of tissue damage (66) and the issue of sensitivity 

because it has been reported that the GGT levels in many chronic drinkers were 

not elevated (62).                                                                                                                                                                                                                                                                                                                                                                                    

 

Beyond Biomarkers Themselves  

 

Once a candidate biomarker is discovered and validated, although not necessary, 

follow-up studies, for example, to characterize the functional roles of the 

biomarker (67, 68), add benefits to understanding better the mechanistic aspects 

of a disease with which the biomarker is involved (69); the newly gained 

knowledge might even further shape the definition of a disease or shed light on 

identifying new therapeutic opportunities (55).  

 

In Vivo and In Vitro Studies 

 

Although a biomarker itself, which could be physical trait or physiological metric 

(57), does not necessarily provide information about its functional role, there has 
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been growing interest in investigating potential bioactivities of the identified 

biomarkers because the information of activities could possibly provide insight 

into new drug discovery targets (70). In order to assess the effect of a biomarker, 

one usually chooses to conduct experiments initially using in vitro or in vivo 

models (71). A few examples might help clarify this approach. Park et al. 

summarized a project proposal to identify biomarkers associated with patterns of 

stroke and their biological function related to stroke (72). One of the identified 

biomarkers in lung transplantation (LTx), IL-10, was studied for its biological 

effects in an animal model of bronchiolitis obliterans (73). Such studies are also 

carried out in relation to plant diseases: Aliferis and Jabaji (74) identified a 

number of metabolites in potato sprouts as biomarkers differentiating the infected 

ones from the healthy controls and evaluated in vitro bioactivity of the biomarkers 

defending against Rhizoctonia solani, a plant pathogenic fungus.  

 

Proteomics 

 

The classical biochemical methodologies have not yet successfully enabled us to 

understand asthma biology better. It is not yet clear how well various in vitro and 

in vivo models mimic the disease process of human asthma, although some 

models could represent certain features of asthma (75). There is a need of using 

new approaches to study asthma in a broad manner. Proteomics is ―the study of 

proteomes, which are the collections of proteins‖ in a biological system (76). The 

techniques of proteomics allow scientists to focus ―on the interplay of multiple, 
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distinct proteins in their roles as part of a larger system or network‖ (77). In terms 

of biomarker discovery, there are multiple approaches, such as genomics, 

metabolomics, transcriptomics, proteomics (78). Proteomics has its advantages 

since it ultimately aims to understand the functional relevance of proteins (79).  

However, the challenge of proteomics is that it is not always possible to detect 

low-abundance proteins (80), because proteins within the same proteome could 

have an extremely wide dynamic ranges of concentrations (81). In addition, the 

degradation of proteins, post-translational modifications, and influences from 

diseases and medications all could possibly affect the investigation of proteomes 

(82), creating potential challenges to proteomics. There are various ways to 

categorize the types of proteomic approaches; mass spectrometry (MS)-based and 

array-based proteomics are examples of the major ones (82). Mass spectrometry is 

―a chemical analysis technique that exploits the physical properties of ions to 

determine their mass to charge ratio (m/z)‖ (83). Mass spectrometry has been 

widely used in proteomics, metabolomics, and lipidomics (84). MS-based 

proteomics allows the identification and quantitation of proteins at extremely 

small quantities using mass spectrometers. The usual procedure is to implement 

separation technique (i.e. gel electrophoresis, HPLC) to reduce the complexity of 

a proteome first and then to perform mass spec analysis.  Array-based approaches 

employ the reagents, such as antibodies, peptides, small molecules, that have 

affinity and specificity and interact with the target proteins on an array platform 

(85). The challenge of the array-based approaches is the availability of antibodies, 

for instance, for antibody array, that could be embedded on the array (86). 



21 
 

Proteomics might enable a better understanding of disease process because 

proteins are the targets of therapeutics in most cases and their changes could 

reflect responses to a disease process (87). Martin et al. reported that a better 

understanding of pathophysiological process for Alzheimer’s disease was gained 

on a mouse model through the approach of isobaric tags for relative and absolute 

quantitation (iTRAQ), a MS-based technique (88). Specially, a series of complex 

alteration in proteins in hippocampus and cortex of mice were demonstrated. The 

proteins with significant alterations were involved in synaptic plasticity, neurite 

outgrowth and microtubule dynamics. Knezevic et al. (89) illustrated the 

alterations of protein expression in microenvironment of squamous cell carcinoma 

of the oral cavity using an antibody array approach. With the patient-derived 

tissue, Knezevic et al. were able to show that proteins with differential expression 

were mainly localized in epithelium and stromal cells from diseased samples, 

implicating where the signaling and communication might occur in the process of 

oral cavity cancer progression. Proteomics has enhanced our understanding of 

disease process of asthma (90). Houtman et al. (91) demonstrated the alterations 

in lung proteome in a mouse model of non-allergic asthma. In this study 2-D 

electrophoresis gels and mass spectrometers (MALDI-TOF and Q-TOF) were 

employed and proteins with differential expression were linked to inflammation 

and tissue modeling in asthma, possibly providing insight into the mechanistic 

aspects of the disease development.        Cao et al. (92) compared the levels of 40 

serum inflammatory mediators in samples from healthy human subjects and the 

ones with asthma and COPD. Using an antibody array approach, Cao et al. 
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demonstrated a panel of proteins had differential expression between patients with 

asthma and COPD, which might help dissect the cytokine network of airway 

inflammation in asthma. The emerging area of plasma proteomics holds promise 

for biomarker discovery in complex diseases. Thus far plasma proteomic 

methodologies have been applied to the study the biology of asthma to only a very 

limited extent (93, 94), largely because of the nature of the sample (i.e. extremely 

wide dynamic range of proteins in plasma proteome).  Discovery of biomarkers 

that result from altered protein expression or metabolism may allow scientists to 

identify pathways involved in the pathobiology of a disease (58). Antibody array 

is a technique of profiling multiple protein analytes simultaneously in samples or 

tissues (95). As an evolving high-throughput technique, antibody arrays have been 

employed in selecting proteins of interest in various contexts (96-99). Different 

from quantitative methods, antibody arrays generate signal intensities that allow 

assessment of relative expression of analytes among samples. From a variety of 

antibody array products from different manufacturers, RayBio
®
 biotin-label-based 

antibody array was selected for the studies described herein because of the 

relatively large number (507) of embedded antibodies specific for proteins in 

human plasma, potentially increasing the chance of detecting the proteins with 

differential expression in body fluids and cell culture-based samples (100-103). 

The ―sandwich immunoassay method‖ utilized in this assay might greatly 

improve the array’s sensitivity (104). Findings of significant relative differences 

in expression can be assessed for quantitative validation by determining the 

concentration of candidate proteins so identified.  
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Biomarkers and Asthma 

 

Many studies have tried to demonstrate the validity of certain serological proteins 

as asthma diagnostic biomarkers; for instance, Lowhagen et al. discovered that 

the elevated level of serum eosinophil cationic protein (ECP) could be potentially 

used as an asthma diagnostic tool (105); however, many of these proteins do not 

have good specificity because their levels were also significantly altered in other 

conditions besides the intended ones (106). Therefore, there are no clearly 

established protein biomarkers of asthma to date. In terms of diagnosing asthma 

in young children, physicians have to evaluate based on children’s physical exams, 

symptoms, and medical histories. Lung function tests are not included because 

they are difficult to perform on young children. It is important to note that 

serological protein levels could vary based on age differences. Using the 2D- 

Difference In Gel Electrophoresis (DIGE), a mass spectrometry approach, 

Ignjatovic et al. (107) demonstrated that multiple proteins, which might be 

involved in many physiological processes, had differential expression in human 

plasma proteome during the transition process from neonate, through child, and to 

adult. One needs to appreciate the age-related differences in levels of plasma 

proteins as any potential protein biomarker may only be established with an age-

restriction (i.e. time of sampling, time of diagnosis). Biomarkers are needed to 

predict or detect asthma early in its course so as to start appropriate treatment 

(108). More specifically, they could enable health care-givers to diagnose and 
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predict the development of asthma and to differentiate pathogenesis, customizing 

treatment strategies for different patients (108) if there proves to be more than one 

pathway of development. The possibility that multiple pathways for a disease are 

involved should not be excluded if more than one molecule are identified during 

the disease process, and they happen to be independent of each other (109-111). 

Efforts have been made to seek tools to identify biomarkers that differentiate 

asthmatics from non-asthmatics. For instance, Sackmann et al. (112) reported 

neutrophil chemotaxis velocity as a candidate associative biomarker for asthma 

based on the profiles of neutrophil chemotactic function from whole blood; the 

data revealed that, with a microfluidic technology, compared to non-asthmatic, 

asthmatic (regardless of taking medications or not) neutrophils were shown to 

move significantly slower toward the chemoattractant.  

 

 

Hypotheses  

 

It was hypothesized that asthma development in childhood is accompanied by 

alterations in the levels of plasma proteins. Upon identifying and finding 

quantitative differences in two candidate biomarkers of childhood asthma, one of 

these biomarkers was then assessed by intervention approaches, first using the 

validated biomarker to test for changes in the airway resistance of the selected 

animal model and second, using the validated biomarker to test for effects on 
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stimulated productions of selected cytokines in a specific human primary cell 

model.  

 

The present study aimed to discover potential biomarkers for childhood asthma 

through application of antibody array for 444 proteins in plasma samples obtained 

at age 3 from a subset of children enrolled in a longitudinal study and followed 

through age 9 for development of asthma. We tested samples from two groups: 

subjects who developed asthma and non-asthma healthy controls. The top four 

candidates differentiating these groups were tested for validation with ELISA 

assays. Two of these proteins, erythropoietin (EPO) and soluble glycoprotein 130 

(sGP130), demonstrated quantitative differences between groups, which were 

consistent in direction with the findings on the platform of antibody arrays. Due to 

the facts that EPO was decreased in asthma group and EPO itself is available in a 

purified form (having been developed as a therapeutic reagent in contexts other 

than asthma), it was chosen to be utilized in both in vivo and in vitro models to 

assess its potential biological effects in contexts related to asthma.  

 

The results of all of our studies point to potential biomarkers for childhood 

asthma, that open the possibility of distinct pathways, and that if found to be 

generalizable, may in turn allow for new directions of possible asthma treatment 

and/or prevention. 
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CHAPTER-2 

 

MATERIALS AND METHODS 

 

Birth Cohort Subgroups and Samples 

 

Cryopreserved plasma samples were from subjects in the Tucson Infant Immune 

Study (IIS), a birth cohort enrolled, without selection, and followed longitudinally 

through age 9 (113).  Samples obtained at age 3 were from either children whose 

parents had reported the child had a physician diagnosis of asthma at ages 5 and 9 

and active wheezing in the past year at both ages (asthma group) or children 

whose parents reported the child did not wheeze or have a diagnosis of asthma on 

at age 3, 5, or 9 (non-asthma group). Samples from cord blood that were from the 

same children as those with samples at age 3 were also used. 

 

To replicate the quantitative difference of EPO between asthma and non-asthma 

groups using ELISA assays in another birth cohort, serum samples from subjects 

(age 6 years old at the time of collection) enrolled in the Tucson Children’s 

Respiratory Study (CRS) (114), were employed.   

 

The trainee who worked on his dissertation obtained appropriate trainings 

provided by The University of Arizona to fulfill Human Subjects Protection 
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Program (HSPP). Such trainings included Collaborative Institutional Training 

Initiative (CITI) online courses.  

 

Asthma Biomarker Discovery (Parent Project) 

 

Since human plasma samples were used and the plasma proteome has an 

extremely wide dynamic range of proteins (addressed in ―Introduction‖), it was 

very difficult to investigate the entire proteome all at once. Therefore, the decision 

was made to divide the plasma proteome into three sub-proteomes: high-, 

medium-, and low-abundance proteins. To achieve this, a IgY-14 antibody-based 

depletion column (Seppro
®
 IgY14 Spin Column, Sigma-Aldrich, St. Louis, MO) 

was used. This column depleted 14 most abundant proteins in human plasma, 

leaving the medium-to-high-abundance proteins intact. The flow-through 

fractions were analyzed by mass spectrometers (Q-TOF and Orbitrap), targeting 

the medium-to-high-abundance proteins whereas the identical un-depleted plasma 

samples were analyzed by antibody arrays, targeting the low-abundance proteins, 

which later became the trainee’s dissertation project.  

 

Antibody Array Studies 

 

Samples (n=12 each from asthma and non-asthma groups) from IIS were sent to 

RayBiotech (Norcross, GA) where they were assayed by biotin-label-based 

antibody array (L-series 507) for 507 proteins. Assay was performed by 



28 
 

RayBiotech, Inc. per manufacturer’s instructions. In brief, 20 μl plasma samples 

were dialyzed with dialysis buffer and centrifuged for 5 min at 10,000 rpm. The 

sample then was transferred to a clean tube and incubated with 1X labeling 

reagent for 30 min to become biotinylated. The second dialysis of the sample was 

undertaken immediately after as described in previous steps. Prior to sample 

incubation on microarray, the sample was diluted 20-fold with blocking buffer. 

Four hundred μl diluted sample was added onto appropriate slide on the antibody 

microarray and incubated overnight at 4°C. The sample was decanted and the 

slide was washed 3 times with 800 μl of 1X wash buffer. Cy3-conjugated 

streptavidin was added to the microarray slide and incubated for 2 hours at room 

temperature. The microarray glass slide was disassembled, washed thoroughly, 

and dried completely. The intensity values of signals from each slide (one slide 

for each subject) were evaluated by Axon GenePix laser scanner. Normalization 

was performed by RayBiotech by multiplying the intensity values on each plate 

by the ratio of the mean of positive controls on that plate to the mean of the 

positive controls on one randomly selected plate. Background was removed by 

subtracting each plate’s mean negative control from each value. This technique is 

described in detail in Huang et al. (115).  

 

One sample from the asthma group had background intensity values very much 

greater than the other 23 and was excluded from further analysis. Proteins with 

mean intensities (mean of all samples) near background levels (less than 100, 

n=63) were excluded from further analysis. This value of 100 was selected as 3 
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times the mean background noise. Intensity values for remaining proteins 

(ranging from 100 to 19250) were ranked within each subject and these ranks 

were used to represent relative protein amount in subsequent statistical analyses. 

Group comparisons of mean ranks for each protein were conducted using 

Student’s t-test and were judged noteworthy if the false discovery rate (FDR) 

adjusted p value was less than 0.1 (116).  Noteworthy proteins were further 

considered for ELISA evaluation.  

 

ELISA Quantitation of Candidate Proteins 

 

Quantitation of the candidate proteins identified by antibody array screening was 

performed using Quantikine
®
 ELISA kits (R&D Systems, Minneapolis, MN, 

USA) according to the manufacturer’s instructions. Quantikine
®
 ELISA kits are 

the colorimetric sandwich types. In brief, the appropriate amount of sample was 

incubated with assay diluent for 1 or 2 hours before each well on the plate was 

aspirated and washed 4 times with wash buffer. For the 2
nd

 incubation the 

conjugate was added to each well and the aspiration and wash steps were repeated 

immediately after. Substrate solution was then added to each well and incubation 

was undertaken for 30 min. Stop solution was added to each well before the 

optical densities were measured using the microplate reader (Multiskan
® 

Transmit, 

Labsystems Inc.) at wavelength of 450 nm and 570 nm. The two measurements 

for each well were subtracted. 
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Sample size included 23 of the antibody array samples. The asthma group was 

increased to a total of 18. These 18 samples were all of the subjects in the IIS 

population who both met the criteria for persistent childhood asthma (n=33) and 

had sufficient samples at age 3 for analysis. The non-asthma group was increased 

from 12 to 54 (3 times larger than the asthma group). These samples were 

randomly selected from among 146 in the IIS population who met the criteria and 

had sufficient samples at age 3. Samples were run as 2-4 replicates and values 

below the lowest standard were assigned one-half the lowest standard.  For 

proteins with less than 15% undetectable values, distributions of values were 

assessed for normality and if skewed to the right were log transformed. Groups 

were compared by Student’s two-sample t test. For proteins with greater than 15% 

undetectable values, groups were compared using Mann–Whitney comparison of 

medians. Odds ratios with mutual adjustment were calculated to alternatively 

quantify the associations between two protein biomarkers and asthma. Groups 

showing differences by asthma status were further assessed by dividing the 

asthma group into those diagnosed by or after age 3. These groups were compared 

by ANOVA and analyses showing significance were further examined by post-

hoc Fisher’s protected LSD test. A p-value <.05 was considered significant. 

 

Blood samples were assayed for hemoglobin by Sonora Quest Laboratories 

(Tucson, AZ). Total IgE values at 3y were available from assays previously run 

by Immulite 2000 as previously described (117). 
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Technical duplicates were run with the serum samples from CRS to replicate the 

quantitative differences in EPO concentration between groups of asthma and non-

asthma using ELISA assays.  

 

In Vivo Studies of EPO’s Biological Effects 

 

Bronchoconstriction Studies in Unsensitized Mouse Model 

 

Pathogen-free Balb/c mice (n=10, female, 7-week old, and weight~20 g) were 

obtained from Charles River Laboratories (Wilmington, MA). Among which, 4 

animals were in control group and 6 animals were in treated group. At 30 minutes 

prior to airway resistance assessment, animals in control and treated groups were 

given Hank's Balanced Salt Solution (HBSS) (0.1 ml; Gibco
®
, Life Technologies, 

Grand Island, NY) and EPO (800 Units/kg, 0.1 ml; Procrit
®
 from Amgen), 

respectively, through i.p. injection. Pentobarbital sodium salt (Sigma, St. Louis, 

MO) was given (concentration 9 mg/ml; 0.01 ml/g; i.p.) to anesthetize the animals 

20 minutes before the airway resistance measurement. A small incision was made 

into trachea where the animal was connected with the Flexivent system (SCIREQ) 

and pancuronium bromide (Sigma, St. Louis, MO) was given (concentration 

1mg/ml; 4 μl/g; i.p.) to paralyze the animals from having the pattern of voluntary 

breathing. The airway resistance induced by a series of doses of acetylcholine 

(Ach) (Sigma, St. Louis, MO; 0, 0.25, 0.5, 1, and 2μg/g; i.v.) then was measured. 
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The peak response at each ACh dose was used for data analysis. The design of the 

study is illustrated in Figure 1. 
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Figure 1: The experimental design of bronchoconstriction mouse study 

(control group: n=4; treated group: n=6). 
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Airway Hyperresponsiveness Mouse Model 

 

Pathogen-free Balb/c mice (n=34, male, 4-week old, and weight~20 g) were 

obtained from Charles River Laboratories (Wilmington, MA). Of these, 16 

animals were in unsensitized group (n=8 for control and n=8 for EPO-treated) and 

18 animals were in sensitized group (n=9 for control and n=9 for EPO-treated). 

The unsensitized group and the sensitized group were given Hank's Balanced Salt 

Solution (HBSS) (0.1 ml; Gibco
®
, Life Technologies, Grand Island, NY) and 

Alternaria spores (50,000 spores/ml, a concentration optimized to induce 

differential airway resistance;  0.1 ml; from the laboratory of Dr. Barry Pryor, The 

School of Plant Sciences, The University of Arizona), respectively, intranasally, 

once a week, for 3 weeks (sensitization protocol, unpublished, developed by the 

laboratory of Dr. Michael Daines, MD, Department of Pediatrics, The University 

of Arizona). At 45 minutes prior to the measurement of AHR, animals in the 

control and treated groups were given HBSS (0.1 ml) and EPO (1600 U/kg, 0.1 

ml; Procrit
®
 from Amgen; i.p.), respectively. Pentobarbital sodium salt (Sigma, St. 

Louis, MO) was given (concentration 9 mg/ml; 0.01 ml/g; i.p.) to anesthetize the 

animals 30 minutes before the airway resistance measurements. The response of 

airway resistance was measured by repeating the relevant portion of the protocol 

in ―Bronchoconstriction Studies in Unsensitized Mouse Model‖ above. The 

design of the study is illustrated in Figure 2. 
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Figure 2: The experimental design of airway hyperresponsiveness mouse 

study (control group (unsensitized): n=8; EPO-treated group (unsensitized): 

n=8; control group (sensitized): n=9; EPO-treated group (sensitized): n=9). 
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Specimen Collection 

 

After the airway resistance was measured the animal was transferred to a separate 

surgery site for specimen collection. The blood was collected through an incision 

in the femoral artery of the animal.  

 

ELISA Quantitation of EPO  

 

After the blood was allowed to clot, it was centrifuged @ 14,000 rpm for 8 min at 

room temperature and the supernatant (serum) was collected, quantitation of EPO 

was performed using mouse EPO Quantikine® ELISA kits (R&D Systems, 

Minneapolis, MN, USA) according to the manufacturer’s instructions. Briefly, 50 

μl undiluted sample was incubated with 50 μl assay diluent for 2 hours at room 

temperature in the microtiter plate with wells coated with primary antibodies 

against EPO. After 5 washes with wash buffer, 100 μl conjugate was added into 

each well and incubated for another 2 hours, followed by another 5 washes with 

wash buffer. Then 100 μl substrate solution was added and incubated for 30 min 

and exposure to light was minimized by adhesive strips and paper sheets covered 

at the top during this process. One hundred μl stop solution was then added to 

stop the reaction and the optical densities were measured using a microplate 

reader (Multiskan
® 

Transmit, Labsystems Inc.) at wavelength of 450 nm and 570 

nm. The two measurements for each well were subtracted. Standard curves were 

generated by plotting the average log optical densities of technical duplicates for 
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each standard against the log concentration and drawing a best fit line through all 

the data points. Technical duplicates were run with each sample.   

 

In Vitro Studies of EPO’s Biological Effects 

 

Peripheral Blood Mononuclear Cell (PBMC) Isolation  

 

Peripheral blood samples were collected from 8 human subjects and mononuclear 

cells were isolated as previously described (118). In brief, lymphocyte separation 

medium (LSM) (4 ml; MP Biomedicals) was added into 7 ml blood samples. The 

sample was centrifuged at 1800 rpm for 20 min at room temperature and different 

layers emerged due to gradient sedimentation. The layer of PBMC was removed 

and transferred into a tube filled with 25 ml HBSS (Gibco
®
, Life Technologies, 

Grand Island, NY). The sample then was centrifuged at 1800 rpm for 15 min and 

HBSS was aspirated, leaving the cell pellets at bottom intact. The cell pellets were 

suspended in RPMI+ medium, containing 5% heat-inactivated FCS, 1 mM L-

glutamine, 10 mM HEPES, and 50 U penicillin/50 μg/ml streptomycin.  

 

PBMC Cell Count 

 

Twenty μl suspended sample was added into 180 μl Turk’s solution (made 

according to a modified Lab Chem protocol by adding 13.6 ml of 1% Gentian 

Violet solution into a mixture of 3 ml glacial acetic acid and 100 ml DDH2O and 
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filtering with 0.45 μm filter) and mixed well. The mixture was added to a 

hematocytometer chamber and cells in 4 large corner squares of chamber were 

counted and averaged. Then the percent mononuclear cells were determined and 

cell concentration was adjusted to 2 x 10
6 

cells/ml. Each aliquot (1 ml) was 

transferred to another tube.    

 

Cell Pre-treatment 

 

The control samples were given 100 μl RPMI+ medium each whereas the treated 

group was given EPO with different concentrations (100 μl each; 10, 100, 500 

U/ml; recombinant human EPO from R&D Systems, #287-TC-500, Minneapolis, 

MN; dissolved in RPMI+ medium). The cells were incubated @ 37°C in CO2 

incubator for 1h.   

 

Mitogen and LPS Stimulation         

 

Stimulants, 10 μl ConA (10 μg/ml) and 10 μl PMA (1000 ng/ml), as a mitogen 

combination, were added into appropriate 1-ml cultures; stimulant LPS (10 μl, 

1000 ng/ml) was added into appropriate 1-ml cultures. The cultures were 

incubated with the stimulants @ 37°C in CO2 incubator for 18-24 hr. Cell cultures 

were centrifuged at 1800 rpm for 10 min at room temperature. The supernatants 

were transfer to micro-tubes and frozen for later batched assays and the pellets 

were discarded.  
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ELISA Quantitation of IL-2 and IL-6  

 

Supernatants collected from PBMCs stimulated by LPS and mitogen were 

analyzed for productions of IL-2 and IL-6 using Quantikine® ELISA kits (R&D 

Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. 

Samples were run as single run or duplicates. In brief, 100 μl sample with 

appropriate dilution was incubated with 100 μl assay diluent in microtiter wells 

containing primary antibodies against IL-2 and IL-6, respectively, for 2 hours at 

room temperature. After 4 washes with wash buffer, 200 μl conjugate was added 

into each well and incubated for another 2 hours, followed by another 4 washes 

with wash buffer. Two hundred μl substrate solution was added and incubated for 

30 min and exposure to light was minimized by adhesive strips and paper sheets 

covered at the top during this process. Fifty μl stop solution was then added to 

stop the reaction and the optical densities were measured using a microplate 

reader (Multiskan
® 

Transmit, Labsystems Inc.) at wavelength of 450 nm and 570 

nm. The two measurements for each well were subtracted. Standard curves were 

generated by plotting the average log optical densities of technical duplicates for 

each standard against the log concentration and drawing a best fit line through all 

the data points. Technical replicates were run with each sample.   

 

Statistical Analysis 
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Antibody array intensity values of 444 proteins were ranked within each subject 

and these ranks were used to represent relative protein amount in subsequent 

statistical analyses.  Group comparisons of ranks for each protein were conducted 

using Student’s t-test and were judged noteworthy if the false discovery rate (FDR) 

was less than 0.1.  

 

For ELISA quantitation unpaired Student’s t-Test was utilized to determine if 

there was significant difference in concentrations of the proteins of interest 

between asthma and non-asthma groups.  

 

For the in vivo studies, a mixed model was used to determine if EPO had an effect 

on airway resistance of the mice, treating ―sensitization‖, ―EPO‖, ―dose (Ach)‖ as 

fixed effects between animals whereas treating ―subject‖ as a random effect with 

multiple doses of Ach repeated on the same subject. The entire analysis was 

performed using SAS
®
 9.2 (SAS Institute, Cary, NC).   

 

For the in vitro studies, a mixed model was employed to determine if EPO had an 

effect on stimulated productions of individual cytokines (IL-2 and IL-6), treating 

―stimulation‖ (mitogen or LPS) and ―EPO‖ as fixed effects between animals 

whereas treating ―subject‖ as a random effect with multiple doses of EPO 

repeated on the same subject. A post-hoc analysis, Dunnett's method, followed 

after the initial mixed model analysis showed EPO had an effect (p<0.05), to 

compare cytokine productions from multiple EPO-treated groups with those from 
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the control group. The entire analysis was performed using SAS
®
 9.2 (SAS 

Institute, Cary, NC).   
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CHAPTER-3 

 

RESULTS 

 

Antibody Array Studies 

 

The studies have been designed to identify the childhood asthma biomarkers with 

the technologies of antibody array and validate the top candidates by 

quantification with ELISA. The samples were human plasma obtained at age 3 

from subjects enrolled in Tucson Infant Immune Study (IIS). The data are 

presented as responses to questions for which answers have been sought. 

 

Does asthma have identifiable components in the systemic circulation?   

Identification of protein candidate biomarkers in plasma for childhood asthma 

through antibody arrays 

 

An initial comparison of the asthma (n=11) and non-asthma (n=12) groups based 

on mean intensity values from the antibody array assays did not result in group 

differences for any of the proteins tested. However, from the comparison based on 

the ranks, 4 proteins were identified as differentiating the two groups (FDR 

adjusted p-value <0.1; Fig. 3). The mean ranks of erythropoietin (EPO) and 

galectin-3 were lower and the mean ranks of eotaxin-3 and soluble GP130 

(sGP130) were higher in the asthma compared to the non- asthma group. The data 
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clearly demonstrated the presence of identifiable components in the systemic 

circulation.  
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Figure 3:  Rank of intensity signals for four proteins with significant rank 

differences between asthma and non-asthma groups from antibody array 

analysis (FDR adjusted p-value < 0.1). 
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Are the quantitative differences of these four proteins between groups of asthma 

and non-asthma consistent in direction with the findings from antibody array 

platform? 

Quantitation of candidate biomarkers for childhood asthma using ELISAs 

 

We quantified by ELISA each of the four plasma proteins that had been identified 

by rank analysis in the antibody arrays in the enlarged sample set.  For EPO, 

group comparisons revealed a lower mean log concentration in the asthma 

compared to the non-asthma group (Figure 4A).The direction of change is in 

accord with that of the rank differences in the antibody array. Also in accord with 

rank difference direction, mean concentrations of sGP130 were found to be 

increased in the asthma group (Figure 4B).  Mean galectin-3 concentrations did 

not differ significantly between the two groups (Figure 4C). For eotaxin-3, for 

which 55% had at least one undetectable value, a nonparametric comparison 

indicated there was no difference in median values between the asthma and non-

asthma groups (data not shown). Limiting analysis to just those samples also 

assayed in the antibody array revealed a similar significant difference in the two 

groups for EPO although the difference for sGP130 was not significant. The data 

here illustrated quantitative differences in EPO and sGP130, but not in eotaxin-3 

or galectin-3, between asthma and non-asthma groups. Furthermore, the 

differences were in accord, in terms of the directions, with the antibody array 

findings.   
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Figure 4 A 
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Figure 4 B 

 

  



48 
 

Figure 4 C 

 

Figure 4:  Comparisons of non-asthma and asthma groups for plasma levels 

of analytes assayed by ELISA for (A) erythropoietin (mean log EPO±SEM; 

0.898±0.026 vs. 0.750±0.048); (B) soluble GP130 (sGP130±SEM; 270±8 vs. 

302±13); and (C) galectin-3±SEM (1.56±0.11 vs. 1.39±0.25). Groups are 

compared by Student’s t-test. 
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Are the associations between two proteins and asthma independent of one another? 

Association quantified by odds ratio through logistic regression  

 

By logistic regression, we determined that plasma levels of EPO and sGP130 are 

associated with risk for asthma independently (Table 1). In addition, the 

―mutually adjusted odds ratio" demonstrated the independence of associations 

between asthma and two proteins with our data.  
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Table 1.  Biomarker Odds Ratios for Asthma Before and After Mutual 

Adjustment. 

Asthma 

Biomarker 

Marginal 

Odds 

Ratio 

 

 

95% CI 

 

 

p 

Mutually 

Adjusted 

Odds 

Ratio 

 

 

95% CI 

 

 

p 

       

EPO 0.01 0.00-0.36 0.011 0.01 0.00-0.50 0.022 

       

sGP130 1.01 1.00-1.02 0.047 1.02 1.00-1.03 0.018 
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Are the levels of EPO and sGP130 correlated with each other? 

Analysis of Pearson correlation 

 

With the values determined for EPO and sGP130 via ELISA assays, the Pearson 

correlation analysis was performed and the correlation coefficient was calculated 

(r=0.12; p=0.33). The analysis indicates that EPO and sGP130 are not correlated 

with each other.  

 

Does it hold true that the level of total IgE is increased in asthma group with our 

samples?  

Quantification of total IgE using ELISA (―proof-of-concept‖) 

 

Total IgE, well known to be increased in asthma (119), was increased in the 

plasma samples of our subjects at age 3 with asthma when compared to those 

without asthma (mean log±SEM: 1.775±0.141 (n=18) vs. 1.142 ±0.089 (n=54) 

IU/ml, respectively, p<0.001).  

 

How are the levels of total IgE correlated with the levels of EPO and sGP130? 

Analysis of Pearson correlation 

 

With the total IgE data collected in the previous step, it was interesting to 

characterize the correlations between total IgE and two candidate biomarkers. The 
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Pearson correlation analysis showed that total IgE was correlated inversely with 

EPO (r=-0.36; p=0.002, n=72) but not with sGP130 (r=-0.19; p=0.14, n=66).  

 

Is the decreased EPO in asthma group related with anemia? 

Quantification of hemoglobin levels in asthma and non-asthma groups 

 

Given the possibility that alterations in EPO might reflect anemia, we compared 

the concentration of hemoglobin in the asthma and non-asthma groups. 

Hemoglobin levels did not differ by asthma group and did not correlate with EPO 

(data not shown). 

 

Are these two proteins associative or predictive biomarkers for asthma? 

Comparison of EPO levels among subgroups of asthma and non-asthma  

 

In a post-hoc analysis, we subdivided our asthma group into those who had a 

diagnosis of asthma already by the age of 3 and those who gained their diagnosis 

after age 3. A concentration response is evident with lower levels of EPO in those 

already diagnosed at age 3 (Table 2). Similar stepwise increases were observed 

for total IgE. In contrast, sGP130 levels did not differ by age of diagnosis in the 

asthmatic children. The data here demonstrated the identity of EPO as an 

associative biomarker for asthma.    
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Table 2.  Mean levels of Plasma Biomarkers at Age 3 in Relation to Age of 

Asthma Diagnosis  

  

n 

 

Non-

asthma 

 

n 

Asthma 

Diagnosed 

After Age 3 

 

n 

Asthma 

Diagnosed 

by Age 3  

ANOVA 

P 

Mean 

(SEM)  

log EPO  

IU/ml 

 

54 
 

0.898 

(0.026)  

 

7 
 

0.830 (0.070) 

 

10 
 

0.706 

(0.068) 

 

 0.018
* 

Mean 

(SEM) 

sGP130 

ng/ml 

 

50 

 

269.7 

(7.9) 

 

7 

  

304.4 (22.8) 

 

8 

 

305.2 

(14.3) 

 

0.10 

Mean 

(SEM)  

log IgE  

IU/ml 

 

54 
 

1.142 

(0.089) 

 

7 
 

1.419 (0.186) 

 

10 
 

1.995 

(0.189) 

 

0.001
* 

 

*Asthma diagnosed by age 3 and non-asthma groups differ significantly by 

Fisher’s protected LSD post hoc test. P=0.006 for EPO and <0.001 for IgE. 
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Does the level of EPO or total IgE at birth predict asthma?  

Quantification of EPO and total IgE levels of cord blood by ELISAs  

 

Available plasma samples at birth that matched the 3y samples were assayed for 

EPO and total IgE. Levels of EPO were higher at birth than at 3 years (comparing 

Table 3 and Figure 2A) and there was no correlation between the levels at the two 

ages (data not shown). Although EPO levels at birth tended to be lower in those 

children who would subsequently gain a diagnosis of asthma compared to the 

non-asthma group, the difference was not significant (Table 3).  Note that the cord 

groups have a reduced sample size compared to 3y (Figure 2A) but if the 3y 

groups are limited to only those samples with matched samples at birth, the 3y 

asthma and non-asthma groups remain significantly different (data not shown).  

Total IgE was undetectable in 66% of children in the cord matched samples.  Per 

cent with detectable total IgE in these cord samples did not differ between the two 

subject groups (Table 3). Therefore, neither the level of EPO nor total IgE at birth 

predicts asthma development.  
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Table 3. Mean levels of Plasma EPO and Per Cent Detectable IgE at Birth in 

Children Who Do or Do Not Gain a Diagnosis of Asthma. 

  

Non-asthma (n=40) 

 

Asthma (n=16) 

 

P 

Mean (SEM) log 

EPO In Cord 

Plasma IU/ml 

 

1.446 (0.058) 

 

1.299 (0.065) 

 

0 .15* 

% Detectable IgE 

In Cord Plasma 

IU/ml  

 

36.7% 

 

29.4% 

 

0.58
†
 

  

*P value for two-sample t test 
† 

Pearson P value for Chi square 
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Does it hold true that eczema and wheeze at age 1 are associated with asthma 

with our samples?  

Association quantified by odds ratio through logistic regression (―proof-of-

concept‖) 

 

Eczema and wheezing in the first year of life are well-established, independent 

risk factors for childhood asthma (120) and in our subset of IIS children show 

odds of more than 5 and 9 respectively (Table 4), indicating that both risk factor 

are associated with asthma. Furthermore, the ―mutually adjusted odds ratio" 

illustrated the independence of associations between asthma and two risk factors 

with our samples. 
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Table 4.  Year 1 Risk Factor Odds Ratios for Asthma Before and After 

Mutual Adjustment 

Risk 

Factor 

Marginal 

Odds Ratio 

 

 

95% CI 

 

 

P 

Mutually 

Adjusted 

Odds Ratio 

 

 

95%CI 

 

 

p 

       

Eczema 5.0 1.6-15.9 0.007 5.9 1.5-22.7 0.009 

       

Wheeze 8.3 2.5-27.7 0.001 9.4 2.5-36.2 0.001 
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Is there a relation of plasma protein biomarkers to early life asthma risk factors? 

ANOVA analysis of EPO and sGP130 levels among groups characterized with or 

without early life asthma risk factors  

 

We determined the relation of the candidate plasma biomarkers for asthma to 

these risk factors and found that the mean log plasma EPO was lower in children 

with eczema in the first year of life but was unrelated to first year wheezing 

(Table 5).  In contrast, sGP130 levels showed no relation to eczema but were 

higher in the children with first year wheezing (Table 5).  Maternal asthma, also a 

significant risk factor for asthma in this subset, is unrelated to either plasma 

protein biomarker (data not shown). 
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Table 5.   Relation of Mean Levels of the Candidate Biomarkers to Eczema 

and Wheezing in the First Year of Life 

Risk Factor  n mean (SEM)  

log EPO IU/ml 

n Mean (SEM) 

sGP130 ng/ml 

Eczema  No 49 0.8996 (0.0279) 45 278.8 (9.1) 

 Yes 21 0.7702 (0.0434) 19 275.9 (10.7) 

ANOVA p   0.014  0.85 

      

Wheeze  No 51 0.8714 (0.0284) 49 266.3 (8.0) 

 Yes 19 0.8299 (0.0525) 15 319.5 (8.9) 

ANOVA p   0.44  0.001 
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Can the quantitative difference of EPO levels between asthma and non-asthma 

groups be replicated in a second population? 

Quantitation of EPO concentration in serum samples from CRS using ELISAs 

 

The samples from this population differ in two aspects from those of the IIS 

population: the closest age to the IIS 3 year samples were 6 year samples and 

these samples were serum but not plasma. Although the values appear to be 

somewhat lower in the asthma group, Student’s t-test revealed that the 

concentration of EPO in asthma group was not significantly different from that in 

non-asthma group (Figure. 5). 
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Figure 5:  Comparisons of asthma (n=27) and non-asthma (n=43) groups for 

serum levels of EPO at age 6. Groups are compared by Student’s t-test. 

Horizontal bars indicate means.  
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Can the quantitative difference of EPO levels between asthma and non-asthma 

groups be replicated with the samples collected at a different time? 

Quantitation of EPO concentration in plasma samples at age 5 from IIS using 

ELISAs 

 

Plasma samples with a smaller sample size at age 5 from IIS were utilized. 

Although the values appear to be somewhat lower in the asthma group, Student’s 

t-test revealed that the concentration of EPO in asthma group was not 

significantly different from that in non-asthma group (Figure. 6). 
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Figure 6:  Comparisons of asthma (n=10) and non-asthma (n=12) groups 

for plasma levels of EPO at age 5. Groups are compared by Student’s t-

test. Horizontal bars indicate means. 
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CHAPTER-4 

 

RESULTS 

 

In Vivo Studies 

 

With one validated protein biomarker, EPO, the studies focus especially on the 

biologic effects that EPO might exert in a mouse model of bronchoconstriction 

since asthma patients usually present acetylcholine (ACh)-induced 

bronchoconstriction (121-124) and airway resistance is a direct physiological 

measurement of bronchoconstriction (125). In addition, sensitization to Alternaria 

has been linked to AHR and asthma (126-128). Mice sensitized to Alternaria 

spores and nonsensitized were treated with EPO and assessed for inhibition of 

stimulated increases in airway resistance. The data are presented as responses to 

questions for which answers have been sought. 

 

Does the biomarker EPO have any biologic effect on bronchoconstriction in 

animals?  

Measurement of airway resistance response to acetylcholine (ACh) in BALB/c 

mice 

 

The log transformed airway resistance in relation to dose was analyzed by one-

way ANOVA. In Figure 7 a tendency was shown in the hypothesized direction 
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(lower airway resistance in EPO treated group), but there is no statistical 

difference between the control and the EPO-treated groups, suggesting EPO had 

no effect on inhibiting bronchoconstriction.    
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Figure 7:  Comparisons of control and EPO-treated groups for airway 

resistance in a mouse model of bronchoconstriction induced by series of 

increasing doses of Ach. Error bar illustrates the Standard Error of Mean 

(SEM).    
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Does the biomarker EPO have any biologic effect on airway hyperresponsiveness 

(AHR) in animals?  

Measurement of airway resistance response to Ach in the model of Alternaria-

induced AHR in BALB/c mice 

 

The log transformed airway resistance in relation to dose was analyzed by the 

―mixed model‖. In Figure 8 a tendency in the hypothesized direction was shown 

only in unsensitized animals (lower airway resistance in EPO treated group). The 

―mixed model‖ analysis also revealed that Ach induced increases in airway 

resistance, and sensitized animals had greater increases in the ACh-induced 

airway resistance, but treatment of EPO did not have any effect on either 

unsensitized or sensitized animals (Table 6).     
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Figure 8:  Comparisons of control and EPO-treated groups for airway 

resistance in a mouse model of AHR in unsensitized and sensitized groups 

(by Alternaria spores). The increase in airway resistance was induced by 

series of increasing doses of Ach. Error bar illustrates the Standard Error of 

Mean (SEM).    
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Table 6.   Analyses by the “mixed model” of the in vivo data to determine if 

EPO pre-treatment had an effect on airway resistance. (A) unsensitized 

animals (B) sensitized animals. P< 0.05 is considered statistically significant.  

(A) 

Effect Num DF
Ω

 Den DF
Π

 F Value Pr > F 

epo 1 46 1.27 0.2663 

dose 4 46 76.27 <.0001 

epo*dose 4 46 0.13 0.9690 

 

 (B) 

Effect Num DF
Ω

 Den DF
Π

 F Value Pr > F 

epo 1 48 0.11 0.7412 

dose 4 48 157.92 <.0001 

epo*dose 4 48 0.93 0.4528 

 

Ω: the degrees of freedom of the numerator 

Π: the degrees of freedom of the denominator 
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Is Alternaria sensitization accompanied by decreased circulating EPO 

concentrations? 

ELISA Quantification of EPO in serum samples of BALB/c mice that were not 

treated with EPO 

 

The serum samples from sensitized non-EPO treated group showed a tendency to 

have a lower mean EPO concentration, compared with unsensitized non-EPO 

treated group (Figure. 9); however, no significant difference was observed by 

analysis using Student’s t-test, suggesting Alternaria sensitization is not 

accompanied by decreased circulating EPO concentrations.    
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Figure 9:  Comparison of unsensitized and sensitized (by Alternaria spores) 

groups that were not treated with EPO for endogenous EPO concentration in 

a mouse model of AHR. Horizontal bars indicate means.  
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Did the intraperitoneal administration of EPO reach the circulation? 

ELISA Quantification of EPO in serum samples of BALB/c mice (all four groups) 

 

Seven samples from unsensitized EPO-treated group (n=8) and 7 samples from 

sensitized EPO-treated group (n=9) had EPO concentrations which were higher 

than the highest standard (3000 pg/ml), whereas all samples from unsensitized 

untreated (n=8) and sensitized untreated group (n=9) had detectable 

concentrations, suggesting that administered EPO reached the circulation (Data 

not shown).   

 

Are the levels of EPO correlated with the airway resistance? 

Analysis of Pearson correlation 

 

The Spearman’s rank correlation analysis was performed with the subjects that 

survived at Ach doses 1 and 2 μg/g, investigating endogenous level of EPO 

(untreated groups) against airway resistance (Figure 10). The negative coefficients 

are suggestive of an inverse relation between EPO level and airway resistance 

although the correlations were not significant (dose 1 μg/g: Pearson correlation 

coefficient= -0.2535, P=0.3619; dose 2 μg/g: Pearson correlation coefficient= -

0.4990, P=0.2081).    
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(A) 
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(B) 

 

 

Figure 10:  Pearson correlation analysis: endogenous EPO level against 

airway resistance in animals that were not treated with EPO at two different 

doses of ACh (1 and 2 μg/g; (A) and (B), respectively). Sensitized group (open 

circle); unsensitized group (filled circle).   
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CHAPTER-5 

 

RESULTS 

 

In Vitro Studies 

 

With one validated protein biomarker, EPO, the studies focus especially on the 

biologic effects that EPO might exert in a model of human peripheral blood 

mononuclear cells (PBMCs) stimulated by mitogen and LPS. The use of this 

model to test pharmacological effects was documented (129, 130). The cytokines 

chosen to investigate were IL-2 and IL-6, which are a Th1-like cytokine (131) and 

a pro-inflammatory cytokine (132). These two were selected because they were 

the cytokines with the greatest change in production, following EPO pre-

treatments (a similar study conducted by Strunk et al. (133)).  The data are 

presented as responses to questions for which answers have been sought. 

 

Does the treatment of EPO have any biologic effect on IL-2 production from 

PBMCs?  

Measurement of IL-2 concentration using ELISA 

 

For IL-2, only the ConA/PMA-stimulated samples were assayed because previous 

preliminary study showed that LPS stimulation did not induce production of IL-2 

(data not shown). The concentrations of IL-2 are illustrated in Figure 11. 
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According to the analysis by the ―mixed model‖, EPO treatment had an effect, 

which was about to be specified in the following analysis, on IL-2 production 

(Table 7). 
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Figure 11:  Quantitation of IL-2 in non-EPO-treated and EPO-treated 

groups (n=8 each) which were stimulated by ConA/PMA. Error bar 

illustrates the Standard Error of Mean (SEM). 
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Table 7. Analysis by the “mixed model” of the ELISA data of IL-2 

(ConA/PMA) to determine if EPO had an effect. *P< 0.05 is considered 

statistically significant.  

Effect Num DF
Ω 

Den DF
Π

 F Value Pr > F 

EPO 3 21 5.50 0.0060
* 

 

Ω: the degrees of freedom of the numerator 

Π: the degrees of freedom of the denominator 
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Given the fact that EPO had an effect on IL-2 production, a post-hoc analysis 

(Dunnett's method) was utilized and showed that the IL-2 concentrations of EPO 

10 and 500 U/ml groups were significantly reduced, although the EPO 100 U/ml 

group difference from the control did not reach significance (Table 8), suggesting 

EPO pre-treatment had an inhibitory effect on IL-2 production.    
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Table 8. Through the Least Squares Means the post-hoc analysis using 

Dunnett's method on ELISA data of IL-2 stimulated by ConA/PMA to 

identify which EPO treatment group(s) had significantly different values 

from the untreated group. “Estimate” column displays the differences of IL-

2 values between EPO-treated and the untreated group; *statistically 

significant, <0.05).  

 

Effect Dose EPO Estimate Standard 

Error 

t Value  Adj P 

EPO 10 0 -898.07 329.41 -2.73  0.0331
* 

EPO 100 0 -688.02 329.41 -2.09  0.1202 

EPO 500 0 -1306.18 329.41 -3.97  0.0020
* 
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Does the treatment of EPO have any biologic effect on IL-6 production from 

PBMCs?  

Measurement of IL-6 concentration using ELISA 

 

For IL-6, both ConA/PMA- and LPS-stimulated samples were assayed. The 

concentrations of IL-6 are illustrated in Figure 12. The analyses using the ―mixed 

model‖ showed that EPO treatment had effects, which were about to be specified 

in the following analyses, on either ConA/PMA- or LPS-stimulated group (Table 

9).  
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(A) 
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(B) 

 

Figure 12:  Quantitation of IL-6 in non-EPO-treated and EPO-treated 

groups (n=8 each) which were stimulated by ConA/PMA (A) and LPS (B). 

Error bar illustrates the Standard Error of Mean (SEM). 
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Table 9. Analysis using the “mixed model” on ELISA data of IL-6 stimulated 

by (a) ConA/PMA and (b) LPS to determine if EPO had an effect. *P< 0.05 is 

considered statistically significant. 

 

(a) 

Effect Num DF
Ω

 Den DF
Π

 F Value Pr > F 

EPO 3 21 14.71 <.0001* 

 (b) 

Effect Num DF
Ω

 Den DF
Π

 F Value Pr > F 

EPO 3 21 7.74 0.0011* 

 

Ω: the degrees of freedom of the numerator 

Π: the degrees of freedom of the denominator 
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Similarly, post-hoc analyses (Dunnett's method) followed and the output indicated 

that IL-6 concentration of EPO 500 U/ml group was significantly higher than that 

of the non-EPO treated group. That was the case for both ConA/PMA- and LPS-

stimulated ones, illustrating excitatory effects of EPO on IL-6 productions (Table 

10).   
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Table 10. Through the Least Squares Means the post-hoc analyses using 

Dunnett's method on ELISA data of IL-6 stimulated by (a) ConA/PMA and 

(b) LPS to identify which EPO treatment group(s) had significantly different 

values from the untreated groups. “Estimate” column displays the 

differences of IL-6 values between EPO-treated and the untreated groups; 

*statistically significant, <0.05. 

(a) 

 

Effect EPO EPO Estimate Standard 

Error 

t Value Adj P 

EPO 10 0 835.91 348.22 2.40 0.0653 

EPO 100 0 320.63 348.22 0.92 0.6855 

EPO 500 0 2143.92 348.22 6.16 <.0001* 
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 (b) 

Effect Dose EPO Estimate Standard 

Error 

t Value Adj P 

EPO 10 0 2546.20 2151.36 1.18 0.5110 

EPO 100 0 974.64 2151.36 0.45 0.9416 

EPO 500 0 9371.47 2151.36 4.36 0.0008
* 
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Does the diluent of Procrit
®

 have any biologic effect on IL-2 production from 

PBMCs?  

Measurement of IL-2 concentration using ELISA after the cells were treated with 

Procrit
®

 

 

Since the prescribed EPO, Procrit
®
, came in as aqueous form with concentration 

of 2000 U/mL and the desired doses to treat PBMCs were 10, 100, and 500 U/mL, 

a greater volume of diluent was added to the PBMC aliquots from 2 subjects 

(1268 and 1002) as the dose was increased. The supernatant was harvested, 

followed by ELISA quantitation. Although no statistical analysis could be 

performed with such a small sample size, a strong inhibition of IL-2 production 

from PBMCs stimulated by ConA/PMA was hinted as the dose of EPO was 

increased (Figure 13).  
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Figure 13:  Quantitation of IL-2 produced from 2 subjects’ PBMCs which 

were stimulated by ConA/PMA 
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CHAPTER-6 

 

DISCUSSION 

 

Our study initially identified four candidate protein biomarkers of asthma 

development using rank analysis of 444 proteins by antibody array in 23 plasma 

samples (11 children with a diagnosis of asthma at ages 6 and 9 and 12 children 

without a diagnosis of asthma up to age 9) obtained at age 3 from a subset of 

children enrolled in the Tucson Infant Immune Study, a birth cohort.  Of these 

four proteins, we were able to demonstrate quantitative differences by ELISA for 

two: EPO was found to have lower mean levels in the asthma compared to the 

non-asthma group and sGP130 had higher levels in the asthma group.  Neither 

eotaxin-3 nor galactin-3 yielded quantitative differences between the two groups. 

No quantitative difference in serum EPO level was observed between asthma and 

non-asthma groups for subjects enrolled in CRS at age of 6. In examining 

potential biologic activity of EPO in a murine model, an inhibitory effect on the 

ACh-induced increase in airway resistance was not documentable for either 

unsensitized or sensitized animals although a tendency was observed in the 

hypothesized direction in unsensitized animals. In contrast, an in vitro assessment 

of EPO’s biological action on cytokine production from human PBMCs revealed 

EPO at 500 U/ml was found to inhibit the production of IL-2, an adaptive immune 

cytokine (134), from PBMCs stimulated by ConA/PMA and to enhance the 
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production of IL-6, an innate immune cytokine (135), from PBMCs stimulated by 

either ConA/PMA or LPS.      

 

Plasma proteomics offers the opportunity to follow hypothesis generating 

approaches to study of the biology of a complex disease like asthma.  Any 

difference related to disease would suggest that, at least at some level, the disease 

has systemic involvement (in contrast to being completely organ constrained) 

(136).  Given that plasma has been found to contain several thousand proteins 

(137), antibody arrays are reduced in comprehensiveness of the protein spectrum 

they assess and carry some bias in regard to limitations based on availability of 

antibody pairs for each protein. In contrast, though, they are much less limited by 

relative concentrations than are mass spectrometry-based methods. The big 

advantage of MS-based approach is the relatively small amount of sample needed 

for the experiment (138, 139). Initially a separation technique, followed by 

analysis of mass spectrometer, played an important role in the development of 

proteomic methodologies. MS-based approaches have been accompanied by the 

development of protein depletion techniques due to the fact a proteome usually 

consists of proteins with dynamic range and protein depletion reduces the 

complexity of the entire proteome and makes investigating sub-proteomes in a 

complementary way possible (140). The advantage of our parent MS-based 

project is the utilization of internal standard T33V, a bacterial mutant protein, 

allowing us to normalize and reduce errors with the absolute quantitation 

approach (141). Our label-free quantitation approach is advantageous when it is 
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known that high-abundance proteins are the analytes (142). As one of two major 

label-free quantitation approaches (the other being intensity, or peak area), 

spectral counting employed in our study permits the measurement of relative 

abundances of different proteins (141). Instrument-wise, both Q-TOF and 

Orbitrap provide a high resolution and mass accuracy, leading to more accurate 

mass measurements (143, 144). Only a few studies have yet pursued examining 

plasma or serum for asthma-related differences by either of these approaches. In 

one such study utilizing two-dimensional gel electrophoresis and matrix assisted 

laser desorption ionization time of flight (MALDI-TOF) mass spectrometry, 

Verrills et al. (93) identified 14 proteins that showed relative differences in serum 

of adult asthmatics vs. controls (without correcting for multiple comparisons). 

Validation of a few of the 14 proteins was attempted by ELISA: one yielded 

concentrations that validated the direction of change identified in the proteomic 

analysis (haptoglobin), one was not significant in the proteomic analysis but was 

increased in ELISA (ceruloplasmin), and one showed a difference opposite in 

direction (anti-thrombin III). None of the 14 proteins was among the proteins on 

the antibody arrays employed in our study.  

 

In a recent report, Reubsaet et al. (94) performed a limited multiplex antibody-

based assay in plasma from a group of children all of whom exhibited wheezing 

in the first 3 years of life.  Among 16 cytokines and chemokines assessed, they 

reported 3 analytes (CXCL10, CCL17, CCL22) that differed between children 

who subsequently gained a diagnosis of asthma by age 6 and those who did not.  
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Although these analytes were among the 444 we assessed in the antibody array 

employed herein, they did not show a difference related to asthma in our study.  

There are differences in the designs of the two studies, in that Reubsaet et al. 

included no consideration for multiple comparisons, studied only children with a 

history of early life wheezing,  and evidence of allergic sensitization was a 

requirement for a diagnosis of asthma.  Thus, it is possible that their findings may 

relate to an allergy susceptible group within asthma. 

 

There are other serological proteins reported to be associated with human asthma. 

Coskun et al. reported that serum pregnancy-associated plasma protein-A (PAPP-

A) was significantly elevated in asthmatics (145). It was discovered that a 

chitinase-like protein, YKL-40, was elevated in the serum and lungs of asthmatic 

patients (146) and in the serum of children with therapy-resistant (examples of 

therapies: corticosteroids and long-acting β2 agonists) asthma (147), compared 

with the healthy controls. In addition, periostin was reported with increased level 

in the serum of patients with eosinophilic asthma (148). Eosinophil cationic 

protein (ECP), a protein with bactericidal and antiviral properties (149), was also 

found increased in the serum of asthmatic children (150). Osteopontin (OPN) was 

shown increased in the serum of asthmatics from different ethnic groups by two 

studies (151, 152) and visfatin to be decreased in the serum of school children 

with atopic asthma (153). None of the proteins above was included in our 

antibody array study. However, another protein, OX40 ligand, a B cell activator 

(154) and a mediator of allergic airway inflammation (155), was reported by 
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Ezzat et al. (156) with higher serum levels in asthmatic children under acute 

attacks and in between attacks, in comparison with the healthy controls. 

Chemokine CCL17 was reported by Leung et al. with higher plasma 

concentration in asthmatic children than in the controls (157). In addition, Saad-

El-Din Bessa et al. (158) demonstrated that serum levels of CC chemokine ligand 

5 (CCL5), which is also known as RANTES (regulated on activation, normal T 

cell expressed and secreted), and monocyte chemoattractant protein-1 (MCP-1) 

were higher in asthmatics, compared with the controls. Ciprandi et al. (159) 

reported that serum level of IL-23 was higher in asthmatic children than in 

healthy controls. Kato et al. (160) illustrated that asthma patients had a higher 

level of connective tissue growth factor (CTGF) in the plasma than in controls. 

Using ELISA Nadi et al. (161) showed that adult asthmatic patients had higher 

levels of soluble L-selectin in plasma samples than the controls. These 7 proteins 

(OX40 ligand, CCL17, CCL5, MCP-1, IL-23, CTGF, and L-selectin) were among 

the analytes we assessed in the antibody array, but they did not show differential 

expressions between asthma and non-asthma groups. There can be many reasons 

for this, including age of study participants, recruitment from clinic patients in 

contrast to our unselected population, different criteria for asthma, different 

methodologies (ELISAs in other studies vs. antibody array in our study) and 

relatively small sample size (n=12 for each group) employed on our antibody 

array platform.   
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ELISA for plasma EPO levels provided quantitative validation of the rank 

differences and agreed in direction with data generated by antibody array. Thus, 

decreased concentration of EPO in plasma at age 3 appears to serve as a 

biomarker differentiating subjects with asthma from those without. The 

quantitative differences were greatest in children who had already acquired a 

diagnosis of asthma by age 3 suggesting that low levels of EPO appear to mark 

asthma pathophysiology that is ongoing rather than providing prediction of 

asthma development. The lack of significance of cord plasma values to 

differentiate those children who will subsequently gain a diagnosis of asthma 

further supports this interpretation. The EPO values correlated inversely with total 

IgE levels in the samples. IgE is similar to EPO (though opposite in direction) in 

that IgE in the 3-year samples also differed most strongly for children already 

diagnosed at age 3 and the prevalence of detectable IgE in cord plasma samples 

showed no association with subsequent asthma. In addition, the observation that 

there was no quantitative difference in EPO concentrations between two groups 

from the second birth cohort, CRS, at age of 6 suggested that the decreased EPO 

level in asthma group as a candidate biomarker might only be present in a 

particular developmental stage, for example, 3 years of age. With regards to this 

speculation, it is important to note the fluctuation of EPO levels at different times 

during development, as shown by our study (Table 3 and Figure 2A) and Kling et 

al. (162).  
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Although EPO has long been known for its therapeutic value for anemia and 

similar uses related to increased production of red blood cells, other effects have 

also been noted including anti-inflammatory (163-165), anti-apoptotic effects 

(166, 167), and antioxidant effects (168, 169). Bany-Mohammed et al. found 

administration of EPO inhibited lipid oxidation in both plasma and 

bronchoalveolar lavage fluid in a rabbit model. The production of nitric oxide, a 

vasodilator, was significantly increased with EPO treatment in vitro of 

cardiomyocytes (170) and of human lung endothelial cells cultured under hypoxic 

conditions (171, 172). In an in vitro model of acute lung injury the anti-apoptotic 

effect of rhEPO was also documented (173).   

 

EPO functions through two classes of receptor made up of combinations of 

monomeric EPO receptor (EpoR) and CD131, the common beta chain (174, 175). 

While EpoR homodimerizes upon binding of its ligand, common beta chain has 

been shown to heterodimerize with monomeric EpoR (175, 176). It has been 

suggested that the protective effects on various tissues act through the 

heterodimerized receptor (177).  

 

To our knowledge, altered EPO levels have not been implicated in human asthma. 

However, a recent study  suggested that EPO is decreased in plasma of subjects 

experiencing exacerbations of COPD (178). The effect of EPO on respiratory 

system has not been well understood. To the author’s knowledge, only two studies 

have reported potential therapeutic value of EPO in animals in reducing 
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bronchoconstriction and/or airway inflammation. Tyagi et al. (179) found 

administration of EPO to mice significantly inhibited broncho-constriction 

induced by carbachol. The mice used were Swiss albino and the method of 

assessing bronchoconstriction was not clearly described although it appeared to be 

measurement of airway resistance. Karaman et al. (180) reported improvement in 

histological assessments of ovalbumin-induced airway hyperresponsiveness and 

airway inflammation in mice upon treatment with human recombinant EPO 

(hrEPO). Rubini et al. (181) reported that the airway resistance in albino rats was 

acutely reduced following the treatment of EPO (i.p. injection). A few other 

studies have suggested EPO’s protective effects on the lung organ. EPO was 

reported to ameliorate alveolar hemorrhage, septal neutrophil infiltration, lung 

wall thickness, and the count of mast cells, which were all greatly induced with 

the condition of acute pancreatitis (182). EPO administration in an acute 

necrotizing pancreatitis-related acute lung injury rat model attenuated pulmonary 

edema and lipid peroxidation and lowered serum level of IL-6 (183). Reduced 

lung edema and inhibition of lipid peroxidation by EPO were also shown on a 

LPS-induced lung injury rat model (184). Ozer et al. (185) demonstrated that EPO 

treatment on hyperoxia-exposed rats increased mean alveolar area, number of 

secondary crests formed, and the microvessel count and decreased fibrosis, 

compared with the control animals. Wu et al. (186) illustrated that recombined 

human EPO lessened lung alveolus edema and neutrophils infiltration via 

histological analysis and decreased serum level of tumor necrosis factor-alpha 

(TNF-α) on ischemia–reperfusion (I/R) injury rats. A number of pro-
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inflammatory cytokines, TNF, IL-6, and MCP-1 were found reduced after the 

treatment of recombinant human EPO in a rat model with middle cerebral artery 

(MCA) occlusion (187). Based on such findings, we speculated that the reduced 

levels of EPO shown in our study may increase risk for cell damage and proposed 

future studies to examine the local airway milieu for differences in EPO. However,  

it is worth noting that Polglase et al. (188) demonstrated that the airway wall 

thickness of EPO-treated group, as well as total lung injury score, inflammation, 

and hemorrhage, were greater than that of control group in a model of preterm 

newborn lamb, questioning the validity of using EPO as a treatment to  protect 

lungs in preterm infants.       

 

Our in vivo study demonstrated that EPO pre-treatment had a tendency to reduce 

the airway resistance of treated mice that were not sensitized by Alternaria spores, 

which typically induces AHR. Although the data were in accord with the 

hypothesized direction, no statistical difference was observed, indicating that we 

have not been able to demonstrate a protective effect of EPO on airway 

bronchoconstriction. To compare the EPO concentrations between two control 

groups (unsensitized vs. sensitized), our data suggest that AHR might accompany 

lower EPO concentration, which possibly mimics the association of lower EPO 

levels with asthma in our human plasma ELISA assays,   although the difference 

was not statistically significant. Also the lack of significant in vivo effect led to 

determining if injected EPO did reach the circulation. According to the correlation 

analysis, the negative coefficients are suggestive of an inverse relation between 
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endogenous EPO level and airway resistance although the correlation in this small 

sample set was not significant.  

 

EPO has also been documented to have effects on immune cells and their 

cytokine production. Strunk et al. (133) reported that EPO pre-treatment 

decreased production of various cytokines, including IL-2, IL-6, TNF-α, IL-4, IL-

5, and IL-10, from infant and adult PBMCs, stimulated by mitogen and LPS. 

However, it was reported that EPO treatment promoted pro-inflammatory activity 

on splenic and peritoneal macrophages in both in vitro and in vivo experiments 

(189). Cravedi et al. (190) demonstrated that high concentration of EPO inhibited 

the proliferation of allogeneic CD4+ T-cell in a dose-dependent manner. In 

addition, EPO has been suggested to potentially play roles in modulating human T 

and B lymphocytes, based on the existence of EPO-R on cell surface of these cells 

(191). Prutchi-Sagiv et al. postulated the beneficial effect of EPO on multiple 

myeloma (MM) patients by showing various improved immunological parameters 

and functions after the treatment of rhEPO (192). The same group subsequently 

explored more on EPO and showed that EPO increased peripheral blood and 

splenic dendritic cells (193, 194). Later Rocchetta et al. (195) specified the 

properties of EPO, which synergizes the immunostimulatory properties of 

immature dendritic cells and is beyond its erythropoietic and cytoprotective 

effects.  
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The data generated through ELISA assays in the in vitro studies described here 

indicated that EPO-pretreatment at the highest dose (500 U/ml) had an inhibitory 

effect on IL-2 production from PBMCs stimulated by ConA/PMA. In contrast, 

EPO-pretreatment with this dose had a stimulatory effect on IL-6 production from 

PBMCs stimulated by either ConA/PMA or LPS. The fact that EPO dose 10U/mL, 

but not 100 U/mL, generated an inhibitory effect on IL-2 might reflect the 

―borderline‖ difference resulted from 2 different doses; what is more important 

here is that EPO 500 U/mL had a significant effect. It is also worth noting that the 

EPO obtained from R&D Systems, Inc. had ED50 ranged from 0.015 to 0.075 

units/mL, according to the product datasheet (196). In addition, 1 µg EPO is equal 

to 150 units (197) and it is widely accepted that 1 unit of a protein equals to its 

ED50 (198). Charuruks et al. (199) reported that healthy adults had blood EPO 

level 2.21-20.95 mU/mL, but one of the injectable EPOs (pharmaceutical grade), 

Procrit
®
, has single-dose vial 2000, 3000, 4000, 10,000, or 40,000 U/mL to treat 

anemia (200). Thus, it is not clear whether our dose (10, 100, and 500 U/mL) 

would elicit an adverse effect on patients other than the ones with anemia.  

 

IL-6 is a pleiotropic cytokine that is involved in a wide variety of physiological 

processes, including cancer progression, inflammation, hematopoiesis, and 

regulation of immune system (201). There are two types of IL-6 receptors: IL-6R 

(202) which this cytokine directly binds, and glycoprotein130 (gp130), which is 

the common signal transducer shared by other members in IL-6 cytokine family, 

such as IL-11, leukemia inhibitory factor (LIF), oncostatin M (OSM), ciliary 
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inhibitory factor (CNTF), cardiotropin-1 (CT-1), cardiotrophin-like related 

cytokine and stimulating neurotrophin-1/B-cell stimulating factor 3 (NNT-1), 

neuropoietin (NPN), IL-27 (203, 204). In the immune system, IL-6 regulates 

immune response in the course of inflammation (both acute and chronic) (205), 

infections (206, 207) and autoimmune diseases (208, 209). IL-6 also play a role in 

differentiation of B cells (210) and promotion of T cells proliferation (211). With 

an IL-6-deficient-mouse model, Kopf et al. (212) demonstrated the impaired 

response of macrophages and neutrophils upon viral and bacterial infection. 

Nakahara et al. (213) reported that the regulation of VEGF expression was 

achieved by IL-6, which was found elevated in systemic sclerosis and is a 

mediator of angiogenesis and fibrosis. IL-6 was also shown by Barnes et al. (214) 

to facilitate endothelial cell activation and promote apoptosis with the presence of 

neutrophils. It is important to note that IL-6 has been shown to have dual 

properties: anti-and pro-inflammatory. In terms of anti-inflammatory properties, 

human subjects with IL-6 infusion does not present inflammatory features, like 

capillary leakage-like syndrome caused by pro-inflammatory cytokines IL-1 and 

TNF-α (215). IL-6 was also shown as a inducer of anti-inflammatory hepatocyte-

derived acute-phase proteins and interleukin-1 receptor antagonist, blocking pro-

inflammatory activities caused by IL-1 (216). Tilg et al. (217) demonstrated the 

increased levels of IL-1Ra (IL-1 receptor antagonist) and TNFsRp55 (TNF 

antagonist) in plasma samples from cancer patients after they were treated with 

recombinant IL-6. In terms of pro-inflammatory properties, Wong et al. (218) 

demonstrated that IL-6, as a pro-inflammatory cytokine, was elevated in plasma 
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samples of allergic asthmatic patients. It was also suggested that IL-6 may work 

with other pro-inflammatory cytokines to enhance the inflammatory response in 

islet lesion (219). IL-6 acts as a pro-inflammatory agent when the condition of 

acute inflammation turns into chronic (220) and it regulates this transition process 

by recruiting monocytes at the site of inflammation (221). It has been further 

suggested that the anti-inflammatory role of IL-6 is carried out through membrane 

bound IL-6R (mbIL-6R) and its signaling whereas the pro-inflammatory role is 

carried out through soluble IL-6R (sIL-6R) and its signaling (222, 223).   

 

Different from Strunk et al., enhanced production of IL-6 from PBMCs by EPO 

was observed in our study, which is supported by Goicoechea et al. (224), 

revealing significantly positive correlations between IL-6 and TNF-α 

concentrations and EPO doses in hemodialysis patients. Also the discrepancy 

might be due to different phenotypes of patients (hemodialysis vs. with and 

without asthma) and measurement techniques: Strunk et al. assessed percentage 

IL-6-proudcing cells whereas Goicoechea et al. and our studies evaluated the 

concentrations of IL-6.     

 

IL-2 is a cytokine mainly synthesized by activated T cells (225) and it promotes 

the production of T regulatory (Treg) cells (226). In addition, IL-2 was also shown 

to work as a growth factor for natural killer cells (227) and enhance production of 

TNF-α and IFN-γ (228, 229). IL-2 plays an important role in maintaining 

homeostasis of the immune system. Mishra et al. (230) reported that proliferation 
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and apoptosis of intestinal epithelial cell were observed when IL-2 was 

administered at lower and higher concentration, respectively, in a human-derived 

colonic epithelial cell model.  

     

Studies addressing the effect of EPO on IL-2 secretion have been documented. 

Bryl et al. demonstrated stimulatory effect of EPO on IL-2 production by whole 

blood cell cultures from hemodialysis patients (231). The finding was different 

from what was discovered in our in vitro study, possibly due to the differences in 

the designs of the two studies: Bryl et al. included patients undergoing 

hemodialysis whereas our human subjects were with or without asthma. Whole 

blood cell cultures were utilized in their study; however, we used PBMCs, which 

are the population of immune cells directly responsive for potential 

immunological effect with the given treatment. Thus, it is possible that our 

findings may report effects specific for a subset of human cell population. In 

addition, due to the observation of a potential strong inhibition on IL-2 production 

from PBMCs stimulated by ConA/PMA, the possibility that the diluent used to 

accompany the active ingredient of Procrit
®

 has an inhibitory effect on IL2 

production should not be ruled out. Meanwhile, it is a good practice to double 

check if the equal volume of the drug with different doses were added to the 

samples to reduce any potential confounding variable.    

 

The involvement of EPO in coagulation process has been documented in literature. 

Taylor et al. (232) reported that EPO-treated hemodialysis patients had higher 
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levels of Factor VIII von Willebrand factor antigen (FVIIIvWFAg), and plasma 

fibrinogen, posing a potential risk of blood clotting to the patients. In contrast, 

with renal failure and renal anemia patients, Kaizu et al. (233) demonstrated that 

EPO treatment did not alter the systems of coagulation, fibrinolysis and platelet 

by showing no change in some relevant proteins, such as fibrinogen, 

fibrinopeptide A, thrombin antithrombin III complex, platelet factor 4 and beta-

thromboglobulin, before and after EPO treatment, although there was an increase 

in hemoglobin. Similarly, patients with chronic hemodialysis showed increased 

levels of alpha 2-plasmin inhibitor-plasmin complex (alpha 2 PIC) and cross-

linked fibrin degradation products (XL-FDP) in plasma samples after rhEPO 

treatment, suggesting coagulation and fibrinolysis were augmented (234).   

 

Soluble GP130 has also not been clearly associated with asthma or early life 

wheeze, but such  roles are not without plausibility as sGP130 participates  in a 

complex network with a membrane-bound form of GP130 together with IL-6 and 

both soluble and membrane bound IL-6R (235). sGP130  is suggested to serve as 

a natural inhibitor of IL-6 (236) and its inflammatory activity but the potential 

implications for asthma are unknown. Soluble IL6R has been reported (237) 

increased in airways of asthmatics but here also no direct connection to sGP130 

levels has as yet to our knowledge been reported. 

 

We confirm that eczema and wheezing are associated independently with risk for 

asthma, suggesting that they may identify distinct paths to asthma. In this regard, 
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it is of interest that our two biomarkers align with these two risk factors in the 

same direction that they align with asthma: low plasma EPO levels associate with 

eczema in the first year of life whereas high sGP130 associate with wheeze.  

Further studies are needed to explore the possibility that the two biomarkers may 

mark separate paths involved in asthma development. 

 

From previous reports, whether eotaxin-3 is increased in asthma is not yet clear 

(238, 239). Perhaps related in part to plasma levels being very near the detection 

threshold of the ELISA assay, our results could not corroborate an increased 

plasma level associated with asthma. Galectin-3 (which has been reported to 

function as a soluble receptor for IgE (240, 241) has not to our knowledge been 

clearly associated with asthma and we were unable to identify differences in 

plasma levels between our asthma and non-asthma groups. 

 

Our study has several advantages:  the use of samples from a nonselected birth 

cohort that has longitudinal detailed information on respiratory symptoms and age 

of acquiring asthma diagnoses; a broad, hypothesis-generating, screening 

approach to identifying candidate plasma biomarkers; and a step validating the 

screening results through quantitation. A limitation of our study is a relatively 

small sample size and thus other markers in the antibody array may be present 

differentially in asthma but such differences were not detected because of 

insufficient power.  

 



106 
 

In summary, our study demonstrates the utility of antibody array as a screening 

tool for proteomic identification of candidate biomarkers in human plasma for 

childhood asthma and the importance of quantitation for follow-up of candidates 

so identified. We suggest that children with asthma have decreased levels of 

circulating EPO and increased levels of sGP130, thus suggesting that asthma has 

systemic involvement. In addition, EPO relates to the early life asthma risk factor, 

eczema, and sGP130 relates to early life wheezing, thus supporting the possibility 

of distinct pathways of asthma development. A protective effect of EPO on 

airway bronchoconstriction was not demonstrable although a tendency in the 

hypothesized direction was observed. The capacity of EPO influencing production 

of cytokines from stimulated PBMCs has been illustrated with our in vitro model, 

suggesting EPO’s capacity to influence immune cell function.      

 

Further studies are warranted to assess generalizability, to illustrate the 

involvement of validated biomarkers, and to dissect pathogenesis of asthma. To 

establish the clinical utility of two candidate biomarkers, repeating the 

quantitative measurements in a second or more population and obtaining the 

results with consistent direction are necessary. It is also critical to establish their 

biological actions in both in vivo and in vitro models and to characterize, for 

instance, the interactions between EPO and two classes of EPO receptor at the 

molecular level. In order to identify mechanism or pathway that the candidate 

proteins belong to, biochemical methods have to be employed. For instance, 

techniques like immunoprecipitation and fluorescence resonance energy transfer 
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to characterize protein-protein interaction could be used to identify the partners 

that EPO or sGP130 possibly interact with. Then techniques like Western Blot or 

immunohistochemistry could be used to investigate the up- or down- regulation of 

partner proteins when the level of EPO or sGP130 changes or vice versa in a 

biological system (i.e. cell, tissue). Identifying a single piece in the puzzle, one at 

a time, might eventually allow us to see the big picture with revealed individual 

components in the pathway. In order to demonstrate in vivo effects of EPO studies 

perhaps with greater doses or other modes of administration or stimulation of 

airway resistance by a route other than intravenous ACh or a model of increased 

airway resistance in non-anesthetized animals of EPO might by efficacious 

advocate its potential therapeutic value in inhibiting increases in airway resistance.  

 

Since EPO’s in vitro effects were only evaluated on production of two cytokines, 

the clinical utility of EPO still remains elusive. More defined in vitro effects of 

EPO could be established after quantitation of various other cytokines (i.e. 

Th1/Th2 cytokines, pro- and anti-inflammatory cytokines) using the same 

samples. Interestingly, the inter-relationship among EPO, athletes, and asthma has 

been documented in literature. Basu et al. (242) and Schmidt et al. (243) 

illustrated the association between residency at high altitude and increased level 

of EPO. That explains why some professional athletes want to train themselves at 

high altitude, potentially stimulating the synthesis of EPO under hypoxia 

condition (244), ultimately improving their performance. However, altitude 

training is not for every athlete because some of them respond poorly to the 
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training due to the variability of individuals (245). Given that, in order to better 

characterize the relationship between EPO and asthma, it is possible to evaluate 

the lung functions of the athletes who have asthma; with the matched samples, 

plasma EPO levels are also assessed. Only the subjects with asthma and increased 

levels of EPO upon implementing high altitude training are chosen for further 

analysis. The hypothesis is that increased levels of EPO, induced by high altitude, 

improve lung function tests. The aim is to see if there is an association between 

improved lung functions and elevated EPO.    

 

These studies altogether will lead to a better understanding of biology of asthma 

and individual components involved within, possibly shedding light on strategies 

of asthma prevention and therapeutic effects of treatment with EPO and/or 

approaches to decrease sGP130 in childhood asthma.   
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