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Abstract

Background—Asthma is a heterogeneous disease characterized by abnormal airway

pathophysiology and susceptibility to different stimuli, as exemplified by a subset of individuals

with exercise-induced bronchoconstriction (EIB). Induced sputum provides a noninvasive method

to sample airway biofluids that are enriched in proteins.

Objective—We hypothesized that novel mechanisms in the pathogenesis of asthma may be

revealed by studying the patterns of protein expression in induced sputum.

Methods—We used shotgun proteomics to analyze induced sputum from 5 normal individuals

and 10 asthmatics, including 5 with EIB. Differential protein expression between asthmatics,

asthma subphenotypes and control subjects was determined using spectral counting and

computational methods.

Results—Using Gene Ontology analysis, we defined the functional landscape of induced sputum

proteome and applied network analysis to construct a protein interaction map for this airway

compartment. Shotgun proteomics analysis identified a number of proteins whose differential

enrichment or depletion robustly distinguishedasthmatics from normal controls, and captured the

effects of exercise on induced sputum proteome. Functional and network analysis identified key

processes, including proteolytic activity that are known contributors to airway remodeling.

Importantly, this approach highlighted previously unrecognized roles for differentially expressed

proteins in pathways implicated in asthma, such as modulation of phospholipase A2 by

secretoglobin, a putative role for S100A8/9 in human asthma, and selective upregulation of

complement 3a in response to exercise in asthmatics.

Conclusion—Computationally-intensive analysis of induced sputum proteome is a powerful

approach to understand the pathophysiology of asthma and a promising methodology to

investigate other diseases of the airways.
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Introduction

Noninvasive methods to measure mediators of respiratory function are important tools for

the diagnosis, assessment of response to treatment, and understanding molecular

mechanisms in pulmonary disorders. Induced sputum is one such validated technique that is

commonly utilized for sampling airway secretions and cells1, and shown to provide

diagnostic and mechanistic insights into a number of chronic lung diseases including

asthma2, 3, COPD4, sarcoidosis5, and cystic fibrosis6. Induced sputum is comprised of a

cellular part and a fluid phase, each of which represents constituents from various sources

including airway epithelial cells, inflammatory cells, airway secretions, and even bacterial/

viral components. The fluid phase of induced sputum is an abundant source of proteins,

many of which have been implicated in lung disorders hallmarked by airway inflammation7.

Proteomics approaches offer great promise for the systematic analysis of complex biological

samples such as induced sputum, and have the advantage of assessing the presence and

abundance of gene products (i.e., proteins) that are functionally relevant to clinical

phenotypes. However, very few studies have applied this approach to investigate the

proteome of induced sputum in pulmonary disorders. Nicholas et al reported on using a

combination of 2-dimensional (2-D) gel electrophoresis and mass spectrometry to analyze

the protein content of induced sputum obtained from a single healthy individual8. They

identified over 190 unique human proteins, many of which were distinct from proteins

derived from saliva or bronchoalveolar lavage fluid. Despite excellent resolving power, 2-D

gel proteomics has several limitations. First, it is biased in favor detecting high-abundance

proteins and therefore does not provide a comprehensive proteomic profile. In addition,

difficulties in reproducibility and protein identification, limit its utility for large-scale

proteomics analysis across multiple samples. More recently, Gray et al applied surface-

enhanced laser desorption/ionization time-of-flight (SELDI-TOF) technology to compare

induced sputum proteomic signatures in asthma, COPD, cystic fibrosis, and bronchiectasis9.

While SELDI-TOF has the advantage of being a high-throughput screening platform for

biomarker discovery, it detects only spectral peaks as surrogates for putative proteins and

formal identification of proteins must be performed using different methods such as tandem

mass spectrometry or Western analysis. Indeed, the investigators identified and confirmed

only eight distinct proteins—a small subset of the induced sputum proteome.

Shotgun proteomics, in which tryptic digests of complex protein mixtures are analyzed by

tandem mass spectrometry, overcomes many of these limitations and is an ideal approach

for large-scale protein measurements across multiple biological samples. We have

previously used shotgun proteomics to study the airspace proteome as sampled by

bronchoalveolar lavage in healthy subjects10 and those with cystic fibrosis11.
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In the present work, we applied this approach to deeply explore the proteome of induced

sputum in healthy subjects and asthmatics with and without exercise-induced

bronchoconstriction (EIB). Despite being the most common chronic disease in young adults,

the heterogeneous nature of asthma has hampered efforts to elucidate common

pathophysiologic mechanisms. Therefore, we focused our proteomics strategy to a group of

carefully phenotyped asthmatics and normal controls under baseline conditions and after an

acute exercise challenge. We chose to include exercise challenge because EIB is a

manifestation of indirect airway hyperresponsiveness—a hallmark feature of asthma. We

tested the hypothesis that asthma and its sub types cause distinct alterations in the airway

proteome, and an understanding of these perturbed proteomic signatures may provide

mechanistic insights into the pathophysiology of this complex disorder.

Methods

Please see Online Repository Material for further details.

Subject recruitment and phenotyping

We utilized biological samples from two cohorts of subjects that were enrolled at the

University of Washington3, 12. The University of Washington Institutional Review Board

approved the study protocols, and written informed consent was obtained from all

participants. Subjects 18-59 years of age were recruited who had a physician diagnosis of

asthma for ≥ 1 year, and used only an inhaled β 2-agonist for asthma treatment. Participants

were not enrolled if they had used an inhaled or oral corticosteroid, leukotriene modifier,

long-acting antihistamine, cromone, or long-acting β2-agonist in the 30 days prior to the

study. In accordance with a priori definitions, asthmatics with a methacholine PC20 ≤ 4

mg/ml were identified with ≥ 20% fall in FEV1 following exercise challenge (EIB+ group)

and asthmatic controls without EIB were identified with ≤ 5% fall in FEV1 following

exercise challenge (EIB− group). Comparisons were also made to non-asthmatic subjects

with normal spirometry (FEV1> 80% predicted) and a negative exercise challenge test (<

5% fall in FEV1 following exercise). Inducted sputum was obtained from each subject at

baseline and on a separate day 30 min after exercise challenge.

Induced sputum sample preparation

Sputum induction was performed as previously described3, 12. Briefly, subjects inhaled

nebulized hypertonic 3% saline for 20 min. Sputum samples were dispersed in 6.5mM DTT

and the supernatant removed after the sample was centrifuged at 1000 × g. Equal volumes

and concentrations of each sputum sample were denatured, reduced and alkylated and the

solution underwent proteolysis for 16 hr using a 1:20 trypsin-to-protein ratio13 followed by

desalting and completely dried using a Speed-Vac (Thermo-Savant, MA).

Shotgun proteomics analysis

Equal sample concentrations were analyzed by liquid chromatography tandem mass

spectrometry (LC-MS/MS) as previously described14 to a hybrid linear ion trap-orbitrap

mass spectrometer (Thermo Fisher, CA). All precursor ion survey scans were performed

from m/z 400 to 2000. Collision-induced dissociation (CID) was performed in the linear ion
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trap. Subsequently, tandem MS were acquired in the Orbitrap. Data were acquired using

data-dependent ion selection where the five most intense ions were selected for CID. The

following two m/z ranges were surveyed and sampled: 400-675, 676-2000.

Protein identification and quantification

Tandem mass spectral RAW (ThermoFinnigan) files were first converted to mzXML

format15 and then matched to a protein sequence in the IPI Human 3.53 database using

SEQUEST16. A protein was considered to be identified only if: (i) ProteinProphet

probability was greater than 0.817 and (ii) if greater than one unique peptide was found for

each protein. Relative protein levels were determined using spectral counting as previously

described18, 19. Briefly, spectral counts were determined by the number of times a peptide

that matched a given protein was selected for CID. The final protein's spectral count value

was the sum of the spectral counts acquired over the specified two gas phase fractions. To

assess differences in relative protein abundance between biological conditions, we applied a

validated non-parametric “spectral index” metric and determined statistical significance

(95% confidence level) using random permutation (n = 1000)11, 20.

Western analysis

Western blots were conducted to measure differences in the levels of SERPINA1,

SCGB1A1, SMR3B, C3a, and HPX in induced sputum supernatant. Polyclonal rabbit

antibodies were used to probe for SERPINA1 (GenWay Biotech, CA), SCGB1A1 (Santa

Cruz, CA), and HPX (Abnova, CA), and murine monoclonal antibodies were used to probe

for SMR3B (Novus Biologics, CO) and C3a (Abcam, MA). Membranes were incubated

with the primary antibody overnight at 4°C and then subsequently incubated with either

anti-rabbit or anti-mouse HRP-linked antibody as appropriate (Cell Signaling, MA) for 1

hour at RT. Peroxidase activity was detected using LumiGLO ECL reagents (Cell Signaling,

MA).

Statistical analysis

Statistical comparison between immunoblot intensities was performed using Student's t-test

with 2-tailed P-values adjusted for unequal variances. Paired t-test or Wilcoxon matched

pairs testing was performed when appropriate (GraphPad Prism 5, CA).

Functional analysis

Functional annotation of all identified proteins in the induced sputum of the subjects was

obtained from the Gene Ontology (GO) database21. Overrepresented functional categories in

induced sputum proteins relative to the human proteome were determined using the

Database for Annotation, Visualization, and Integrated Discovery (DAVID)22. Enriched

functional categories were required to be significant at a false discovery rate < 0.05 using a

random permutation analysis (n = 1000). The GO hierarchical relationships among the

biological modules were mapped using a web-based software program23.
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Unsupervised classification

Two-dimensional hierarchical clustering of the proteomics profiles between subjects was

performed using the average linkage method and the Pearson correlation metric24. Principal

components analysis was performed based on the covariance matrix of protein spectral

counts24.

Network analysis

A protein network was generated based on experimentally verified gene product interactions

derived from Ingenuity System's database25 and several publicly available protein-protein

interaction resources incorporated under a web-tool interface known as Search Tool for the

Retrieval of Interacting Genes/Proteins (STRING)26.

Results

Phenotyping of subjects

Induced sputum samples from fifteen subjects were utilized in this study (see Table 1 for

characteristics). Ten individuals had a confirmed diagnosis of asthma based on a

methacholine PC20 ≤ 4 mg/ml. As shown in Figure 1, five asthma subjects met criteria for

EIB (≥ 20% fall in FEV1 after exercise, EIB+) and five subjects with asthma did not have

EIB (≤ 5% fall in FEV1 after exercise, EIB−). Five additional subjects were recruited that

did not have asthma based on normal spirometry and negative exercise challenge (normal

controls). The baseline FEV1 values of the EIB+ and EIB− subjects were similar but

significantly lower than the controls, indicating underlying airflow limitation in the

asthmatic group (Figure 1). The cellular differential of leukocytes and epithelial cells from

induced sputum samples did not differ significantly among the individuals at baseline and

after exercise (online Supplementary Figure 1).

Proteomic landscape of induced sputum

We identified 254 proteins in the induced sputum of all 15 subjects (5 normal, 10

asthmatics) of which 240 mapped to unique genes (online Supplementary Table 1). To better

elucidate the functional role played by these proteins, we performed Gene Ontology analysis

on this dataset and statistically determined biological modules that were enriched in induced

sputum relative to the entire human proteome (Figure 2). The highly over-represented

functional categories included those involved in defense response, protease inhibitor

activity, immunity, response to inflammation and wounding, and complement activation.

This finding implies that the induced sputum proteome is selectively enriched in proteins

that map to specific functional roles. We did not observe significant differences in the

distribution of these biological processes when we limited the proteins to those identified in

normal subjects or asthmatics, suggesting that the global functional architecture of induced

sputum proteome is not perturbed in asthma.

To further investigate relationships among the identified proteins, we queried gene product

interaction knowledgebases and created a protein-protein network representation of the

induced sputum proteome (Figure 3). This relational network or “interactome” was

comprised of 80 nodes (approximately one-third of the identified proteins) and depicts a
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complex functional map of mediator interactions in the human airways (see also online

Supplementary Table 1). The biological relevance of this putative interactome was assessed

by systematically searching PubMed using PubMatrix27 for associations between network

proteins and pulmonary disease in humans and animal models. Almost 90% of the nodes (70

out of 80) have been linked to lung disorders and 66% (53 out of 80) with airway disorders

such as asthma.

Differential expression of proteins in induced sputum of asthmatics

Initially, we asked whether the entire proteomic profile of induced sputum could be used to

discriminate subjects with and without asthma at baseline. Using the spectral counts of all

proteins identified in the 15 subjects, we performed principal components analysis to group

the subjects based on variability in protein expression, and did not observe distinct clusters

corresponding to clinical phenotypes (online Supplementary Figure 2). Therefore, the

presence of asthma does not appear to perturb the overall proteomic variability of induced

sputum.

Next, we investigated whether specific subsets of proteins were differentially expressed

between asthmatics and normal controls. We assessed the relative abundance of protein

expression in the induced sputum using a non-parametric test we have developed called the

spectral index20. We applied this metric to the spectral counts of the proteins identified at

baseline in all 15 subjects and used a permutation-based method to determine differential

protein expression between the two groups at a confidence level of 95%. Seventeen proteins

were significantly different between healthy subjects and those with asthma, among them

calcium binding proteins S100A9 and S100A8, serpin peptidase inhibitor (SERPINA1),

submaxillary gland androgen regulated protein 3B (SMR3B) and secretoglobin (SCGB1A1,

also known as Clara cell 10-kD protein, CC10)(Figure 4A). This subset of differentially

expressed proteins robustly classified normal individuals from asthmatics based on

unsupervised hierarchical cluster analysis. Functional analysis of these proteins revealed that

they mapped to processes involved in defense response, extracellular space, inflammatory

response and response to stress (false discovery rate < 5%). We biochemically confirmed the

differential expression of three of these proteins (SERPINA1, SMR3B, SCGB1A1) between

controls and asthmatics (Figure 4B-D). We did not observe a difference in the levels of these

three proteins between the asthma subgroups (EIB+ vs. EIB−) (online Supplementary Figure

3).

Proteomic signatures between asthma phenotypes and in response to exercise

We applied the spectral index metric to determine whether EIB+ and EIB− subjects could be

distinguished based on their baseline induced sputum proteome. At a confidence level of

95%, we identified 5 proteins with significant differences in abundance between the two

groups (online Supplementary Figure 4).

Since EIB+ individuals are uniquely characterized by their susceptibility to exercise-induced

bronchoconstriction, we then assessed the effects of exercise challenge on the induced

sputum of the 5 EIB+ subjects (pre vs. post, Figure 4A). Nine proteins met our 95%

significance threshold, including increased expression of complement component 3 (C3) and
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hemopexin (HPX). We confirmed these differences by Western analysis, and demonstrated

that there was a significant increase in the active complement component 3 (C3a) (Figure 5B

and C).

Discussion

Induced sputum—a complex mixture of mucins, lipids, and proteins derived from

tracheobronchial secretions, provides a non-invasive window into the physiologic state of

the airways in health and disease28. In this work, we initially defined the proteomic

landscape of induced sputum in 15 subjects and subsequently investigated its perturbation in

asthma and asthma sub-phenotypes. The current study represents the most comprehensive

shotgun proteomics analysis of induced sputum to date and highlights the utility of this

approach to investigate the pathophysiology of airway disorders.

Our results indicate that the induced sputum proteome is highly enriched in select number of

processes, most prominently those involved in defense response, immunity, protease

inhibitory activity, and inflammation. We previously reported that many of these biological

modules are also significantly over-represented in the proteome of bronchoalveolar lavage

fluid (BALF)13, implying a substantial overlap in the functional role of biofluids sampled

from the airways and those obtained from the airspaces, even though the identified proteins

differ significantly between the two compartments. Using curated gene product interaction

databases, we demonstrated that many of the proteins identified in induced sputum are

functionally linked with each other. This protein-protein interactome provided a roadmap to

understand the functional consequences of airway diseases, such as asthma, as discussed

below.

An advantage of shotgun proteomics over gel-based methods is its amenability to label-free

quantitative assessment of protein abundance between samples18, 29. We therefore employed

a validated statistical approach known as the spectral index11, 20 to identify differentially

expressed proteins in induced sputum of asthmatics relative to healthy controls. Ten proteins

were significantly upregulated in asthma, including SERPINA1 (α1-antitrypsin), which we

confirmed by Western analysis. Airway inflammation and remodeling in asthma involves

degradation of the extracellular matrix, most prominently elastin, and is characterized by an

imbalance between elastase and its primary inhibitor SERPINA1, both of which have been

reported to be elevated in the induced sputum of asthmatics30. Our findings confirm these

previous observations and suggest the presence of a proinflammatory and proteolytic milieu

in the airways of subjects with asthma, promoting the active remodeling of airways.

Interestingly, Serpina1 gene and protein expression were recently reported to be highly

upregulated in the developing lung of Fisher rats—a strain known for its innate

susceptibility to airway hyperresponsiveness31.

We identified seven proteins significantly downregulated in induced sputum of asthmatics,

including the founding member of the secretoglobin superfamily, SCGB1A1. Allergen-

challenged Scgb1a1-null mice manifest an exaggerated allergic response withprofound

pulmonary eosinophilia, elevation of Th2 cytokines, and development of eosinophilic

chronic rhinosinusitis32-34. In humans, the number of SCGB1A1-positive airway epithelial
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cells are significantly reduced in asthmatics35 and the serum levels of this protein are

decreased36. Our Gene Ontology analysis mapped SCGB1A1 to the “phospholipase A2

inhibitor activity” module (Figure 2A), a functional role that has been experimentally

verified37, and implicates this proteinas an inhibitor of phospholipase A2-dependent

biosynthesis of eicosanoids in asthma (Figure 3). We recently reported that the

phospholipase A2 pathway is over-expressed in asthmatics12, 38, and our current finding

suggests a novel mechanism whereby this pathway can be activated by downregulation of

SCGB1A1, leading to bronchial hyperresponsiveness.

A notable strength of our study is the meticulous phenotyping of the asthmatic group to

identify subjects susceptible to exercise-induced bronchoconstriction (EIB+). Proteomics

analysis of induced sputum in the EIB+ subjects identified several proteins whose abundance

changed in response to exercise challenge, including significant increases in the levels of

complement component3 (C3) and hemopexin (HPX) (Figure 4). C3, a member of the

phylogenetically-conserved complement system, is a key component of the innate immunity

and central to the activation of both the classical and alternative complement pathways.

Activated C3 (C3a) is a potent chemoattractant for recruitment and activation of

proinflammatory leukocytes, and can initiate a cascade of events leading to the release of

allergic mediators such as leukotrienes, histamine, interleukin-1, interleukin-6 and tumor

necrosis factor39. Activation of C3 can also promote airway mucus secretion, smooth muscle

contraction and induce vascular permeability40. A number of studies have demonstrated that

C3 levels are elevated in the airspaces of asthmatics upon allergen challenge41, 42, and in

response to multiple environmental exposures including diesel exhaust43, airborne

particulate matter44, ozone45, and tobacco smoke46, 47. However, to our knowledge,

increased abundance of C3a in the induced sputum of EIB+ subjects following exercise

challenge has not been previously recognized, but is consistent with our previous findings in

support of an inflammatory basis for EIB48. C3 is a densely connected node in the induced

sputum protein interaction network (Figure 3)—an observation that supports its central role

in the functional stability of the interactome49-52, and suggests that it represents a rational

therapeutic target for reversing the acute airflow obstruction associated withEIB53, 54.

Hemopexin (HPX), an acute phase heme-binding protein, was also upregulated post exercise

in the EIB+ subjects. Unlike C3, a role for HPX in airway hyperresponsiveness has not been

elucidated although recent proteomic analyses on BALF have revealed elevated HPX levels

in asthmatics55 and in a murine model of asthma56.

In a recent study, Gray et al applied a different proteomics approach (using SELDI-TOF) to

investigate alterations in induced sputum proteome of subjects with suppurative respiratory

diseases, including asthma9. They identified eight unique proteins and validated changes in

abundance for five of them: S100A8, S100A9, SCGB1A1, SMR3B, and S100A12. We also

report that four of these proteins (S100A8, S100A9, SCGB1A1, SMR3B) are differentially

expressed in the induced sputum of asthmatics. Although our results confirm those of Gray

et al regarding the downregulation of SCGB1A1 and SMR3B in asthma, our findings

demonstrated that S100A8 and S100A9 were less abundant in asthmatics, which disagree

with their observation of modest increases of these proteins (with significant variability

within their asthma cohort). Since inflammatory cells are a source of S100A8/A9, one
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reason for discrepancy between the two studies may be that a subset of Gray's asthmatics

may have harbored increased number of inflammatory cells in their airways, whereas we did

not observe any differences in airway cell counts between our asthmatic cohort and the

normal controls (online Supplementary Figure 1). S100A8/A9, also known as calgranulin A

and B, form heterodimeric calcium-binding complexes that mediate diverse cellular effects

including inflammation, immune response, cell growth, response to infection and oxidative

defense. Although their role in asthma is not clear, recent reports demonstrate that S100A8

is a key protective molecule that, when given exogenously, modulates mast cell function and

suppresses eosinophilic infiltration in OVA-challenged mice57. These findings support our

results (Figure 3) and suggest that reduced abundance of S100A8/9 in the airways of

asthmatics may make the environmental milieu more hospitable to mast cell activation and

bronchial hyperresponsiveness.

Our study has a number of limitations. Given the complexity of shotgun proteomics, we

have analyzed induced sputum samples from relatively few asthmatics and healthy controls.

Although the subjects were carefully phenotyped and the current study is the most

comprehensive of its kind, our findings need to be confirmed in larger cohorts. Despite

possessing a wide dynamic range that is ideally suited for large-scale proteomics mapping,

our shotgun approach is still biased toward the detection of larger and more abundant

proteins. Therefore, smaller molecules such as cytokines are less likely to be captured by

this technique. Furthermore, our statistical approaches for determining differential protein

expression based on spectral counting, while powerful and validated, still represent a “semi-

quantitative” assessment and require functional confirmation. Finally, it is important to note

that differential abundance in a protein may simply be a marker of disease and does not

necessarily imply that it plays a critical role in its pathogenesis.

In this work, we integrated shotgun proteomics with computational data analysis to define

the proteomic landscape of induced sputum and then utilized this information to identify

candidate proteins and putative mechanisms differentially activated in asthma and its

subtypes. Our comprehensive and unbiased proteomics results were mapped into a protein

network that highlighted several previously under-recognized mechanisms in asthma,

including the interaction of SCGB1A1 with the phospholipase A2 pathway, significant

reduction in the abundance of S100A8/A9 in airways of asthmatics, and a role for activated

complement component 3 in exercise-induced bronchoconstriction. Since induced sputum

can be collected noninvasively and routinely in the clinical setting, our integrated

proteomics methodology represents a promising approach to study asthma and other

pulmonary disorders affecting the airways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

COPD chronic obstructive pulmonary disease

SELDI-TOF surface-enhanced laser desorption/ionization time-of-flight

EIB exercise-induced bronchoconstriction
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FEV1 forced expired volume in 1 sec

MS mass spectrometry

CID collision-induced dissociation

m/z mass to charge ratio

BALF bronchoalveolar lavage fluid
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Key Messages

1. Shotgun proteomics of induced sputum is a useful method to comprehensively

identify airway-derived proteins.

2. Asthma and its subtypes such as exercise-induced bronchoconstriction are

associated with distinct proteomic signatures.

3. Pathway-centric computational analysis of induced sputum proteome highlights

previously unrecognized roles and mechanisms in asthma for several candidate

proteins.
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Figure 1. Pulmonary function profiles of subjects
Forced expiratory volume in 1 sec (FEV1) of 10 asthmatics (5 EIB+, 5 EIB−) and 5 normal

controls (NC) is shown as baseline (Pre) and temporally after exercise challenge. Note that

the asthmatic group has a lower baseline FEV1, but only the EIB+ subjects develop further

airflow obstruction post exercise.
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Figure 2. Functional analysis of induced sputum proteome
A. Enriched biological modules representing biological processes, molecular functions and

cellular components are depicted based on the hierarchical structure of Gene Ontology

annotation. B. The same functional categories are rank-ordered based on their enrichment P-

values.
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Figure 3. Protein interaction network of induced sputum
This interactome is a subset of the entire induced sputum proteome and is characterized by

experimentally verified functional interaction of its member gene products. Selected proteins

upregulated (red) and downregulated (green) in asthma are highlighted, as are two proteins

upregulated in EIB+ subjects in response to exercise challenge (magenta). Note the

interaction of the downregulated protein SCGB1A with phospholipase A2, and the high

connectivity of the C3 hub (please see text for discussion).
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Figure 4. Proteomic signature of induced sputum in asthma
A. Hierarchical clustering of differentially expressed proteins based on spectral counting is

represented as a heatmap and demonstrates robust discrimination between asthmatics and

control subjects. B-D. Confirmation of proteomics findings for select proteins using Western

analysis.
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Figure 5. Exercise-induced alterations of induced sputum proteome in asthmatics with EIB
A. Heatmap depiction of differentially expressed proteins in EIB+ subjects upon exercise

challenge. B-C. Immunoblot analysis confirms the shotgun proteomics results for the

upregulation of C3a in response to exercise and trends towards significance for HPX.
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Table

Comparison of the characteristics of study groups.*

Asthma
Normal Control P Value

EIB+ EIB−

Age (yrs)(range) 28.8 (24-34) 31.4 (23-54) 25.8 (18-40) 0.64

Gender† 1.00

 Male (%) 20.0% 20.0% 20.0%

 Female (%) 80.0% 80.0% 80.0%

Race† 0.34

 Caucasian 100.0% 100.0% 80.0%

 Asian 20.0%

Lung Function

 FEV1 (% pred) 90.0 ± 10.3 83.4 ± 10.2 106.4 ± 12.2 0.02

 FVC (% pred) 104.6 ± 12.8 97.0 ± 8.7 111.6 ± 16.8 0.26

 FEV1/FVC 0.7± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.27

Post Bronchodilator

 Δ FEV1 (%) 5.9 ± 3.3 8.9 ± 6.8 3.6 ± 1.0 0.20

Exercise-induced Bronchoconstriction

 Maximum Decrease in FEV1 −36.4 ± 3.3 −0.9 ± 2.0 −0.7 ± 2.0 < 0.001

 Area Under FEV1 Curve‡ −896.6 ± 173.4 106.0 ± 81.9 47.0 ± 57.6 <0.001

Direct Bronchial Hyperresponsiveness

 PC20 Methacholine¥ 0.2 (0.1 - 1.0) 0.7 (0.1 - 1.0) NA 0.05

*
Comparisons made by ANOVA except where otherwise specified. Values reported are mean ± standard deviation unless otherwise specified

†
Chi-square test.

‡
Area under the FEV1 curve over the first 30 min after exercise (% change*min)

¥
Value represent the geometric mean (95% confidence interval). The P value is for the log-transformed value.
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