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1 COPD 

The Global Initiative on Obstructive Lung Disease (GOLD) has recently adopted a new 

working definition for COPD: “Chronic Obstructive Pulmonary Disease (COPD) is a 

preventable and treatable disease with some significant extrapulmonary effects that may 

contribute to the severity in individual patients. Its pulmonary component is characterized 

by airflow limitation that is not fully reversible. The airflow limitation is usually 

progressive and associated with an abnormal inflammatory response of the lung to noxious 

particles or gases”.1 Cigarette smoking is by far the most important risk factor in the 

development and progression of COPD; approximately 15-20% of cigarette smokers 

develop clinical COPD, although this might be underestimated because the disease is 

usually not diagnosed until it is clinically apparent and moderately advanced.2,3 The 

severity of COPD is categorized in 5 stages depending on FEV1 (forced expiratory volume 

in 1 second), FEV1/FVC (forced vital capacity) (Table 1) and clinical symptoms such as 

cough, sputum production, dyspnoea or exposure to risk factors such as cigarette smoke. 

Patients with a FEV1/FVC ! 0.7 and a FEV1 < 80 % predicted are diagnosed with mild 

COPD and lower FEV1 corresponds to more severe COPD (Table 1).  

COPD is a major health problem worldwide and is currently the fourth leading cause of 

morbidity and mortality in the United States of America4 and third in the European Union.5 

Development of COPD is thought to be a result of the disturbance of several processes such 

as the protease/anti protease and oxidant/antioxidant balance, but also inflammation 

appears to contribute to the pathophysiology of COPD.6-9 One of the major cell types 

involved in the pathogenesis of COPD is the neutrophil. Increased neutrophil numbers are 

found in sputum, bronchoalveolar lavage (BAL) fluid, bronchial biopsies and peripheral 

blood of COPD patients."#$"% Neutrophil recruitment to the airways is induced by 

chemotactic factors such as IL-8 and leukotriene (LT)B4, which are released by 

macrophages, epithelial cells, but also neutrophils themselves.13-16 Release of proteases 

such as neutrophil elastase and matrix metalloproteinases (MMP), and oxygen radicals such 

as superoxide and hydrogen peroxide from activated neutrophils can lead to tissue damage 

and progression of the disease.7,8,17 



General introduction 
 

! 11 

 

 
 

1.1 Different types of COPD  

COPD is a heterogeneous disease that is characterized by irreversible airflow limitation and 

parenchymal destruction. Therefore, at least two types of COPD are recognized: 

emphysema and chronic bronchitis. Although these terms are often used in COPD 

characterization, they are not included in the definition by the GOLD.1  

Already in the 1970s, based on patient’s phenotype, COPD patients were classified as pink 

puffer or blue bloaters.18-20 This classification is dependent on the experience of the 

physician and is highly subjective. Techniques such as high-resolution x-ray computed 

tomography (HRCT) scanning technology classifies the extend of emphysema in a 

emphysema score.21 However, this emphysema score shows no relation with the GOLD 

classification. Emphysema is defined as the presence of permanent enlargement of the 

airspaces distal to the terminal bronchioles, accompanied by dysfunction of their walls 

without obvious fibrosis.22 Two main subtypes exist: centrilobular emphysema (CLE) and 

panlobular emphysema (PLE). CLE affects the lobules around the central respiratory 

bronchioles and is the primary pathologic subtype associated with cigarette smoke-induced 

COPD.23 Chronic bronchitis is characterized as the presence of cough and sputum 

production for at least 3 months in each of two consecutive years.24 Chronic bronchitis is 

caused by recurring injury or irritation to the epithelium of the bronchi, resulting in chronic 

inflammation, edema, and increased production of mucus by goblet cells.25  

 

1.2 Treatment strategies in COPD 

Unfortunately, treatment options in COPD are limited because established lung damage 

cannot be reversed. However, smoking cessation prevents the sharp decline in lung function 

over time (Figure 1).26,27 Current therapy is focused on long-term bronchodilation and 

reduction of chronic inflammation. Bronchodilators used in therapy for COPD are 
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anticholinergics, !2-adrenergic receptor agonists and methylxanthines.28,29 Inhibition of 

chronic inflammation in COPD is dependent on daily-usage of inhaled 

glucocorticosteroids.30,31 Inhaled glucocorticosteroids reduce the frequency of 

exacerbations, however, they do not seem to have an effect on the decline in lung 

function.32 Recent meta-analysis even concluded that glucocorticosteroids treatment 

increases the risk of pneumonia in COPD patients, especially in the group with severe 

disease receiving high doses of inhalation corticosteroids.33,34  

 
Figure 1. Presumed effect of smoking cessation on decrease in forced expiratory volume in 1 second (FEV1).  

Adapted from Fletcher et al.27 

 

1.3 Systemic inflammation in COPD 

COPD patients also exhibit significant systemic consequences of the disease.2 Systemic 

inflammation was defined to be a result of a “spill-over” of the inflammatory process 

present in the lungs of patients with COPD. However, more evidence accumulates that 

systemic inflammation is independent of the inflammation present in the lungs.35,36 

Although many cytokines are found to be increased in induced sputum of COPD patients, 

these levels did not always correlate with an increase in the peripheral blood.37 Therefore, 

measurement of the degree of systemic inflammation could add valuable information to the 

understanding of COPD. 

Cytokines such as TNF" and IL-8, and acute phase proteins such as serum amyloid A, CRP 

and fibrinogen are increased in plasma or sputum of COPD patients, especially during 

exacerbations.37-44 Also, leukocyte abnormalities such as increased chemotactic capacity 

and altered receptor expression on neutrophils have been reported.45-51 These abnormal 
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circulating neutrophils and systemic inflammatory mediators may contribute to co-

morbidities found in COPD, such as cardio-vascular disease, skeletal muscle dysfunction 

and osteoporosis.35,52-55 Skeletal muscle wasting is one of the main systemic manifestations 

of COPD and is found to be related with increased circulating TNF! levels.56 Muscle 

wasting is identified as a significant determinant of mortality in COPD, which is 

independent of lung function, smoking and BMI.57 Cardiovascular disease is often 

accompanied with COPD because they share similar risk factors, such as cigarette smoking, 

which can result in coronary artery disease (CAD), or congestive heart failure.58  

 

1.4 Exacerbations 

Exacerbations are defined as “an event in the natural course of the disease characterized by 

a change in the patient’s baseline dyspnea, cough, and/or sputum that is beyond normal 

day-to-day variations, is acute in onset, and may warrant a change in regular medication 

in a patient with underlying COPD”.1 Triggers for exacerbations include bacterial 

infections (Haemophilus influenzae, Streptococcus pneumonia) or viral infections 

(Influenza A, Rhinovirus),59-62 although the agent that causes an exacerbation is not always 

found.  

Therapy regime to treat an exacerbation include an increase in the dose and frequency of 

short-acting b2-adrenergic receptor agonists, anticholinergic bronchodilators and systemic 

corticosteroids, often in combination with antibiotics.63 Exacerbations account for much of 

the morbidity, mortality and hospital admissions in patients with COPD and most of the 

costs in patients with COPD are related to the treatment of acute exacerbations.64,65 
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2. Neutrophils 

In the pathogenesis of COPD, neutrophils appear to be a central player. Increased 

neutrophil numbers are found in sputum, bronchoalveolar lavage (BAL) fluid, bronchial 

biopsies and peripheral blood of COPD patients."#$"% Neutrophils are the most abundant 

population white blood cells in the human body that act as first defense against invading 

pathogens.66,67 Neutrophils develop in the bone marrow from myeloid precursor cells and 

hematopoietic cytokines promote neutrophil progenitor proliferation and differentiation.68 

The major cytokines in neutrophil proliferation and survival are granulocyte colony-

stimulating factor (G-CSF) and granulocyte macrophage colony-stimulating factor (GM-

CSF).69 The chemokine stromal derived factor-1 (SDF-1, also CXCL12) plays a key role in 

controlling bone marrow neutrophil homeostasis through interaction with its major receptor 

CXCR4.70 Stimulating factors such as G-CSF, growth regulated gene ! (GRO!) and 

bacterial infections induce neutrophil release from the bone marrow71 via a decrease in 

SDF-1 expression in the bone marrow and the downregulation of CXCR4 expression on 

neutrophils.72,73 Generally, it is thought that neutrophils have a short life-span of ~6.5 hour 

and that 1011 neutrophils are released into the blood per day.74 Under normal conditions 

apoptotic neutrophils are not detected in peripheral blood and are cleared from the 

circulation by the bone marrow, spleen and liver.75 

Neutrophils are equipped with several cytotoxic mechanisms such as granules with large 

quantities of proteases and the ability to form oxygen radicals to kill pathogens.66 

Neutrophils contain three types of granules: 1) azurophil (primary) granules, 2) specific 

(secondary) granules, and 3) gelatinase (tertiary) granules.76 All granules share common 

structural features such as a phospholipid bilayer membrane and an intragranular matrix 

containing proteins destined for exocytosis or delivery to the phagosome. However, 

substantial differences exist between the various granule subsets with regard to protein 

content. Azurophil granules are packaged with acidic hydrolases and antimicrobial proteins 

such as elastase and myeloperoxidase (MPO), and express granulophysin (CD63) on their 

membrane. Specific granules have a high content of lactoferrin, neutrophil collagenase 

(also MMP-8) and a low content of gelatinase (also MMP-9), whereas gelatinase granules 

contain high levels of gelatinase.76 
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Neutrophils are equipped with an enzymatic machinery to produce a potent respiratory 

burst to kill pathogens. The enzymes responsible for the respiratory burst are segregated 

into the membrane and cytosolic compartments in resting neutrophils. Neutrophil 

stimulation triggers the translocation of the cytosolic components to the cell membrane, 

which enabled the assembly of the oxidase complex and the generation of reactive oxygen 

radicals.  

 

2.1 Neutrophils as source of inflammatory mediators 

Neutrophils are a significant source of inflammatory mediators by storage in intracellular 

granules and de novo synthesis, therefore, they are regarded as important players in 

inflammation.77-79 Both pro- and anti-inflammatory mediators are synthesized and secreted 

by neutrophils, such as IL-1!, TNF", GM-CSF, IL-12, IL-8, GRO", IL-10, soluble TNF" 

receptor II (sTNF"RII, soluble IL-1 receptors (sIL-1R) and IL-1Ra (Table 2).80-96 Increased 

levels of IL-8 are found in BAL fluid and sputum of COPD patients.97-100 IL-8 has been 

shown to be produced by neutrophils upon nicotine, an important constituent of cigarette 

smoke. Increased IL-8 will lead to a positive feed back loop of additional neutrophil 

recruitment towards the site of inflammation by chemotaxis in a concentration dependent 

manner in vitro.101-103 Furthermore, IL-8 inhibits neutrophil apoptosis104 and induces 

neutrophils The ratio between pro- and anti-inflammatory mediators will ultimately 

determine the effect of the inflammatory response as observed for pro-inflammatory IL-1! 

and anti-inflammatory IL-1Ra. An increased biological activity of IL-1! over IL-1Ra is 

present in several chronic inflammatory diseases such as rheumatoid arthritis, ulcerative 

colitis, Crohn’s disease and COPD.105-107 Recently, the importance of IL-1Ra is 

demonstrated by IL-1Ra deficient individuals that suffer from severe autoimmune 

diseases.108,109  

IL-10 is synthesized by neutrophils and is shown to inhibit secretion of pro-inflammatory 

mediators by neutrophils and other inflammatory cells.110,111 Therefore, together with IL-

1Ra, the anti-inflammatory cytokines play an important role in the prevention and 

resolution of inflammation (see 2.3). 
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2.2 IL-1 family of proteins 

The balance between pro- and anti-inflammatory mediators, including IL-1! over IL-1Ra, 

is of biological significance as seen in multiple inflammatory diseases.105-107 The IL-1 

family consists of two agonists (IL-1" and IL-1!),112,113 three intra-cellular antagonists 

(icIL-1Ra1, icIL-1Ra2 and icIL-1Ra3)114-116 and one secreted antagonist (sIL-1Ra).117 Pro-

IL-1" and pro-IL-1! are synthesized as 31 kDa precursors that are enzymatically cleaved 

by calpain and IL-1! converting enzyme, respectively.118,119 Cleavage results in the 17 kDa 

mature form of IL-1" and IL-1!. IL-1", IL-1! and sIL-1Ra are able to bind two receptors: 

the type I (IL-1RI), a 80-kDa protein which is mainly found on T cells, monocytes, 

fibroblasts, endothelial cells and smooth muscle cells and the type II (IL-1RII), a 68 kDa 

protein, which is the predominant form on B cells, monocytes, and neutrophils.120,121 The 

pro-inflammatory effects of IL-1" and IL-1! are mediated through the IL-1RI, which 

associates with the IL-1 receptor accessory protein (IL-1RAcP) and results in downstream 

signaling. IL-1RII is considered to be a decoy receptor, which is able to bind IL-1 but does 

not result in intracellular signaling, thereby, limiting the action of IL-1.122,123 The receptor 

antagonist sIL-1Ra binds both IL-1RI and IL-1RII with almost equal affinity as IL-1! and 

acts as a competitor for receptor binding.124 Because only very low receptor occupancy is 

necessary for cell activation by IL-1!, around 100-fold excess of sIL-1Ra over IL-1! is 
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needed to antagonize the effect of IL-1!.125,126 Interestingly, both IL-1Ra91-94 and IL-1!95,96 

are synthesized by neutrophils in response to cytokine stimulation, thereby inhibiting their 

own pro-inflammatory mediators. Healthy individuals who received LPS intravenously 

showed a clear induction of both IL-1! and IL-1Ra mRNA. However, IL-1Ra was induced 

with a small delay in kinetics compared to IL-1! mRNA (1.5h vs. 1h),127 which shows that 

IL-1! is rapidly counteracted by the IL-1Ra in vivo. 

 

2.3 Resolution of neutrophil inflammation 

Acute inflammation is characterized by the rapid influx of neutrophils toward the 

inflammatory site, followed by monocytes that mature into inflammatory macrophages. To 

reverse this inflammatory condition, at least two mechanisms are important: 1) the 

clearance of inflammatory cells, and 2) synthesis of anti-inflammatory cytokines that 

counter-act the pro-inflammatory cytokines released by inflammatory cells.  

The clearance of neutrophils at sites of inflammation is a prerequisite for resolution of 

inflammation.128,129 Neutrophils undergo programmed cell death, which can be modulated 

by pro-inflammatory cytokines and other inflammatory mediators (see 2.5). Apoptotic 

neutrophils express specific surface molecules, such as phosphatidylserine and annexin A1 

(also lipocortin 1),130,131 that allow their recognition and phagocytosis by macrophages132 or 

non-apoptotic neutrophils.133,134 More recently, reverse migration of neutrophils from the 

inflammatory site back to the peripheral blood was found in chronic inflammatory 

conditions such as rheumatoid arthritis and atherosclerosis.135 Reverse migrated neutrophils 

that have returned to the circulation are likely to be removed by macrophages in the lymph 

nodes, spleen and the liver.135 Thereby, also reverse migration of neutrophils contributes to 

the resolution of inflammation.  

The anti-inflammatory mediators IL-10 and transforming growth factor (TGF)-! are 

involved in dampening the pro-inflammatory responses present at sites of inflammation.136 

TGF-! is a potent anti-inflammatory cytokine which may reduce both T-cell and 

macrophage activation,137 as observed in TGF-! null mice that show excessive 

inflammation with massive infiltration of lymphocytes and macrophages in many organs.138 

Another important anti-inflammatory cytokine is IL-10, a cytokine predominantly produced 

by the Th2 subset of CD4 T-cells, regulatory T-cells, CD8 T-cells, B-cells, and 
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macrophages.139-141 Deletion of the Il10 gene in mice causes spontaneous inflammatory 

bowel disease (IBD), encephalomyelitis, murine lupus, and increased severity of collagen-

induced arthritis.142-146  

Besides general anti-inflammatory cytokines and mediators, many specific anti-

inflammatory mediators such as receptor agonists or soluble receptors that compete with 

pro-inflammatory cytokines are found to limit the inflammatory response. For the IL-1 

family, IL-1Ra, IL-1RII and soluble IL-1RII (sIL-1RII) are considered to inhibit the pro-

inflammatory cascade (see 2.2).114-116,122,123 Also, soluble receptors for TNF!, TNFsRI (also 

sTNFR55) and sTNFsRII (also sTNFR75), bind to circulating TNF! and compete with cell 

surface receptors for TNF! binding.147  

 

2.4 Neutrophil signaling pathways 

A large amount of research has been performed during the last decennia to understand the 

molecular mechanisms responsible for activation of neutrophils. Different extracellular 

stimuli such as cytokines and chemokines induce cell signaling, which results in neutrophil 

activation demonstrated by cytokine production, increased neutrophil migration or 

neutrophil survival. Understanding the intracellular signaling pathways in neutrophils to 

respond on extracellular stimuli may enable the development of novel therapeutics that 

interfere with these pathways (Figure 2).  

Glucocorticosteroids are anti-inflammatory drugs used for decades and are known to 

modulate the NF-"B signaling pathway in inflammatory cells (see 2.4.1).148 More recently, 

inhibitors for other pathways, such as p38 (see 2.4.2), are explored for their inhibitory 

capacity in inflammatory conditions that are refractory to steroid treatment.149 
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Figure 2. Simplified representation of important signaling pathways in human neutrophils.  

 

2.4.1 NF-!B signaling 

NF-!B has been shown to function as an important transcription factor in the synthesis of 

many pro- and anti-inflammatory cytokines. The transcription factors of the NF-!B family 

act as homo and heterodimers made of five subunits: NF-!B1 (also known as p50), NF-

!B2, RelA (also known as p65), RelB and c-Rel.150 NF-!B is present in the cytoplasm as an 

inactive protein complex associated with the inhibitory protein I!B. The activation of the 

NF-!B pathway is initiated by the activation of the inhibitory !B kinase (IKK) complex, 

which is composed of three subunits, the catalytic subunits IKK" (IKK1), IKK# (IKK2) 

and the regulatory subunit IKK! (also known as NEMO) (Figure 2).151 In the classical NF-

!B pathway, the activated IKK complex phosphorylates I!B that as a result dissociates 

from NF-!B and is degraded by the proteasome. This situation enables translocation of NF-

!B into the nucleus where it functions as a transcription factor of many inflammatory genes 

such as adhesion molecules, inflammatory enzymes and cytokines.152 Enhanced NF-!B 

activity is found in a large variety of tissues affected by inflammation153 and anti-
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inflammatory properties of glucocorticosteroids have been linked to the inhibition of NF-

!B activity.154,155 However, treatment of inflammatory diseases dominated by neutrophils 

such as COPD156 with glucocorticosteroids have been little successful.157 Therefore, other 

signaling pathways such as p38 are explored as target for pharmacological interventions. 

 

2.4.2 Mitogen Activated Protein Kinase (MAPK) signaling 

Besides NF-!B, MAPKs have been shown to regulate many inflammatory processes in 

neutrophils. There are three distinct groups of MAPK: c-Jun amino-terminal kinase/stress-

activated protein kinases (JNK/SAPKs), extracellular signal-regulated protein kinases 

(ERKs) and the p38 family. ERK1 and ERK2 are activated by different stimuli, including 

growth factors and cytokines and are involved in cell proliferation, differentiation and 

survival. JNK and p38 are activated mainly by cytokines involved in inflammation and 

apoptosis (Figure 2).158,159  

Four different isoforms of p38 are known, which are designated ", #, $, and %, and have 

different functional patterns and cell expression profiles. Macrophages predominantly 

express p38%, but not p38# or p38$, whereas neutrophils predominantly express p38".160 

p38 is present in both the cytosolic and nuclear compartments where it phosphorylates and 

activates transcription factors or other protein kinases.161 Regulation of p38 activation 

occurs via dual phosphorylation on a conserved Thr-X-Tyr motif via the upstream kinases 

mitogen-activated protein kinase kinase (MKK)3 and MKK6.162 More recently, an 

alternative pathway for p38 activation is described. p38 can be activated independently of 

MKK3/MKK6 by association with the scaffold protein TGF#-activated kinase 1 (TAK1)-

binding protein 1 (TAB1),163 which enhances the intramolecular p38 kinase activity 

(autophosphorylation).  

As p38 activation has been found in many chronic inflammatory diseases such as 

rheumatoid arthritis164 and COPD,165 it has attracted much interest as therapeutic 

target.166,167 Most inhibitors of p38 have been designed to fit the ATP-binding site and are 

highly specific for p38.161 Many have been valuable tools to unravel the complex and 

diverse biological and pathophysiological roles of the p38 family members, such as 

SB203580, which is a specific inhibitor of the p38" and p38# kinase activity.160,168 Several 

compounds have proven efficacy in preclinical models and have entered clinical trials.161 
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Some clinical trials with inhibitors for p38 have been stopped owing to a lack of inhibitor 

efficacy, although in most cases trials have been halted because of dose-limiting 

neurological, gastrointestinal and/or cardiovascular toxicities.169 This toxicity most 

probably reflects the multiplicity of pathways and feedback loops in which p38 is 

implicated. Some inhibitors of p38 have completed phase I and phase II trials, although 

direct proof of concept in the clinic has yet to be demonstrated.161 

 

2.4.3 Phophatidylinositol 3-kinase (PI3K) signaling 

Another signal transduction pathway that plays an important role in neutrophil activation is 

PI3K.170 In neutrophils, many receptors, including cytokine receptor GM-CSF, activate 

PI3K.171,172 PI3K plays a critical role in several neutrophil functions including the 

respiratory burst, survival, and migration.172-175 Protein kinase B (PKB) is one of the major 

downstream targets of PI3K and it has been shown that PKB phosphorylates the pro-

apoptotic Bcl-2 family member Bad, which in turn prevents its association with anti-

apoptotic Bcl-2 family members, resulting in prolonged survival.176,177 In neutrophils, the 

PI3K inhibitor LY294002 blocked GM-CSF-dependent PKB and Bad phosphorylation and 

reversed GM-CSF-induced neutrophil survival.178,179 Furthermore, PI3K is involved in the 

respiratory burst through phosphorylation of the p47phox, a component of the NADPH 

oxidase complex.180 An important role for PI3K! signaling in neutrophil migration was 

observed in PI3K-deficient neutrophils, which exhibit severe defects in migration.175 

Similarly, the PI3K inhibitors wortmannin and LY294002 inhibit IL8-induced neutrophil 

migration,181 although fMLF-induced neutrophil migration appears to be refractory for 

PI3K inhibition.172 Recently, To et al. showed that inhibition of PI3K" with Theophylline 

restored glucocorticoid sensitivity of monocytes from COPD patients.182 Therefore, 

inhibition of PI3K is seen as therapeutic target for respiratory diseases.183-186  

 

2.5 Regulation of neutrophil survival and death 

Neutrophils are short-lived cells that undergo rapid spontaneous apoptosis in the absence of 

survival signals.187 Characteristic features of apoptotic neutrophils are condensation of 

cytoplasm and intracellular organelles, cleavage of nuclear chromatin and the formation of 

apoptotic bodies.188 Importantly, neutrophil apoptosis is accompanied by downregulation of 
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cellular functions, thereby facilitating resolution of inflammation (see 2.3). Human 

neutrophils constitutively express pro-apoptotic proteins such as Bim, Bax, Bid, Bak and 

Bad as well as anti-apoptotic proteins such as Mcl-1, A1 and Bcl-xL.189-195 Under steady-

state conditions, neutrophils express high levels of pro-apoptotic proteins but only small 

amounts of anti-apoptotic proteins. Cytokines modulate pro- and anti-apoptotic proteins 

such as Mcl-1, Bcl-xL and A1, whereas levels of Bad, Bax, Bak, or Bik are not affected.193-

197 Therefore, levels of pro- and anti-apoptotic proteins are linked to cytokine-induced 

survival and/or spontaneous neutrophil apoptosis195,198,199 and a complex balance between 

these proteins will ultimately determine the live-span of the neutrophil (Figure 3).  

 
Figure 3. Balance of pro- and anti-apoptotic proteins in human neutrophils. Regulation of pro- and anti-apoptotic proteins 

neutrophil stimulation with TNF!, GM-CSF and LPS are depicted in red, green and blue, respectively. 

 

Various inflammatory mediators are known to induce neutrophil survival, such as GM-

CSF, G-CSF, IL-1" and TNF!.104,187,188,200-206 GM-CSF activates the PI3K-PKB pathway 

(see 2.4.3) resulting in phosphorylation of pro-apoptotic Bcl-2 family member Bad, which 

prevents association with anti-apoptotic Bcl-xL, resulting in prolonged survival.176,177,207 In 

support of the importance of the PI3K signaling pathway, PI3K inhibitors LY294002 and 

wortmannin blocked GM-CSF-induced neutrophil survival.178,179 In contrast to the 

consensus that GM-CSF is a neutrophil survival cytokine, the situation with TNF! is more 

complex. In the majority of studies TNF! clearly delays neutrophil apoptosis.104,202,203,208,209 

However, other authors have provided clear indications that this cytokine induces rapid 
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neutrophil apoptosis as well.210-212 Probably, this controversy can be explained by the fact 

that the effect of TNF! on neutrophil survival depends on the concentration of the cytokine 

and culture conditions.203,213 IL-8 release by neutrophils upon TNF!-, but not with GM-

CSF-stimulation, induced neutrophil survival in a NF-"B dependent manner.104 

Glucocorticosteroids, anti-inflammatory mediators that in general induce leukocyte 

apoptosis, induce neutrophil survival (see 4.2).214-216 In this respect, neutrophils are 

different from eosinophils, another subset of granulocytes, because eosinophils rapidly 

undergo apoptosis by glucocorticosteroid treatment.217,218 

 

2.5 Neutrophils in inflammatory diseases 

Neutrophils attracted to inflammatory loci become activated and secrete numerous 

cytotoxic proteins and inflammatory mediators (see 2.1). Correct functioning and clearance 

of neutrophils contribute to a proper inflammatory response (see 2.3). These mechanisms 

are required to prevent unwanted tissue damage and to enable repair of the tissue in time. 

Uncontrolled neutrophil activation is thought to play an important role in the pathogenesis 

of several inflammatory diseases such as acute respiratory distress syndrome (ARDS), 

severe asthma and COPD.219,220 Enhanced neutrophil numbers are found in BAL fluid, 

induced sputum10 and bronchial biopsy specimens of COPD patients.11,221,222 These 

neutrophils secrete proteases, cytokines, chemokines and other inflammatory mediators that 

contribute to the inflammation in the lungs and possibly beyond.223-225  

 

2.6 Neutrophils as biomarker in COPD 

As neutrophils are important players in the inflammation and pathogenesis of COPD, 

altered function or protein expression of these cells could function as biomarkers for 

COPD. The National Institutes of Health defines biomarker as a “characteristic that is 

objectively measured and evaluated as an indicator of normal biologic processes, 

pathogenic processes, or pharmacologic responses to a therapeutic intervention”.226 

Besides lung function parameters, no well-validated biomarkers are present for COPD. 

Extensive data are published regarding biomarker searches for COPD in exhaled breath 

condensates,227 lung tissue,228-231 induced sputum,232 plasma,43,233,234 and BAL fluid.235,236 

Peripheral neutrophils isolated from COPD patients show altered mRNA expression 
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patterns compared to healthy control neutrophils,237 therefore, this cell type could be used 

as inflammation marker in COPD. Elevated cytokine levels have been found in COPD 

patients,39,238 although the biological effects of these cytokines and their role in systemic 

inflammation are difficult to quantify due to their short half-lives and naturally occurring 

inhibitors/antagonists. Therefore, the net effect of multiple cytokines on the phenotype of 

peripheral blood neutrophils in vivo can be used as read out for the overall systemic 

inflammatory status of the COPD patient.  

 

2.6 Neutrophil proteomics 

A frequently used unbiased technique for biomarker discovery is proteomics, which 

includes two-dimensional (2D)-gel electrophoresis. This technique is based on the 

separation of a complex mixture of proteins by their isoelectric point and their molecular 

mass. Fluorescence two-dimensional difference gel electrophoresis (2D-DIGE) using 

cyanine dye (CyDye) protein labeling has major advantages compared to the conventional 

2D-gel electrophoresis because differential protein labeling with CyDye fluorophores Cy2, 

Cy3 and Cy5 allows sample multiplexing.239 Such techniques are currently used to identify 

biomarkers in various diseases in which neutrophils play an important role.240 
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3. Neutrophil adhesion cascade 

Inflammatory mediators synthesized at inflammatory loci enable recruitment of 

inflammatory cells, such as neutrophils, to the site of inflammation. Recruitment of 

neutrophils from the peripheral blood toward the inflammatory site is dependent on 

adhesion to the vessel walls and subsequent transmigration into tissues. This process is 

mediated through an adhesion cascade, which allows neutrophils to withstand the high 

shear force within blood vessels (Figure 4).241 Neutrophil rolling is mediated by L-selectin, 

P-selectin and E-selectin that interact with ligands, such as P-selectin glycoprotein ligand 1 

(PSGL1) and other glycosylated ligands.242 L-selectin is expressed by most leukocytes, 

whereas E-selectin and P-selectin are expressed by inflamed endothelial cells. Secondary 

tethering also enables leukocytes that do not express ligands for E-selectin or P-selectin to 

reach sites of inflammation.243 

Chemokines and other chemoattractants rapidly activate integrins (see 3.1) on neutrophils, 

which mediate firm adhesion of the neutrophils to the endothelial cells through integrin 

ligands such as intercellular adhesion molecule-1 (ICAM-1).244,245 Integrin mediated 

adhesion of neutrophils is crucial as observed in patients with leukocyte adhesion 

deficiency (LAD). These patients have neutrophils without proper functional !2-

integrins246,247 and are not capable to arrest to the vascular wall and, therefore, are not able 

to transmigrate into the tissues.248 As a consequence, these patients suffer from ongoing 

bacterial and fungal infections.248,249 Transmigration is the final step in the process of 

neutrophil migration, either via paracellular or transcellular route. Binding of neutrophils to 

endothelial cell adhesion molecules may lead to a reduced inter-endothelial contacts and 

facilitated paracellular migration of neutrophils.250,251 The transcellular route of 

transmigration is dependent on vesiculo-vacuolar organelles (VVOs) that are small 

continuous membrane-associated passageways.252 Neutrophil migration through the 

transcellular route occurs in the central nervous system (CNS) and in various inflammatory 

conditions.253,254  
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Figure 4. Neutrophil adhesion cascade. Adapted from Ley et al.241  

 

3.1 Integrins 

Integrins are a family of 26 transmembrane adhesion molecules which are composed of 

non-covalently linked ! and " subunits.255 Until now, 8 different " subunits and 18 

different ! subunits have been described in human cells that form 24 known !-" 

heterodimers. Integrins involved in neutrophil-endothelium adhesion are !L"2 

(CD11a/CD18, LFA-1) and !M"2 (CD11b/CD18, Mac-1, CR3. Ligands for !L"2 are 

restricted to the ICAM family (ICAM-1,-2 and -3) whereas !M"2 binds a variety of ligands, 

such as ICAM-1, C3bi, heparin, LPS, factor X and fibrinogen.256-261 

 

3.2 Regulation of integrin activity 

In general, integrins on circulating, non-activated neutrophils are expressed in an inactive 

state, being unable to bind ligand. Signals induced by extracellular stimuli, such as 

chemokines, converge at the intracellular integrin tail and lead to activation of the integrin, 

a process also known as inside-out control.262,263 Activation of integrins is determined by 

two processes, a change in conformation (affinity) and/or clustering of integrins on the cell 

membrane (avidity/valency).264 Although the list of signaling and adaptor proteins involved 

in inside-out signaling is increasing,265 the precise mechanism by which all these proteins 

interplay at the intracellular tail is largely unknown. Essential components in the "2 integrin 

signaling are talin and kindlin-3, which are important in the last step of integrin affinity 

regulation on leukocytes.266-268  
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The importance of kindlin-3 is illustrated by patients with mutations in the fermt3 

(kindling-3) gene that show dysfunctional integrins on leukocytes and, therefore, are 

severely impaired in clearing infections.269-271 The absence of !2 integrins on leukocytes in 

patients with leukocyte adhesion deficiency (LAD) represents a similar clinical 

phenotype.246,247 

 

3.3 Neutrophil migration 

Neutrophil migration is mediated by chemokines produced by the inflamed tissue or by 

inflammatory cells present at the site of inflammation.272 Activation of chemokine receptors 

on neutrophils, such as CXCR1 and CXCR2, results in polarization of the cells, with a 

broad front called the lamellipodium and a narrow end called the uropod. A gradient of 

phosphatidylinositol (3,4,5) trisphosphate (PIP3) within the cell plays a pivotal role in the 

establishment of cell polarity and orchestrates actin dynamics.273 Gelsolin, among others, 

severs and caps F-actin upon Ca2+ and polyphosphoinositide signals via interactions 

between monomeric actin and filamentous actin (F-actin).274,275 Gelsolin is particularly 

abundant in the cytoplasm of cells that migrate or change shape rapidly, such as 

neutrophils,276 pulmonary macrophages,277 fibroblasts278 and platelets.279 Gelsolin-deficient 

mice exhibit prolonged bleeding time, which is consistent with non-functional integrins on 

platelets.280 Besides haemostatic problems, these mice show impaired neutrophil migration 

in vivo and in vitro that indicates that integrin function on neutrophils might also be 

affected. Because integrin function is essential for the migration of leukocytes from the 

peripheral blood toward the site of inflammation, interference with integrins or integrin 

function is seen as target to inhibit influx of leukocytes in chronic inflammatory 

diseases.281-284 
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4 Glucocorticosteroids 

Glucocorticosteroids are used as therapeutics in many chronic inflammatory diseases such 

as rheumatoid arthritis,285 asthma286 and COPD32 because of their broad working 

mechanism. These drugs inhibit the production of pro-inflammatory mediators in multiple 

cells, both resident and recruited inflammatory cells.287 However, for neutrophil mediated 

diseases, such as COPD, steroids show only limited efficacy.30,31 Therefore it is important 

to investigate the exact working mechanisms of steroids on neutrophil function. 

 

4.1 General working mechanisms of steroids 

Glucocorticosteroids reduce inflammatory processes and are known to act by rapid non-

genomic as well as slower genomic mechanisms.288 Rapid, steroid receptor independent 

non-genomic effects are poorly defined but are thought to be a result of the direct lipophilic 

actions of glucocorticosteroids on the cell membrane.289 These rapid steroid receptor 

independent mechanisms involve for example activation of p38.290 Genomic effects of 

glucocorticosteroids are well documented and function through binding to the 

glucocorticoid receptor (GR). Two main variants of GR, GR! and GR", are expressed in 

various inflammatory cells and tissues including neutrophils.291 GR! is a ligand-dependent 

transcription factor, which binds glucocorticoid response elements (GRE) on the DNA and 

subsequently regulates GR target genes.292 GR! is also described to interact with other 

transcription factors such as activator protein-1 (AP-1)293 and NF-#B154,294 and, thereby, 

modulates gene transcription. In contrast, GR", a splice variant of GR!, does not activate 

GR-responsive genes.295  
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4.2 Effects of glucocorticosteroids on neutrophils 

Besides the well-known anti-inflammatory actions of glucocorticosteroids on many cell 

types, an increased number of reports describe glucocorticosteroids to have pro-

inflammatory effects on granulocytes such as increased IL-1RI expression on human 

neutrophils,296 prolonged neutrophil survival in vitro,214-216 leukocytosis in vivo,297 p38 

activation in neutrophils and eosinophils,218,290,298 increased IgA binding for eosinophils290 

and increased secretion of lysosomal enzymes by neutrophils.299 High expression levels of 

GR! in neutrophils have been linked to steroid resistance in chronic inflammatory 

diseases.300-303 GR! has been shown to interfere with the overall inhibitory capacity of GR" 

by the formation of GCR" / GCR! heterodimers304 and provides an explanation for 

putative insensitivity of neutrophils for glucocorticosteroids. These data, together with 

enhanced GR! expression, might underlie the poor responses of glucocorticosteroids in 

neutrophil driven inflammatory diseases. 
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Aims of the study 

Currently, COPD is classified via the GOLD criteria, which is based on lung function 

parameters. However, the GOLD criteria do not allow the characterization of systemic 

inflammation in COPD patients. We have previously observed that peripheral neutrophils 

isolated from COPD patients show altered mRNA expression patterns compared to 

peripheral neutrophils from healthy controls. Therefore, altered expression of peripheral 

neutrophil proteins or neutrophil function could relate to systemic inflammation in COPD. 

Unbiased approaches, such as proteomics, are needed to identify novel biomarkers for 

systemic inflammation in COPD patients. 

This study focused on the function and phenotype of peripheral neutrophils in the 

characterization of COPD. We addressed three topics:  

1) Current characterization of COPD is based on the lung function parameters FEV1 and 

FEV1/FVC in combination with additional clinical features and risk factors. Despite the 

increasing awareness that systemic inflammation is an important determinant in the clinical 

features of COPD, no good markers for the degree of this systemic inflammation are 

available. Therefore, we set out experiments to define protein expression profiles of 

peripheral neutrophils to characterize the systemic inflammatory response in COPD 

patients. 

2) Although not very effective, the main treatment option to reduce inflammation in COPD 

is the use of glucocorticosteroids. We investigated the effects of glucocorticosteroids in 

neutrophils in vitro to study mechanisms that might underlie the poor efficacy of this 

treatment in COPD.  

3) Neutrophil migration to the site of inflammation is dependent on correct integrin 

function, which is critically controlled by inside-out regulation. Therefore, this process may 

be an important target for novel anti-inflammatory therapy. However, the underlying 

mechanisms controlling integrin functionality on leukocytes are incompletely understood. 

We therefore set out experiments to find novel proteins that are involved in regulation of 

integrin affinity. 
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Research questions: 

1) Can we measure protein expression of peripheral neutrophils unbiased by 2D-DIGE? 

2) Are peripheral neutrophils of COPD patients different from healthy controls? 

3) Can COPD be characterized based on peripheral neutrophil protein expression? 

4) How do neutrophils respond to glucocorticosteroid treatment? 

5) What are the effects of pharmacological inhibition of NF-!B on neutrophils in vitro? 

6) What are the mechanisms involved in integrin activation? 
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Abstract 

Inflammatory mediators secreted by cells present at the site of inflammation are thought to 

be important contributors in the pathogenesis of chronic pulmonary diseases. Levels of 

plasma cytokines such as TNF! and GM-CSF might be used as a read out for the local 

inflammation but are difficult to assess due to their short half-life in peripheral blood. Also, 

many inflammatory mediators and their natural antagonists will be present in the peripheral 

blood in diseased patients. Therefore, a target cell that has integrated stimulus-induced 

signals from its environment might be a useful tool as a reflection of the inflammation of 

the disease. Changes in protein expression in activated peripheral neutrophils exposed to 

inflammatory mediators in vivo might therefore be used as a tool to measure systemic 

inflammation. We performed the current in vitro study as proof of principle that cytokine-

induced protein expression profiles in neutrophils can be obtained using a proteomics 

approach. 

We stimulated human peripheral neutrophils with TNF! and GM-CSF in vitro and 

analyzed their protein content with fluorescence two-dimensional difference gel 

electrophoresis to identify a cytokine-specific profile. We report differential expression of 4 

and 17 protein spots following TNF! and GM-CSF stimulation, respectively. Differences 

in protein expression induced by TNF! were limited and did not show discriminatory 

power in a principal component analysis, whereas the profile induced by GM-CSF did. 

TNF!- and GM-CSF-induced de novo IL-1" and sIL-1Ra protein expression as detected by 

Western blot analysis and showed proper neutrophil activation. Thus, the detection limit in 

fluorescence two-dimensional difference gel electrophoresis seems to prevent the 

identification of low abundant TNF!- and GM-CSF-regulated proteins, such as cytokines. 

However, sufficient protein differences were detected in GM-CSF-induced neutrophils to 

induce a cytokine-specific profile, which prove the power of this technique. Mass 

spectrometry resulted in the identification of 8 proteins, which expression was regulated by 

TNF! or GM-CSF. Among the identified proteins, enolase 1 and annexin A1 might 

function as marker for peripheral neutrophil activation because they are potentially surface 

exposed. 
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Introduction 
Various inflammatory cells produce a variety of cytokines and chemokines in chronic 

inflammatory diseases. These inflammatory mediators affect the inflamed tissue, local 

inflammatory cells or attract other inflammatory cells to the site of inflammation. For the 

pulmonary compartment it has been found that alveolar macrophages secrete tumor 

necrosis factor-! (TNF!) and granulocyte macrophage-colony stimulating factor (GM-

CSF) upon stimulation with ambient small particles (<10 µM).1 Also, increased levels of 

these cytokines are measured in the bronchiolar alveolar lavage (BAL) fluid, sputum or 

peripheral blood of COPD patients.2-6 

As these inflammatory mediators are present in the peripheral blood, circulating neutrophils 

are exposed and, potentially, get primed or activated. Indeed, increased expression of 

CD11b (!M integrin subunit), CXCR1 (IL-8 receptor !) and activated CD32 (Fc"RII) on 

peripheral neutrophils have been found, which are markers for neutrophil activation.7,8 The 

levels of many cytokines are often low and their biological activity is dependent on the 

ratio with their naturally occurring inhibitors such as receptor antagonists and decoy 

receptors. Therefore, measurement of activated peripheral neutrophils might be a more 

biological relevant read-out to measure the inflammatory status of the host.  

Previous studies in our lab showed that stimulation of neutrophils with either TNF! or GM-

CSF in vitro resulted in differential expression of genes encoding for chemokines and 

cytokines.9 Various genes were similarly up-regulated upon stimulation with TNF! or GM-

CSF, however, the individual cytokines also induced unique mRNA patterns in neutrophils. 

Expression of CD83 mRNA was induced by TNF! stimulation whereas GM-CSF inhibited 

TNF!-induced CD83 expression, which was confirmed by Western blot analysis.10 This 

indeed suggests that simultaneous integration of multiple cytokine signals can lead to a 

distinct phenotype of cells. 

We performed 2-dimensional (2D) difference gel electrophoresis (DIGE) with human 

neutrophils stimulated with TNF! and/or GM-CSF in vitro to obtain proof of principle that 

cytokine stimulation leads to specific protein signature in neutrophils. We report 

differential expression of 4 and 17 protein spots following TNF! and GM-CSF stimulation, 

respectively. The protein differences induced by TNF! were low and showed no 

discriminatory power in a principal component analysis (PCA) whereas GM-CSF did. We 
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confirmed de novo protein synthesis of pro-IL-1! and sIL-1Ra in neutrophils upon TNF" 

and GM-CSF stimulation by Western blot analysis, which was not detected using 2D-

DIGE. Therefore, we hypothesize that a limitation in sensitivity of the 2D-DIGE method is 

mainly responsible for the low numbers of differentially regulated proteins found. We 

identified 8 protein spots regulated by TNF" and GM-CSF stimulation that, potentially, 

could serve as read-out for neutrophil activation. 
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Material and Methods 
Reagents. 

Ficoll-Paque was obtained from GE Healthcare (Uppsala, Sweden). Human serum albumin 

(HSA) was from Sanquin (Amsterdam, the Netherlands). Recombinant human TNF! was 

purchased from Roche (Indianapolis, IN). Recombinant human GM-CSF was a gift from 

Prof. A. Lopez (Institute of Medical and Veterinary Sciences, Adelaide, Australia). All 

other materials were reagent grade.  

 

Granulocyte isolation. 

Granulocytes were isolated from 100 ml of whole blood from healthy donors 

anticoagulated with trisodium citrate (0.4% w/v, pH 7.4). Blood was diluted 2.5:1 with PBS 

containing trisodium citrate (0.4% w/v, pH 7.4) and human pasteurized plasma-protein 

solution (4 g/L). Mononuclear cells and granulocytes were separated by centrifugation 

using Ficoll-Paque. Erythrocytes were lysed in isotonic ice-cold NH4Cl solution followed 

by centrifugation at 4°C. After isolation, granulocytes were washed in PBS containing 

trisodium citrate (0.4% w/v, pH 7.4) and human pasteurized plasma-protein solution (4 g/L) 

and resuspended in HEPES buffered RPMI 1640 supplemented with 0.5% (w/v) HSA. 

Purity of neutrophils was >95% with eosinophils as major contaminant.  

 

Neutrophil stimulation and protein extracts preparation. 

Neutrophils (5x106/mL) in HEPES buffered RPMI 1640 supplemented with 0.5% (w/v) 

HSA were allowed to recover for 30 min at 37°C. Subsequently, cells were stimulated with 

TNF! (100 U/mL), GM-CSF (100 pM) or both for 4 hours at 37°C. The neutrophils (1.107) 

were washed twice (0.34 M sucrose, 1 mM EDTA, 10 mM Tris) and lysed in lysis buffer 

(10 mM Tris pH 7.4, 10% glycerol, 1% NP40, 50 mM NaF, 20 mM tetra-Na 

pyrophosphate, 1 mM DTT, 2 mM vanadate, 1 mM PMSF, 2 mM DFP and 1x Complete 

EDTA-free protease inhibitor cocktail tablet (Roche)). Proteins were precipitated with 80% 

acetone and dissolved in labeling buffer (8 M Urea, 2 M Thiourea, 4% CHAPS, 10 mM 

Tris pH 8.5). 
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CyDye labeling. 

Protein extracts were labelled using the fluorescent cyanine dyes developed for 2D-DIGE 

technology (GE Healthcare) following manufacturer’s protocol. Protein extracts (30 µg) 

were labelled with 300 pmol of fluorescent dye (Cy2, Cy3, or Cy5). Protein samples were 

randomly labelled with Cy3 or Cy5. Internal standard, created by pooling 15 µg of each 

protein sample, was labelled with Cy2. Labeling was stopped by adding lysine and equal 

volume of 2x IEF buffer (8 M Urea, 2 M Thiourea, 4% CHAPS, 300 mM DTT, 1.0% IPG 

buffer 3-10NL, 0.004% Broomphenolblue) to each sample. 

 

2D-gel electrophoresis and analysis. 

Protein samples were passively rehydrated into 24 cm pH 3-10 NL strips (GE Healthcare, 

Uppsala, Sweden) for 10h followed by isoelectric focussing using a manifold-equipped 

IPGphor IEF unit (GE Healthcare, Uppsala, Sweden) according to the manufacturer’s 

protocol. The cysteine sulfhydryls were reduced with 1.0% DTT and carbamidomethylated 

with 2.5% Iodoacetamide in equilibration buffer (30% glycerol, 2% SDS, 6 M urea, 75 mM 

Tris, pH 8.8). Second dimensional SDS-PAGE was performed on hand-cast 12% SDS-

PAGE gels using low fluorescence glass plates. Electrophoresis was carried out at 0.2 

watts/gel for 2 h followed by 1 watts/gel until completion using an Ettan DALT-12 unit 

(GE Healthcare, Uppsala, Sweden). Gels were scanned using a Typhoon 9410 imager at 

100 µm resolution (GE Healthcare, Uppsala, Sweden). Scan settings were optimized for a 

maximal signal of 85.000 counts. Gel images were cropped using ImageQuantTL 2003 (GE 

Healthcare, Uppsala, Sweden), spot detection was performed with DeCyder 6.5 DIA 

(Difference In-gel Analysis) software (GE Healthcare, Uppsala, Sweden) and gel images 

were matched using DeCyder 7.0 BVA (Biological Variation Analysis) software 

(Healthcare, Uppsala, Sweden). Statistical analysis was performed using 1-ANOVA 

DeCyder 7.0 BVA. For 2D-gel analysis p < 0.01 was considered statistically significant. 
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Spot-picking and enzymatic in-gel digestion.  

A Flamingo stained preparative gel with 400 µg neutrophil lysate was matched with the 

DeCyder analysis and spots were picked automated with an Ettan Spot Picker (GE 

Healthcare) following manufacturer’s protocol.  

In-gel digestion of proteins was performed according to the protocol of Shevchenko et al.11 

Trypsin (sequencing grade modified trypsin, #V5111, Promega, Madison, WI) was used 

(10!g/mL) for digestion overnight at 37°C with shaking at 450 rpm. The reaction was 

quenched by adding 0.75 µL formic acid. The final volume per each sample was about 20 

µL. 

 

Liquid chromatography and tandem mass spectrometry (LC-MS/MS) 

Identification of proteins after in-gel digestion was done by nano-LC-MS/MS using a 

microfluidics (chip-cube) interface (Agilent, cat. n° G4240A) including a chip (Agilent, cat. 

n° G4240-62002) with a 40nL enrichment column (75!m " 11mm) and a 75!m " 150mm 

separation column packed with Zorbax 300SB C-18 5!m chromatographic material. The 

interface contained a nanoelectrospray tip (2 mm length with conical shape: 100 !m OD " 

8 !m ID) that was coupled on-line to an ion-trap mass spectrometer (MSD-Trap-SL, 

Agilent). Injections (3!L) were performed with an autosampler (Agilent, cat. n° G1389A) 

equipped with an injection loop of 8!L and a thermostated cooler maintaining the samples 

in the autosampler at 4°C during analysis. The chip-LC-MS/MS system contained the 

following additional modules: nanopump (cat. n° G2226A), capillary loading pump (cat. n° 

G1376A) and solvent degasser (cat. n° G1379A). Two eluents (eluent A, 0.1% formic acid 

in water and eluent B, 0.1% formic acid in acetonitrile) were used for the nanopump and 

one for the capillary pump (0.1% formic acid, 3% acetonitrile in water). After elution for 

5min with 97% of eluent A, a linear gradient from 3% to 53% of B followed by a step 

gradient from 53% to 90% of eluent B was run. 90% of eluent B was maintained for 10 

min. 

For acquisition of MS/MS spectra, the following parameters were used: drying gas: 

4.0L/min, dry temperature: 300°C, skimmer: 40.0V, cap. exit: 200.0V, Oct.1: 12.0V, Oct2: 

2.50V, Oct RF: 200.0Vpp, Trap drive: 78.0, Lens 1: -5.0V, Lens 2: -60.0V; polarity: 

positive, maximal accumulation time: 15 ms, scan from 50 to 2200 m/z, averages: 4, target 

mass: 622.0 m/z. The original MS/MS spectra were analyzed with the Bruker Daltonics 
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Data Analysis software (version 3.4). 300 compounds were automatically found in a 

retention time window between 18 - 75min and deconvoluted with respect to charge state 

and isotopes.  

 

Protein identification 

MS/MS spectra were exported as Mascot generic files (Matrix Science, London, U.K.) and 

submitted to a web-based version of Mascot (v2.2) to query the Swissprot and UniProt 

databases and the Phenyx36 search engine (v2.6) for Swissprot, UniProt_Sprot (r. 48.8 of 

10-Jan-2006) queries. 
 

Western blotting. 

Neutrophils (5x106/mL) in HEPES buffered RPMI 1640 supplemented with 0.5% (w/v) 

HSA were allowed to recover for 30 min at 37°C. Subsequently, neutrophils (5.106 cells) 

were stimulated with TNF! (100 U/mL), GM-CSF (100 pM) or both for 3 h at 37°C, 

washed once with PBS at 4°C, lysed in sample buffer (60 mM Tris-HCL (pH 6.8), 2% 

SDS, 10% glycerol, 2% "-mercaptoethanol) and boiled for 5 min. Protein samples were 

seperated on 12% SDS-polyacrylamide gels and transferred to Immobilon-P (Millipore). 

The membranes were blocked in hybridization buffer (10 mM Tris-HCl (pH 8.0), 150 mM 

NaCl, 0.1% Tween 20) containing 5% (w/v) milk powder (ELK, Campina, the Netherlands) 

for 1 h followed by incubation with first specific antibody in hybridization buffer with 

0.5% (w/v) milk powder overnight at 4°C. The membranes were washed three times 5 min 

in hybridization buffer, incubated for 2 h with the second antibody followed by three 5 min 

washings in hybridization buffer and a last wash step in PBS. Detection of all Western blots 

was performed by ECL plus (GE Healthcare) and detected using a Typhoon 9410 (GE 

Healthcare). 
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Results 

TNF!  and GM-CSF modulated protein expression of human neutrophils.  

We investigated whether we could modulate protein expression of human neutrophils 

following stimulation with inflammatory mediators TNF! and GM-CSF in vitro. 

Neutrophils were stimulated with 100 U/mL TNF!, 100 pM GM-CSF, both or left 

untreated for 4 hours at 37°C and protein lysates were analyzed by 2D-DIGE using CyDye 

protein labeling (GE Healthcare). The DIGE technology is based on differential protein 

labeling with different fluorescent CyDyes, which allows sample multiplexing. This 

method is an unbiased approach to identify differences in protein expression.12 

In this experiment, cytokine-stimulated neutrophils were prepared on 5 different days. 

Subsequently, samples were labeled with Cy3 or Cy5 with Cy2 as internal reference control 

and separated by 2D-DIGE. Analysis with DeCyder 7.0 identified 1200 – 2200 protein 

spots by a volume filter exclusion of 30.000 in the differential in-gel analysis (DIA) 

software.  

 
The individual spotmaps were matched in the biological variation analysis (BVA) software 

and 548 protein spots were matched between 30/30 spotmaps, 880 in 27/30 spotmaps and 

1202 in 24/30 spotmaps. Statistical analysis in the BVA showed only 4 protein spots to be 

differentially expressed more than 1.25-fold (1-ANOVA p<0.01) following TNF! 

stimulation and 17 protein spots following GM-CSF stimulation, which included 3 TNF! 

regulated protein spots (Figure 1, 2 and Table 1, 2). TNF! showed a potentiating effect on 

multiple GM-CSF-induced protein spots (Figure 2, Table 2). 
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Figure 1. 2D-DIGE of TNF!  and GM-CSF stimulated neutrophils. Neutrophils (5x106/mL) were stimulated with 100 U/mL 

TNF!, 100 pM GM-CSF for 4 hours at 37°C and protein lysates for 2D-DIGE were prepared. Proteins were focused on 24 cm pH 

3-10 NL IEF strips and separated by 10% SDS-PAGE. Representative images of the biological variation analysis (BVA) software 

are shown. Red and blue spot boundaries represent TNF!- and GM-CSF-induced protein spots, respectively. 

 

 
Figure 2. DeCyder analysis TNF!  and GM-CSF stimulated neutrophils. DIGE spot maps were analyzed with Decyder 7.0 

(GE Healthcare). Significant differentially regulated spot graphs in the biological variation analysis (BVA) are shown. Spot ID 

283, 803, 877 and 889 were regulated by TNF!, all other spot IDs including spot ID 803, 877 and 899 were differential regulated 

by GM-CSF. 
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In order to determine whether the cytokine-stimulated neutrophils induced a discriminative 

cytokine specific neutrophil proteome, we performed a principal component analysis (PCA) 

in the EDA software. This will position the individual spotmaps as a single dot in a 2 

dimensional plot (Figure 3), which represents relative difference between the spotsmaps by 

integration of all differentially regulated proteins. Theoretically, the 4 groups would be 

positioned in each of the 4 quadrants when significant differences between all 4 groups 

were present. In practice, we found two groups of spot maps that were separated by the 

PCA; non-stimulated neutrophils (green) and TNF!"stimulated neutrophils (red) at the left 

side and GM-CSF- and TNF!+GM-CSF-stimulated neutrophils (in blue and purple 

respectively) at the right side (Figure 3). Thus, based on all differentially regulated proteins 

identified, GM-CSF induced a cytokine-induced neutrophil proteome that was distinct from 

non-stimulated and TNF!- stimulated neutrophils. TNF!, however, did not induce 

discriminative protein differences. 
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Figure 3. GM-CSF spotmaps were discriminative in a principal component analysis. Significant differential regulated proteins 

were imported into the extended data analysis software (EDA) and principal component analysis on all spot maps was performed. 

Green, red, blue and purple dots represent control, TNF!", GM-CSF- and TNF!+GM-CSF- stimulated neutrophil spotmaps, 

respectively. 

 

 
Figure 4. TNF!  and GM-CSF induced de novo protein synthesis of pro-IL-1#  and sIL-1Ra. Neutrophils (5x106/mL) were 

stimulated with TNF!  (100 U/mL) for 3 hours at 37°C. Neutrophils were lysed in sample buffer and protein samples were 

analyzed by Western blotting with anti-IL-1Ra (A) anti-IL-1! (B), or anti-actin as loading control. The experiment shown is 

representative for at least three experiments. 
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TNF!- and GM-CSF-stimulated human neutrophils express pro-IL-1"  and sIL-Ra as 

detected by Western blot analysis.  

We were surprised about the low number of protein spots to be regulated by TNF!. As 

shown in Figure 2, the TNF!-regulated proteins (compare red with green dots) were only 

minor (Spot ID 283) or modest differences (Spot ID 803, 877, 889). According to literature, 

we expected more proteins to be regulated upon TNF! stimulation.9 To test the bioactivity 

of TNF! on neutrophils in another assay we measured pro-IL-1" and sIL-1Ra protein 

expression in neutrophil lysates by Western blot analysis because mRNA levels of these 

cytokines have been shown to be increased by TNF! and GM-CSF stimulated neutrophils.9 

sIL-1Ra and pro-IL-1" were almost not detected in freshly isolated neutrophils (Figure 4A 

and B, respectively). Neutrophils stimulated with TNF! (100 U/mL) or GM-CSF (100 pM) 

for 3 hours induced intracellular sIL-1Ra (23 kDa) and pro-IL-1" (31 kDa) whereas the 

unstimulated neutrophils did not. A synergistic effect of TNF! and GM-CSF on sIL-1Ra 

and pro-IL-1" synthesis was observed. 

 
Figure 5. Neutrophil 2D-gel for spotpicker. Four hundred #g neutrophil protein sample was focused on 24 cm pH 3-10 NL IEF 

strips, separated by 10% SDS-PAGE and stained with Flamingo (Bio-Rad). Indicated protein spots were picked with an Ettan spot 

picker (GE Healthcare) and subjected to in-gel digestion and mass spectrometry. 
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sIL-1Ra and pro-IL-1! were induced with TNF! and GM-CSF stimulation; however, these 

proteins were not detected with 2D-DIGE. Thus, the TNF" used in our study is biological 

active and is able to induce cytokine expression in neutrophils. 

 
 

Identification of TNF"  and GM-CSF regulated protein spot.  

In order to identify the protein spots differentially expressed with TNF" and/or GM-CSF 

treatment, we picked 10 protein spots from a gel with 400 µg neutrophils protein sample 

that was post-stained with Flamingo (Figure 5). All protein spots were regulated by GM-

CSF, as shown in figure 6, and spot ID 803 and 877 were regulated by GM-CSF and 

TNF". Spot ID 279, 283, 288 and 295 were not picked and sequenced because they very 

likely represented matrix metalloproteinase (MMP)-9 (gelatinase) by comparison with a 

previous published neutrophil proteome.13 All protein spots picked from the gel resulted in 

protein identification by mass spectrometry, in total 8 unique proteins were identified 

(Table 3). Two proteins, enolase 1 and annexin A1 were identified in two spots (Spot ID 

877, 889 and Spot ID 1186, 1187, respectively). 

 
Figure 6. DeCyder BVA analysis of identified protein spots. DIGE spot maps were analyzed with Decyder 7.0 (GE Healthcare). 

A representative image of 5 donors shows the comparison of protein expression by unstimulated neutrophils vs. GM-CSF 

stimulated neutrophils in the biological variation analysis (BVA). The upper panel shows the protein spot in the 2D gel and the 

lower panel shows the 3D construction. 
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Discussion 

Stimulation of peripheral neutrophils with the inflammatory mediators TNF! and GM-CSF 

resulted in differentially regulated proteins visualized by 2D-DIGE. However, the capacity 

of TNF! to induce significant protein differences detected by 2D-DIGE was limited. As 

control for TNF!- and GM-CSF-induced neutrophils stimulation, we analyzed sIL-1Ra and 

pro-IL-1" by Western blot, because TNF! and GM-CSF induced expression of these 

proteins in vitro.9,14,15 Indeed, sIL-1Ra and pro-IL-1" were up-regulated upon stimulation 

with TNF! and GM-CSF, but these proteins were not detected by 2D-DIGE. Therefore, it 

seems likely that many proteins induced by TNF! or GM-CSF were below the detection 

limit of this technique, which is approximately 1-20 ng. Sensitivity can be increased by a 

saturated labeling method, which labels 100% of the proteins compared to 2-3% in 

conventional 2D-DIGE. However, such low protein amounts will decrease the chance on 

successful protein identification by mass spectrometry. 

Mass spectrometry was performed to identify the proteins from 10 spots that were picked 

from a preparative gel and resulted in the identification of 8 unique proteins. Among the 

identified proteins, moesin, actin-related protein (ARP) 2/3 complex subunit 5 and adenylyl 

cyclase associated protein (CAP) 1 function as regulators in actin dynamics in human 

neutrophils. Indeed, activation of neutrophils with TNF! and GM-CSF is known to induce 

actin polymerization and morphological changes, which corresponds with the functions of 

the proteins we identified in our cytokine-stimulated neutrophils.16 

Moesin is a member of the ezrin, radixin moesin (ERM) family of proteins which are 

widely distributed proteins located in the cellular cortex, in microvilli and adherens 

junctions and links actin filaments to the membrane via binding of intracellular tails of 

transmembrane proteins.17 We observed a moderate increase in moesin in TNF!- and GM-

CSF-stimulated neutrophils. Not much is known about transcriptional regulation of moesin 

but it has been described that GM-CSF induced Rho-mediated phosphorylation of 

moesin.18,19 Whether we identified a phosphorylated form of moesin in our profile is 

currently not known. ARP2/3 subunit 5 (also p16-Arc) is a part of the ARP2/3 complex.20 

Sing et. al. showed that ARP2/3 subunit 5 was phosphorylated by mitogen-activated protein 

kinase (MAPK)-activated kinase 2 (MAPKAPK2) in neutrophils,21 a kinase that is 

activated by GM-CSF.22 Because spot nr 10 (Spot ID 1882) was present above a more 
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abundant protein spot, it is possible that we identified a phosphorylated form of ARP2/3 

subunit 5.  

Next to regulators of the actin cytoskeleton, we identified haptoglobin, enolase 1 and 

annexin A1. These proteins might have the potential to be used as neutrophil activation 

markers. Haptoglobin is an acute phase protein synthesized primarily by the liver that 

exerts a broad range of anti-inflammatory activities such as the binding of free 

hemoglobin.23 Recently, haptoglobin was reported to be stored in specific granules during 

granulocyte differentiation.24 The CCAAT/enhancer binding protein (C/EBP) epsilon 

transcription complex is thought to mediate haptoglobin synthesis in differentiating 

neutrophils, whereas C/EBP beta was essential in hepatocytes.24,25 Both transcription 

factors have been detected in peripheral neutrophils26 and, potentially, mediate increased 

haptoglobin synthesis upon TNF! and GM-CSF stimulation in vitro.  

Annexin A1 (also called lipocortin 1) is a member of superfamily of annexin proteins.27 

Neutrophils contain high levels of annexin A1 in their cytoplasm and granules that is 

secreted upon cell stimulation.28 We identified a decreased annexin A1 expression in 2 

protein spots (spot ID 1186 and 1187) following GM-CSF stimulation. Neutrophil 

stimulation has been reported to induce a Ca2+-dependent cleavage of the first 8 amino 

acids of annexin A1.29,30 Also, annexin A1 possesses multiple phosphorylation sites that are 

modulated upon cell stimulation.31,32 Therefore, post-translational modifications of annexin 

A1 could explain the differences in pI observed for the two protein spots (Spot ID 1186 and 

Spot ID 1187). 

Enolase 1, a key glycolytic enzyme, is one of the most abundantly expressed cytosolic 

proteins in many organisms. More recently enolase 1 was found to be present on the cell 

surface, including monocytes and neutrophils, were it is proposed to be a receptor for 

plasminogen.34-36 GM-CSF has been shown to increase enolase 1 cDNA, which correlated 

with the increase in enolase 1 protein expression as we observed.37 Therefore, enolase 1 is 

an interesting candidate as marker for activated neutrophils because membrane expression 

of enolase 1 can be measured by flow cytometry. Increased enolase 1 expression could 

function as a marker for general neutrophil activation because both TNF! and GM-CSF are 

able to induce its expression. A more selective marker for GM-CSF-stimulated neutrophils 

would be annexin A1 because it was regulated by GM-CSF, but not by TNF! stimulation. 

We observed a 1.3-fold decrease of annexin A1 in GM-CSF-stimulated neutrophils, which 
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corresponds with the fact that activated neutrophils mobilize annexin A1 to the cell surface 

for secretion.33 The immunological relevance of these identified proteins are currently 

under investigation. 

In conclusion, we showed that GM-CSF induced a specific neutrophil proteome profile 

using 2D-DIGE suggesting that this technique will be instrumental as a tool to investigate 

peripheral neutrophil activation profiles in vivo. It must be realized, however, that this 

technique has limitations with respect to detection of certain proteins (e.g. IL-1!, IL-1RA). 

Among the proteins identified by mass spectrometry, annexin A1 and enolase 1 might have 

potential to be used as marker for peripheral neutrophil activation. 
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Abstract 

To date, COPD is classified by the guidelines of the Global Initiative for Chronic 

Obstructive Lung Disease (GOLD), which is based on lung function parameters: forced 

expiratory volume in 1 second (FEV1) and the FEV1/FVC ratio. COPD is a heterogeneous 

disease and it has become increasingly clear that the GOLD classification not fully 

represents the complex clinical manifestations of COPD. Besides chronic inflammation 

and/or emphysema in the pulmonary compartment, an important systemic inflammation is 

present in COPD patients. Multiple cytokines are associated with this systemic 

inflammation and their effects on the phenotype of peripheral blood neutrophils in vivo can 

be used as read out for the overall systemic inflammatory status of the COPD patient. The 

determination of the type and extend of systemic inflammation would improve COPD 

characterization and the development of more tailor-made anti-inflammatory therapies. 

Our aim was to assess the presence of different inflammatory phenotypes in COPD by an 

unbiased technique. Therefore, we performed fluorescence two-dimensional difference gel 

electrophoresis with lysates of peripheral neutrophils of controls and COPD patients to 

identify unique protein patterns. We identified three groups of COPD patients based on 

differentially regulated proteins and analysis by hierarchical clustering analysis. One group 

was isolated from two other groups that included COPD patients and controls. No 

significant differences were found in lung function (GOLD classification) between the 

COPD groups. Neutrophils from the isolated COPD group were less responsive to bacterial 

peptide N-formyl-methionyl-leucyl-phenylalanine (fMLF)-, granulocyte macrophage-

colony stimulating factor (GM-CSF)- and TNF!-induced integrin activation. This 

illustrates the existence of important differences in systemic inflammation in COPD 

patients, which do not correlate to the current COPD characterization. 
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Introduction 
Chronic obstructive pulmonary disease (COPD) is characterized by an irreversible airflow 

limitation and is a leading cause of morbidity and mortality worldwide. Estimates from the 

world health organization (WHO)’s Global Burden of Disease and Risk Factors project 

shows that COPD is the fifth leading cause of death in high-income countries in 2001 and 

will be ranked third in 2025.1 Cigarette smoking has been firmly established as the most 

important risk factor for the development of COPD in the Western World. However, only 

approximately 15% of smokers will develop clinical COPD. Therefore, genetic 

susceptibility and environmental factors other than cigarette smoking must be considered.2 

The chronic inflammation of the lungs that is associated with COPD is characterized by an 

accumulation of macrophages, B-cells and CD8+ T-cells and neutrophils, particularly in the 

small airways.3 Elevated neutrophil numbers have been found in BAL fluid, induced 

sputum4 and bronchial biopsy specimens,5 which is in line with the hypothesis that this 

leukocyte plays an important role in the pathogenesis of the disease.  

For decades it has been appreciated that COPD is a heterogeneous disease with a similar 

clinical phenotype: bronchitis and/or emphysema.6 Already in the 1970s COPD patients 

were classified based on patient’s phenotypes such as pink puffers (more characterized by 

emphysema) or blue bloaters (more bronchitis type).7-9 This classification is dependent on 

the experience of the physician and is highly subjective. Techniques such as high-resolution 

CT (HRCT) scanning technology classifies the extend of emphysema in an emphysema 

score.10 However, this emphysema score showed no relation with the current COPD 

classification.8 COPD is characterized by the degree of airflow limitation (FEV1 and FVC) 

and divided into five categories, GOLD 0 through 4.11 However, this classification not fully 

represents the complex clinical manifestations of COPD.12 It has been established that 

COPD patients, next to an inflammation of the pulmonary compartment, develop 

extrapulmonary manifestations such as cardiovascular problems, weight loss and systemic 

inflammation, which are poorly related to the degree of airflow limitation.13 Various studies 

have measured elevated tumor necrosis factor (TNF)!, C-reactive protein (CRP) and 

fibrinogen in the peripheral blood of COPD patients that show an ongoing inflammatory 

response.14 Also, increased activation of neutrophils has been reported as visualized by 

increased chemotaxis and altered cellular receptor expression.15-21  
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Although elevated cytokine levels have consistently been found in COPD patients,14,22 the 

biological effects of these cytokines and their role in systemic inflammation are difficult to 

objectify due to their short half-lives and naturally occurring inhibitors/antagonists. The net 

effect of multiple cytokines on the phenotype of peripheral blood neutrophils in vivo can be 

used as read out for the overall systemic inflammatory status of the COPD patient. In 

support of this hypothesis, we have previously found that peripheral neutrophils isolated 

from COPD patients show altered mRNA expression patterns compared to healthy control 

neutrophils.23 Also, Yamagata et al. showed an increase in CD11b and CXCR1 expression 

on peripheral neutrophils.15 However, a large variability in studies has been published 

regarding these markers in COPD populations.15-20  

As the GOLD criteria do not allow the characterization of systemic inflammation in COPD 

patients, new unbiased approaches, such as proteomics, are needed to identify new markers 

of inflammation in COPD patients. Our aim was to assess the proteomic profiles of 

peripheral neutrophils in COPD patients to find potential differences in immunophenotype 

between different COPD groups. We applied fluorescence two-dimensional (2D) difference 

gel electrophoresis (DIGE) to analyze protein expression of peripheral neutrophils from 

healthy individuals and COPD patients. 2D-DIGE using cyanine dye (CyDye) protein 

labeling has major advantages compared to the conventional 2D-gel electrophoresis24 such 

as the use of an internal reference sample that enables detection of protein differences as 

small as 10%.25 We identified three COPD groups based on the protein expression of 

peripheral blood neutrophils analyzed by 2D-DIGE. Hierarchical cluster analysis of the 

differentially regulated proteins isolated a group of COPD patients from two other groups 

with COPD patients and controls. No significant differences were found in receptor 

expression on neutrophils between these groups. However, neutrophils from the isolated 

COPD group were less responsive to bacterial peptide N-formyl-methionyl-leucyl-

phenylalanine (fMLF)-, granulocyte macrophage-colony stimulating factor (GM-CSF)- and 

TNF!-induced integrin activation. These results show that different groups of COPD 

patients are present with different types of systemic inflammation that are not identified by 

the differences in FEV1 or FVC. 
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Materials and methods 
Reagents.  

Ficoll-Paque was obtained from GE Healthcare (Uppsala, Sweden). Human serum albumin 

(HSA) was from Sanquin (Amsterdam, the Netherlands). Recombinant human TNF! was 

purchased from Roche (Indianapolis, IN). Recombinant human GM-CSF was a gift from 

Prof. A. Lopez (Institute of Medical and Veterinary Sciences, Adelaide, Australia). N-

formyl-methionyl-leucyl-phenylalanine was from Sigma-Aldrich. CD11b (clone 2LPM19c) 

and CD18 (clone MHM23) were from DAKO (Copenhagen, Denmark), CD33 (clone 

WM53) was from Serotec (Oxford, U.K.), CD54 (clone MEM-111) was from Caltag 

(Carlsbad, CA), anti-CXCR1 (clone 42705), CD63 (clone H5C6), CD62L (clone Dreg-56), 

CD16 (clone LNK16) and CD35 (clone E11) were from BD Biosciences (San Jose, CA). 

All other materials were reagent grade. 

 

Patients and healthy control subjects. 

We included 24 patients with a diagnosis of COPD according to the Global Initiative for 

Chronic Obstructive Lung Disease (GOLD). COPD patients with a history of other 

inflammatory diseases, cardiovascular disease or oral steroid medication were excluded 

from the study. Patients with an exacerbation due to respiratory tract infection or other 

respiratory complaints 4 weeks before the study were also excluded. Control subjects were 

age-matched healthy subjects with normal lung function and no medical history of 

pulmonary diseases. See table 1 for demographical data of patients and controls. Dyspnea 

was rated with the Medical Research Council (MRC) scores.26 The study was approved by 

the medical ethics committee of the University Medical Center, Utrecht and informed 

consent was obtained from all subjects. 

 

Granulocyte isolation.  

Granulocytes were isolated from whole blood from healthy donors and COPD patients. 

Blood was diluted 2.5:1 with PBS containing trisodium citrate (0.4% w/v, pH 7.4) and 

human pasteurized plasma-protein solution (4 g/L). Mononuclear cells and granulocytes 

were separated by centrifugation using Ficoll-Paque. Erythrocytes were lysed in isotonic 

ice-cold NH4Cl solution followed by centrifugation at 4°C. After isolation, granulocytes 
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were washed in PBS containing trisodium citrate (0.4% w/v, pH 7.4) and human 

pasteurized plasma-protein solution (4 g/L) and resuspended in HEPES buffered RPMI 

1640 supplemented with 0.5% (w/v) HSA. Purity of neutrophils was >95% with 

eosinophils as major contaminant.  

 

Protein extracts preparation.  

Neutrophils were washed twice (0.34 M sucrose, 1 mM EDTA, 10 mM Tris) and lysed in 

lysis buffer (10 mM Tris pH 7.4, 10% glycerol, 1% NP40, 50 mM NaF, 20 mM tetra-Na 

pyrophosphate, 1 mM DTT, 2 mM vanadate, 1 mM PMSF 

(phenylmethanosulphonylfluoride), 2 mM DFP (diisopropyl phosphorofluoridate) and 1x 

Complete EDTA-free protease inhibitor cocktail tablet (Roche)). Proteins were precipitated 

with 80% acetone and dissolved in labeling buffer (8 M Urea, 2 M Thiourea, 4% CHAPS, 

10 mM Tris pH 8.5). 

 

CyDye labeling.  

Protein extracts were labeled using the fluorescent cyanine dyes developed for 2D-DIGE 

technology (GE Healthcare, Uppsala, Sweden) following manufacturer’s protocol. Protein 

extracts (30 µg) were labeled with 300 pmol of fluorescent dye (Cy2, Cy3, or Cy5) for 30 

min. on ice. Protein samples were randomly labeled with Cy3 or Cy5. Internal reference 

sample, created by pooling 15 µg of each protein sample, was labeled with Cy2. Labeling 

was stopped by adding 1 µl 10 mM lysine followed by 15 min. incubation and addition of 

an equal volume of 2x IEF buffer (8 M Urea, 2 M Thiourea, 4% CHAPS, 300 mM DTT, 

2.0% IPG buffer 3-10NL, 0.004% Bromophenolblue) to each sample. Cy3 sample, Cy5 

sample and Cy2 internal reference sample were pooled and brought up to a final volume of 

450 µl with IEF buffer (8 M Urea, 2 M Thiourea, 4% CHAPS, 150 mM DTT, 1.0% IPG 

buffer 3-10NL, 0.002% Bromophenolblue). 

 

2D-gel electrophoresis and analysis.  

Protein samples were passively rehydrated into 24 cm pH 3-10 NL strips (GE Healthcare, 

Uppsala, Sweden) for 10h followed by isoelectric focusing using a manifold-equipped 

IPGphor IEF unit (GE Healthcare, Uppsala, Sweden) according to the manufacturer’s 

protocol. The cysteine sulfhydryls were reduced with 1.0% DTT and carbamidomethylated 



Chapter 3 
 

! 71 

with 2.5% Iodoacetamide in equilibration buffer (30% glycerol, 2% SDS, 6 M urea, 75 mM 

Tris, pH 8.8). Second dimensional SDS-PAGE was performed on hand-cast 12% SDS-

PAGE gels using low fluorescence glass plates. Electrophoresis was carried out at 0.2 

watts/gel for 2 h followed by 1 watts/gel until completion using an Ettan DALT-12 unit 

(GE Healthcare, Uppsala, Sweden). Gels were scanned using a Typhoon 9410 imager at 

100 µm resolution (GE Healthcare, Uppsala, Sweden). Scan settings were optimized for a 

maximal signal of 85.000 counts. Gel images were cropped using ImageQuantTL 2003 (GE 

Healthcare, Uppsala, Sweden), spot detection was performed with DeCyder 7.0 DIA 

(Difference In-gel Analysis) software (GE Healthcare, Uppsala, Sweden) and gel images 

were matched using DeCyder 7.0 BVA (Biological Variation Analysis) software 

(Healthcare, Uppsala, Sweden). Three BVA experiments were matched with the EDA 

(Extended data analysis) software with a common master gel in the BVA analyses. Proteins 

present in all spot maps were included in the analysis and proteins with an average ratio of 

1.10 and p< 0.05 were designated significant. Protein spot differences were analysed with 

the EDA.  

 

Flow cytometric analysis. 

Whole blood was stimulated with fMLF (10-6M) or left untreated for 15 at 37°C. Hereafter, 

the blood was placed at 4°C and erythrocytes were lysed in isotonic ice-cold NH4Cl 

solution followed by centrifugation at 4°C and leukocytes were resuspended in ice-cold 

Hepes incubation buffer (20 mM HEPES, 132 mM NaCl, 6 mM KCl, 1 mM MgSO4, 1.2 

mM KH2 PO4, 5 mM glucose, 1.0 mM CaCl2, and 0.5% (w/v) Human Serum Albumin). 

Leukocytes (2.5x106/mL) were stained with CD11b (2LPM19c), CD18 (MHM23), CD33 

(WM53), CD35 (E11), CD54 (MEM-111), CD62L (Dreg-56), CD63 (H5C6), or CXCR1 

(42705) in combination with CD16 (3G8) for 30 min at 4°C, washed once in Hepes 

incubation buffer and resuspended in Hepes incubation buffer. For staining with 

monoclonal phage antibodies A17 and A27 directed against the active form of Fc!RII, we 

used a directly FITC-labeled A17 and A27, as described previously 27. In short, two and a 

half microliters of A17 or A27 was added to 50 µL whole-blood and incubated for 60 

minutes on ice. Erythrocytes were lysed in isotonic ice-cold NH4Cl solution followed by 

centrifugation at 4°C and leukocytes were resuspended in ice-cold Hepes incubation buffer. 

Flow cytometric evaluation of labeled leukocytes was conducted using a FACSCalibur (BD 
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Biosciences). Neutrophils were identified according to their specific side scatter and 

forward scatter signals and CD16 expression. Data are reported as median channel 

fluorescence (MFI) in arbitrary units (AU).  

 

Adhesion assay with fluorescent ICAM-1 beads. 

Fluorescent beads (TransFluorSpheres, 488/645 nm, 1.0 µm; Molecular Probes) were 

coated with ICAM-1 Fc fusion protein (derived from CHO-ICAM-1 Fc-producing cells 

provided by Professor Y. van Kooyk (VU University Medical Center Amsterdam, 

Amsterdam, The Netherlands). These cells contain an expression vector provided by Prof. 

C. D. Buckley (University of Birmingham, Birmingham, U.K.). In short, 20 µl of 

streptavidin (5 mg/mL in 50 mM 2-(N-morpholino)ethanesulfonate buffer) was added to 50 

µL of TransFluorSpheres, mixed with 30 µL of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (1.33 mg/mL), and incubated at room temperature for 2 

hours. The reaction was stopped by addition of glycine to a final concentration of 100 mM. 

Streptavidin-coated beads were washed three times with PBS and resuspended in 150 µL of 

PBS, 0.5% (w/v) BSA. Then, streptavidin-coated beads (15 µL) were incubated with 

biotinylated goat anti-human anti-Fc F(ab’)2 fragments (6 µg/mL) in 0.3 mL of PBS, 0.5% 

BSA for 2 hours at 37°C. The beads were washed once with PBS, 0.5% BSA and incubated 

with ICAM-1 Fc supernatant overnight at 4°C. The ligand-coated beads were washed; 

resuspended in 100 µl PBS, 0.5% BSA, 0.01% sodium azide and stored at 4°C. 

For the fluorescent bead adhesion assay, isolated neutrophils were resuspended in 

incubation buffer (5x106/mL). Cells were preincubated with or without control anti-HLA-

A, -HLA-B, and -HLA-C mAb W6/32 (10 µg/mL; American Type Culture Collection 

(ATCC) hybridoma), anti-!2 (CD18) integrin-blocking mAb IB-4 (10 µg/mL; ATCC 

hybridoma) for 10 min at 37°C. The ligand-coated beads were added in a 96-well V-

shaped-bottom plate with several concentrations of TNF", GM-CSF or fMLF. Next, the 

preincubated neutrophils were added and incubated for 15 min at 37°C. The cells were 

washed and resuspended in incubation buffer (4°C) and kept on ice until analysis. Binding 

of the fluorescent beads to the neutrophils was determined by flow cytometry using a 

FACSCalibur (BD Biosciences). Binding is depicted as the percentage of neutrophils that 

bind to ICAM-1-coated beads. 
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Statistical analysis.  

Statistical analysis of 2D-DIGE spot intensity was performed using DeCyder 7.0 EDA 

software (GE Healthcare, Uppsala, Sweden). Statistical analysis of patient characteristics 

and flow cytometry (Tables 1-3) data was performed using independent sample t tests or 

one-way ANOVA with Dunnett’s multiple comparison test was used with statistical 

software package SPSS version 15.0. Graph statistics were performed with Graphpad Prism 

4. The results are expressed as mean ± standard error of the mean. p < 0.05 was considered 

statistically significant. 
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Results 
Subject characteristics. 

In total, 24 COPD patients and 11 control subjects were included in this study. Six COPD 

patients were current smokers whereas 18 COPD patients had stopped smoking at least 1 

year before the study. Six control subjects were never smokers and 5 control subjects had 

stopped smoking at least 1 year before the study. Details of the COPD patients and controls 

are shown in table 1. 

No statistical difference was found in age, weight, height and body mass index (BMI), and 

high-sensitive CRP (hsCRP) whereas FEV1, FVC and medical research council (MRC) 

scores were statistically different between control and COPD patients (Table 1 and Figure 

1). We observed an increased leukocyte count in our COPD patients, which is in line with 

an ongoing systemic inflammation. 
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Figure 1. Comparison of FEV1, FEV1/FVC, hsCRP and leukocyte count between healthy controls and COPD patients. 

FEV1 (A), FEV1/FVC (B), hsCRP (C) and leukocyte count (D) were measured for healthy controls (circles) and COPD patients 

(squares). A two-tailed independent sample t test was used to perform statistical analysis (NS = not significant, ** = P<0.01, *** = 

P<0.001). 

 

Single markers did not show differential expression on blood neutrophils. 

We next measured surface expression of active Fc!RII,27 integrin Mac-1 (CD11b/CD18), 

IL-8 receptor CXCR1 (CD181) and other activation sensitive surface markers ICAM-1 

(CD54), CD63, L-selectin (CD62L), CR1 (CD35) and CD33 by flow cytometry. We 

stimulated neutrophils with fMLF in vitro to study the responsiveness for this innate 

immune stimulus. The specific forward and side scatter and CD16 expression were used to 

identify neutrophils. The expression of all surface markers tested on peripheral neutrophils 

showed no statistical difference between control and COPD neutrophils (Table 2), which 

was unexpected because CD11b, CXCR1 and CD62L have been found to be differentially 

regulated in previous studies.15,18 All activation markers except CD54 showed marked 

regulation upon neutrophil stimulation with fMLF in vitro, but similar for neutrophils from 

healthy controls and COPD patients (Table 2). 
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Figure 2. Experimental setup of 2D-DIGE. Schematic representation of the 2D-DIGE analysis by DeCyder 7.0 (GE Healthcare). 

Control and COPD protein samples were separated in four different experiments. Individual experiments were analyzed in the 

biological variation analysis (BVA) and linked with the extended data analysis (EDA). 

 

2D-DIGE analysis of peripheral neutrophils from control subjects and COPD 

patients.  

Because we did not detect differences in the expression of surface markers on neutrophils, 

we set out a proteomics approach to identify markers associated with neutrophils in an 

unbiased way. Therefore, we performed 2D-DIGE with peripheral neutrophils isolated from 

peripheral blood of COPD patients and age-matched healthy controls. Protein samples were 

labeled with CyDye and separated by 2D-DIGE in four separate experiments. Analysis in 

DeCyder 7.0 was performed in three steps (Figure 2). First, analysis in the differential in-

gel analysis (DIA) software identified 1200 – 2400 protein spots in the 2D-DIGE gels by a 

volume filter exclusion of 30.000 (generation of the spot maps). Secondly, four separate 

experiments were analyzed in the biological variation analysis (BVA) software, including a 

corresponding master gel that enables comparison of multiple BVA analyses. Finally, four 

BVA analyses were linked in the extended data analysis (EDA). This setup enabled 

analysis of multiple experiments and the possibility to extend the analysis with increasing 

sample numbers. We matched 2152 protein spots, of which 1019 were present in 70% of 

the spot maps. Because we used the Cy2 internal reference sample, 2D-DIGE enabled 
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detection of protein differences as small as 10%.25 Proteins were selected based on 

statistical significance (p<0.05) and differential regulation (>1.1-fold), which revealed 31 

protein spots (Figure 3). 

 
Figure 3. 2D-DIGE gel with selected differentially regulated proteins. Protein sample was focussed on 24cm pH 3-10NL IEF 

strips and separated by 10% SDS-PAGE. Indicated spots represent the differentially regulated proteins identified by DeCyder 7.0 

analysis software. 

 

Hierarchical clustering of control and COPD samples based on differential 2D-DIGE 

protein expression. 

With 2D-DIGE we observed differential protein expression in peripheral blood neutrophils 

between COPD and controls. We combined all differentially regulated proteins with the use 

of the EDA software of DeCyder 7.0 and performed hierarchical clustering analysis. Based 

on the 31 differentially regulated proteins we observed three large groups in the 

hierarchical clustering, designated group 1, group 2 and group 3 and a single COPD patient 

(Figure 4).  
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Group 1 comprised solely COPD spot maps, whereas group 2 and group 3 were mixed 

groups of COPD and control spot maps. Therefore, we analyzed the COPD patients by 

placing them into two groups: COPD group A, which is similar to group 1 and COPD 

group B, which consisted of COPD patients from group 2 and 3 that could not be 

distinguished from the control spot maps (Figure 4). 

 
Figure 4. Hierarchical clustering control and COPD spot maps. Thirty-one differentially regulated proteins were identified 

with DeCyder 7.0 analysis software and used for hierarchical clustering in the extended data analysis of DeCyder 7.0. Clustering of 

the differentially regulated protein expressed (red is up-regulated, green is down-regulated) revealed three groups of spot maps. 

Group 1 solely comprised of COPD patient spot maps and group 2 and group 3 were mixed COPD and healthy control spot maps. 

COPD spot maps in group 1 were designated COPD group A and COPD spot maps in group 2 and 3 were designated COPD group 

B. 
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No differences in lung function associated parameters between control and COPD 

group characteristics 

The hierarchical clustering analysis showed a distinct group of COPD patients (COPD 

group A) and COPD patients that resembled neutrophils of age-matched controls (COPD 

group B) based on their differential protein expression (see figure 4). The FEV1 and 

FEV1/FVC showed no significant difference between COPD group A and COPD group B 

(Figure 5A-B). Therefore, the differences in neutrophil phenotype identified by hierarchal 

clustering of spot maps did not correspond to the current COPD characterization based on 

FEV1 and FEV1/FVC. hsCRP showed also no statistical difference (Figure 5C), whereas 

leukocyte counts showed a trend to be higher in COPD group A compared to COPD group 

B (Figure 5D).  

 

 
Figure 5. Comparison FEV1, FEV1/FVC, hsCRP and leukocyte count between COPD groups. FEV1 (A), FVC (B), hsCRP (C) 

and leukocyte count (D) were measured for COPD group A and COPD group B. A two-tailed independent sample t test was used 

to perform statistical analysis (NS = not significant). 
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A distinct COPD subgroup characterized by reduced activation of integrins upon 

stimulation with fMLF, TNF!  and GM-CSF. 

Expression of adhesion molecules !M-integrin (CD11b) and "2-integrins (CD18) was not 

different between control and COPD neutrophils (Table 2). However, similar expression 

does not preclude functional differences of integrins because activation of these adhesion 

molecules is controlled by inside-out signaling,28 which can be initiated by receptors for 

extracellular inflammatory stimuli such as fMLF.29 This enables these integrins to bind 

their ligands such as ICAM-1.30 Therefore, we tested the hypothesis that the responsiveness 

of these integrins for inside-out signals was different for cells isolated from healthy age-

matched controls and COPD patients. We measured adhesion of neutrophils to ICAM-1 

coated fluorescent beads with and without stimulation with TNF!, GM-CSF or fMLF. 

Adhesion to ICAM-1 beads was performed in the presence of an isotype control antibody 

W6/32 recognizing HLA-I or a blocking CD18 blocking antibody IB4 to determine specific 

binding. Adhesion was depicted as percentage neutrophils that bound ICAM-1 beads 

subtracted by the background adhesion (not sensitive for blocking antibody IB4). Basal 

ICAM-1 adhesion was low and not significantly different between neutrophils from control 

and COPD subjects suggesting that neutrophils were not primed for "2-integrin activity in 

vivo (Figure 6A). However, when neutrophils were activated by either low or intermediate 

concentrations of GM-CSF or fMLF, neutrophils of COPD patients showed impaired 

responsiveness compared to healthy control neutrophils (Figure 6B-C, Table 2). Yet, 

activation of neutrophils with a high concentration of fMLF (10-7M) showed that the 

neutrophils were able to respond equally well to a strong stimulus (Figure 6D). CD18 

blocking mAb IB4 blocked adhesion of ICAM-1-coated fluorescent beads completely, 

which showed that the binding was "2-integrin mediated (data not shown). Interestingly, 

COPD group A showed a greater impairment to respond to intermediate concentrations of 

inflammatory stimuli than COPD group B (Figure 6B-C, Table 3). 
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Figure 6. ICAM-1 beads adhesion assay. Peripheral neutrophils were isolated from whole blood and adhesion ability for ICAM-

1 coated beads was assessed with or without (A) GM-CSF (B) or fMLF (C and D) stimulation for healthy controls (circles), COPD 

patients (squares), COPD group A (upward triangles) and COPD group B (downward triangles) Mean values are represented ± 

SEM. One-way ANOVA with Dunnett’s multiple comparison test was used to perform statistical analysis (NS = not significant, ** 

= P<0.01, *** = P<0.001). 
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Discussion 
Recent data showed no relationship between GOLD stages and a broad range of aspects of 

health status of COPD patients, such as functional impairment, and quality of life.31 Part of 

this might be caused by the fact that the GOLD criteria do not include extrapulmonary 

manifestations of the disease. Additional characterization of COPD based on systemic 

inflammatory phenotype or other extrapulmonary parameters would increase the 

understanding of this disease and the development of tailor made therapies. 

We tested the hypothesis that multiple COPD phenotypes exist, which are characterized by 

differences in systemic inflammation. These differences are difficult to define by 

determination of the presence of single cytokines because the biological effects of single 

cytokines and their role in systemic inflammation are difficult to objectify due to their short 

half-lives and naturally occurring inhibitors and antagonists. Also, cross-talk between 

different cytokines is observed, which makes the effect of a pool of cytokines on 

inflammatory cells difficult to predict. For example, TNF! induced CD83 expression on 

human neutrophils, whereas GM-CSF antagonized this effect.32 Therefore, we utilized 

neutrophil phenotypes as read out for systemic inflammation as these cells integrate pro- 

and anti-inflammatory signals into a specific activation phenotype (see also 23).  

We were not able to define neutrophil priming on the basis of cellular marker expression. 

Apparently, a low grade of systemic inflammation in our cohort of stable COPD patients 

did not lead to enhanced expression of cellular markers on neutrophils in vivo. Therefore, 

we applied an unbiased approach to better define putative activation phenotypes by 

proteomics. To date, no unbiased proteomics approaches using peripheral neutrophils have 

been described in relationship to COPD. We compared protein expression of peripheral 

neutrophil from 24 COPD patients and 11 age-matched healthy control subjects applying 

2D-DIGE. With the use of DeCyder 7.0 software package we indentified 31 differentially 

(>1.10-fold) regulated proteins (Figure 3). Based on the differentially regulated proteins, 

we observed clustering of COPD patient spot maps (COPD group A) that were distinct 

from spot maps of other COPD patient (COPD group B) and healthy age-matched controls 

(Figure 4). A single COPD patient (COPD_17) showed no association with either COPD 

patients or healthy controls (Figure 3). We have not been able to identify why this patient 

was different from the other samples. 
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The presence of two COPD groups identified by our 2D-DIGE approach suggests that 

peripheral neutrophils are altered in vivo, possibly by different combination of pro-and anti-

inflammatory mediators. We sought to identify differences in combinations of clinical and 

immunological parameters between these two COPD groups to validate our finding. We 

were unable to find statistical differences in FEV1, FVC, and hsCRP between the two 

groups of COPD patients (Figure 5). Because lung function parameters were not different 

between the two COPD groups, it seems likely that the lung function has no relation with 

the modulation of protein expression by peripheral neutrophils. We were not able to 

identify a difference in hsCRP, a known marker for systemic inflammation (Figure 1, Table 

1) or increased expression of CD11b and CXCR1, as was observed by others.15,18 Because 

expression of CD11b and CXCR1 was regulated by stimulation with fMLF in vitro, it 

seems that a low grade of systemic inflammation in our cohort of stable COPD patients did 

not lead to enhanced expression of CD11b, CXCR1 or hsCRP in vivo. The latter protein 

was also observed to be unaffected in stable COPD patients by others.33,34 

An interesting finding was that neutrophils of COPD patients showed reduced 

responsiveness for stimulus-induced integrin functionality. Basal binding of neutrophils 

from COPD patients and healthy controls to ICAM-1 was low, which showed that integrins 

on these cells were not activated in vivo. Activation of peripheral neutrophils in vitro with 

TNF!, GM-CSF or fMLF increased ICAM-1 binding significantly (Tables 2-3, Figure 6). 

COPD group A showed a refractory phenotype in terms of responsiveness for TNF!, GM-

CSF and fMLF stimulation compared to healthy controls whereas this was less apparent for 

COPD group B. It is unlikely that specific signal-transduction pathways in these 

neutrophils were affected, because this refractoriness was found for two cytokines (TNF!, 

GM-CSF) and a chemotaxin (fMLF) that have been shown to initiate different cellular 

signaling pathways.  

The signals that underlie the existence of the two different COPD groups are not known. 

We hypothesize that two putative mechanisms may underlie the impaired responsiveness of 

peripheral neutrophils in stable COPD patients. 1) Systemic inflammation results in 

continuous low-grade activation of neutrophils that causes desensitization of peripheral 

neutrophils. 2) Priming sensitive neutrophils are activated due to systemic inflammation 

and migrate into the tissues leaving unresponsive neutrophils behind in the peripheral 

blood. In support of the first hypothesis, restimulation of neutrophils with fMLF in vitro led 
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to homologous desensitization as demonstrated by a diminished Ca2+ mobilization,35 and 

heterologous or cross-desensitization has been observed for chemotaxins such as fMLF, 

C5a and IL-8 in vitro.36 We observed a clear indication that signal-induced ICAM-1 

binding is impaired for neutrophils of COPD patients, especially COPD group A. Other 

neutrophil !2-integrin mediated functions such as adhesion under flow conditions"# should 

be examined to support our first hypothesis. Less data have been published in support for 

the second hypothesis. It has been shown that cigarette smoke induced secretion of GM-

CSF by alveolar macrophages, which in turn induced the proliferation and release of 

neutrophils and monocytes from the bone marrow.38 More clinical data, larger cohorts of 

COPD patients and the identification of the 31 protein spots that are differentially 

expressed in COPD will improve the understanding of the COPD groups found. 

In conclusion, we identified a group of COPD patients, who were different from healthy 

controls and other COPD patients based on protein profiles of peripheral neutrophils. Lung 

function parameters were not different between the two COPD groups. However, 

neutrophils from COPD group A showed reduced responsiveness to TNF", GM-CSF and 

fMLF stimulation. These data are consistent with the hypothesis that these COPD patients 

were characterized by a different systemic inflammation. 
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Abstract 
Chronic obstructive pulmonary disease (COPD) is classified according to the guidelines of 

the Global Initiative for Chronic Obstructive Lung Disease (GOLD), which is mainly based 

on lung function parameters. However, next to a decreased lung function, many 

extrapulmonary manifestations such as systemic inflammation are present. Measuring this 

inflammation in peripheral blood using biomarkers might be an important tool to 

characterize COPD patients beyond airflow limitation. Previously, we have shown that 

peripheral neutrophils from COPD patients are different compared to healthy controls in 

terms of inflammatory mRNA profile. This suggests that changes in peripheral blood 

neutrophils can be used for the characterization of systemic inflammation in COPD. 

Using fluorescence 2-dimensional (2D)-differential gel electrophoresis (DIGE) we 

identified 25 differentially expressed proteins in peripheral blood neutrophils of COPD 

patients compared to age-matched healthy control subjects, of which 16 proteins were 

identified by mass spectrometry. We found the expression of annexin A1 to be higher in 

neutrophils of COPD patients than in healthy controls. We observed the presence of high 

molecular weight complexes of annexin A1 by Western blot analysis, which were higher 

expressed in COPD patients compared to healthy controls. Expression of high molecular 

weight annexin A1 did not correlate with the rate of apoptosis of neutrophils in vitro 

because apoptosis was not different between age-matched controls and COPD patients. 

Expression of high molecular weight annexin A1 might be an interesting marker for 

systemic inflammation in COPD. 
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Introduction 
Chronic obstructive pulmonary disease (COPD) is characterized by irreversible airflow 

limitation and is a leading cause of morbidity and mortality worldwide. Estimates from 

WHO’s Global Burden of Disease and Risk Factors project showed that COPD was the 5th 

leading cause of death in high-income countries.1 Cigarette smoking is the most important 

risk factor for the development of COPD, and an important process is an inflammatory 

response to the smoke-induced damage in the lower airways of COPD patients. This 

chronic inflammation is characterized by an accumulation of neutrophils, macrophages, B-

cells and CD8+ T-cells.2 Furthermore, enhanced neutrophil numbers are found in 

bronchoalveolar lavage (BAL) fluid, induced sputum3 bronchial biopsy specimens4 and 

peripheral blood of COPD patients.5  

Besides lung inflammation and damage of lung tissue, COPD is characterized by a marked 

systemic inflammation as illustrated by elevated levels of TNF!, IL-8 and CRP that are 

found in the peripheral blood of COPD patients.6,7 We previously showed that peripheral 

neutrophils of COPD patients were characterized by a modulated gene expression of IL-1", 

IL-1Ra, MIP-1" and CD83, which correlated with a decreased forced expiratory volume in 

1 second (FEV1).8 This showed that peripheral blood neutrophils from COPD patients were 

distinct from peripheral neutrophils from healthy controls. This pro-inflammatory 

phenotype pointed at a systemic inflammatory response in COPD. Therefore, we 

hypothesized that a modulated expression of proteins in peripheral blood neutrophils might 

be a useful as novel biomarker in COPD. Currently, the search for biomarkers are being 

performed in exhaled breath condensates,9 lung tissue,10-13 induced sputum,14 plasma15-17 

and BAL fluid.18,19 All these methods are developed to further understand the onset and 

progression of COPD.20 Collection of lung tissue, induced sputum or BAL fluids are 

relatively invasive techniques and are difficult to apply, particularly in more severe COPD 

patients. We collected easy accessible peripheral blood neutrophils for our proteomics 

analysis in the search for a biomarker for COPD because neutrophils are exposed to 

multiple pro- and anti-inflammatory signals in the peripheral blood and are likely to 

integrate these signals into specific activation phenotypes.  
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Therefore, we hypothesize that the net effect of these multiple cytokines on the phenotype 

of peripheral blood neutrophils in vivo can be used as read out for the overall systemic 

inflammatory status of the COPD patient. 

The aim of this study was to compare protein expression of peripheral neutrophils of stable 

COPD patients and age-matched healthy controls using the unbiased method of 2D-DIGE. 

We analyzed protein expression of peripheral neutrophils of 17 COPD patients and 9 age-

matched controls. We matched 1116 proteins that were present in 70% of the 2D-DIGE 

gels and identified 25 proteins to be differentially expressed. We picked 21 protein spots, of 

which 16 proteins were identified by mass spectrometry. Among these proteins, annexin 

A1 was further investigated by Western blot analysis. We observed high molecular weight 

(HMW) annexin A1 containing complexes in COPD patients but not in healthy control 

neutrophils. Therefore, the presence of these HMW annexin A1 complexes might function 

as biomarker for systemic inflammation in COPD patients. 
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Materials and methods 
Reagents.  

Ficoll-Paque was obtained from GE Healthcare (Uppsala, Sweden). Human serum albumin 

(HSA) was from Sanquin (Amsterdam, the Netherlands). Anti-annexin A1 (71-3400) was 

from Invitrogen (Carlsbad, CA). All water used was of MilliQ-grade. HPLC-grade 

acetonitrile was obtained from Biosolve. Ammonium bicarbonate was purchased from 

Merck. DTT and iodoacetamide were from Sigma, modified sequencing grade trypsin was 

from Promega and a-cyano-4-hydroxycinnamic acid and a peptide calibration standard 

were obtained from Bruker Daltonics (Bremen, Germany). All other materials were reagent 

grade.  

 

Patients and healthy control subjects. 

We included 17 patients with a diagnosis of COPD according to the Global Initiative for 

Chronic Obstructive Lung Disease (GOLD)21 (see for demographics table 1). All patients 

had stable COPD without an exacerbation in the last four weeks before entering the study. 

Patients with other inflammatory conditions, heart failure and treatment with oral 

glucocorticosteroids were excluded. Healthy age-matched subjects without COPD 

symptoms were included. The medical ethics committee of the University Medical Center 

Utrecht (Utrecht, The Netherlands) approved the study, and all patients provided written 

informed consent. 

 

Granulocyte isolation.  

Granulocytes were isolated from whole blood from healthy age-matched controls and 

COPD patients. Blood was diluted 2.5:1 with PBS containing trisodium citrate (0.4% w/v, 

pH 7.4) and human pasteurized plasma-protein solution (4 g/L). Mononuclear cells and 

granulocytes were separated by centrifugation using Ficoll-Paque. Erythrocytes were lysed 

in isotonic ice-cold NH4Cl solution followed by centrifugation at 4°C. After isolation, 

granulocytes were washed in PBS containing trisodium citrate (0.4% w/v, pH 7.4) and 

human pasteurized plasma-protein solution (4 g/L) and resuspended in HEPES buffered 

RPMI 1640 supplemented with 0.5% (w/v) HSA. Purity of neutrophils was >95% with 

eosinophils as major contaminant.  
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Protein extracts preparation.  

Neutrophils were washed twice (0.34 M sucrose, 1 mM EDTA, 10 mM Tris) and lysed in 

lysis buffer (10 mM Tris pH 7.4, 10% glycerol, 1% NP40, 50 mM NaF, 20 mM tetra-Na 

pyrophosphate, 1 mM DTT, 2 mM vanadate, 1 mM PMSF (phenylmethanosulphonyl 

fluoride), 2 mM DFP (diisopropyl phosphorofluoridate) and 1x Complete EDTA-free 

protease inhibitor cocktail tablet (Roche)). Proteins were precipitated with 80% acetone and 

dissolved in labeling buffer (8 M Urea, 2 M Thiourea, 4% CHAPS, 10 mM Tris pH 8.5). 

 

CyDye labeling.  

Protein extracts were labeled using the fluorescent cyanine dyes developed for 2D-DIGE 

technology (GE Healthcare, Uppsala, Sweden) following manufacturer’s protocol with 

some minor modifications. Protein extracts (30 µg) were labeled with 300 pmol of 

fluorescent dye (Cy2, Cy3, or Cy5) for 30 min. on ice. Protein samples were randomly 

labelled with Cy3 or Cy5. Internal reference sample, created by pooling 15 µg of each 

protein sample, was labelled with Cy2. Labeling was stopped by adding 1 µl 10 mM lysine 

followed by 15 min. incubation and addition of an equal volume of 2x IEF buffer (8 M 

Urea, 2 M Thiourea, 4% CHAPS, 300 mM DTT, 2.0% IPG buffer 3-10NL, 0.004% 

Bromophenolblue) to each sample. Cy3 sample, Cy5 sample and Cy2 internal reference 

sample were pooled and brought up to a final volume of 450 µl with IEF buffer (8 M Urea, 

2 M Thiourea, 4% CHAPS, 150 mM DTT, 1.0% IPG buffer 3-10NL, 0.002% 

Bromophenolblue). 

 

2D-gel electrophoresis and analysis.  

Protein samples were passively rehydrated into 24 cm pH 3-10 NL strips (GE Healthcare, 

Uppsala, Sweden) for 10h followed by isoelectric focusing using a manifold-equipped 

IPGphor IEF unit (GE Healthcare, Uppsala, Sweden) according to the manufacturer’s 

protocol. The cysteine sulfhydryls were reduced with 1.0% DTT and carbamidomethylated 

with 2.5% iodoacetamide in equilibration buffer (30% glycerol, 2% SDS, 6 M urea, 75 mM 

Tris, pH 8.8). Second dimensional SDS-PAGE was performed on hand-cast 12% SDS-

PAGE gels using low fluorescence glass plates. Electrophoresis was carried out at 0.2 

watts/gel for 2 hours followed by 1 watts/gel until completion (typically 16h) using an 

Ettan DALT-12 unit (GE Healthcare, Uppsala, Sweden). Gels were scanned using a 
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Typhoon 9410 imager at 100 µm resolution (GE Healthcare, Uppsala, Sweden). Scan 

settings were optimized for a maximal signal of 85.000 counts. Gel images were cropped 

using ImageQuantTL 2003 (GE Healthcare, Uppsala, Sweden), spot detection was 

performed with DeCyder 7.0 DIA (Difference In-gel Analysis) software (GE Healthcare, 

Uppsala, Sweden) and gel images were matched using DeCyder 7.0 BVA (Biological 

Variation Analysis) software (GE Healthcare, Uppsala, Sweden). Three BVA experiments 

were matched with the EDA (Extended data analysis) software with a the use of a common 

master gel in the three BVA analyses. Proteins present in 70% of all spot maps were 

included in the analysis and proteins with an average ratio of 1.10 and p < 0.05 were 

designated significant. For spot-picking, a preparative gel with 250 µg unlabeled protein 

extract was separated and stained with Flamingo fluorescent stain (Bio-Rad) following 

manufacturer’s protocol.  

 

Spot-picking.  

The preparative gel image was added to the DIGE analysis in DeCyder 7.0 and spots were 

picked automated with the Ettan spot picker (GE Healthcare) following manufacturer’s 

protocol.  

 

In gel digestion and mass spectrometry analysis.  

In-gel digestion and mass spectrometry analysis was outsourced to ServiceXS (Leiden, The 

Netherlands). Excised gel plugs were washed twice with water, twice with 50 mM 

ammoniumbicarbonate in 50% acetonitrile and dehydrated using 100% acetonitrile. The 

proteins were reduced with 10 mM DTT and subsequently alkylated with 55 mM 

iodoacetamide. Following washing with 50 mM ammonium bicarbonate, 50 mM 

ammonium bicarbonate/50% acetonitrile and 100% acetonitrile, the gel plugs were 

rehydrated using 10 µl 50 mM ammonium bicarbonate containing 50 ng of trypsin and 

incubated on ice for 30 minutes. If necessary, 50 mM ammonium bicarbonate was added to 

completely cover the gel plugs. Protein digestion by trypsin was allowed to proceed 

overnight at 37°C. The supernatant was acidified using TFA to a final concentration of 

0.1%, desalted over a Zip-Tip (Millipore) and spotted directly on a MALDI target plate 

using 1 ml !-cyano-4-hydroxycinnamic acid (HCCA, 0.3 mg/ml in ethanol:acetone 2:1) as 

the Zip-Tip eluent. MS and MS/MS spectra were acquired on an Ultraflex™ II TOF/TOF 
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instrument (Bruker Daltonics, Bremen, Germany). The MS and MS/MS spectra were 

searched against the IPI_Human database using the MASCOT search algorithm (version 

2.1) using mass tolerances of 0.1 Da for MS and 0.5 Da for MS/MS. 

Carbamidomethylcysteine was taken as a fixed modification and oxidation of methionines 

as a variable modification. Furthermore, the search parameters allowed for 1 missed 

cleavage. 

 

Western blotting.  

Neutrophils from COPD patients and age-matched control subjects were isolated from 

whole blood and left untreated (0h, 3h) or stimulated with 1 µM dexamethasone (3 h) at 

37°C. Neutrophils were washed once with PBS, lysed in sample buffer (2% !-

mercaptoethanol, 2% SDS, 10% glycerol, 30mM Tris-HCL pH 6.8) and boiled for 5 min. 

Protein samples (20 µg and 5 µg for leukocyte elastase inhibitor and annexin A1, 

respectively) were analyzed on 10-12% SDS-polyacrylamide gels. Proteins were 

transferred to Immobilon-P (Millipore). The blots were blocked in hybridization buffer (10 

mM Tris, 150 mM NaCl, and 0.1% Tween 20) containing 5% (w/v) milk powder (ELK, 

Campina, the Netherlands) for 1 hour followed by incubation with first specific antibody in 

hybridization buffer with 5% (w/v) BSA or 0.5% (w/v) milk powder overnight at 4°C. 

After incubation with the first antibody, the blots were washed three times for 5 min in 

hybridization buffer. The second antibody (HRP-coupled) was incubated in hybridization 

buffer containing 5% (w/v) milk for 2 hours at room temperature followed by three 

washings for 5 min in hybridization buffer and a last wash step in PBS. Detection of all 

Western blots was performed by ECL plus (GE Healthcare, Uppsala, Sweden) and detected 

using a Typhoon 9410 (GE Healthcare, Uppsala, Sweden). Expression of annexin A1 was 

divided by the expression of actin (loading control). Relative annexin A1 expression was 

calculated by dividing the annexin A1 expression with the average annexin A1 expression. 
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Analysis of apoptosis.  

Apoptosis was determined by annexin V binding (BD Biosciences, San Diego, CA). After 

staining the cells with annexin V for 15 minutes in the dark at room temperature in annexin 

binding buffer (10 mM HEPES (pH 7.4), 140 mM NaCl, and 2.5 mM CaCl2) and 7-AAD 

was added. Cells were analyzed using a flow cytometer (FACSCalibur; BD Biosciences, 

San Diego, CA). Survival was defined as the percentage of cells that were double negative 

for both stains (annexin V-PE/7-AAD).  

 

Statistical analysis.  

Statistical analysis of 2D-DIGE spot intensity was performed using DeCyder 7.0 EDA 

software (Healthcare, Uppsala, Sweden). Statistical analysis of western blots was 

performed using unpaired t tests with Graphpad prism 4.0. The results are expressed as 

mean ± standard error of the mean. p < 0.05 was considered statistically significant. 
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Results  
Subject characteristics. 

In total, 17 COPD patients and 9 

age-matched healthy control 

subjects were included in this 

study and their demographic data 

are depicted in table 1. No 

statistical difference was present in 

age, weight and height, whereas 

FEV1, FVC/FEV1 ratio and 

leukocyte counts were statistically 

different.  

 

Identification of differential expressed proteins in peripheral neutrophils by 2D-

DIGE. 

Neutrophils were isolated from whole blood and proteins were purified for 2D-gel 

electrophoresis. Protein samples were labeled with CyDyes and separated by 2D-DIGE in 

three separate experiments. Analysis in DeCyder 7.0 was preformed in three steps (Figure 

1). First, analysis in the differential in-gel analysis (DIA) software identified 1200 – 2200 

protein spots by a volume filter exclusion of 30.000. Secondly, three separate experiments 

were analyzed in the biological variation analysis (BVA) software with a corresponding 

master gel. Finally, three BVA analyses were linked in the extended data analysis (EDA). 

This setup enabled analysis of multiple experiments. Statistical analysis was performed on 

protein spots that where present in at least 70% of all spot maps, which included 1116 

protein spots. With the use of an internal reference sample 2D-DIGE enables detection of 

protein differences as small as 10%.22 Proteins that were differentially regulated (1.1-fold) 

and statistically significant (p<0.05) were identified, which revealed 25 protein spots (Table 

2). Of the 25 regulated proteins, 16 were increased and 9 were decreased in COPD patients 

compared to healthy controls.  
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Figure 1. Experimental setup of 2D-DIGE experiment. Schematic representation of the experimental 2D-DIGE set up using 

DeCyder 7.0 (GE Healthcare). Control and COPD protein samples were investigated within three different experiments. Individual 

experiments were analyzed in the biological variation analysis (BVA) and linked with the extended data analysis (EDA). 

 
Figure 2. Neutrophil 2D-gel for spot-picker. Protein sample was focused on 24cm pH 3-10NL IEF strips and separated by 10% 

SDS-PAGE and stained with Flamingo (Bio-Rad). Indicated protein spots were picked with an Ettan spot picker (GE Healthcare) 

and subjected to in-gel digestion and mass spectrometry. 
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Spot identification by mass spectrometry. 

Protein spots were picked from a preparative 

gel and subjected to mass spectrometry 

analysis (Figure 2). From the 21 picked 

protein spots, 16 were identified (Table 3). 

Actin was identified in 4 different protein 

spots (nr. 1, 11, 12 and 13) and leukocyte 

elastase inhibitor (also SerpinB1) was 

identified in 3 protein spots (nr. 7, 13 and 

14). From one protein spot (nr. 8), two 

proteins were identified by mass 

spectrometry. Three protein spots picked 

from the gel were not identified by mass 

spectrometry. A small but significant (p = 

0.005) difference in annexin A1 was 

observed between age-matched healthy 

control and COPD patients. 
 

 

 

Annexin A1 expression in peripheral neutrophils. 

Although annexin A1 was only 1.15-fold up-regulated in COPD patients, recent reviews 

describing the role of this protein in the resolution of inflammation prompted us to pursue 

this protein as an inflammatory marker for COPD.23-26 We tested the expression of annexin 

A1 protein by Western blot analysis on protein samples that were made parallel to the 2D-

DIGE samples. Three SDS-PAGE gels with protein samples from 9 control and 14 COPD 

were analyzed by Western blot analysis. Surprisingly, expression of the 37 kDa annexin A1 

protein was not statistically different between COPD and control samples (Figure 3A-B). 

However, we observed two high molecular weight (HMW) bands around 80 kDa (HMW 1) 

and 120 kDa (HMW 2) in COPD protein samples that were almost not detected in protein 

samples of healthy age-matched controls (Figure 3A, C-D).  
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Figure 3. Increased HMW annexin A1 expression in peripheral neutrophils samples of COPD patients. (A) Protein samples 

of COPD and control subjects were analyzed by Western blot analysis with anti-annexin A1 and anti-actin as loading control. 

Relative expression of annexin A1 (B), annexin A1 HMW 1 (C) and annexin A1 HMW 2 (D) corrected for actin are shown. An 

unpaired t test was used to perform statistical analysis (* = P<0.05, *** = P<0.001). 

 

Annexin A1 HMW complexes appear upon cell culturing of control neutrophils in 

vitro. 

Annexin A1 protein expression has been described to be regulated by steroids in vivo.27,28 

However, whether HMW annexin A1 is also modulated by steroids is not known. Because 

most of the COPD patients (15/17) used glucocorticosteroids daily, we evaluated whether 

steroids directly regulated HMW annexin A1 in human neutrophils. We incubated isolated 

neutrophils from healthy age-matched control subjects and COPD patients in presence or 

absence of dexamethasone for 3 hours in RPMI medium supplemented with 0.5% human 

serum albumin (Figure 4). Incubation of neutrophils from age-matched healthy controls for 

3 hours in the absence of dexamethasone increased HMW annexin A1 compared to directly 

isolated cells (Figure 4A, E). No statistical difference was found for HMW annexin A1 

expression between control and COPD patients after 3h of culture (Figure 4A, B), whereas 

on freshly isolated neutrophils a significant difference in HMW annexin A1 was observed 

(Figure 3C).  
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Dexamethasone incubation for 3h did not further increase expression of HMW annexin A1 

in neutrophils from healthy age-matched controls as well as from COPD patients (Figure 

4C,D and G). Therefore, 3h incubation in vitro seemed to be sufficient to increase HMW 

annexin A1 expression in control neutrophils, which was already observed in COPD 

neutrophils at 0h (Figure 3C). 

 

 
Figure 4. HMW annexin A1 expression in peripheral neutrophils samples following in vitro stimulation in the absence or 

presence of dexamethasone. Neutrophils were in vitro stimulated with or without dexamethasone for 3 h. Protein samples of 

COPD and control subjects were analyzed by Western blot analysis with anti-annexin A1 and anti-actin as loading control (A, C) 

and relative expression of annexin A1 HMW 1 expression corrected for actin was depicted. (B, D). Relative annexin A1 HMW 1 

expression at 0 and 3 hours of control and COPD patient neutrophil protein lysates was quantified (E, F). Relative annexin A1 

HMW 1 expression with and without 3h dexamethasone of control and COPD patient neutrophil protein lysates were quantified 

(G). An unpaired t test was used to perform statistical analysis (* = P<0.05, *** = P<0.001). 
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Figure 5. Peripheral blood neutrophil apoptosis of COPD patients and control subjects.  

Neutrophils were isolated from whole blood and incubated in RPMI Hepes-buffered medium supplemented with 0.5% HSA at 

37°C. Viability of the neutrophils was measured after 5 hours (A) and 15 hours (B) in vitro culture by staining with annexin V-

PE/7-AAD by flow cytometry. Mean values are depicted ± SEM. An unpaired t test was used to perform statistical analysis (NS = 

not significant). 

 

Apoptosis of peripheral blood neutrophils. 

Annexin A1 has been described to be involved in neutrophil apoptosis (reviewed in 25). 

Therefore, we assessed whether neutrophil apoptosis was different between COPD and 

control neutrophils. Neutrophils were isolated from peripheral blood and incubated 5 and 

15 hours in vitro in RPMI medium supplemented with 0.5% human serum albumin. 

Apoptosis of neutrophils was determided using annexin V-PE/7-AAD staining followed by 

analysis by flow cytometry. The number of neutrophils double negative for both stains was 

expressed as percentage survival. At 5 hours incubation 88% +/- 3% (control, n=6) and 

85% +/- 2% (COPD. n=11) were negative for annexin V-PE/7-AAD (Figure 5A), which 

decreased to 27% +/- 3% (control, n=7) and 24% +/- 2% (COPD, n=6) after 15 hours 

(Figure 5B). No significant difference between control and COPD neutrophils was 

observed. Therefore, we conclude that the rate of apoptosis of peripheral neutrophils was 

not affected and did not correlate with the observed difference in annexin A1 HMW 

expression. 
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Discussion 

The current gold standard in COPD characterization is the GOLD classification, which is 

based on lung function.9 However, a decrease in lung function does not necessarily 

correlate with local or systemic inflammation. We set out experiments to identify 

differences in peripheral neutrophils as read-out for systemic inflammation in COPD. These 

cells are known to change their phenotype in COPD patients compared to healthy controls 

as result of inflammatory mediators. This has been shown at the mRNA level as well as by 

changes in membrane markers.8,29  

Only a few reports have been published regarding neutrophil proteomes.30-32 We show for 

the first time the application of 2D-DIGE on peripheral neutrophils of COPD patients. We 

identified 25 proteins to be differentially expressed between neutrophils of COPD patients 

and control samples. Among the proteins identified by mass spectrometry, annexin A1 was 

increased in protein samples of patients with COPD. Annexin A1 (also named lipocortin 1) 

is a member of the superfamily of annexin proteins that binds acidic phospholipids with 

high affinity in the presence of Ca2+. Historically, annexin A1 was identified as a 

glucocorticoid-induced protein.27 We identified annexin A1 to be increased in 2D-DIGE 

samples of COPD patients (Figure 2). However, no statistical difference in annexin A1 was 

observed by Western blot analysis obtained from samples that were prepared in parallel to 

the 2D-DIGE samples. Annexin A1 is abundantly present in human neutrophils,33,34 

whereas the protein spot we picked from the 2D-gel was only a minor protein spot in the 

2D-gel (Figure 2, spot 17). Also, in previous experiments we have identified annexin A1 in 

multiple protein spots (data not shown; see also general discussion). It is likely that the 

protein spot identified by 2D-DIGE is a minor modified form of annexin A1 with an equal 

molecular mass and different isoelectric point (pI). Therefore, this was likely missed by 

western blot analysis because in 1D-SDS-PAGE changes in pI will not be detected. 

Theoretically, multiple protein spots for annexin A1 likely exist, because several 

phosphorylation sites for annexin A1 have been identified which can influence the pI of the 

protein.35,36 Although 37 kDa annexin A1 was not statistically different between control and 

COPD neutrophils by Western blot analysis we did observe high molecular weight bands in 

COPD samples (designated HMW annexin A1) (Figure 3). These HMW annexin A1 

complexes were solely present in COPD samples and not in healthy control samples. We 

did not detect HMW annexin A1 in our 2D-DIGE analyses, which is very likely due to our 
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methods to make protein samples of neutrophils. Neutrophils for 2D-gel analysis were 

washed in isotonic sucrose buffer supplemented with 1 mM EDTA, which disrupts annexin 

A1 binding. Neutrophils for Western blot analysis were washed in PBS, which would allow 

Ca2+-dependent interactions to be maintained. 

High molecular weight annexin A1 complexes were identified as cross-linked annexin 

A1.37,38 These HMW annexin A1 complexes are able to bind to phosphatidylserine on the 

cell membrane where they functions as an “eat-me” signal, promoting apoptotic cell 

engulfment by macrophages.39 Therefore, annexin A1 is seen as an important player in the 

resolution of neutrophil inflammation.23 An increased HMW annexin A1 complex 

expression on the surface of peripheral neutrophils could be a marker for early apoptotic 

neutrophils. However, we did not observe a difference in apoptosis of neutrophils after 5 

and 15 hours in vitro culture with annexin V-PE/7-AAD staining, which was also described 

by others.40,41  

It is tempting to speculate that the expression of HMW annexin A1 on peripheral 

neutrophils of COPD patients facilitates clearance by macrophages before neutrophils 

become relatively late apoptotic as detected by annexin V staining. Our results showed that 

HMW annexin A1 preceded annexin V expression because expression of HMW annexin 

A1 was increased on control neutrophils after 3 hours in vitro culture (Figure 4E) whereas 

almost 90% of the neutrophils were annexin V negative at 5h in vitro culture (Figure 5A). 

The increased HMW annexin A1 on freshly isolated neutrophils of COPD patients might 

represent pre-apoptotic aging of neutrophils in the peripheral blood. 

Most of our COPD patients use daily inhaled glucocorticosteroids, and glucocorticosteroids 

are known to induce annexin A1 in vivo.27,28 Therefore, glucocorticosteroids might affect 

the expression of HMW annexin A1 in neutrophils in vitro as well. Stimulation of control 

and COPD neutrophils with dexamethasone in vitro did not induce HMW annexin A1 nor 

the 37 kDa annexin A1 (Figure 4). This is in concordance with old literature in which this 

protein has been described to be regulated by steroids in vivo but not in vitro on isolated 

cells.27,28 The exact mechanism by which steroids induce upregulation of annexin A1 in 

vivo is not known. The annexin A1 gene has no functional glucocorticoid-response 

elements.42,43 Indirect mechanisms such as IL-6 secretion upon steroid stimulation have 

been proposed to induce annexin A1 synthesis by neutrophils in vivo. Indeed, IL-6 has been 

shown to induce annexin A1 gene expression of A549 epithelial cells in vitro.42,43 
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In conclusion, we identified 25 differential regulated proteins between COPD and control 

neutrophils by 2D-DIGE. Among the proteins identified by mass spectrometry, annexin A1 

was tested by Western blot analysis. Although expression of annexin A1 was not different 

between COPD and control neutrophils by Western blot analysis, we did observe a marked 

increase in HMW annexin A1. Whether HMW annexin A1 can be used as a biomarker for 

systemic inflammation in COPD has to be tested in larger cohort studies. Furthermore, 

future studies should focus on the biological role of HMW annexin A1 on neutrophils and 

its relation to neutrophil apoptosis and clearence by phagocytic cells. 
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Abstract 

Proteomics on tissues and cells attract increasing attention by the scientific community in 

search for novel disease markers. In the past 10 years the use of cyanine dye protein 

labeling has increased because combination with 2D-gel electrophoresis and high 

sensitivity imaging has enabled sample multiplexing and identification of small protein 

differences. The sensitivity makes this technique an ideal tool for analysis of sparse 

materials such as leukocyte subpopulations although a dye swap, which is recommended, 

doubles the material needed.  

As this technique is evolving, the body of evidence that not all proteins are labeled equally 

by the different dyes increases. We report exclusive labeling of 15 human neutrophil 

proteins with Cy5, but not with Cy2 and Cy3. Because the post-stain Flamingo did not 

identify these proteins we conclude that the Cy5 label affects the migration behavior of 

these specific proteins in this technique, which was not described before. Our data confirm 

that a dye swap, especially for neutrophil protein samples, is highly recommended. 
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Introduction 
Fluorescence two-dimensional (2D) difference gel electrophoresis (DIGE) using cyanine 

dye (CyDye) protein labeling is frequently used because it has major advantages compared 

to the conventional 2D-gel electrophoresis.1 The DIGE technology is based on differential 

protein labeling with CyDye fluorophores Cy2, Cy3 and Cy5, which allows sample 

multiplexing. Samples are compared directly in the same gel and to a common reference 

sample, typically a pool of all samples that is labeled with Cy2.2 The standard abundance of 

a spot is defined as the ratio between the volume of the sample spot and the volume of the 

corresponding spot in the reference sample. Although the different CyDyes should not 

posses dye specific effects, a dye-swap within experimental groups is recommended. Still, 

there might be experimental conditions in which little cells are available such as isolations 

from primary tissue or subsets of sparse primary cell subsets. Therefore, it is important to 

know whether an experiment without a dye swap is reliable. 

Many studies have examined the statistical aspects of DIGE experiments and assumed that 

there were no protein-specific dye effects.3-5 However, accumulating data arises which do 

show protein-specific dye effects. Krogh et al. showed that certain proteins have much 

higher intensities in the Cy3 channel than in the Cy5 channel, whereas other proteins 

behave in the opposite fashion.6 This was found by quantitative analysis of dye effects in 

three large-scale DIGE experiments, with a total of 261 gels, demonstrating the existence of 

dye effects. Most of the identified proteins with dye-specific effects showed small fold-

changes and an algorithm – a linear mixed model – that finds differentially expressed spots 

between two or more biological groups from a DIGE experiment was proposed.  

We present specific dye-effects in protein samples from human neutrophils where proteins 

were exclusively labeled with Cy5. These proteins were not detected with Cy2, Cy3 or 

fluorescent post-stain Flamingo. Our results suggest that the Cy5 label affects the migration 

behavior of a panel of 15 proteins and that a dye-swaps in neutrophil 2D-DIGE experiments 

is recommended. 
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Material and Methods 
Reagents. Ficoll-Paque was obtained from GE Healthcare (Uppsala, Sweden). Human 

serum albumin (HSA) was from Sanquin (Amsterdam, the Netherlands). Flamingo 

fluorescent stain was from Bio-Rad (Hercules, CA). All other materials were reagent grade.  

 

Granulocyte isolation and stimulation. Granulocytes were isolated from 100 ml of whole 

blood from healthy donors anticoagulated with trisodium citrate (0.4% w/v, pH 7.4). Blood 

was diluted 2.5:1 with PBS containing trisodium citrate (0.4% w/v, pH 7.4) and human 

pasteurized plasma-protein solution (4 g/L). Mononuclear cells and granulocytes were 

separated by centrifugation using Ficoll-Paque. Erythrocytes were lysed in isotonic ice-cold 

NH4Cl solution followed by centrifugation at 4°C. After isolation, granulocytes were 

washed in PBS containing trisodium citrate (0.4% w/v, pH 7.4) and human pasteurized 

plasma-protein solution (4 g/L) and resuspended in HEPES buffered RPMI 1640 

supplemented with 0.5% (w/v) HSA. Purity of neutrophils was >95% with eosinophils as 

major contaminant. 

 

Protein extracts preparation. Neutrophils (1.107) were washed twice (0.34 M sucrose, 1 

mM EDTA, 10 mM Tris) and lysed in lysis buffer (10 mM Tris pH 7.4, 10% glycerol, 1% 

NP40, 50 mM NaF, 20 mM tetra-Na pyrophosphate, 1 mM DTT, 2 mM vanadate, 1 mM 

PMSF and 1x Complete EDTA-free protease inhibitor cocktail tablet (Roche)). Proteins 

were precipitated with 80% acetone and dissolved in labeling buffer (8 M Urea, 2 M 

Thiourea, 4% CHAPS, 10 mM Tris pH 8.5). 

 

CyDye labeling. Protein extracts were labeled using the fluorescent cyanine dyes 

developed for 2D-DIGE technology (GE Healthcare, Uppsala, Sweden) following 

manufacturer’s protocol. Protein extracts (30 µg) were labeled with 300 pmol of fluorescent 

dye (Cy2, Cy3, or Cy5). Protein samples were randomly labeled with Cy3 or Cy5. Internal 

standard, created by pooling 15 µg of each protein sample, was labeled with Cy2. Labeling 

was stopped by adding lysine and equal volume of 2x IEF buffer (8 M Urea, 2 M Thiourea, 

4% CHAPS, 300 mM DTT, 1.0% IPG buffer 3-10NL, 0.004% Broomphenolblue) to each 

sample. For spot picking with the DIGE compatible Ettan spot picker (GE Healthcare, 



Chapter 5 
 

 117 

Uppsala, Sweden), 500 µg neutrophil sample was labeled with Cy3 and 500 µg neutrophil 

sample was labeled with Cy5. 

 

2D gel electrophoresis and analysis. 2D gel electrophoresis and analysis was performed 

as described before7 with some minor modifications. Spot detection was performed with 

DeCyder 7.0 DIA (Difference In-gel Analysis) software (GE Healthcare, Uppsala, Sweden) 

and gel images were matched using DeCyder 7.0 BVA (Biological Variation Analysis) 

software (GE Healthcare, Uppsala, Sweden). Statistical analysis was performed using 

paired Student t tests with false discovery rate correction using DeCyder 7.0 BVA. p < 0.05 

was considered statistically significant. 

 

Flamingo post-stain labeling. A 2D-gel was fixed with 10% methanol and 10% acetic 

acid for 2 hours with gentle shaking. The gel was washed twice with distilled water and 

stained overnight with Flamingo following manufacturer’s protocol. Before scanning, the 

gel was washed twice with distilled water and scanned using a Typhoon 9410 imager at 100 

µm resolution (GE Healthcare, Uppsala, Sweden). Gel images were cropped using 

ImageQuantTL 2003 (GE Healthcare, Uppsala, Sweden).  

 

Spot-picking and enzymatic in-gel digestion. We matched the preparative DIGE gel in 

the analysed DIGE images and generated a picklist in the BVA analysis software. Protein 

spots were picked using the automated Ettan spot picker following according to 

manufacturer’s protocol. Enzymatic in-gel digestion was performed as described before.7 

 

Mass spectrometry analysis. Nano LC-MS/MS analysis of the digested proteins were 

performed using a CapLC capillary LC system (Waters Corporation, Milford, USA) 

coupled to a hybrid quadrupole orthogonal acceleration time-of-flight tandem mass 

spectrometer (Q-TOF Ultima, Waters Corporation, Altrincham, UK) as extensively 

described before.7 
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Results 
Neutrophil 2D-DIGE show preferential Cy5 labeled proteins.  

A general observation for many different cell lines and primary cell comparisons using the 

differential in gel analysis (DIA) software is a Gaussian distribution between Cy3 and Cy5 

labeled proteins (data not shown, and7). For neutrophils we observed high abundant Cy5 

labeled proteins as indicated by the red dots in the DIA analysis (Figure 1), which were not 

labeled with Cy3. Therefore, we analyzed the overall expression of Cy3 to Cy5 in 8 gels 

with the biological variation analysis (BVA) software. The expression of 8 protein spots 

were more than 2-fold higher for Cy5 labeling compared to the Cy3 labeling, whereas no 

proteins were labeled stronger with Cy3 (Table 1). When the analysis was performed with 

1.2-fold cut-off, 15 proteins were labeled stronger with Cy5 and 2 were labeled stronger 

with Cy3. All highly labeled Cy5 protein (> 2.0-fold) spots showed a p value <0.01 (Table 

1 and Table 2). The strong Cy3 labeled proteins (Blue spot boundaries) actually showed a 

difference in protein intensity and were visible in all other channels (Figure 2). In contrast, 

the Cy5 labeled proteins (Red spot boundaries) were exclusively labeled with Cy5 since a 

signal in the other channels was completely lacking. An overlay of the Cy3 and Cy5 image 

clearly demonstrate the preferentially labeled Cy5 proteins (Figure 2). 
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Figure 1. Preferentially Cy5 labeled proteins in neutrophil 2D-DIGE. Neutrophil protein samples were labeled with Cy3 or 

Cy5. Proteins were focused on 24cm pH 3-10NL IEF strips and separated by 10% SDS-PAGE. (A) and (B) show Cy3 and Cy5 

views in the differential in-gel analysis (DIA) software, respectively. (C) shows the graph view in DIA. 

 

 
Figure 2. 2D-DIGE analysis of human neutrophils show preferentially Cy5 labeled proteins. Neutrophil protein samples were 

labeled with Cy2, Cy3 or Cy5. Proteins were focused on 24cm pH 3-10NL IEF strips and separated by 10% SDS-PAGE. 

Neutrophils lysate labeled with Cy3 (A) and Cy5 (B) were compared. (C) An overlay of Cy3- and Cy5-labeled proteins was made 

in ImageQuant TL (GE Healthcare). Blue spot boundaries represent the Cy3 increased protein spots and red spot boundaries 

represent Cy5 increased protein spots. 
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Preferential labeled neutrophil proteins were exclusively present in Cy5.  

We have attempted to identify the preferentially Cy5 labeled proteins by mass spectrometry 

but we failed to identify enough peptides for protein identification (data not shown). 

Because of the low success rate of protein identification and the observation that the 

preferentially Cy5 labeled protein spots were not observed in the Cy2 and Cy3 channel 

(Figure 3) we hypothesized that the migration of these specific proteins were affected by 

the Cy5 labeling. Therefore, we analyzed the preferentially labeled Cy5 protein spots in an 

independent preparative Flamingo stained gel. Indeed, the preferentially labeled Cy5 spots 

were not visible in the Flamingo stained gel (Figure 3). 

Therefore, the most likely explanation is 

that the Cy5 label itself alters the migration 

characteristics of certain proteins. This 

would indeed result in a bright Cy5 protein 

signal without detectable Cy2, Cy3 or 

Flamingo staining indicating that the spot 

consists of Cy5 labeled proteins only.  
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Figure 3. DeCyder analysis of exclusively Cy5 labeled proteins. Neutrophil spot maps were analyzed with DeCyder 7.0 (GE 

Healthcare). 2D and 3D images show the exclusive Cy5 labeled neutrophil spots, which were not detected with Cy2, Cy3 or 

Flamingo. Lower panels show the quantitative comparison between spot intensities of Cy3 and Cy5 channels. 
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Discussion  

2D-DIGE enables sample multiplexing that reduces gel numbers and increases 

reproducibility and sensitivity.1 We analyzed protein expression in peripheral human 

neutrophils and observed Cy5 labeled proteins that were not present in gels that were 

scanned after staining with Cy3, Cy2 or Flamingo. This was irrespective of neutrophil 

stimulation because unstimulated, TNF!-stimulated and GM-CSF-stimulated neutrophils 

showed the same differences. Several studies have described Cy2, Cy3 and Cy5 preferential 

labeling in different cellular settings. Corzett et al analyzed expression of serum samples.8 

In this analysis, 3 dye-to-dye specific changes were observed, although these were not 

described in detail. Tonge et al identified one preferentially Cy2 labeled protein in mouse 

liver protein lysates.9 Unfortunately this protein was not identified and the reason for the 

specific Cy2 labeling remained undetermined. Karp et al showed differences between Cy3 

and Cy5 labeled proteins in the lysates of the plant pathogen Erwinia carotovora10 and Cy5 

specific labeled proteins were also found in a breast tumor study.6 

Preferential labeling of proteins has not been described for neutrophil lysates so far. Two 

published papers described the use of 2D-DIGE for neutrophil samples. In the first paper 

neutrophils were stimulated with sCK"8-1 and W-peptide, both ligands for the formyl 

peptide receptor like-1 (FPRL-1), and protein expression was analyzed with 2D-DIGE.11 A 

dye-swap was performed but no preferentially labeled proteins were described. The second 

paper described the effects of CD69 crosslinking on the protein expression of GM-CSF 

primed human neutrophils.12 It was not clear whether the authors used a dye-swap, 

however, preferentially labeled proteins were not reported. Because neutrophils are more 

frequently used in proteomics,13 the knowledge that exclusively labeled Cy5 proteins in 

human neutrophils are present is important.  

We observed exclusive Cy5 labeled proteins in neutrophil lysates, an observation also made 

for other cells.6,10 We used a DIGE minimal labeling that has the characteristics of labeling 

only 2% of each proteins with a dye, rendering >98% unlabeled proteins.1 In contrast, the 

post-stain Flamingo incorporates into denatured proteins and thereby stains 100% of the 

proteins in a gel. The observation that specific Cy5 labeled proteins were not detected in a 

Flamingo stained gel (Figure 3) indicated that the unlabeled protein spots are initially not 

present on that position in the gel but, likely, represent a modified form of specific 

neutrophil protein due to the Cy5 labeling. This would indeed result in a bright Cy5 protein 
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signal without detectable Cy2, Cy3 or Flamingo signal indicating that the spot consists of 

Cy5 labeled proteins only. The identification of such proteins by mass spectrometry would 

be nearly impossible because the protein content of an exclusively Cy5 modified protein 

spot is approximately 50x lower compared to a normal protein spot in which generally 

around 2% is labeled and 98% is unlabeled. Another complication is that if a Cy5 labeled 

proteins would be sequenced by mass spectrometry, Cy5 bearing peptides would be 

different in size than unlabeled peptides, which will hamper database searches. 

This paper describes for the first time dye specific effects of Cy5 labeling in human 

neutrophil lysates. Especially, when only small numbers of cells are available due to 

primary cell isolation out of tissue or low amounts of leukocyte subpopulations, it is 

important to know whether DIGE can be used without dye swap. For neutrophils we 

present the presence of specific Cy5 labeled proteins that can complicate the correct 

interpretation of proteomic analysis of neutrophils. 
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Abstract 
Chronic obstructive pulmonary disease (COPD) is characterized by neutrophilic 

inflammation in the airways and these cells contribute to the production of inflammatory 

mediators. Dampening the production of pro-inflammatory mediators might be an 

important strategy to treat COPD and glucocorticosteroids are known to do so via inhibition 

of NF-!B. However, this pathway is important for the control of pro- and anti-

inflammatory genes. Therefore, we studied the effects of dexamethasone on production and 

secretion of pro-inflammatory IL-1" and anti-inflammatory sIL-1Ra by human neutrophils 

activated with TNF#.  

In vitro, TNF#-stimulated neutrophils produced significant amounts of IL-1" and sIL-1Ra, 

which was inhibited by dexamethasone. However, synthesis and secretion of sIL-1Ra was 

inhibited at lower concentrations dexamethasone compared to IL-1" which changed the IL-

1": sIL-1Ra ratio significantly. This changed ratio resulted in a more pro-inflammatory 

condition as visualized by increased ICAM-1 expression on human endothelial cells. In 

vivo, moderate–to-severe COPD patients using inhaled glucocorticosteroids have decreased 

plasma sIL-Ra levels compared to mild-to-moderate patients that were not on 

glucocorticosteroid treatment. 

In conclusion, dexamethasone induces a pro-inflammatory shift in the IL-1!:sIL-1Ra 

cytokine balance in neutrophils in vitro. Lack of endogenous anti-inflammatory signals to 

dampen inflammation in COPD might contribute to the severity of disease.  
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Introduction 
The incidence of chronic obstructive pulmonary disease (COPD) is increasing and is 

estimated to be the third cause of death in the world in 2020.1 COPD is an inflammatory 

disease of the lungs and treatment of stable COPD patients with conventional anti-

inflammatory treatment such as inhaled glucocorticosteroids (GCS) is poorly effective.2 

The chronic inflammatory response found in the lungs is characterized predominantly by an 

accumulation of neutrophils but also macrophages, B-cells and CD8+ T-cells.3 

Furthermore, enhanced neutrophil numbers are found in bronchial alveolar lavage (BAL) 

fluid, induced sputum4 and bronchial biopsy specimens.5 These neutrophils synthesize 

cytokines, chemokines and other inflammatory mediators that are known to contribute to 

the inflammation in the lungs and beyond.6-8 Limited data on the effects of inhaled GCS on 

these extrapulmonary effects of COPD are present in literature.9,10 

Glucocorticosteroids elicit their function through binding to the glucocorticoid receptor 

(GR). Two main variants of GR, GR! and GR", are expressed in various inflammatory 

cells and tissues including neutrophils.11 GR! is a ligand-dependent transcription factor, 

which binds glucocorticoid response elements (GRE) on the DNA and subsequently 

regulates GR target genes.12 GR! is also described to interact with other transcription factor 

such as activator protein-1 (AP-1)13 and nuclear factor-#B (NF-#B)14,15 and, thereby, 

modulates gene transcription. In contrast, GR" does not activate GR-responsive genes16 but 

is described to inhibit the repressive capacity of GR! in a dose-dependent manner via 

mechanisms that are yet unclear. It may involve competition for GRE, co-factors or the 

formation of GR!/GR" transcriptionally inactive heterodimers.17  

Inhibition of transcription factors AP-1 and NF-#B by GCS has been identified to be a 

major mechanism to inhibit pro-inflammatory cytokine production by immune cells.18 

However, despite the strong capacity of GCS to inhibit inflammation, inhibition of 

neutrophil driven inflammation seems to be less effective.19 An increased number of reports 

describe that GCS elicit pro-inflammatory effects on granulocytes such as increased IL-1RI 

expression on human neutrophils,20 prolonged neutrophil survival in vitro,21,22 leukocytosis 

in vivo,23 p38 activation in neutrophils and eosinophils24,25 increased IgA binding for 

eosinophils25 and increased secretion of lysosomal enzymes by neutrophils.26 Because not 

only pro-inflammatory but also anti-inflammatory mediators are controlled by the 
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transcription factor NF-!B, GCS are expected to affect the expression of anti-inflammatory 

response as well, which is often not assessed. 

In this paper, we report an immune-modulatory role for the glucocorticosteroid 

dexamethasone on the secretion of IL-1" and sIL-1Ra by neutrophils. Activation of 

neutrophils with TNF# induced significant IL-1" and sIL-1Ra protein synthesis and 

secretion by neutrophils in vitro. As expected, dexamethasone dampened the production 

and secretion of pro-inflammatory IL-1" by neutrophils, however, secretion of sIL-1Ra was 

inhibited more efficiently than IL-1". This difference resulted in a decreased IL-1": sIL-

1Ra ratio, which allowed an increase of ICAM-1 expression on human umbilical vein 

endothelial cells (HUVECs) in vitro. Interestingly, the most severe COPD patients that 

were treated with inhaled GCS showed a decreased plasma IL-1Ra level compared to non-

treated COPD patients and healthy controls, which might indicate that either disease 

severity or inhaled GCS downregulate anti-inflammatory cytokine production in vivo. 



Chapter 6 
 

 131 

Materials and methods 
Patients and healthy control subjects.  

We included 32 patients with a diagnosis of COPD according to the Global Initiative for 

Chronic Obstructive Lung Disease (GOLD)27 (see for demographics and inhaled 

glucocorticosteroid use table I and II, respectively). All patients had stable COPD without 

an exacerbation in the last four weeks before entering the study. Patients with other 

inflammatory conditions, heart failure and treatment with oral glucocorticosteroids were 

excluded. Healthy age-matched subjects and asymptomatic smokers without COPD 

symptoms were included. The medical ethics committee of the University Medical Center 

Utrecht (Utrecht, The Netherlands) approved the study, and all patients provided written 

informed consent. 

 

Reagents. 

Ficoll-Paque was obtained from GE Healthcare (Uppsala, Sweden). Human serum albumin 

(HSA) was from Sanquin (Amsterdam, the Netherlands). Dexamethasone and RU38486 

(Mifepristone) were obtained from Sigma-Aldrich (St. Louis, MO) and diluted in ethanol. 

Recombinant human TNF! was purchased from Roche (Indianapolis, IN). Recombinant 

IL-1", recombinant sIL-1Ra, anti-IL-1" and anti-IL-1Ra were from R&D systems 

(Abingdon, United Kingdom). Anti-actin (I-19) was from Santa Cruz (Santa Cruz, CA). 

HRP-coupled second antibodies were from DAKO (Denmark). Anti-ICAM-1 PE 

conjugated (clone MEM-111) was from Caltag (Burlingame, CA). HEPES-buffered RPMI 

1640 was purchased from Invitrogen (Carlsbad, CA). All other materials were reagent 

grade.  

 

Granulocyte isolation. 

Granulocytes were isolated from 100 mL whole blood from healthy donors anticoagulated 

with trisodium citrate (0.4% w/v, pH 7.4) exactly as described. In short, blood was diluted 

2.5:1 with PBS containing trisodium citrate (0.4% w/v, pH 7.4) and human pasteurized 

plasma-protein solution (4 g/L). Granulocytes were separated by centrifugation using 

Ficoll-Paque. Erythrocytes were lysed in isotonic ice-cold NH4Cl solution followed by 

centrifugation at 4°C. After isolation, granulocytes were washed in PBS containing 
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trisodium citrate (0.4% w/v, pH 7.4) and human pasteurized plasma-protein solution (4 g/L) 

and taken up in HEPES-buffered RPMI 1640 supplemented with 0.5% (w/v) HSA. Purity 

of neutrophils was >95% with eosinophils as major contaminant but less than 1% 

monocytes. 

 

Western blot analysis. 

Neutrophils (5x106 per sample) in HEPES buffered RPMI 1640 supplemented with 0.5% 

(w/v) HSA were allowed to recover for 30 min at 37°C. Subsequently, cells were 

stimulated with TNF! (100 U/mL), dexamethasone (10-6 M, 10-8 M, 10-10 M, 10-12 M) or 

combinations for 3 h at 37°C, washed once with PBS at 4°C, lysed in sample buffer (60 

mM Tris-HCL (pH 6.8), 2% SDS, 10% glycerol, 2% "-mercaptoethanol) and boiled for 5 

min. Protein samples were separated on 12% SDS-polyacrylamide gels and transferred to 

Immobilon-P (Millipore). The membranes were blocked in hybridization buffer (10 mM 

Tris-HCl (pH 8.0), 150 mM NaCl, 0.1% Tween 20) containing 5% (w/v) milk powder 

(ELK, Campina, the Netherlands) for 1 h followed by incubation with first specific 

antibody in hybridization buffer with 0.5% (w/v) milk powder overnight at 4°C. The 

membranes were washed three times 5 min in hybridization buffer, incubated for 2 h with 

the second antibody followed by three 5 min washings in hybridization buffer and a last 

wash step in PBS. Detection of all Western blots was performed by ECL plus (GE 

Healthcare) and detected using a Typhoon 9410 (GE Healthcare). Spot density analysis was 

performed with Imagequant TL (GE Healthcare).  

 

sIL-1Ra and IL-1! ELISAs. 

For plasma samples, sIL-1Ra (RayBio, Norcross, GA) and a high sensitivity IL-1! ELISA 

were performed following the manufacturers protocol (R&D systems, Abingdon, United 

Kingdom). For medium samples, sIL-1Ra (RayBio, Norcross, GA) and IL-1! (R&D 

systems, Abingdon, United Kingdom) ELISAs were performed following the 

manufacturers protocol.  
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HUVEC culture and stimulation. 

HUVECs were isolated from human umbilical cord veins as previously described.28 The 

cells were cultured in endothelial cell growth medium-2 (Lonza, Walkersville, MD). Cell 

monolayers were grown to confluence in 5–7 days. HUVECs of the second or third passage 

were activated with IL-1! in combination with IL-1Ra for 3 h, stained with anti-ICAM PE-

conjugated for 30 min, washed twice and analyzed in a FACSCalibur flow cytometer 

(Becton-Dickinson).!
 

Statistical analysis. 

The results are expressed as standard error of the mean. Normal data without significant 

heterogeneous variances were analyzed using one-way ANOVA followed by Tukey test as 

method of post hoc analysis or Student t test (statistical software package SPSS version 

15.0 or Graphpad Prism 4). p < 0.05 was considered statistically significant. 
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Results 
TNF! induces synthesis of pro-IL-1" and sIL-1Ra in neutrophils in a dose and time 

dependent manner. 

Various pro-inflammatory mediators are linked to the severity of COPD, but little is known 

regarding the anti-inflammatory cytokines in this process. The ratio between pro- and anti- 

inflammatory mediators will ultimately determine the effect of the inflammatory response. 

Because neutrophils play an important role in the pathogenesis of COPD we investigated 

whether neutrophils synthesize de novo IL-1! and IL-1Ra upon stimulation with pro-

inflammatory mediator TNF". First, we investigated dose and time dependency of TNF"-

induced pro-IL-1! and sIL-1Ra protein synthesis by human neutrophils. TNF" induced 

intracellular pro-IL-1! (31 kDa) and sIL-1Ra (23 kDa) in a dose dependent manner (Figure 

1A and B, respectively). No intracellular or cell-associated cleaved IL-1! (17 kDa) was 

detected by Western blotting after stimulation of neutrophils (data not shown). TNF"-

stimulated neutrophils synthesized pro-IL-1! and sIL-1Ra already after 1 h, which 

increased to a maximum at 3 h – 4 h and declined at 5 h.  Neutrophils activated with vehicle 

control did not synthesize pro-IL-1! or sIL-1Ra (Figure 1C-F). Based on these results, 100 

U/mL TNF" for 3 h was used in further experiments. 

 

Dexamethasone inhibits TNF!-induced IL-1" and IL-1Ra protein production in 

neutrophils. 

Anti-inflammatory therapy based on GCS is aimed to reduce the synthesis of pro-

inflammatory mediators by inflammatory cells. In order to evaluate the effect of the GCS 

dexamethasone on TNF"-induced synthesis of IL-1! and IL-1Ra we stimulated neutrophils 

with TNF" (100 U/mL) alone and TNF" in combination with different concentrations of 

dexamethasone (10-6 M, 10-8 M, 10-10 M and 10-12 M). Neutrophil stimulation with TNF" 

induced synthesis of pro-IL-1! and sIL-1Ra at the protein level (Figure 2A and B). 

Dexamethasone inhibited the TNF"-induced pro-IL-1! as well as sIL-1Ra protein synthesis 

in a dose-dependent manner, whereas dexamethasone alone showed no significant 

inhibitory effect on pro-IL-1! and sIL-1Ra (Figure 2A and B).  
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Figure 1. TNF! induces pro-IL-1" and IL-1Ra protein synthesis in a time and dose dependent manner. Neutrophils 

(5x106/mL) were stimulated with indicated concentrations of TNF!  for 3 h at 37°C (A-B) or for indicated time with 100 U/mL 

TNF!  at 37°C (C-F). Neutrophils were lysed in sample buffer and protein samples were analyzed by Western blotting with anti-

IL-1" (A, C, E), anti-IL-1Ra (B, D, F) or anti-actin as loading control. Mean values are represented ± SEM (n=6). One-way 

ANOVA followed by Tukey test as method of post hoc analysis was used to perform statistical analysis (NS = not significant, * = 

P<0.05, ** = P<0.01, *** = P<0.001). 
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Figure 2. Dexamethasone inhibits TNF!-induced IL-1" and IL-1Ra protein synthesis in neutrophils. Neutrophils (5x106/mL) 

were pre-incubated with indicated amounts dexamethasone or RU38486 for 15 min and stimulated with vehicle control or 

TNF!  (100 U/mL) for 3 h at 37°C. Neutrophils were lysed in sample buffer and protein samples were analyzed by Western 

blotting with, anti-IL-1" (A, C) anti-IL-1Ra (B, D) or anti-actin as loading controls. The experiment shown is representative for at 

least three experiments. Mean values are represented ± SEM (n=6). One-way ANOVA followed by Tukey test as method of post 

hoc analysis was used to perform statistical analysis (NS = not significant, * = P<0.05, ** = P<0.01, *** = P<0.001). 

 

Remarkably, dexamethasone (10-6M) decreased TNF!-induced sIL-1Ra production with 

82% however it decreased the TNF!-induced IL-1" production by only 52%. Inhibition of 

TNF!-induced pro-IL-1" and sIL-1Ra by dexamethasone was mediated through the GR 

because addition of an excess RU38486, a competitive GR antagonist,29 antagonized the 

inhibition of dexamethasone significantly whereas it had no effect on the TNF!-induced 

pro-IL-1" and sIL-1Ra in the absence of dexamethasone (Figure 2C and D).  
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Thus, dexamethasone-induced GR signaling had a more potent inhibitory effect on TNF!-

induced sIL-1Ra than IL-1" production implying a pro-inflammatory balance under these 

conditions as a result. Thus, dexamethasone-induced GR signaling had a more potent 

inhibitory effect on TNF!-induced sIL-1Ra than IL-1" production implying a pro-

inflammatory balance under these conditions as a result. 

 

Dexamethasone inhibits TNF!-induced secretion of sIL-1Ra and IL-1" from 

neutrophils. 

As both sIL-1Ra and IL-1! are active in the extracellular environment, intracellular 

production does not necessarily reflect secretion of the cytokines by neutrophils. Therefore, 

we investigated secretion of both sIL-1Ra and IL-1! from neutrophils into the medium after 

TNF" stimulation in the presence or absence of dexamethasone. In order to quantify 

secreted sIL-1Ra and IL-1!, we performed Enzyme-Linked Immuno Sorbent Assays 

(ELISAs). Stimulation of neutrophils with TNF" (100 U/mL, 3 h) resulted in the 

production and secretion of 9 pg/mL IL-1! and 4 ng/mL sIL-1Ra (Figure 3A and B, 

respectively). Pre-treatment of neutrophils with dexamethasone inhibited the TNF"-induced 

secretion of both sIL-1Ra and IL-1!. However, secretion of sIL-1Ra from neutrophils 

stimulated with TNF! was inhibited at lower concentrations of dexamethasone (10-8M). 

When molar concentrations of secreted IL-1! and sIL-1Ra were calculated, TNF"-

stimulated neutrophils synthesized 377 times more sIL-1Ra over IL-1! indicating that a 

strong anti-inflammatory action is initiated upon a pro-inflammatory stimulus. 

Interestingly, the combination of TNF" and dexamethasone decreased the IL-1!: sIL-1Ra 

ratio to 1:238, 1:206 and 1:267 for 10-10 M, 10-8 M and 10-6 M dexamethasone, respectively 

(Figure 3C). This indicates that the inhibitory capacity of IL-1Ra strongly decreases when 

glucocorticosteroids are present. 
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Figure 3. Dexamethasone inhibits TNF!-induced IL-1" and sIL-1Ra protein secretion by neutrophils. Neutrophils 

(5x106/mL) were pre-incubated with indicated amounts dexamethasone for 15 min and stimulated with vehicle control or 

TNF!  (100 U/mL) for 3 h at 37°C. IL-1" (A) and sIL-1Ra (B) were measured via ELISA following manufacturer’s protocol. 

Mean values are presented ± SEM (n=6). Ratio between secreted IL-1" and sIL-1Ra measured by ELISA was calculated (C). One-

way ANOVA followed by Tukey test as method of post hoc analysis was used to perform statistical analysis (NS = not significant, 

* = P<0.05, ** = P<0.01, *** = P<0.001). 
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Different ratios of recombinant human sIL-1Ra and IL-1! modulate TNF"-induced 

ICAM-1 expression on endothelial cells. 

To illustrate the effect of different IL-1!: sIL-1Ra ratios on the pro-inflammatory 

microenvironment we used ICAM-1 expression on HUVECs as a biological read-out for 

IL-1! activity. HUVECs activated by recombinant human (rh)IL-1! increased ICAM-1 

expression in a dose-dependent manner (Figure 4A). Recombinant human (rh)IL-1Ra dose-

dependently antagonized the IL-1! (100 pg/mL) -induced ICAM-1 expression on HUVECs 

with an IC50 of 1.47 ng/mL (Figure 4B). A 100-fold excess of IL-Ra was needed to inhibit 

the IL-1!-induced ICAM-1 by 80%. To evaluate the change in IL-1!: sIL-1Ra molar ratio, 

we stimulated HUVECs with 10 times the measured IL-1! and sIL-1Ra with the ELISA 

(Figure 3A and B) since this enabled ICAM-1 induction on HUVECs (see Figure 4A). 

Corresponding to TNF!-stimulated neutrophils, 88.5 pg/mL rhIL-1! and 39.1 ng/mL rhIL-

1Ra was not able to induce significant ICAM-1 expression on HUVECs (Figure 4C). 

However, corresponding to neutrophils stimulated with TNF!  in combination with 10-8M 

dexamethasone, 47.9 pg/mL rhIL-1! and 12.4 ng/mL rhIL-1Ra induced significant ICAM-

1 expression. These results show that even with lower IL-1! concentrations (47.9 pg/mL 

versus 88.5 pg/mL), a decreased ratio of IL-1!: sIL-1Ra increased ICAM-1 expression on 

HUVECs. These results clearly demonstrate that a tight balance between pro- and anti-

inflammatory mediators dictate the inflammatory response. 

 

 
Figure 4. Changed IL-1!: sIL-1Ra ratio increases ICAM-1 expression on HUVECs. (A), HUVECs were stimulated with 

indicated concentrations rhIL-1! for 3 h and ICAM-1 expression was measured with flow cytometry (n=3). Data are depicted as 

median channel fluorescence (MCF) and given in arbitrary units (AU). (B), HUVECs were stimulated with 100 pg/mL rhIL-1! in 

combination with the indicated concentrations rhIL-1Ra for 3 h and ICAM-1 expression was measured with flow cytometry. 

Relative inhibition of rhIL-1! induced ICAM-1 expression by rhIL-1Ra on HUVECs was depicted. (C), HUVECs were stimulated 

with rhIL-1! in combination with a rhIL-1Ra corresponding to the amounts measured in the ELISA for 3 h and ICAM-1 

expression was measured with flow cytometry (n=5). One-way ANOVA followed by Tukey test as method of post hoc analysis 

was used to perform statistical analysis (NS = not significant, * = P<0.05, ** = P<0.01, *** = P<0.001). 
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Decreased IL-1Ra in plasma of COPD patients on inhaled glucocorticosteroids. 

We measured IL-1! and IL-1Ra in plasma of healthy controls, asymptomatic smokers and 

COPD patients with and without daily inhaled GCS use to assess the effects of smoking 

and GCS usage. All study subjects were age-matched and no difference in FEV1 was 

present between healthy controls and asymptomatic smokers (Table I). The amount of 

inhaled glucocorticosteroids used is depicted in Table II.30 COPD patients without GCS 

therapy ranged between GOLD I and III, whereas COPD patients on GCS ranged from 

GOLD II to IV which resulted in a significant difference in FEV1 between the two groups. 

Expression of IL-1! was low and not significantly different between the measured groups 

(Figure 5A and table 1). IL-1Ra, however, showed a trend to be lower in asymptomatic 

smokers and COPD patients without GCS therapy compared to healthy controls whereas it 

was significantly lower in patients with COPD on a regimen of daily inhaled GCS (Figure 

5B). IL-1Ra expression of COPD patients with and without GCS usage did not correlate 

with FEV1 (Figure 5C-D). 
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Figure 5. IL-1! and IL-1Ra ELISA on plasma samples of healthy controls, asymptomatic smokers and COPD patients. 

Plasma samples were collected and IL-1! (A) and IL-1Ra (B) were measured by ELISA. A non-paired Student’s t-test was used to 

perform statistical analysis (NS = not significant, * = P<0.05). Correlation of plasma IL-1Ra of COPD patients without inhaled 

steroid (C) and with inhaled steroid treatment (D) with FEV1 (% predicted). 
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Discussion 
Treatment of inflammatory diseases with GCS are generally aimed to reduce pro-

inflammatory cytokine production by inflammatory cells, although their efficacy to inhibit 

neutrophil inflammation is poor.2 Recent work has demonstrated that GCS are able to 

induce pro-inflammatory responses in these cells.20-26 We tested the hypothesis that GCS 

affect TNF!-induced synthesis and secretion of pro- and anti-inflammatory cytokines by 

neutrophils. Therefore, we monitored production of pro-inflammatory IL-1" and anti-

inflammatory sIL-1Ra in TNF!-induced neutrophils in the absence and presence of 

different amounts of dexamethasone. Several stimuli, such as serum amyloid A, GM-CSF, 

LPS and TNF!, are known to induce pro- and anti-inflammatory mediators by 

neutrophils.31-38 We selected TNF! because this cytokine has been shown to be elevated in 

serum and BAL of stable COPD patients39-41 and its action on NF-"B is well 

documented.42,43 

Our study corroborates data that both IL-1Ra32-35 and IL-1"36,37 synthesis is increased in 

neutrophils following TNF! stimulation whereas controversy exists on the actual secretion 

of IL-1# by neutrophils. IL-1" secretion from neutrophils upon stimulation with LPS has 

been observed 35 whereas other studies report not to have found LPS-, zymosan- or GM-

CSF- induced IL-1# secretion.33,35 The reason for this discrepancy might be due to 

differences in interpretation of the relevance of the concentrations found. From the paper of 

Schröder et al it is difficult to know whether low IL-1# levels were actually observed33 

whereas Altstaedt et al did find a low but detectable increase in IL-1# upon zymosan 

stimulation. Indeed, we also found low but detectable levels (9 pg/mL) of IL-1# upon 

TNF! stimulation which was in a similar range as observed by Marucha et al.37 These 

concentrations were within the detection range of our ELISA (1 – 250 pg/mL)but are much 

lower than produced by monocytes in vitro.33 The low levels produced by neutrophils might 

still be physiologically relevant in inflammatory conditions in vivo, because neutrophil 

numbers present at sites of inflammation are often several folds higher compared to 

monocytes, such as found in BAL of COPD patients and synovial fluid in rheumatoid 

arthritis patients.44,45 Therefore, we propose that neutrophils are a significant source of pro-

inflammatory IL-1" and anti-inflammatory sIL-1Ra. 
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Neutrophils are capable to synthesize de novo sIL-1Ra and IL-1!, which is thought to be 

mediated through activation of NF-"B.46-48 Glucocorticosteroids have shown to inhibit the 

activity of this transcription factor14,15 which primed us to investigate the effects of 

dexamethasone on IL-1! and sIL-1Ra protein synthesis. Interestingly, we found that 

dexamethasone treatment reduced synthesis and secretion of sIL-1Ra more efficiently than 

IL-1!, thereby affecting the pro- and anti-inflammatory balance of these secreted IL-1 

family members. The mechanism by which dexamethasone shows differential effects on 

(pro-) IL-1! and sIL-1Ra protein synthesis is unknown but the IC50 of the steroid sensitive 

IL-1! and IL-1Ra production was 9.8 nM and 5.1 nM, respectively. Thus, it seems that not 

a difference in glucocorticosteroid receptor sensitivity but rather a steroid insensitive 

process accounts for the observed residual IL-1! protein expression. TNF" is a well known 

activator of p38 phosphorylation and might be involved in this residual IL-1! expression. 

However, the p38 inhibitor SB203580 did not further downregulate IL-1! protein 

expression in neutrophils treated with TNF" and dexamethasone (data not shown). 

Possibly, post-transcriptional mechanisms such as mRNA stability49 protein translation50 

and/or protein stability22 might be involved. A shifted balance between pro-inflammatory 

IL-1! and anti-inflammatory sIL-1Ra has been found in several chronic inflammatory 

diseases such as rheumatoid arthritis, ulcerative colitis, Crohn’s disease and COPD in 

vivo.51-54 Recently, Aksentijevich et al. and Reddy et al showed mutation in the IL-1Ra 

gene that resulted in hyperresponsiveness to IL-1!.55,56 

In agreement with Sapey et al, we observed a decreased sIL-1Ra in COPD patients that use 

daily inhaled GCS53 when compared to healthy controls, asymptomatic smokers, and 

COPD patients without glucocorticosteroid therapy. This might indicate that also in vivo 

inhaled glucocorticosteroids downregulate anti-inflammatory cytokine production. 

However, neither inhaled nor oral glucocorticosteroids have been shown to be of any 

influence on IL-1! and IL-1Ra levels in serum whereas other cytokines such as IP-10, 

MCP-1 and sTNF-R2 were affected.9 Alternatively, the low levels of IL-1Ra were due to 

severity of disease since the COPD patients that were on inhaled glucocorticosteroid 

therapy had the lowest FEV1. However, the observation that no correlation was found 

between FEV1 and plasma IL-1Ra levels in both COPD groups did not support this 

hypothesis (Figure 5C-D). Thus, our data cannot discriminate between the hypotheses that 
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the low IL-1Ra levels found in serum of COPD patients could be explained by use of 

inhaled steroids or by severity of disease. Further research should be performed to address 

these hypotheses.  

The pro-inflammatory capacity of the IL-1!:sIL-1Ra ratios was shown using ICAM-1 

expression by HUVECs as a biological read out. A limitation of our study is that the net 

inflammatory effect of the IL-1!:IL-1Ra ratio in supernatants of neutrophils could not be 

determined because A) many other putative inflammatory factors are present in 

supernatants that might influence ICAM-1 expression on HUVEC cells and B) supernatants 

contained TNF" and dexamethasone that will influence ICAM-1 expression on HUVEC 

cells. Therefore, we tested different ratios of IL-1!/IL-1Ra by using recombinant proteins. 

Recombinant human IL-1! was able to induce ICAM-1 expression on HUVECs in a dose-

dependent manner (Figure 5A). The rhIL-1! (100 pg/mL) -induced ICAM-1 expression 

was inhibited by rhIL-1Ra, with an IC50 of 1.47 ng/mL (1:15 ratio), which was in 

accordance to previous published data.57,58 Although the concentrations of IL-1! found in 

our in vitro neutrophil cultures were low, the amount of neutrophils present at the site of 

inflammation will ultimately determine the amount of IL-1! present at the 

microenvironment and this might be sufficient to induce a local milieu with an IL-1!/IL-

1Ra ratio that is efficient in inducing ICAM-1. As HUVEC cells responded potently to 100 

pg/mL rhIL-1! we multiplied the IL-1! and IL-1Ra concentrations measured in the in vitro 

cultures 10-times. Furthermore, these concentrations are physiological because this is 

observed in the synovial fluid of arthritis patients59 and BAL of COPD patients.41 Thus, our 

results show that even with reduced rhIL-1!, the ratio to rhIL-1Ra determines the 

biological effect (Figure 4C). The importance of IL-1Ra is demonstrated by the natural 

occurring IL-1Ra deficient individuals that suffer from severe autoimmune diseases.55,56 

Recombinant sIL-1Ra (Anakinra) was very effective in this disease and is also used in the 

treatment of chronic inflammatory diseases60 such as rheumatoid arthritis61 and juvenile 

idiopathic arthritis.62 Naturally occurring receptor antagonist are potent mediators in 

dampening pro-inflammatory signals during inflammation and suggests that an imbalance 

of IL-1! over sIL-1Ra leads to an exacerbation of inflammation. Furthermore, a three-fold 

increase in IL-1! secretion by activated human macrophages due to a mutation in the 
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inflammasome protein NALP3 resulted in serious auto-inflammatory disorders, 

emphasizing the importance of a tight balance between IL-1! and IL-1Ra.63,64  

Overall, we would like to emphasize that it is important to evaluate the inhibitory effect of 

new drugs on the production of both pro- and anti-inflammatory mediators. Inhibition of 

NF-!B is one of the most important targets for innovative anti-inflammatory therapy to 

date,65 despite the fact that anti-inflammatory mediators such as sIL-1Ra are inhibited by 

this approach as well. Carefully addressing the effects of glucocorticosteroids on anti-

inflammatory cytokine production in vivo will be important because a low endogenous anti-

inflammatory host response might aggravate the inflammatory disease. 
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Abstract 
NF-!B, an important transcription factor in the regulation of cellular inflammation, is one 

of the prime targets for novel anti-inflammatory therapeutics. Nowadays, anti-inflammatory 

therapies rely mostly on steroids that, among other effects, inhibit NF-!B activity. 

However, steroids have only limited efficacy in the treatment on neutrophil-driven diseases 

such as chronic obstructive pulmonary disease (COPD). Human neutrophils play an 

important role in the pathogenesis of COPD and clearance of these cells by apoptosis is an 

effective pathway for resolution of inflammation.  

In this study we tested the hypothesis that modulation of the NF-!B pathway in resting 

human neutrophils affects survival. Importantly, the pharmacological NF-!B inhibitor Bay 

11-7082 inhibited NF-!B signaling in human neutrophils as expected. However, we found 

that inhibition of basal NF-!B activity with 10 !M Bay 11-7082 prolonged neutrophil 

survival significantly, which was not observed with inhibitors for other signaling pathways. 

Bay 11-7082-induced neutrophil survival was dependent on p38-MAPK activity because 

the p38 kinase activity inhibitor SB203580 abrogated this response completely. Bay 11-

7082 induced rapid and sustained p38 activation that correlated with inhibited NF-!B 

signaling and prolonged neutrophil survival. Under these conditions of survival the stability 

of Bcl-xL was enhanced. Inhibition of activated NF-!B has proven beneficial effects in 

many cell types, however, these results illustrate that interference with basal NF-!B 

signaling in neutrophils must be employed with caution.  
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Introduction 
Inflammatory cells and their mediators play an important role in chronic inflammatory 

diseases and are a major target for disease treatment and resolution of inflammation. 

Therefore, inhibition of the transcription factor nuclear factor-!B (NF-!B), that regulates 

the production of many inflammatory mediators in inflammatory cells, is an important 

target for novel drugs.1,2 The transcription factors of the NF-!B family act as homo and 

heterodimers made from five subunits: NF-!B1 (also known as p50), NF-!B2, RelA (also 

known as p65), RelB and c-Rel.3 NF-!B is present in the cytoplasm as an inactive protein 

complex associated with the inhibitory protein I!B. The activation of the NF-!B pathway is 

initiated by the activation of the inhibitory !B kinase (IKK) complex, which is composed 

of three subunits, the catalytic subunits IKK" (IKK1), IKK# (IKK2) and the regulatory 

subunit IKK$ (also known as NEMO).4 In the classical NF-!B pathway the activated IKK 

complex phosphorylates I!B that as a result dissociates from NF-!B and is degraded by the 

proteasome. This situation enables translocation of NF-!B into the nucleus where it 

functions as a transcription factor of many inflammatory genes such as adhesion molecules, 

inflammatory enzymes and cytokines.5 Enhanced NF-!B activity is found in a large variety 

of tissues affected by inflammation6 and anti-inflammatory properties of steroids have been 

linked to the inhibition of NF-!B activity7,8 However, inhibition of inflammatory diseases 

dominated by neutrophils such as chronic obstructive pulmonary disease (COPD)9 with 

steroids have been little successful10 

Neutrophils are short-lived cells that undergo rapid spontaneous apoptosis in the absence of 

survival signals.11 Inflammatory mediators such as granulocyte-macrophage colony 

stimulating factor (GM-CSF) and granulocyte colony stimulating factor (G-CSF) delay 

neutrophil apoptosis in vitro.12-15 Protein levels of pro- and anti-apoptosis proteins such as 

Bim, Bax, Bcl-2, Bcl-xL and Mcl-1 are linked to cytokine-induced survival and/or 

spontaneous neutrophil apoptosis16-18 and a complex balance between these proteins will 

ultimately determine the live-span of the neutrophil. Prolonged neutrophil survival is found 

in peripheral blood and sputum of COPD patients19,20 and is associated with increased NF-

!B protein levels in these cells.19 Inhibition of NF-!B in these circumstances could, 

potentially, decrease inflammation. What the effects of NF-!B inhibitors are on neutrophil 

function is largely unknown.  
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Bay 11-7082, together with Bay 11-7085 are potent inhibitors of TNF!-induced I"B! 

phosphorylation21 and have been shown to modulate cell survival in various cell systems.22-

26 Our study focused on Bay 11-7082-induced survival in human neutrophils. We show that 

Bay 11-7082 abrogated NF-"B activity completely, which resulted in sustained p38 

activation in neutrophils. This p38 kinase activity prolonged neutrophil survival, which 

correlated with an increased Bcl-xL protein expression. 
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Material and Methods 
Reagents. 

Ficoll-Paque was obtained from GE Healthcare (Uppsala, Sweden). Human serum albumin 

(HSA) was from Sanquin (Amsterdam, the Netherlands). Recombinant human TNF! was 

purchased from Roche (Indianapolis, IN). Recombinant human GM-CSF was a gift from 

Prof. A. Lopez (Institute of Medical and Veterinary Sciences, Adelaide, Australia). Anti-

human phospho-p38, phospho-MAPKAPK2, Mcl-1 and Bcl-xL and I"B! were from Cell 

Signaling Technology (Beverly, MA). HRP-coupled swine anti-rabbit and rabbit anti-goat 

were from DAKO (Denmark). Anti-human IL-1Ra was from R&D systems (Abingdon, 

United Kingdom), anti-human actin and p38 were from Santa Cruz (Santa Cruz, CA). 

Pharmacological inhibitor SB203580 was purchased from Kordia Life Sciences (Leiden, 

The Netherlands). Platelet activating factor (PAF) CAPE (Caffeic Acid Phenethyl Ester), 

NF-"B activation inhibitor (6-Amino-4-(4-phenoxyphenylethylamino)quinazoline), 

Parthenolide, Embelin, Bay 11-7082, Bay 11-7085 were from Calbiochem (La Jolla, CA). 

PD98059, SB216763. LY294002, U0126, Wortmannin, Genistein, piceatannol and PP1 (4-

Amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine) were from Biomol 

(Plymouth Meeting, PA). Cyclohexamide, Horse radish peroxidase (HRP), Phorbol 12-

myristate 13-acetate (PMA), N-formyl-methionyl-leucyl-phenylalanine (fMLF) were from 

Sigma-Aldrich.  HEPES- (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffered 

RPMI 1640 was purchased from Invitrogen (Carlsbad, CA). Amplex red and Fura-2 were 

from Molecular probes. All other materials were reagent grade.  

 

Granulocyte isolation. 

Granulocytes were isolated from 100 mL of whole blood from healthy donors 

anticoagulated with trisodium citrate (0.4% w/v, pH 7.4). Blood was diluted 2.5:1 with PBS 

containing trisodium citrate (0.4% w/v, pH 7.4) and human pasteurized plasma-protein 

solution (4 g/L). Mononuclear cells and granulocytes were separated by centrifugation 

using Ficoll-Paque. Erythrocytes were lysed in isotonic ice-cold NH4Cl solution followed 

by centrifugation at 4°C. After isolation, granulocytes were washed in PBS containing 

trisodium citrate (0.4% w/v, pH 7.4) and human pasteurized plasma-protein solution (4 g/L) 
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and resuspended in HEPES buffered RPMI 1640 supplemented with 0.5% (w/v) HSA. 

Purity of neutrophils was >95% with eosinophils as major contaminant.  

Analysis of apoptosis. 

Apoptosis was determined by annexin V binding (BD Biosciences). After staining the cells 

with annexin V for 15 minutes in the dark at room temperature in annexin binding buffer 

(10 mM HEPES (pH 7.4), 140 mM NaCl, and 2.5 mM CaCl2) and 7-AAD was added. Cells 

were analyzed using a flow cytometer (FACSCalibur; BD Biosciences, San Diego, CA). 

Survival was defined as the percentage of cells that were double negative for both stains 

(annexin V-PE/7-AAD).  

 

RNA isolation and cDNA synthesis. 

Neutrophils (1x107 cells per sample) were lysed in Trizol (Invitrogen, Carlsbad, CA) and 

mRNA was isolated according to manufactures protocol. cDNA was synthesized with 

iScript (Biorad, Hercules, CA) according to manufactures protocol.  

 

Real time PCR. 

Gene expression was analyzed by real time-PCR. All primers used in this study were 

described previously.27 Real-time PCR was performed using 5.0 - 12.5 ng cDNA, 12.5 µL 

iQ SYBR Green Supermix (Biorad, Hercules, CA) and 400 nM of each primer (total 

volume: 25 µL). Amplification and detection were performed with a MyiQ Real-Time PCR 

detection system (Biorad, Hercules, CA) under the following conditions: 3 minutes at 95°C 

and 40 cycles of 30 sec at 95°C, 30 sec at 61°C and 30 sec at 72°C. The results represent 

relative quantity of mRNA levels normalized for the housekeeping gene GAPDH and 

plotted as fold change. 

 

SDS-PAGE and Western blotting. 

Neutrophils (5x106 cells per sample) in HEPES buffered RPMI 1640 supplemented with 

0.5 % (w/v) HSA were allowed to recover for 30 minutes at 37°C. Subsequently, cells were 

mock-stimulated or stimulated with TNF! (100 U/mL), GM-CSF (100 pM), Bay 11-7082 

(1, 3.3, 10 µM), or combinations for 15 minutes or 3 hours at 37°C. For inhibitors, cells 

were first treated for 15 minutes with the inhibitors and subsequently stimulated. The cells 
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were washed once with PBS at 4°C, lysed in sample buffer (2% !-mercaptoethanol, 2% 

SDS, 10% glycerol, 30 mM Tris-HCl pH 6.8) and boiled for 5 min. Protein samples were 

analyzed on 12% SDS-polyacrylamide gels. Proteins were transferred to Immobilon-P 

membrane (Millipore). The membranes were blocked in hybridization buffer (10 mM Tris, 

150 mM NaCl, and 0.1% Tween 20) containing 5% (w/v) milk powder (ELK, Campina, the 

Netherlands) for 1 h followed by incubation with first specific antibody in hybridization 

buffer with 5% (w/v) BSA or 0.5% (w/v) milk powder overnight at 4°C. After incubation 

with the first antibody, the membranes were washed three times for 5 minutes in 

hybridization buffer. The second HRP-coupled antibody was incubated in hybridization 

buffer containing 5% (w/v) milk powder for 2 h at room temperature followed by three 

washings for 5 minutes in hybridization buffer and a last wash step in PBS. Detection of all 

Western blots was performed by ECL plus (GE Healthcare) and detected using a Typhoon 

9410 (GE Healthcare) or ECL-film exposure (Sigma-Aldrich). 

 

Measurement of [Ca2+]i. 

Neutrophils (5x106 cells/mL) in HEPES buffer (20 mM HEPES, 132 mM NaCl, 6 mM 

KCl, 1 mM MgSO4, 1.2 mM KH2PO4) supplemented with 0.5% human serum albumin 

(w/v), 1 mM CaCl2 and 5 mM glucose were loaded with 1 µM Fluo-3, AM (Molecular 

Probes, Eugene, OR) for 45 minutes and washed with HEPES buffer. Five hundred 

thousand neutrophils (100 µL) were added to a 96-wells plate and fluorescence 

measurement was started with a Fluostar Optima (BMG labtech, Offenburg, Germany) 

every 10 seconds. Neutrophils were stimulated with 100 µL fMLF (final concentration 1 

µM) and fluorescence measurement was continued. 

 

Oxidative burst measurement. 

Neutrophils (1x106 cells/mL) in HEPES buffer (20 mM HEPES, 132 mM NaCl, 6 mM KCl, 

1 mM MgSO4, 1.2 mM KH2PO4) supplemented with 0.5% human serum albumin (w/v), 1 

mM CaCl2 and 5 mM glucose were incubated with DMSO, Bay 11-7082 (1, 10 µM) or left 

untreated for 30 minutes at 37°C. One hundred thousand neutrophils (100 µL) were added 

to a white 96-wells plate were mixed with Amplex red-HRP mix (50 µL) (final 

concentration 50 µM Amplex red, 0.5 U/mL HRP) and stimulus (50 µL) (final 
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concentration 100 ng/mL PMA or 1 µM PAF with 1 µM fMLF) or left untreated and 

fluorescence was measured with a Fluostar Optima (BMG labtech, Offenburg, Germany) 

every 20 seconds for 60 minutes. 

 

Statistical analysis. 

The results are expressed as standard error of the mean (SEM). Normal data without 

significant heterogeneous variances were analyzed using one-way ANOVA followed by the 

Tukey test as method of post hoc analysis.  Otherwise, the data were analyzed using 

nonparametric one-way ANOVA (Kruskal-Wallis) followed by Dunn’s multiple 

comparison (statistical software package SPSS version 15.0 or Graphpad prism 4). p < 0.05 

was considered statistically significant. 
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Results 

NF-!B inhibitors induced neutrophil survival through a p38-dependent mechanism. 

Because NF-!B is an important target for novel anti-inflammatory therapeutics we tested 

whether inhibition of this pathway next to other major pathways in neutrophils affected 

neutrophil survival. Apoptosis of the neutrophils was measured by staining with annexin V-

PE/7-AAD followed by flow cytometry. The amount of neutrophils negative for both 

stainings was expressed as percentage survival.  

 
Figure 1.  NF-!B inhibitors induce neutrophil survival.  (A) Neutrophils (2.5x106/mL) were incubated for 0, 3, 6, 9, 12, 21, 24 

and 30h at 37°C. Viability of the neutrophils was measured by staining with annexin V-PE/7-AAD by flow cytometry (n=3). (B) 

Neutrophils (2.5x106/mL) were incubated with solvent control, 10 µM SB203580, 10 µM LY294002, 50 µM PD98059 or 10 µM 

Bay 11-7082, 100 µM CAPE, 200 µM parthenolide, 100 µM NF-!B activation inhibitor or 100 pM GM-CSF as control for 15h at 

37°C. Viability of the neutrophils was measured by staining with annexin V-PE/7-AAD by flow cytometry. Mean values are 

represented ± SEM (n=5). (C) Neutrophils were incubated with DMSO, 10 µM Bay 11-7082 or 100 pM GM-CSF for 5, 10, 15 or 

20h at 37°C. Viability of the neutrophils was measured by staining with annexin V-PE/7-AAD by flow cytometry. Mean values are 

represented ± SEM (n=3). (D) Neutrophils (2.5x106/mL) were pre-treated with the solvent control, 10 µM SB203580, 50 µM 

PD98059 or 10 µM LY294002 for 15 minutes and incubated with solvent control, 10 µM Bay 11-7082 or 100 pM GM-CSF for 

15h at 37°C. Viability of the neutrophils was measured by staining with annexin V-PE/7-AAD by flow cytometry. Mean values are 

represented ± SEM (n=5). One-way ANOVA followed by the Tukey test as method of post hoc analysis was used to perform 

statistical analysis (NS = not significant, * = P<0.05, ** = P<0.01, *** = P<0.001). 
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In the absence of a survival signal the viability of neutrophils was 69% after 6h, 40% after 

12h and 9% after 21h culture (Figure 1A). Therefore, subsequent survival experiments were 

measured after 15h culture because both survival and enhanced apoptosis could be 

addressed at this time point. 

Neutrophils were treated with inhibitors SB203580 (p38), LY294002 (phosphatidylinositol 

3-kinase (PI3K)), PD98059 (MEK kinase), Bay 11-7082 (NF-!B), CAPE (NF-!B), 

Parthenolide (NF-!B) and NF-!B activation inhibitor (NF-!B) for 15 hours at 37°C. 

Inhibitors to p38, PI3K and MEK kinase activity did not affect neutrophil survival 

significantly. Surprisingly, all NF-!B inhibitors tested increased neutrophil survival (Figure 

1B). As a control, GM-CSF-induced neutrophil survival to the same extent as the NF-!B 

inhibitor Bay 11-7082. 

Because neutrophils showed increased survival with Bay 11-7082 at 15h we sought to 

investigate this in more detail. First we measured neutrophils survival at different time-

point. Treatment of neutrophils with Bay 11-7082 increased survival at 10 and 15 hours in-

vitro incubation (Figure 1C). As control, GM-CSF was able to induce neutrophils survival 

at 10, 15 and 20 hours in vitro culture. We next investigated which signaling pathway was 

involved in Bay 11-7082- and GM-CSF-induced survival. Therefore, we treated neutrophils 

with inhibitors of p38 (SB203580), PI3K (LY294002) and MEK-kinase (PD98059) 

pathways for 15 minutes and subsequently added 10 µM Bay 11-7082 or 100 pM GM-CSF 

for 15 hours and measured neutrophil apoptosis. An inhibitor of p38 (SB203580) resulted 

in a complete inhibition of Bay 11-7082-induced survival, whereas it had no effect on the 

survival of control or GM-CSF-treated neutrophils (Figure 1D). PD98059 and LY294002 

treatment did not significantly affect survival induced by Bay 11-7082, whereas it was able 

to inhibit GM-CSF-induced survival (Figure 1D). This implicates an importent role for p38 

in the induction of neutrophil survival by NF-!B inhibition with Bay 11-7082, which was 

different from GM-CSF-induced survival. 
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Figure 2. Bay 11-7082 inhibits NF-!B activity in resting and TNF"-activated neutrophils. (A, B) Neutrophils (5x106/mL) 

were treated with Bay 11-7082, SB203580 or DMSO for 15 minutes and activated with 100 U/mL TNF" for 15 minutes at 37°C. 

Protein samples were analyzed by Western blotting with anti-I!B" or anti-actin as loading control. The experiment shown is 

representative for at least three experiments. (C-F) Neutrophils (5x106/mL) were treated with indicated concentrations Bay 11-

7082, SB203580 or DMSO for 15 minutes and activated with 100 U/mL TNF" or left untreated for 3 hours at 37°C. (C, F) 

Neutrophils were lysed in Trizol and mRNA was isolated. cDNA was synthesized with RT-PCR and IL-1Ra or I!B" and GAPDH 

were quantified by Q-PCR. Mean values are represented ± SEM (n=8). (D, E) Protein samples (1x106 neutrophils) were analyzed 

by Western blotting with anti-IL-1Ra or anti-actin as loading control. The experiment shown is representative for at least three 

experiments. Nonparametric one-way ANOVA (Kruskal-Wallis) followed by Dunn’s multiple comparison was used to perform 

statistical analysis (NS = not significant, * = P<0.05, ** = P<0.01). 
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Bay 11-7082 inhibits TNF!-induced and basal NF-"B activity in neutrophils. 

Since the survival induction by NF-"B inhibitors was due to p38 signaling, we first 

confirmed the ability for the NF-"B inhibitor to act on an NF-"B dependent pathway. For 

this, the effect of Bay 11-7082 on TNF!-induced NF-"B signaling in neutrophils was 

measured by I"B! degradation as described before.21 We pre-treated neutrophils with 10 

!M Bay 11-7082 or DMSO for 15 minutes and incubated the cells with TNF! for 15 min. 

We observed a rapid decrease of I"B! protein levels upon TNF! stimulation (Figure 2A). 

TNF!-induced I"B! degradation was inhibited with 10 !M Bay 11-7082 whereas Bay 11-

7082 alone did not affect I"B!. Because SB203580 inhibited Bay 11-7082-induced 

neutrophil survival, we tested whether SB203580 had effect on I"B! protein level. 

Neutrophils stimulated with TNF! showed a rapid decrease, which was reversed by Bay 

11-7082, but not by SB203580 (Figure 2B). Also, SB203580 had no effects on the rescue 

of Bay 11-7082 on TNF!-induced I"B! degradation. 

Secondly, we investigated the expression of the TNF!/ NF-"B regulated anti-inflammatory 

cytokine IL-1 receptor antagonist (IL-1Ra).28 Neutrophils were pre-treated with 10 !M Bay 

11-7082 or DMSO for 15 minutes and incubated with 100 U/mL TNF! for 3 hours. TNF!-

activated neutrophils showed a 35-fold increase in their IL-1Ra mRNA compared to vehicle 

control treated cells (Figure 2C). Synthesis of IL-1Ra mRNA was completely blocked in 

the presence of 10 µM Bay 11-7082. Bay 11-7082 alone reduced IL-1Ra mRNA levels 

over vehicle control neutrophils that indicated that basal NF-"B signaling was present in 

neutrophils. Next, we investigated whether IL-1Ra was also decreased at the protein level. 

TNF!-stimulated neutrophils synthesized secreted IL-1Ra (sIL-1Ra), whereas vehicle 

control stimulated neutrophils did not synthesize detectable levels of sIL-1Ra (Figure 2D). 

Bay 11-7082 inhibited the TNF!-induced synthesis of sIL-1Ra in a dose-dependent manner 

whereas Bay 11-7082 alone did not affect IL-1Ra expression. In concordance with the 

I"B! data, SB203580 had no effects on the Bay 11-7082 dependent rescue of IL-1Ra 

synthesis (Figure 2E). 

As shown in Figure 2C, Bay 11-7082 reduced the basal mRNA expression of the NF-"B 

target gene IL-1Ra in neutrophils. Therefore, we wondered whether a similar result was 

present for I"B! mRNA in these cells because the I"B! gene is a NF-"B regulated gene 

involved in negative feedback of the NF-"B pathway.29 Neutrophils were incubated in the 
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absence or presence of 10 !M Bay 11-7082 or 100 U/mL TNF! as control for 3 hours and 

I"B! mRNA expression was measured. Incubation with 10 !M Bay 11-7082 significantly 

reduced I"B! mRNA in neutrophils compared to vehicle control neutrophils, whereas 

TNF! stimulation induced I"B! mRNA synthesis (Figure 2F). These results showed that 

basal NF-"B activity was present in non-stimulated neutrophils and was sensitive for Bay 

11-7082. 

 

Bay 11-7082-induced activation of p38 correlated with phosphorylation of 

MAPKAPK2. 

Because SB203580 inhibited Bay 11-7082-induced neutrophil survival, we investigated the 

role of p38 phosphorylation. We measured phosphorylated p38 (phospho-p38) with a 

phospho-specific antibody and re-probed these membranes with a total p38 antibody. 

Neutrophils were stimulated for 15 minutes with the indicated concentrations Bay 11-7082, 

100 U/mL TNF! or 100 pM GM-CSF. Bay 11-7082-induced p38 phosphorylation in a 

dose-dependent manner (Figure 3A) that correlated with inhibited NF-"B signaling (Figure 

2C). TNF! strongly activated p38 phosphorylation, whereas GM-CSF led to modest p38 

phosphorylation. In the presence of Bay 11-7082, p38 was phosphorylated up to 3 hours in 

culture (Figure 3B). As control, neutrophils were cultured with the solvent DMSO for 3 

hours and only a modest p38 phosphorylation was detected.  

Next, phosphorylated MAPKAPK2 (phospho-MAPKAPK2), a downstream kinase of p38 

signaling was detected to measure p38 kinase activity in situ.30 Neutrophils were treated 

with 10 µM Bay 11-7082 or 100 U/mL TNF! for 15 minutes or pretreated with Bay 11-

7082 for 15 minutes followed by TNF! for 15 minutes. Phosphorylated p38 was induced 

with 10 µM Bay 11-7082 or 100 U/mL TNF!, whereas the DMSO control had no effect on 

p38 phosphorylation (Figure 3C). This was consistent with in situ phosphorylation of 

MAPKAPK2. These results show that p38 is phosphorylated upon NF-"B inhibition and is 

followed by activation of the downstream kinase MAPKAPK2. 
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Figure 3. Bay 11-7082 activates p38 and MAPKAPK2 phosphorylation in neutrophils. Neutrophils (5x106/mL) were treated 

with (A) DMSO, 1, 3.3, 10 µM Bay 11-7082 for 15 minutes at 37°C, or (B) DMSO or 10 µM Bay 11-7082 for 15, 30, 60, 120 180 

minutes at 37°C, or (C) DMSO, 10 µM Bay 11-7082, 100 U/mL TNF! for 15 min, or 10 µM Bay 11-7082 for 15 minutes followed 

by 100 U/mL TNF! at 37°C or (D) treated with 10 µM SB203580 for 15 minutes followed by incubation with DMSO or 10 µM 

Bay 11-7082 for 15 minutes at 37°C. Protein samples were analyzed by Western blotting with antiphospho-p38, antiphospho-

MAPKAPK2 or anti-p38 and anti-actin or MAPKAPK2 as loading control. The experiments shown are representative for at least 

three experiments. 

 

 

 
Figure 4. NF-"B inhibitors activate p38 phosphorylation. Neutrophils (2.5x106/mL) were treated with DMSO or indicted 

concentrations of Bay 11-7085, CAPE, Parthenolide or NF-"B activation inhibitor for 15 minutes at 37°C. Protein samples were 

analyzed by Western blotting with antiphospho-p38 and anti-p38 as loading control. The experiment shown is representative for at 

least three experiments.  
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Bay 11-7082-induced activation of p38 MAPK by autophosphorylation. 

Two major pathways have been described to induce phosphorylation of p38; via upstream 

kinases MKK3 and MKK6 (MKK3/6),31 or via autophosphorylation.32 To evaluate which 

pathway was the main signal for p38 phosphorylation in neutrophils, we made use of the 

knowledge that SB203580 is a specific inhibitor of the p38! and p38" kinase activity by 

binding to the ATP-binding pocket but does not abrogate the ability for MKK3/6 to 

phosphorylate p38.33 We observed that Bay 11-7082-induced p38 phosphorylation was 

almost completely sensitive for SB203580 treatment (Figure 3D), indicating that p38 

phosphorylation upon Bay 11-7082 stimulation was largely dependent on 

autophosphorylation of p38. Treatment with SB203580 abrogated MAPKAPK2 

phosphorylation confirming a block of p38 kinase activity (Figure 3D). 

 

Inhibitors of major signaling routes other than NF-#B did not induce p38 

phosphorylation in neutrophils. 

Not only Bay 11-7082, but also Parthenolide, CAPE and NF-#B activation inhibitor 

induced p38 phosphorylation (Figure 4). In order to investigate whether abrogation of 

important signaling pathways in neutrophils per se resulted in metabolic stress-induced p38 

activation, we applied inhibitors to a broad range of pathways in neutrophils and studied 

p38 phosphorylation. We tested the following inhibitors in the context of p38 activation:  

SB203580 (p38), PD98059 (MEK kinase), LY294002 (PI3K), SB216763 (glycogen 

synthase kinase 3 (GSK3)), Wortmannin (PI3K), Embelin (X-linked inhibitor of apoptosis 

(XIAP)), U0126 (MEK kinase), Genistein (protein tyrosine kinases), PP1 (Src kinases), 

piceatannol (Syk kinase) and Bay 11-7082 (NF-#B) as control. Only Bay 11-7082 induced 

abundant p38 phosphorylation in resting neutrophils (Figure 5A) which showed that a wide 

range of non-NF-#B inhibitors were not able to induce p38 phosphorylation. To show that 

only the p38 inhibitor SB203580 affected the Bay 11-7082-induced p38 phosphorylation 

we pre-treated neutrophils with SB203580 (p38), PD98059 (MEK kinase activity), 

LY294002 (PI3K), genistein (protein tyrosine kinases), PP1 (Src kinases) and piceatannol 

(Syk kinase). Hereafter, neutrophils were treated with 10 µM Bay 11-7082. Indeed, p38 

phosphorylation was inhibited by SB203580 as shown in Figure 3D, whereas no other 

inhibitor abrogated the Bay 11-7082-induced p38 phosphorylation (Figure 5B). 
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Figure 5. Non-NF-!B inhibitors do not activate p38 phosphorylation. (A) Neutrophils (5x106/mL) were treated with 10 µM 

SB203580, 50 µM PD98059, 10 µM LY294002, 50 µM Genistein, 10 µM SB216763, 1 µM Wortmannin, 20 µM Embelin, 30 µM 

U0126, 20 µM PP1, 20 µM piceatannol or 10 µM Bay 11-7082 for 15 minutes at 37°C. Protein samples were analyzed by Western 

blotting with antiphospho-p38 or anti-p38 as loading controls. The experiment shown is representative for at least three 

experiments. (B) Neutrophils (5x106/mL) were treated with 10 µM SB203580, 50 µM PD98059, 10 µM LY294002, 50 µM 

Genistein, 20 µM PP1, or 20 µM piceatannol for 15 minutes with subsequent incubation with 10 µM Bay 11-7082 for 15 minutes 

at 37°C. Protein samples were analyzed by Western blotting with antiphospho-p38 or anti-p38 as loading controls. The 

experiments shown are representative for at least three experiments. 

 

Bay 11-7082-induced neutrophil survival correlated with enhanced Bcl-xL stability. 

Abrogation of NF-!B signaling with 10 µM Bay 11-7082-induced neutrophil survival that 

was inhibited with the p38 inhibitor SB203580. To further identify the mechanism by 

which neutrophil survival was increased we tested the involvement of de novo protein 

synthesis using cyclohexamide. Neutrophils were pre-treated with DMSO or 

cyclohexamide for 15 minutes and subsequently treated with DMSO, TNF" (100 U/mL), 

GM-CSF (100 pM) or Bay 11-7082 (10 µM) for 15 hours. Both TNF"- and GM-CSF-

induced survival were almost completely dependent on de novo protein synthesis because 

cyclohexamide inhibited the increased survival (Figure 6A), whereas non-stimulated 

neutrophils showed a modest decrease in survival. In contrast, Bay 11-7082-induced 

survival was not inhibited by cyclohexamide treatment. Because neutrophils with 

cyclohexamide showed only 10% annexin-V negative neutrophils, we tested the effects of 

Bay 11-7082 and cyclohexamide on neutrophil survival at 1, 3, 6 and 10 hours. DMSO 

treated neutrophils showed a gradual decrease in survival, which became apparent after 10 

hours (Figure 6B).  



Chapter 7 
 

 167 

 
Figure 6. Bay 11-7082-induced survival correlated to Bcl-xL expression in neutrophils. (A) Neutrophils (2.5x106/mL) were 

pre-treated with DMSO or cyclohexamide for 15 minutes and incubated in the absence and presence of TNF! (100 U/mL) GM-

CSF (100 pM) or Bay 11-7082 (10 µM) for 15h at 37°C. Viability of the neutrophils was measured by staining with annexin V-

PE/7-AAD by flow cytometry. The percentage of cells double negative for both staining is expressed as survival. Mean values are 

represented ± SEM (n=5). (B, C, D) Neutrophils (5x106/mL) were pre-treated with DMSO or cyclohexamide (10 µg/mL) for 15 

minutes and incubated in the absence and presence of Bay 11-7082 (10 µM) for 0, 1, 3, 6 and 10h at 37°C (B) Viability of the 

neutrophils was measured by staining with annexin V-PE/7-AAD by flow cytometry (n=4). (C, D) Protein samples were analyzed 

by Western blotting with anti-Bcl-xL anti-Mcl-1 and anti-actin as loading control (data not shown). Spot density was calculated in 

Imagequant TL (GE Healthcare) and relative expression levels corrected for actin are shown in the graph. The experiment shown is 

representative for three experiments. 
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Neutrophils treated with cyclohexamide showed a decreased survival, which was already 

apparent after 3 hours. Bay 11-7082 showed an increased survival at 10 hours in vitro 

culture, which was not sensitive for treatment with cyclohexamide. 

Because Bay 11-7082-induced survival was not dependent on de novo protein synthesis, an 

alternative hypothesis is that it increased anti-apoptotic protein stability. Therefore, we 

measured Mcl-1 and Bcl-xL expression by Western blotting because these proteins are 

known to function as anti-apoptotic proteins in neutrophils.16,18 Both Bcl-xL and Mcl-1 

expression decreased in control cells during in vitro culture and were not detectable after 10 

hours (Figure 6C and D, DMSO). This showed that Bcl-xL and Mcl-1 were early markers 

for apoptotic neutrophils because at 10 hour in vitro culture 50% of neutrophils were 

annexin V/7-AAD negative (Figure 1A and 6B). Cyclohexamide inhibited Bcl-xL and Mcl-

1 protein expression in DMSO-treated neutrophils suggesting ongoing homeostatic 

synthesis of Mcl-1 and Bcl-xL in aging neutrophils (Figure 6C and D, CHX). Furthermore, 

the cyclohexamide-induced downregulation of pro-apoptotic proteins correlated with 

enhanced apoptosis of control neutrophils (Figure 6A and B). In the presence of Bay 11-

7082, the decrease in Bcl-xL and Mcl-1 expression was delayed (Figure 6C and D, Bay). 

Furthermore, cyclohexamide abrogated Bay 11-7082-induced Mcl-1 but not Bcl-xL 

expression (Figure 6B and C, Bay + CHX). This showed that the Bcl-xL protein was 

stabilized in neutrophils treated with 10 µM Bay 11-7082, which correlated with the 

survival experiments (Figure 1C and 6A).  

 

Bay 11-7082 did not affect other neutrophil functionalities. 

Bay 11-7082 treatment of neutrophils affected neutrophil signaling at several levels; TNF!-

induced I"B! degradation, TNF!-induced IL1-Ra mRNA production, p38 

phosphorylation, Bcl-xL stabilisation and survival. In order to test whether Bay 11-7082 is 

affecting other functionalities we measured Ca2+ signaling and respiratory burst. 

Neutrophils were loaded with Fura-2 and incubated with 1, 3 and 10 µM Bay 11-7082 or 1 

µM fMLF followed by Ca2+-flux measurement. Bay 11-7082 alone did not induce a Ca2+-

signal in neutrophils although a small increase in fluorescence was measured upon addition 

of the stimulus that was due to an increase in reaction volume (Figure 7A). Neutrophil 

stimulation with fMLF showed a prominent increase in Ca2+, which decreased to basal 
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levels after 2 minutes. Furthermore, in order to show that Ca2+ signaling was not affected 

after incubation with Bay 11-7082 we treated neutrophils with Bay 11-7082 for 30 minutes 

and stimulated with fMLF. Bay 11-7082 did not affect Ca2+ signaling compared to fMLF 

alone (Figure 7B). Therefore, Ca2+ signaling was not affected by Bay 11-7082 treatment. 

Another robust functional assay of neutrophils, the oxidative burst, was measured using 

amplex red conversion by H2O2 release from neutrophils after PMA and PAF-fMLF 

stimulation. Neutrophils were incubated with DMSO, 1 µM Bay 11-7082, 10 µM Bay 11-

7082 or left untreated for 30 minutes. Subsequently, neutrophils were stimulated with PMA 

(100 ng/ml) or PAF-fMLF (both 1 µM) and amplex red fluorescence was measured. 

Neutrophil stimulated with PMA showed a sharp increase in amplex red fluorescence 

whereas PAF-fMLF showed a modest increase in fluorescence (Figure 7C, Control). 

Treatment of neutrophils with DMSO or 1 µM Bay 11-7082 did not affect the oxidative 

burst. Treatment of neutrophils with 10 µM Bay 11-7082 resulted in a modest decrease of 

PAF-fMLF oxidative burst and delayed the PMA-induced burst slightly. Overall, 

neutrophils are still capable in producing an oxidative burst upon Bay 11-7082 treatment 

and the slight inhibition is in sharp contrast with the Bay 11-7082-induced increase in 

neutrophil survival capacity. 
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Figure 7. Bay 11-7082-treated neutrophils show Ca2+-signaling and are capable to induce an oxidative burst. (A) 

Neutrophils were loaded with 1 mM Fura-2 for 30 min and Ca2+-flux was measured upon Bay 11-7082 (1, 3, 10 µM) and fMLF (1 

µM) stimlation. (B) Neutrophils were incubated with Bay 11-7082 (1, 3, 10 µM) for 30 minutes and stimulated with fMLF (1 µM) 

and Ca2+-flux was measured. (C) Neutrophils were treated with DMSO, Bay 11-7082 (1 and 10 µM) or left untreated for 30 

minutes and were activated with 100 ng/ml PMA or 1 µM PAF and 1 µM fMLF and H2O2 release was measured with Amplex red 

for 60 minutes. These experiments are representative for at least three experiments 
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Discussion 

The NF-!B mediated signal transduction pathway has attracted much interest as a potential 

target for the treatment of inflammatory diseases.1,2 However, it is important to evaluate 

whether apart from inhibition of pro-inflammatory pathways these NF-!B targeting drugs 

modulate anti-inflammatory pathways as well. Especially for neutrophil driven diseases 

such as COPD this might be a risk because it is known that glucocorticoids act pro-

stimulatory on neutrophils.34-36 Whether this is true for NF-!B inhibitors is not known, but 

is important as this transcription factor plays an important role both in the onset and the 

resolution of inflammation.37 Therefore, we tested what the effect was of NF-!B inhibitors 

on neutrophil function. 

In this study we showed that inhibitors of NF-!B were potent neutrophil survival 

stimulators acting via p38 phosphorylation. Recently, Saffar et al. showed that 

glucocorticosteroid-induced neutrophil survival was dependent on both p38 and PI3K 

signaling.34 These data suggested that inhibition of NF-!B with steroids resulted in p38-

mediated neutrophil survival. These authors observed an increase in Mcl-1 expression in 

glucocorticoid-treated neutrophils but did not investigate Bcl-xL expression. Bcl-xL and 

Mcl-1 are anti-apoptotic proteins described to prolong neutrophil survival.16,18 Both Bcl-xL 

and Mcl-1 decreased during in vitro culture that correlated with spontaneous neutrophil 

apoptosis (Figure 1A). Bay 11-7082-treated neutrophils showed enhanced Bcl-xL levels 

that correlated with enhanced neutrophil survival. Various authors have shown evidence for 

Bcl-xL to inhibit neutrophil apoptosis. De novo Bcl-xL protein synthesis has been found in 

GM-CSF- and LPS-stimulated neutrophils that correlated with increased survival.18,38 

However, other reports showed only evidence for Bcl-xL mRNA, but no protein expression 

in neutrophils.39,40 Bachelor et al. showed enhanced Bcl-xL mRNA stability in ultraviolet-

A-exposed human keratinocytes.41 We report enhanced Bcl-xL protein stability in 

neutrophils that has not been reported before. 

A complication of studies using pharmacological inhibitors is induction of aspecific effects 

and/or toxicity in cells. We have several reasons to conclude this was not the case in the 

current study; 1) Bay 11-7082 concentrations such as 10 !M are often used to inhibit NF-

!B activity in various systems21,24,42-44 and did so in ours as well (Figure 2A-F), 2) If 10 !M 

Bay 11-7082 had induced cellular stress it would have been more likely to induce 
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neutrophil apoptosis than survival,45,46 3) Treatment of neutrophils with Bay 11-7082 did 

not affect other neutrophil functions such as Ca2+-flux (Figure 7A-B) and oxidative burst 

(Figure 7C). Furthermore, other inhibitors to major signaling pathways in neutrophils such 

as p38, PI3K and MEK kinase did not induce neutrophil survival or p38 phosphorylation, 

which is agreement with previous published results.14,34,47 

Because we observed adverse effects in neutrophil survival following NF-!B inhibition we 

tested the ability for Bay 11-7082 to inhibit TNF"-induced NF-!B signaling. Bay 11-7082 

inhibited TNF"-induced I!B" degradation as described before.21 Others have shown that 

Bay 11-7082 inhibited TNF"-induced IL-8 as well as LPS-induced IL-8, TNF", CCL3 and 

CCL4 release from human neutrophils.42,43 We observed basal NF-!B activity, which was 

inhibited with Bay 11-7082 (Figure 2C and F). Low amounts of transcriptional active NF-

!B signaling could be important for the various homeostatic functions in neutrophils. 

Recently, transcriptionally active NF-!B was detected in resting neutrophils in an 

electromobility shift assay (EMSA), which was increased with LPS.48 These results showed 

that, next to cell activated NF-!B signaling, also basal NF-!B signaling is present in 

neutrophils. Apparently, inhibition of this basal NF-!B signaling induces neutrophil 

survival. This is different from inhibition of cell-activated NF-!B activity, which generally 

induces neutrophil apoptosis. We have previously shown that RSV-induced neutrophil 

survival was inhibited with 0.1 µM Bay 11-708249 and Cowburn et al. showed inhibition of 

TNF"-induced neutrophil survival with 1-3 µM Bay 11-7085.43 These results show that 

low and intermediate concentrations of NF-!B inhibitors are able to inhibit NF-!B-

mediated neutrophils survival, whereas a complete inhibition (10 µM Bay 11-7082) of NF-

!B induced p38-dependent neutrophil survival. 

The underlying mechanism of p38 activation upon NF-!B inhibition remains uncertain. 

The NF-!B inhibitors Parthenolide, Bay 11-7082, Bay 11-7085 and CAPE have previously 

been shown to activate p38 signaling in other cells than neutrophils.21,26,50,51 Also, 

ERK1/222,23,51 and JNK21,51 have been described to be activated by these compounds, 

however, the mechanisms are still not identified. Enhanced p38 phosphorylation in Bay 11-

7082-treated neutrophils clearly demonstrated cross-talk between the NF-!B and p38 

pathways. Recently, several interactions between the p38 and the NF-!B pathway have 

been described, such as an interaction between p38 and p65 in human adenovirus infected 
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keratinocytes and endothelin-1 stimulated HeLa cells.52,53 Jion et al. showed p38 dependent 

p65 phosphorylation in TNF!-stimulated IKK"-/- mouse embryonic fibroblasts54 and 

activation of p38 modulated I#B! phosphorylation in murine macrophages.55 Our data 

supports the hypothesis that basal NF-#B activity controls p38 signaling in resting 

neutrophils. 

Our data are in contrast with some previously published results. Ward et al. showed marked 

apoptosis with NF-#B inhibitors SN-50, gliotoxin, curcumin and pyrrolidine 

dithiocarbamate (PDTC).56 We are not certain why these compounds induced apoptosis 

whereas Bay, 11-7082, Bay 11-7085, pathenolide, CAPE and NF-#B inhibitor in our hands 

induced marked neutrophil survival. Because the authors showed TNF!-induced neutrophil 

apoptosis, which we did not observe, the difference might lie in the neutrophil isolation 

method and culture conditions. Choi et al. showed very delicately that TAT-NEMO-domain 

binding peptides inhibited LPS-induced NF-#B mobilization and neutrophil survival.57 

However, Choi et al. observed 50% annexin-V negative cells following 20 hours in vitro 

culture, compare to 20% after 15 hours in our experiments. This increased resting 

neutrophil survival observed by Choi et. al. can be explained by the culture conditions, 

RPMI with 10% fetal calf serum, which might contain growth factor inducing neutrophil 

survival, which could be inhibited by inhibition of NF-#B signaling. 

Bay 11-7082-induced survival was completely abrogated by SB203580 and was not 

sensitive for inhibitors of the PI3K (LY294602) and ERK1/2 (PD98059) pathways (Figure 

1D). This indicated that particularly p38 was involved in the prolonged neutrophil survival 

induced by 10 !M Bay 11-7082. In contrast, GM-CSF-induced survival was insensitive for 

SB203580 and markedly inhibited by LY294602 and PD98059 that was described in 

neutrophils before.14 The survival effect of Bay 11-7082 was completely sensitive for p38 

inhibitor SB203580, which showed that this induction of survival was independent of the 

action of NF-#B as transcription factor. Data from literature regarding the role of p38 

activation in spontaneous and stimulus-induced neutrophil apoptosis are conflicting. p38 

was found to be constitutively tyrosine phosphorylated and activated during spontaneous 

apoptosis of neutrophils.58 Also, inhibition of p38 activity by SB203580 or an antisense 

oligonucleotide to p38 delayed apoptosis suggesting that constitutive phosphorylation and 

activation of p38 was involved in the program of spontaneous apoptosis in neutrophils. In 
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contrast, spontaneous apoptosis in human neutrophils has also been shown to be p38 

independent,59,60 and we confirmed these latter data in the current study. 

In conclusion, abrogation of NF-!B signaling in human neutrophils resulted in sustained 

p38 activation and induction of survival that correlated with stabilized Bcl-xL expression. 

The p38 mediated neutrophil survival under these conditions shows potential problems with 

interfering with NF-!B signaling in human neutrophils and illustrates that these inhibitors 

should be carefully studied in the context of both pro- and anti-inflammatory signals during 

neutrophil-driven inflammation. 
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Abstract 

Leukocyte integrins are functionally regulated by “inside–out” signaling, meaning that 

stimulus–induced signaling pathways act on the intracellular integrin tail and induce 

activation of the receptor at the outside. Both a change in conformation (affinity) and in 

clustering (avidity/valency) of the receptors has been described to occur. This inside–out 

signaling is essential for adequate migration of leukocytes to inflammatory sites, however, 

the exact underlying mechanism is not known. We used two variants of a mouse acute 

lymphocytic leukemia cell line (L1210), a suspension (L1210–S) and an adherent (L1210–

A) variant that were characterized by non–activated and activated integrins (!1, !2 and !3) 

respectively. L1210–S and L1210–A cells were compared on protein expression profiles by 

fluorescence two–dimensional difference in–gel electrophoresis (2D–DIGE). We found 86 

protein spots that were more than 1.25–fold different between L1210–A and L1210–S. 

Only 4 protein spots were more than 2.5–fold different. We identified 29 proteins by mass 

spectrometry among which were gelsolin, L–plastin and Rho GTPase dissociation inhibitor 

2. These proteins were upregulated in the L1210–A cells versus L1210–S, which was 

verified by Western blot analysis. Overexpression of gelsolin in U937 resulted in increased 

high affinity integrin expression and cell adhesion. Comparison of functionally different 

cell lines from similar origin by 2D–DIGE might be a successful approach to identify 

regulatory proteins involved in integrin inside–out control. 
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Introduction 
Integrins are a family of at least 26 transmembrane adhesion molecules which are 

composed of noncovalently linked ! and " subunits.1 Until now, 8 different " subunits and 

18 different ! subunits have been described in human cells that can form 24 known !–" 

heterodimers. In general, integrins on circulating, nonactivated leukocytes are expressed in 

an inactive state being unable to bind ligand. Signals induced by extracellular stimuli such 

as chemokines converge at the intracellular integrin tail and lead to activation of the 

integrin, a process also known as inside–out control.2,3 The activation is determined by two 

processes, a change in conformation (affinity) and/or clustering of integrins on the cell 

membrane (avidity/valency).4 Although the list of signaling and adaptor proteins involved 

in inside–out signaling is increasing5 the precise molecular mechanism has not been 

elucidated.  

To study the process of integrin mediated adhesion, we made use of two variants of a 

mouse acute lymphocytic leukemia cell line (L1210), a suspension growing (L1210–S) and 

an adherent growing variant (L1210–A).6 Previous work showed that "1, "2, and "3 integrins 

were in a constitutively high active state on L1210–A cells and in a low, but inducible state 

on L1210–S cells. Total expression of "1 and "2 integrins was equal and nearly equal for "3 

integrins. Also, growth properties of both variants in vitro were comparable. Furthermore, 

we showed using a leptomeningeal leukemia model that mice injected intrathecally with 

L1210–A cells died rapidly, in contrast to L1210–S injected mice. This suggests that 

adhesion is an important factor for tumor progression. We hypothesized that the L1210–A 

and L1210–S cells differ in expression levels of proteins that are involved in inside–out 

control of integrins. The L1210–A and L1210–S variants are therefore a unique model 

system to identify proteins that play a role in integrin activation.  

In this paper, we report differential expression of 86 protein spots and the identification of 

29 proteins that were differently expressed between L1210–A and L1210–S cells. Among 

these proteins were gelsolin, L–plastin and Rho GTPase dissociation inhibitor (GDI) 2 that 

might contribute to the inside–out regulation of "1, "2 and "3 integrins leading to the 

adherent tumorigenic cell phenotype. 
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Materials and Methods 
Reagents.  

Anti–mouse gelsolin was from R&D systems (Abingdon, U.K.), anti–mouse Actin, anti–

mouse L–plastin, anti–mouse RhoGDI2 and anti–mouse !–tubulin were from Santa Cruz 

(Santa Cruz, CA, USA). mAb IB4 (anti !2–integrin) was isolated from the supernatant of a 

hybridoma obtained from the American Type Culture Collection (Rockville, MD, USA). 

N29 (MAB2252Z) was purchased from Chemicon. IB4 and N29 were labeled with 

DyLight 649 NHS ester according to protocol (Pierce, Thermo Fisher Scientific, Etten–

Leur, The Netherlands). CD29–FITC was obtained from AbD Serotec (Oxford, U.K.) and 

mouse isotype control IgG1–FITC was purchased from Becton Dickinson (San Jose, CA, 

USA). Hepes incubation buffer contained 20 mM HEPES, 132 mM NaCl, 6 mM KCl, 1 

mM MgSO4, 1.2 mM KH2 PO4, 5 mM glucose, 1.0 mM CaCl2, and 0.5% (w/v) Human 

Serum Albumin All other materials were reagent grade. 

 

Cell Culture.  

L1210 and U937 cells were cultured in RPMI 1640 supplemented with 10% FCS, 1% 

penicillin–streptomycin–L–glutamine, and 60 µM !–mercaptoethanol. Cells were incubated 

in 5% CO2–95% air at 37 °C. The L1210–A cells were harvested by treatment with 10 mM 

EDTA. Before each experiment L1210–A and –S cells were treated equally using 10 mM 

EDTA.  

 

Protein Extracts Preparation.  

The L1210 cells were washed twice (0.34 M sucrose, 1 mM EDTA, 10 mM Tris) and lysed 

in lysis buffer (10 mM Tris pH 7.4, 10% glycerol, 1% NP40, 50 mM NaF, 20 mM tetra–Na 

pyrophosphate, 1 mM DTT, 2 mM vanadate, 1 mM PMSF and 1x Complete EDTA–free 

protease inhibitor cocktail tablet (Roche)). Proteins were precipitated with 80% acetone and 

dissolved in labeling buffer (8 M Urea, 2 M Thiourea, 4% CHAPS, 10 mM Tris pH 8.5). 
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CyDye Labeling.  

Protein extracts were labeled using the fluorescent cyanine dyes developed for 2D–DIGE 

technology (GE Healthcare, Uppsala, Sweden) following manufacturer’s protocol. Protein 

extracts (50 µg) were labeled with 400 pmol of fluorescent dye (Cy2, Cy3, or Cy5) for 30 

min on ice. Protein samples were randomly labeled with Cy3 or Cy5. Internal reference 

sample, created by pooling 25 µg of each protein sample, was labeled with Cy2. Labeling 

was stopped by adding 1 µl 10 mM lysine followed by 15 min incubation and addition of 

an equal volume of 2x IEF buffer (8 M Urea, 2 M Thiourea, 4% CHAPS, 300 mM DTT, 

2.0% IPG buffer 3–10NL, 0.004% Bromophenolblue) to each sample. Cy3 sample, Cy5 

sample and Cy2 internal reference sample were pooled and brought up to a final volume of 

450 µl with IEF buffer (8 M Urea, 2 M Thiourea, 4% CHAPS, 150 mM DTT, 1.0% IPG 

buffer 3–10NL, 0.002% Bromophenolblue). 

 

2D Gel Electrophoresis and Analysis.  

Protein samples were passively rehydrated into 24 cm pH 3–10 NL strips (GE Healthcare, 

Uppsala, Sweden) for 10 h followed by isoelectric focussing using a manifold–equipped 

IPGphor IEF unit (GE Healthcare, Uppsala, Sweden) according to the manufacturer’s 

protocol. The cysteine sulfhydryls were reduced with 1.0% DTT and carbamidomethylated 

with 2.5% Iodoacetamide in equilibration buffer (30% glycerol, 2% SDS, 6 M urea, 75 mM 

Tris, pH 8.8). Second dimensional SDS–PAGE was performed on hand–cast 12% SDS–

PAGE gels using low fluorescence glass plates. Electrophoresis was carried out at 0.2 

W/gel for 2 h followed by 1 W/gel until completion using an Ettan DALT–12 unit (GE 

Healthcare, Uppsala, Sweden). Gels were scanned using a Typhoon 9410 imager at 100 µm 

resolution (GE Healthcare, Uppsala, Sweden). Scan settings were optimized for a maximal 

signal of 85000 counts. Gel images were cropped using ImageQuantTL 2003 (GE 

Healthcare, Uppsala, Sweden), spot detection was performed with DeCyder 6.5 DIA 

(Difference In–gel Analysis) software (GE Healthcare, Uppsala, Sweden), and gel images 

were matched using DeCyder 6.5 BVA (Biological Variation Analysis) software 

(Healthcare, Uppsala, Sweden). Statistical analysis was performed using paired Student t 

tests with false discovery rate correction using DeCyder 6.5 BVA. A p < 0.05 was 

considered statistically significant. 
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For spot–picking with the Bio–Rad spot picker, 500 µg of unlabeled protein extract was 

separated and stained with Flamingo fluorescent stain (Bio–Rad) following manufacturer’s 

protocol. For spot picking with the DIGE compatible Ettan spot picker, 500 µg of L1210–S 

protein sample was labeled with Cy3 and 500 µg of L1210–A protein sample was labeled 

with Cy5 and separated following manufacturer’s protocol. 

 

Spot–picking and enzymatic In–Gel Digestion.  

We compared the analysed DIGE image with the Flamingo stained preparative gel, 

designated the differentially expressed spots manually in the preparative gel, and picked the 

protein spots with an automated spot picker (Bio–Rad). For the DIGE spot picker, the 

DIGE image was compared with the L1210 analysis and spots were picked automated 

following manufacturer’s protocol. The gel pieces were destained overnight with 50% 

methanol and 5% acetic acid, dehydrated with 100% acetonitrile (CAN) for 5 min and dried 

in a Concentrator (Eppendorf) for 3 min The gel pieces were reduced with 10 mM DTT in 

100 mM NH4HCO3 for 1 h at 56 °C, alkylated in 50 mM iodoacetamide in 100 mM 

NH4HCO3 for 30 min at room temperature and washed with 100 mM NH4HCO3. The gel 

pieces were dehydrated with 100% ACN, dried in a Concentrator (Eppendorf) and 

rehydrated with 25 µl (20 ng/ µl) Trypsin solution sequence grade (Sigma) for 10 min on 

ice. The unabsorbed solution was removed and 10 µl 50 mM NH4HCO3 was added and 

incubated o.n. at 37 °C. Peptides were extracted from the gel by adding 2x 30 µl 50% ACN.  

 

Mass Spectrometry Analysis.  

Nano LC–MS/MS analysis of the digested proteins were performed using a CapLC 

capillary LC system (Waters Corporation, Milford, USA) coupled to a hybrid quadrupole 

orthogonal acceleration time–of–flight tandem mass spectrometer (Q–TOF Ultima, Waters 

Corporation, Altrincham, U.K.). Chromatographic separations were performed on a 

reversed phase capillary column (Atlantis® dC18, 75 µm i.d. ! 100 mm length, 3 µm 

particle size; Waters Corporation, Milford, USA). The mobile phases used were: (A) milli–

Q H2O w/5% acetonitrile and 0.1% formic acid; (B) acetonitrile w/5% milli–Q H2O and 

0.1% formic acid; (C) milli–Q H2O w/0.1% formic acid. A sample of 1.0 µl was injected 

using a microliter pickup method and then loaded onto the trap column (Symmetry300 C18 

NanoEase Trapping column, 180 µm column i.d. ! 23.5 mm, 5 µm particle size; Waters 
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Corporation, Milford, USA) using mobile phase C at a flow rate of 15 µl/min for 5 min 

After loading, the stream select module was switched to a position where the trap column 

became inline with the analytical capillary column and a linear gradient of mobile phases A 

and B was carried out. The gradient progressed from 5 to 50% B over 45 min A splitter was 

added between the mobile phase mixer and the stream select module to reduce the flow rate 

from 5 µl/min to 200 nl/min A LockSpray device (Waters Corporation, Altrincham, UK) 

was employed to correct for any mass drift that occurred during data collection and to 

improve the mass accuracy. Glu–fibrinopeptide B (M2+ = 785.8426 m/z, Sigma, 

Zwijndrecht, the Netherlands) was used for correction of MS–data, while erythromycin (M+ 

= 716.4585 m/z, Sigma, Zwijndrecht, The Netherlands) was used to correct for MS/MS–

data. Briefly, a syringe pump was used to introduce 150 fmol/!L Glu–fibrinopeptide B and 

200 fmol/!L erythromycin into the reference spray at a flow rate of 0.3 µl/min The 

nanoflow ESI source conditions were set as follows: capillary voltage 3500 V, sample cone 

voltage 40 V, source temperature 60  °C, cone gas (N2) 13 L/h. For the reference spray, the 

capillary voltage was 3750 V, sample cone voltage was 40 V and the reference scan was 

performed every 10 s. For the sprayer, a PicoTip capillary from New Objective was used 

(PicoTip Emitter, Tip: 10 ± 1 mm).  

Data–dependent acquisition was employed for the MS survey scan, the selection of 

precursor ions and the subsequent MS/MS of the selected parent ions. The MS/MS peak 

detection window was set at 1 Da. Fragmentation was performed using argon as the 

collision gas, and with a collision energy profile optimized for various mass ranges of ion 

precursors, 3 ion precursors were allowed to be fragmented at a time. The collision energy 

was set according to the ion charge state and the mass–to–charge ratio and varied from 16 

to 40 eV. Acquired data were processed using ProteinLynx Global Server v2.1 (Waters 

Corporation, Altrincham, U.K.) and database searching was done using a Swiss–Prot 

database without any taxonomy restriction. The maximal tolerance for peptide masses was 

100 ppm and the maximal tolerance for MS/MS data was 0.1 Da. One misscleavage for 

tryptic peptides was allowed and the modifications accepted were 

carboxyamidomethylation with iodoacetamide of cysteines and possible oxidation of 

methionines. 

 

Generation of Polyclonal U937 Cells Overexpressing Gelsolin.  
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Human gelsolin in a pOTB7 plasmid was purchased from Invitrogen. Human Gelsolin 

(hGELS) was cut using XhoI (Gibco BRL Life Technologies) and EcoRI (Invitrogen, 

Carlsbad, CA) and insert was ligated into pcDNA3 plasmid using PureExtrem Rapid DNA 

Ligation Kit (Fermentas, St. Leon–Rot, Germany). U937 cells (1 x 106 cells per 100 µl) 

were nucleofected with either empty vector pCDNA3 or hGELS in pCDNA3 using Amaxa 

(VPA–1002, program S018). After 24 h U937 cells were put on G418 (0.5 mg/mL, Roche, 

Mannheim, Germany) and after 2 weeks stable polyclonal cell populations were obtained. 

 

Determination of Total and Active Integrin Expression by Flow Cytometry.  

Flow cytometry was used to measure expression levels of total and active integrins. U937 

cells were centrifuged and washed twice in phosphate buffered saline (PBS) at room 

temperature. Cells were resuspended in Hepes incubation buffer and put in a concentration 

of 2 x 105 cells/sample. Directly labeled antibodies were used according to protocol and 

incubated for 1 h at 4ºC. Subsequently, cells were washed twice in Hepes incubation buffer 

and analyzed on a FACScalibur flow cytometer (Becton Dickinson, San Jose, CA). 

 

Static Adhesion Assays on Fibronectin.  

Adhesion assays were performed as described before6 with some minor modifications. In 

short, flat bottom plates were coated with 10 µg/ml fibronectin (isolated from human 

plasma as described by Beumer et al.7) for 2 h at 37 °C. Subsequently, wells were incubated 

with 2.5% BSA/PBS during 1 h at room temperature. U937 cells were labeled with 5 µM 

calcein (Molecular Probes, Invitrogen) for 15 min at 37 °C and washed twice with Hepes 

incubation buffer. Adhesion assays were performed in Hepes incubation buffer by 

administering 5 x 105 U937 cells/well in a 96 wells plate coated with fibronectin during 30 

min at 37 °C. EDTA (10 mM) served as a control for divalent cation dependent binding. 

Fluorescence per well was measured before and after three washes using FLUOstar 

OPTIMA (BMG Labtech GmbH, Offenburg Germany). The percentage adherence was 

determined by calculating the fluorescence after three washes as a percentage of the total 

fluorescence before washing. 

 

Western Blotting.  



Chapter 8 
 

 
187 

The L1210 or U937 cells were washed once with PBS, lysed in sample buffer (2% !–

mercaptoethanol, 2% SDS, 10% glycerol, 30 mM Tris–HCL pH 6.8) and boiled for 5 min 

Protein samples were analyzed on 10–12% SDS–polyacrylamide gels. Proteins were 

transferred to Immobilon–P (Millipore). The blots were blocked in hybridization buffer (10 

mM Tris, 150 mM NaCl, and 0.1% Tween 20) containing 5% (w/v) milk powder (ELK, 

Campina, The Netherlands) for 1 h followed by incubation with first specific antibody 

(1:1000) in hybridization buffer with 5% (w/v) BSA or 0.5% (w/v) milk powder overnight 

at 4 °C. After incubation with the first antibody, the blots were washed three times for 5 

min in hybridization buffer. The second antibody (horseradisch peroxidase (HRP)–coupled; 

1:3000) was incubated in hybridization buffer containing 5% (w/v) milk for 2h at room 

temperature followed by three washings for 5 min in hybridization buffer and a last wash 

step in PBS. Detection of all Western blots was performed by ECL plus (GE Healthcare, 

Uppsala, Sweden) and detected using a Typhoon 9410 (GE Healthcare, Uppsala, Sweden). 

The Western blot results are expressed as mean ± standard error of the mean. Statistical 

analysis was performed using paired Student t tests (statistical software package SPSS 

version 15.0). p < 0.05 was considered statistically significant. 
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Results 
L1210–S and L1210–A Cells Comparison with 2D–DIGE. 

Previously, an adherent L1210 cell–line (L1210–A) and a suspension cell line (L1210–S) 

was cultured from a wild–type L1210 cell pool.6 As shown in Figure 1, the L1210–S cells 

are round cells that grow in suspension, whereas the L1210–A cells have an adherent 

phenotype. Proliferation rates and viability of the L1210–A and L1210–S cell lines in 

culture medium were similar (data not shown, 6). Inside–out control rather than expression 

of !1, !2 and !3 integrins on L1210–A versus L1210–S were responsible for the difference 

in adhesion capacity.6 To identify proteins that were associated with the difference in 

inside–out control between the L1210–A and L1210–S cells we performed fluorescence 

two–dimensional (2D) difference gel electrophoresis (DIGE) using cyanine dye (CyDye) 

protein labeling. The DIGE technology is based on differential protein labeling with 

fluorescent CyDyes, which allows sample multiplexing.8 In this experiment, 4 individual 

protein samples of the L1210–A and L1210–S cells were prepared on 4 different days. The 

samples were labeled with Cy3 or Cy5 with Cy2 as internal reference control and separated 

by 2D–DIGE in 2 separate experiments with 2 protein samples per cell type. As seen in 

Figure 2A, an overlay of the L1210–S Cy3 and L1210–A Cy5 images shows an image with 

the differentially regulated proteins in red or green. Analysis with DeCyder 6.5 identified 

1400 – 2200 protein spots by a volume filter exclusion of 30000 and matched 670 protein 

spots between all 4 gels, and 1262 in 3 out of 4 gels. As shown in the scatter plot (Figure 

2B), the volume of paired protein spots of L1210–S labeled with Cy3 and L1210–A labeled 

with Cy5 showed a linear distribution with a R2 of 0.962 (range of all gels 0.953 – 0.962).  

 
 

Figure 1. Morphological characteristics of L1210–S and L1210–A cells in culture. L1210 cells were cultured in RPMI 1640 

supplemented with 10% FCS, 1% penicillin–streptomycin–L–glutamine, and 60 mM !–mercaptoethanol. L1210–S (panel A) cells 

have a round appearance whereas L1210–A (panel B) cells have a polarized appearance. 
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Statistical analysis with DeCyder 6.5 showed 86 proteins to be differentially expressed 

more than 1.25–fold (t test p < 0.05 with false discovery rate correction) and only 4 protein 

spot with 2.5–fold or more (Table 1). Of the 86 differentially regulated proteins, 32 were 

decreased in expression and 54 were increased in the L1210–A cells compared to the 

L1210–S cells. 

 
Figure 2. 2D–DIGE analysis of L1210–S Cy3 and L1210–A Cy5. (A) L1210–S and –A protein samples were labeled with Cy3 

or Cy5, respectively. Proteins were focused on 24 cm pH 3–10NL IEF strips and separated by 10% SDS–PAGE. Image shows an 

overlay of the L1210–S and L1210–A in ImageQuant TL (GE Healthcare). (B) Each data point represents spot volumes of the 

Cy3 and Cy5 images. The x–axis indicates the volumes of protein spots in L1210–A whereas the y–axis represents those in 

L1210–S cells. The protein expression profile showed a linear distribution. 

 

Identification of Differentially Expressed Proteins. 

To identify the proteins differentially expressed between the L1210–S and L1210–A cells, 

we picked protein spots in two experiments from the 2D gels. First, we picked 26 protein 

spots (spots 1 – 26) from Flamingo stained gels with either 500 µg of L1210–A or 500 µg 

of L1210–S protein sample (Figure 3A). Second, we picked 21 protein spots (spots 27–47) 

from a DIGE gel loaded with 500 µg L1210–S Cy3 and 500 µg L1210–A Cy5 protein 

sample (Figure 3B). From 10 picked protein spots, no proteins could be identified, mainly 

due to low protein abundance; from 5 protein spots, 2 proteins per spot were identified 

(Table 2). 
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Figure 3. 2D–gels L1210–S and L1210–A for spot–picker. (A) 500 µg L1210–S or 500 µg L1210–A protein sample was 

focused on 24 cm pH 3–10NL IEF strips, and separated by 10% SDS–PAGE and stained with Flamingo (Bio–Rad). 

Indicated protein spots were picked with an automated spot picker (Bio–Rad) and subjected to in–gel digestion and mass 

spectrometry. (B) 500 µg L1210–S and –A protein sample was labeled with Cy3 and Cy5 respectively and focused on 24 cm 

pH 3–10NL IEF strips and separated by 10% SDS–PAGE. Indicated protein spots were picked with an Ettan spot picker (GE 

Healthcare) and subjected to in–gel digestion and mass spectrometry. 
 

In total, 29 proteins were identified, 6 were involved in the function of or located at the 

mitochondrion, and 7 protein spots were actin binding proteins or cytoskeleton proteins  

(Figure 4). This latter group of proteins, together with the RhoGDI2, has a possible role in 

integrin inside–out control and was therefore further analyzed. 

 



Chapter 8 
 

 
191 

 



Chapter 8 
 

 
192 

 
 

Figure 4. Pie–chart identified proteins. Proteins identified to be differential expressed between L1210–A 

and –S were grouped by function. 

 

Verification of Gelsolin, L–Plastin and RhoGDI2 Protein Expression. 

Among the proteins we identified to be differentially expressed between the L1210–A and 

L1210–S cells, we verified three proteins that have a potential role in integrin regulation. 

Gelsolin and L–plastin are involved in actin assembly and remodeling and RhoGDI2 plays 

a role in the Rho–GTPase signaling pathway.9–11 These processes are known to have an 

effect on integrin activity.12,13 Expression of gelsolin, L–plastin and RhoGDI2 were 3.8, 

1.6, and 1.4–fold increased in L1210–A cells compared to L1210–S cells, respectively 

(Figure 5). We performed Western blotting analysis to verify the protein expression in 

whole cell lysates of L1210–A and L1210–S cells. As seen in Figure 6A, gelsolin 

expression is 3–fold higher in the L1210–A cells compared to the 

 
Figure 5. DeCyder analysis of L1210–S and L1210–A cells. DIGE spot maps were analyzed with Decyder 

6.5 (GE Healthcare). Differential expression of gelsolin, L–plastin and RhoGDI2 are shown. 
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Figure 6. L1210–A and –S Western blot analysis. Protein samples of L1210–A and L1210–S cells were analyzed by 

Western blot analysis with (A) Anti–gelsolin, (B) anti–L–plastin, (C) anti–RhoGDI2 and anti–!–tubulin as loading control. 

The Western blots shown are representative for four experiments. Mean values are represented ± SEM (n=4). A paired 

Student’s t–test was used to perform statistical analysis (* = p <0.05, ** = p <0.01). 

 

L1210–S cells. For analysis, the spot intensity of at least 4 samples was measured and 

normalized to !–tubulin. The difference in protein expression of L–plastin was less 

abundant, however, detectible by Western blotting as seen in Figure 6B. The difference of 

L–plastin protein expression analyzed by spot intensity is 1.4–fold higher in the L1210–A 

cells. RhoGDI2 is 1.35–fold increased in the L1210–A compared to the L1210–S cells 

detected by Western blot analysis (Figure 6C). Thus, the results from the Western blot 

analysis are consistent with the DeCyder analysis of the 2D–gels and confirm the mass 

spectrometry identified protein spots. 
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Overexpression of Gelsolin in U937 Cells Increased Adhesion and Expression of 

Active Integrins. 

Because gelsolin showed the largest difference in protein expression between L1210–S and 

L1210–A cells we investigated its role in integrin activation. We used the leukocytic 

mononuclear cell line U937 since these cells are known to express !1 integrins that are 

inducible in function.14  

As seen in Figure 7A, gelsolin expression is significantly increased in the stable U937 cells 

transfected with human gelsolin compared to the mock transfected U937 cells. 

Overexpression of gelsolin in U937 caused a significant increase in adhesion to fibronectin 

compared to mock transfected U937 (Figure 7B). EDTA, which sequesters bivalent ions 

needed for integrin function, decreased adhesion of U937 with gelsolin overexpression to 

basal levels.  

Integrin mediated cell adhesion is dependent on at least two mechanisms, a change in 

affinity and valency. To test a change in affinity, we measured expression of total CD29 

and a high affinity epitope of CD29 (N29) on U937 cells with and without overexpression 

of gelsolin. Expression of CD29 was not different between mock and gelsolin transfected 

cells (Figure 7C) whereas the high affinity epitope N29 was increased in the cells 

overexpressing gelsolin (Figure 7D). These results show an important role for gelsolin in 

integrin affinity regulation, which correlated with increased cell adhesion. 
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Figure 7. Gelsolin increased U937 cell adhesion. (A) Protein samples of U937 mock and U937 gelsolin were analyzed by 

Western blot analysis with Anti–gelsolin and anti–!–tubulin as loading control. The western blots shown are representative 

for four experiments. Mean values are represented ± SEM (n=4). A paired Student’s t–test was used to perform statistical 

analysis (* = P<0.05). (B) Calcein (5 µM) labeled U937 mock and U937 gelsolin cells were incubated on fibronectin coated 

plates for 30 min at 37 °C and percent adhesion after 3 washes was calculated. EDTA served as control for integrin mediated 

cell adhesion. U937 mock and U937 gelsolin were incubated with anti–CD29 (C), N29 (D) or control antibody for 1 h at 4 °C 

and fluorescence was measured by flow cytometry.  
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Discussion 

In this paper, we compared L1210–A and L1210–S cells to identify potential regulatory 

proteins for integrin activation using 2D–DIGE. To our knowledge, this is the first 2D–

DIGE approach to identify regulatory proteins for integrin function, and together with the 

unique L1210–A and L1210–S cells, we present a model to identify possible regulatory 

proteins for integrin inside–out signaling.  

Of the 29 identified proteins, ~25% was associated with the cytoskeleton, ~20 % with 

mitochondrial processes and the other ~50% with diverse functions (see Figure 4 and Table 

S2). Although we cannot rule out the possibility that proteins other than those involved in 

cytoskeleton functions contribute to the difference in adhesion phenotype,6 there are several 

reasons to suggest that cytoskeleton associated proteins are very important. First, it is well 

known that integrin regulation depends on a change in conformation and a change in 

valency.4 Whereas talin is important in the conformational change of the integrin,15 the 

valency or clustering of the receptors depends on cytoskeletal rearrangements.16,17 Both 

processes are dependent on the interaction of the integrins with the cytoskeleton. Second, 

previously we have shown that integrin mediated adhesion but not growth–mediated events 

were different between the two variants. Thus, the only functional difference between 

L1210–A and L1210–S cells was integrin regulation.6 This was further illustrated by the 

prevention of L1210–A– induced leptomeningeal metastasis using a !3 integrin inhibitor 

RGD peptide (unpublished results).  

Here, we identified and verified gelsolin, L–plastin and RhoGDI2 as differential regulated 

proteins between two cellines that functionally differ in integrin activation status. For 

gelsolin, we have confirmed a role in integrin activity in a leukocytic cell line. We will 

discuss the potential role of gelsolin, L–plastin and RhoGDI2 in integrin regulation. 

Gelsolin is widely expressed in mammalian tissue and controls the actin assembly or 

disassembly upon Ca2+ and polyphosphoinositide signals via interactions between 

monomeric actin and filamentous actin (F–actin).18,19 A role for gelsolin has been discussed 

in several cells and cell lines and has been shown to play a major role in cell motility. 

Gelsolin is particularly abundant in the cytoplasm of cells that migrate or change shape 

rapidly, such as neutrophils,20 pulmonary macrophages,21 fibroblasts,22 and platelets23 and 

gelsolin–deficient mice exhibit prolonged bleeding time, which is consistent with defective 

platelet function.24 Besides haemostatic problems, these mice show impaired neutrophil 
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migration in vivo and in vitro. Fibroblast from gelsolin–deficient mice showed decreased 

!2"1 mediated collagen phagocytosis25 and overexpression of gelsolin in NIH 3T3 

fibroblasts enhanced cell motility.22 Previous research by Arora et al. has shown that 

gelsolin knockout fibroblasts showed decreased binding capacity to beads coated with !1 

integrin ligand collagen.25,26 Furthermore, they showed that a !1 integrin activating 

antibody could overcome the lack of adhesion. However, thus far, no effect of gelsolin 

overexpression on adhesion or integrin affinity has been described. We show for the first 

time that gelsolin plays a role in the integrin affinity regulation on leukocytic cells. Stable 

overexpression of gelsolin in the monocytic cell line U937 increased the high activity 

epitope expression as detected by the monoclonal antibody N29, whereas expression of 

total !1 integrin chain did not differ between the mock and gelsolin transfected U937 cells. 

Furthermore, an increase in binding to the !1 ligand fibronectin was observed which was 

blocked by treatment with EDTA. These data provide proof–of–principle for our proteomic 

approach.  

Another possible regulator of integrin regulation found in our screen is L–plastin. Plastins 

are actin cross–linking proteins highly conserved through evolution.10 L–plastin is 

predominantly expressed in hematopoietic cells27 and cross–links actin filaments into tight 

bundles. An important role for L–plastin phosphorylation has been shown in the regulation 

of !M"2 (MAC–1) dependent neutrophil adhesion.28 Also, an L–plastin tat peptide was able 

to induce a ligand induced binding site of "v!3 integrin on K562 cells in the context of 

RGD peptide.29 These data showed that L–plastin was involved in integrin activation. 

However, L–plastin knockout mice did not show adhesion deficiencies.30 It might very well 

be possible that L–plastin shares redundant capacities with other integrin regulatory 

proteins.  

Gelsolin and L–plastin are important in controlling the cytoskeleton thereby possibly 

stimulating integrin valency changes. However, we do not exclude a role for these proteins 

in post adhesion strengthening which is an important process for leukocytes to withstand 

shear stress during extravasation and is a result of inside–out signaling.31 

Rho GTPase signaling is widely described to be involved in integrin regulation.32 The 

common feature of small GTP–binding proteins is the switch between the active (GTP–

bound) and the inactive (GDP–bound) state. The regulatory cycle between the two states is 
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controlled by two classes of proteins; the GTPase activating proteins (GAPs) and 

GDP/GTP exchange factors (GEFs).33,34 For the Rho family, the activity of these GAPs and 

GEFs are further controlled by RhoGDIs through inhibition of the guanine nucleotide 

exchange.35 RhoGDIs are able to interact with the GTP–bound form of Rho GTPase to 

inhibit GTP hydrolysis.36 On the basis of these data, a possible role for RhoGDI2 in the 

involvement of integrin regulation is interesting. We show an increase in RhoGDI2 protein 

abundance in the L1210–A cells. The increase in RhoGDI2 might prolong the GTP bound 

state of Rho–GTPases and thereby prolong signals involved in integrin activation.  

Besides Gelsolin, L–plastin and RhoGDI2, which possess the most obvious role in integrin 

regulation, other proteins identified by our screen might be involved as well. Stathmin, 

which is a microtubule regulatory protein, has been implicated in cell migration. 

Overexpression of stathmin increased cell motility,37 whereas siRNA38 or pharmaceutical 

inhibitors39 inhibited cell migration, motility and invasion. Furthermore, we showed 

enhanced Serpin B1 expression in the adherent L1210–A cell lysates compared to the 

L1210–S cells. Serpin B1 is also known as Leukocyte elastase inhibitor A and acts as an 

inhibitor for neutrophil elastase,40,41 neutrophil proteinase–3, cathepsin G and chymase.42 A 

role for Serpin B1 in adhesion modulation has not been reported, although its family 

member Serpin B5 (also known as Maspin) has been described as a tumor suppressor that 

inhibits cell invasion and migration.43 Serpin B5 has been shown to associate with integrin 

!1 and modulate cell adhesion.44 Whether Serpin B1 has similar functions is not known. 

Via this 2D–DIGE approach, we were able to identify regulatory proteins for integrin 

activation such as gelsolin, L–plastin and RhoGDI2. For gelsolin, we have confirmed that it 

plays a role in integrin affinity regulation and cell adhesion. Further research will focus on 

the role of the other candidates. Understanding the precise mechanism of inside–out control 

of integrins on leukocytes is important for processes such as adhesion, extravasation, 

migration and invasion. 
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Abstract 
Integrins are functionally regulated by “inside-out” signaling, meaning that stimulus-

induced signaling pathways act on the intracellular integrin tail and activates the receptor at 

the outside. Both a change in conformation (affinity) and in clustering (avidity/valency) of 

integrins occurs, but the exact underlying mechanism is not completely known. Previously, 

we identified the F-actin modulating protein gelsolin as potential regulator of integrin 

affinity. Overexpression of gelsolin induced a high affinity state of !1-integrins on the 

monocytic cell line U937 and increased adhesion to fibronectin. In the current study we 

investigated a) localization of gelsolin, b) the effects of F-actin modulation on !1-integrin 

affinity regulation and c) the effects of gelsolin downregulation on !1-integrin affinity and 

cell adhesion using the L1210 cells as a model for leukocytes.  

We show that gelsolin is expressed as a ring-like structure near the cell membrane in both 

L1210-A and L1210-S cells. Although expression level of active !1-integrins as detected by 

9EG7 antibody was increased on L1210-A cells, the pattern of total !1-integrins and active 

!1 integrins on the membrane of L1210-A and L1210-S cells showed no differences. Next, 

the role for F-actin polymerization in integrin affinity regulation was examined using the 

actin modulating drugs latrunculin B that disrupts actin polymerization and jasplakinolide 

which stabilizes actin polymerization. Treatment of L1210-S cells with latrunculin B 

increased !1-integrin affinity as detected by 9EG7 staining, whereas treatment of L1210-A 

cells with jasplakinolide decreased !1-integrin affinity. Furthermore, knock-down of 

gelsolin in L1210-A cells decreased !1-integrin affinity and cell adhesion to collagen. 

Interestingly, knock-down of gelsolin resulted in decreased talin expression. We 

hypothesize that gelsolin severs F-actin and thereby induces !1-integrin affinity and 

adhesion. Future experiments will address this hypothesis. 



Chapter 9 
 

 
205 

Introduction 
Adhesion of leukocytes to the endothelium of the vasculature is of absolute importance for 

their resistance to shear forces present in the blood stream and subsequent migration into 

the tissues.1 Leukocytes express adhesion molecules such as selectins and integrins to resist 

these shear forces. Integrins belong to a family of 26 transmembrane adhesion molecules 

which are composed of non-covalently linked ! and " subunits.2 In resting conditions, 

circulating peripheral blood leukocytes express integrins in an inactive state being unable to 

bind ligand. Upon stimulation by inflammatory mediators such as cytokines and 

chemokines, signals are induced in the leukocytes that lead to activation of the integrin, a 

process generally referred to as inside-out control.3,4 Activation of integrins is determined 

by two processes, a change in conformation (affinity) and an induction of clustering of 

integrins on the cell membrane (avidity/valency).5 Although the list of signaling and 

adaptor proteins involved in inside-out signaling is increasing6 the precise mechanism by 

which all these proteins interplay at the intracellular tail is largely unknown. 

The complex architecture of proteins that is involved in integrin affinity regulation is part 

of the so called adhesome.7,8 Talin and kindlins are essential components of this complex 

and are regarded as the common last step of integrin affinity regulation on leukocytes.9-11 

The linkage of integrins to the cytoskeleton through talin and possibly through kindlins, is 

thought to be very important in the induction of affinity configuration. Furthermore, many 

cytoskeletal proteins are described to play a role in linking integrins to the actin 

cytoskeleton, such as vinculin and paxillin.12-14 Also, actin bundling proteins such as L-

plastin have been shown to play an important role in integrin activation.15 Next to these 

adaptor proteins, actin cytoskeleton modulating proteins such as ARP2/3 and cofilin, but 

also gelsolin, are involved in polymerization and depolymerization of F-actin. 

Previously, we compared two variants of a mouse acute lymphocytic leukemia cell line 

(L1210), a suspension growing (L1210-S) and an adherent growing variant (L1210-A),16 

and found gelsolin to be differentially expressed.17 Gelsolin is widely expressed in 

mammalian tissue and is particularly abundantly present in cells that migrate or change 

shape rapidly.18-21 Gelsolin functions as an F-actin severing and capping protein and its 

function is regulated by Ca2+ and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2).22,23 A 
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role for gelsolin in the induction of !1-integrin affinity and function was verified by 

overexpression of gelsolin in a monocytic cell line U937.17  

Here, we report that gelsolin is abundantly present at the cell membrane of L1210-A and 

L1210-S cells, which corresponds with a putative function in !1-integrin affinity regulation. 

Treatment of L1210-S cells with latrunculin B (inducing F-actin depolarization) induced 

active !1-integrin expression, whereas jasplakinolide (inducing F-actin polymerization) 

reduced active !1-integrin expression on L1210-A cells, which indicated that actin 

dynamics plays an important role in integrin affinity regulation. Knock-down of gelsolin in 

L1210 cells correlated with a loss of high affinity !1-integrin epitope expression, reduced 

cell adhesion and talin expression. Therefore, we hypothesize that gelsolin increases !1-

integrin affinity expression by modulating actin polymerization and thereby increasing the 

amount of talin required in high affinity integrin complexes. 
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Materials and Methods 
Reagents.  

Anti-mouse gelsolin was from R&D systems (Abingdon, United Kingdom), and anti-mouse 

!-tubulin and L-plastin were from Santa Cruz (Santa Cruz, CA, USA). Mouse CD29-PE-

Cy5 was from Biolegend (San Diego, CA). DAPI was from Sigma-Aldrich (St. Louis, 

MO). Rabbit Anti-Goat IgG, F(ab')2 fragment Fitc conjugated was from Jackson 

ImmunoResearch Laboratories (West Grove, PA). Anti-!1 (9EG7) was from BD 

Biosiences (San Diego, CA). Goat anti-rat IgG Alexa Fluor 647 conjugated was from 

Invitrogen (Carlsbad, CA). anti-talin (8d4) was from Abcam (Cambridge, UK), anti-

paxillin (PXC-10), anti-vinculin (hVIN-1)  latrunculin B, collagen and DAPI were from 

Sigma-Aldrich (St. Louis, MO). Jasplakinolide was from Calbiochem (San Diego, CA). All 

other materials were reagent grade. 

 

Cell culture.  

L1210 cells were cultured in RPMI 1640 supplemented with 10% FCS, 1% penicillin–

streptomycin-l-glutamine, and 60 µM !-mercaptoethanol. Cells were incubated in 5% CO2-

95% air at 37°C. The L1210-A cells were harvested by treatment with 10 mM EDTA 

followed by two washing steps with PBS.  

 

Gelsolin and talin knockdown. 

Knockdown of gelsolin was accomplished by using stable lentiviral delivery of shRNA to 

gelsolin purchased from Open Biosystems (Huntsville, AL)). HEK293 cells were 

transfected with 6 µg pLKO.1-puro shRNA, 5.4 µg 8.91 and 0.6 µg VSV-G construct by 

lipofectamin-2000 (Invitrogen). Virus production was performed at 32°C. L1210-A cells 

were infected with virus for 6h in the presence of 8 µg/mL polybrene. Positive cells were 

selected with 4 µg/mL puromycin. 

 

Immunofluorescence confocal microscopy 

Glass coverslips were acid-washed and coated with 10 µg/ml collagen. L1210 cells were 

loaded with 1 µM Calcein-AM and stained with CD29 of 9EG7 for 30 min in PBS 5% 

normal mouse serum at 4°C, plated on coverslips and allowed to adhere for 30 min at 4°C. 
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Cells were fixed in 3.7% formaldehyde for 10 min, quenched with 0.15 M glycine for 10 

min, permeabilized with 0.2% Triton X-100 for 10 min and blocked in 5% goat serum. The 

cells were incubated with primary antibodies for 30 min, and then with fluorophore 

conjugated secondary antibodies for 30 min. DAPI was incubated for 15 min. Confocal 

images were collected using a laser-scanning confocal microscope (Fluoview FV-1000; 

Olympus) using a 60x Plan Apo/1.45 oil immersion objective with a 2.5 zoom factor and 

were captured into Fluoview software (FV10-ASW version 01.07; Olympus). Images were 

processed using Olympus Fluoview FV1000 or ImageJ software.  

 

Treatment L1210-S and L1210-A cells with latrunculin B or jasplakinolide.  

L1210 cells were centrifuged, washed twice in phosphate buffered saline (PBS) at room 

temperature and resuspended to 5x106 cells/mL. L1210 cells were treated with latrunculin 

B or jasplakinolide for 20 or 15 minutes at room temperature, respectively, and fixed with 

2% formaldehyde. Expression of total !1-integrin and active !1-integrin was assessed by 

flow cytometry. 

 

Determination of total and active integrin expression by flow cytometry.  

Flow cytometry was used to measure expression levels of total and active integrins. L1210 

cells were centrifuged and washed twice in phosphate buffered saline (PBS) at room 

temperature. Cells were resuspended in Hepes incubation buffer (20 mM HEPES, 132 mM 

NaCl, 6 mM KCl, 1 mM MgSO4, 1.2 mM KH2 PO4, 5 mM glucose, 1.0 mM CaCl2, and 

0.5% (w/v) Human Serum Albumin) and put in a concentration of 2x105 cells/sample. 

Directly labeled antibodies were used according to protocol and incubated for 1 h at 4ºC. 

Subsequently, cells were washed twice in Hepes incubation buffer and analyzed on a 

FACScalibur flow cytometer (Becton Dickinson, San Jose, CA). Data are reported as 

median channel fluorescence (MFI) in arbitrary units (AU).  

 

Static adhesion assays on collagen.  

Adhesion assays were performed as described before 16 with some minor modifications. In 

short, flat bottom plates were coated with 10 µg/ml collagen for 2h at 37°C. Subsequently, 

wells were incubated with 2.5% BSA/PBS during 1 h at room temperature. L1210 cells 

were labeled with 1 µM calcein (Molecular Probes, Invitrogen) for 30 min at 37°C and 
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washed twice with Hepes incubation buffer. Adhesion assays were performed in Hepes 

incubation buffer by administering 5 x105 L1210 cells per well in a 96 wells plate coated 

with collagen during 30 min at 37°C. EDTA (10 mM) served as a control for divalent 

cation dependent binding. Fluorescence per well was measured before and after three 

washes using FLUOstar OPTIMA (BMG Labtech GmbH, Offenburg Germany). The 

percentage adherence was determined by calculating the fluorescence after three washes as 

a percentage of the total fluorescence before washing 

 

Western blotting.  

The L1210 cells were washed once with PBS, lysed in sample buffer (2% !-

mercaptoethanol, 2% SDS, 10% glycerol, 30mM Tris-HCL pH 6.8) and boiled for 5 min. 

Protein samples were analyzed on 10-12% SDS-polyacrylamide gels. Proteins were 

transferred to Immobilon-P (Millipore). The blots were blocked in hybridization buffer (10 

mM Tris, 150 mM NaCl, and 0.1% Tween 20) containing 5% (w/v) milk powder (ELK, 

Campina, the Netherlands) for 1 h followed by incubation with first specific antibody 

(1:1000) in hybridization buffer with 5% (w/v) BSA or 0.5% (w/v) milk powder overnight 

at 4°C. After incubation with the first antibody, the blots were washed three times for 5 min 

in hybridization buffer. The second antibody (HRP-coupled; 1:3000) was incubated in 

hybridization buffer containing 5% (w/v) milk for 2h at room temperature followed by 

three washings for 5 min in hybridization buffer and a last wash step in PBS. Detection of 

all Western blots was performed by ECL plus (GE Healthcare, Uppsala, Sweden) and 

detected using a Typhoon 9410 (GE Healthcare, Uppsala, Sweden). The western blot 

results are expressed as mean ± standard error of the mean. Statistical analysis was 

performed using paired Student t tests (statistical software package SPSS version 15.0). p < 

0.05 was considered statistically significant. 
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Results 
Increased 9EG7 expression on L1210-A cells compared to L1210-S cells.  

Expression of the high affinity epitope of !1 on U937 as detected by N29 antibody was 

increased when gelsolin was overexpressed in these cells.17 However, we had not 

developed a tool yet to test whether integrin affinity differences were present between 

L1210-A and L1210-S cells. We used an immunofluorescent microscopy and flow 

cytometry approach that would allow us to study integrin affinity and distribution under 

different experimental conditions. For microscopy studies it is important to exclude 

staining differences between slides and biased cell selection methods. Therefore, we stained 

either L1210-A or L1210-S cells with calcein-AM (indicated with *) and mixed them with 

the other not stained cell line. These mixed cell population was stained for 9EG7 (detects 

high affinity !1 integrins), CD29 (detects total pool of !1 integrins) and DAPI (detects 

nucleus), and were subsequently imaged by confocal microscopy and quantified off line. 

Expression of total !1-integrin chain on L1210-A and L1210-S cells was not different 

(Figure 1A). However, L1210-A cells showed a marked increase in 9EG7 expression 

compared to L1210-S (Figure 1B). Images with low magnification bearing ~50 cells were 

made and fluorescence intensity of CD29 or 9EG7 expression was quantified. Expression 

of CD29 was not statistically different between L1210-A and L1210-S cells (Figure 1C) 

whereas a 3-fold increase in 9EG7 expression was observed on L1210-A cells (Figure 1D). 

Expression of CD29 and 9EG7 was also measured by flow cytometry, which was 

performed on live cells. Here, expression of CD29 was not significantly different on 

L1210-S cells compared to L1210-A cells (Figure 1E). Expression of 9EG7 was increased 

on L1210-A cells, which is in accordance with the confocal immunofluorescence 

microscopy data (Figure 1D). 
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Figure 1. Increased high affinity !1 integrin expression on L1210-A cells. A, B) L1210-S or L1210-A cells were stained with 

Calcein-AM and mixed with unstained L1210-A or L1210-S, respectively. The mixed cell populations were stained with CD29 or 

9EG7 and DAPI as nuclear stain and imaged by confocal microscopy. C, D) Fluorescence intensity quantification of CD29 and 

9EG7 expression on L1210-S and L1210-A cells. E) Expression of CD29 and 9EG7 on L1210-S and L1210-A cell by flow 

cytometry. 

 

Gelsolin, total !1 (CD29) and the high affinity !1 integrin epitope recognized by 9EG7 

are expressed at the cell membrane of L1210 cells. 

Because gelsolin was increased in L1210-A cells compared to L1210-S cells, we asked the 

question whether the localization of gelsolin in L1210-A and L1210-S was differed as well. 

To test this, L1210 cells were fixed on glass slides, permeabilized and stained for gelsolin 

and DAPI. A z-stack of L1210 cells by confocal microscopy showed that gelsolin was 

abundantly present at the cell membrane, nearly not detected in the cytoplasm and absent 

from the nucleus (Figure 2A). The localization of gelsolin was similar in both cell lines 

although an increased gelsolin expression was present in L1210-A cells, as also observed 
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by Western blot analysis.17 Gelsolin was located at sites where !1-integrins (CD29) as well 

as active !1-integrins were present, which is expected for a protein involved in integrin 

affinity regulation (Figure 2B). CD29 and 9EG7 expression was present in multiple patches 

around the cell membrane, but the pattern was not different between L1210-A and L1210-S 

cells (Figure 1A and B and 2B).  

 
Figure 2. Gelsolin, total !1 and the high affinity !1 integrins are expressed at the cell membrane of L1210 cells. A) L1210-S 

and L1210-A cells were stained with anti-gelsolin (green) and DAPI (blue) as nuclear stain and imaged by confocal microscopy. 

B) L1210-S and L1210-A cells were stained with CD29 (red), 9EG7 (red), anti-gelsolin (green) and DAPI (blue) as nuclear stain 

and imaged by confocal microscopy. Overlays of CD29 or  9EG7 with gelsolin are depicted. 
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Effects of actin polymerization on !1-integrin affinity regulation. 

As gelsolin is an actin-severing and capping protein, we tested the function of actin 

polymerization and depolymerization with jasplakinolide (induces F-actin polymerization) 

and latrunculin B (inhibits F-actin polymerization) in relation to active !1-integrin (9EG7) 

and total !1-integrin (CD29) expression measured by flow cytometry. Inhibition of F-actin 

polymerization with latrunculin B increased !1-integrin activity on L1210-S cells as 

measured by increased 9EG7 (high affinity epitope) expression (Figure 3A). Of note, as 

shown before, the 9EG7 expression for L1210-A was higher compared to L1210-S cells 

and was put to 1 for each cell line. This illustrated that latrunculin B did not further increase 

integrin activity on L1210-A cells. The reciprocal experiment was performed by treatment 

of L1210 cells with jasplakinolide that induced actin polymerization. Jasplakinolide 

treatment reduced high affinity !1-integrin expression on L1210-A cells (Figure 3B) 

whereas the already low high affinity !1-integrin expression on L1210-S cells was not 

further decreased. Latrunculin B and jasplakinolide did not affect total !1-integrin 

expression as measured by CD29 staining (Figure 3A-B).  

 

 
Figure 3. Actin dynamics affect L1210 !1-integrin affinity regulation. L1210-S and L1210-A cells were treated for 20 minutes 

with indicated concentrations latrunculin B or 15 minutes with jasplakinolide at room temperature in PBS, fixed with 2% 

formaldehyde and stained for total !1-integrin (CD29) and active !1-integrins (9EG7) for 30 minutes at 4°C and measured by flow 

cytometry. One-way ANOVA with Dunnett’s multiple comparison test was used to perform statistical analysis (* = P<0.05, *** = 

P<0.001). 
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Expression of adhesome components in L1210-S and L1210-A cells. 

Because the actin cytoskeleton seemed to play an important role in the regulation of 

integrin affinity on L1210-A cells we investigated proteins that were known to be involved 

in the linkage of integrins with the F-actin cytoskeleton. We quantified protein expression 

of paxillin, vinculin, actin and talin by Western blot analysis. L-plastin expression was also 

tested, because this protein was previously found to be increased in L1210-A cells 

compared to L1210-S cells in a proteomics screen17 and is known for its actin bundling 

capacity.15 Expression of gelsolin and L-plastin were significantly higher in L1210-A cells, 

as observed before17 (Figure 4A-B). Interestingly, talin expression was also significantly 

higher in L1210-A cells compared to L1210-S cells (Figure 4C). Paxillin tended to be 

lower in L1210-A cells whereas expression of vinculin and actin tended to be higher in 

L1210-A cells, although expression differences did not reach statistical significance (Figure 

4D-F).  

 

Inhibition of gelsolin decreased talin expression, high affinity !1-integrin expression 

and cell adhesion to collagen. 

An increased talin expression in L1210-A compared to L1210-S cells triggered us to 

investigate whether a correlation could be observed between gelsolin and talin expression. 

Furthermore, because talin regulation is an important final step in regulation of integrin 

affinity and subsequent cell adhesion, differences in talin expression would fit the 

difference in adhesion phenotype between L1210-A and L1210-S cells. To test this, we 

lowered gelsolin expression levels in L1210-A cells by knock-down of the protein via lenti-

viral introduction of gelsolin shRNA. These experiments resulted in a decreased gelsolin 

protein expression that was down-regulated to 20-50% of the gelsolin level of wild type 

L1210-A cells (Figure 5A).  
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Figure 4. Multiple adhesome components are increased in L1210-A cells. Protein samples of L1210-A and L1210-S cells were 

analyzed by Western blot analysis with A) Anti-gelsolin, B) anti-L-plastin, C) anti-talin, D) anti-paxillin, E) anti-vinculin, F) anti-

actin and anti-!-tubulin as loading control. The western blots shown are representative for four experiments. Mean values are 

represented ± SEM (n=4). A paired Student’s t-test was used to perform statistical analysis (* = P<0.05, ** = P<0.01, NS = not 

significant). 
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Gelsolin membranes were reprobed with anti-talin antibodies and we observed a decrease 

in talin expression in L1210-A gelsolin knock-down clones compared to wild type L1210-

A cells (Figure 5B). Although the decrease of talin was not as prominent as for gelsolin, 

expression, both correlated highly between the various gelsolin knock-down cell lines 

(Figure 5C). Knock-down of gelsolin resulted in a decreased 9EG7 expression measured by 

flow cytometry (Figure 5D) and by confocal microscopy (Figure 5F) whereas total !1 

(CD29) expression was not changed (Figure 5E, F).  

Next, we tested the ability of the L1210-A knock-down cells to adhere to the !1 substrate 

collagen because down-regulation of high affinity !1-integrins would predict loss of 

adhesion. Indeed, the L1210-A B12 gelsolin knock down cells showed a drastic decrease of 

adhesion  (17% +/- 3%, n=6) compared to wild type L1210-A cells (50% +/- 9%, n=6) but 

was comparable with the adhesion capacity of L1210-S cells (Figure 5E). Addition of 

EDTA blocked adhesion completely which showed that this process is integrin mediated 

(data not shown). Therefore, knock-down of gelsolin reduced talin protein expression, 

9EG7 high affinity epitope expression and cell adhesion. 
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Figure 5. Gelsolin knock down decreases cell adhesion and correlates with talin expression. A, B. Protein samples of L1210-

S, L1210-A and L1210-A geslolin shRNA were analyzed by Western blot analysis with anti-gelsolin (A, B) anti-talin (B) and anti-

!-tubulin as loading control. The western blots shown are representative for three experiments. Mean values are represented ± 

SEM (n=5). One-way ANOVA with Dunnett’s multiple comparison test was used to perform statistical analysis (* = P<0.05, ** = 

P<0.01, *** = P<0.001). C) Correlation of gelsolin and talin protein expression in L1210-S, L1210-A and L1210-A gelsolin knock 

down cells. D, E) Expression of CD29 and 9EG7 on L1210-S, L1210-A L1210-A geslolin shRNA cells were analyzed by flow 

cytometry. F) L1210-A or L1210-A B12 cells were stained with Calcein-AM and mixed with unstained L1210-A B12 or L1210-A, 

respectively. The mixed cell populations were stained with CD29 or 9EG7 and DAPI as nuclear stain and imaged by confocal 

microscopy. G) Calcein-AM (1 µM) labeled L1210-S, L1210-A and L1210-A gelsolin knock down cells were incubated on 

collagen coated plates for 30 min. at 37°C and percent adhesion was calculated. 

Discussion 
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We have previously shown that gelsolin was increased in L1210-A cells, which are firmly 

adhering cells compared to the suspension growing L1210-S cells.17 Adhesion of L1210 

cells was integrin mediated because EDTA and specific blocking antibodies to !1-integrin 

abrogated adhesion to collagen.16 The importance for !1-integrin affinity regulation by 

gelsolin was shown with U937 cells overexpressing gelsolin that showed increased high 

affinity epitope expression (N29) and increased cell adhesion.17 However, by which 

mechanism gelsolin affected !1-integrin affinity state and cell adhesion was not known and 

subject of this study.  

First, we investigated the selective antibody 9EG7 as a tool to measure high affinity epitope 

expression for !1-integrin by flow cytometry and confocal immunofluorescence 

microscopy. A 3-fold increase in 9EG7 expression was found for L1210-A cells compared 

to L1210-S cells (Figure 1). Knock-down of gelsolin via lenti-viral introduction of shRNA 

resulted in a decreased 9EG7 expression and L1210 cell adhesion (Figure 5D and G). These 

data showed that an increased expression of active integrins on L1210-A cells corresponded 

to increased adhesion of these cells. Next, we assessed the localization of gelsolin in 

L1210-A and L1210-S cells which was predominantly present at the cell membrane for 

both L1210-A and L1210-S cells (Figure 2A). Inactive (CD29) and active (9EG7) !1-

integrins were present in patches around the cell membrane and an overlay of gelsolin and 

integrin expression showed that gelsolin seemed to be present in the same location as 

integrins in the cell (Figure 2B). Therefore, the localization of gelsolin corroborates with a 

putative function in regulating integrin affinity. 

In the search for a mechanism by which gelsolin expression levels affects !1-integrin 

affinity and cell adhesion we tested two possible mechanisms; 1) gelsolin is an important 

component in the adhesome and involved in integrin affinity regulation; 2) gelsolin inhibits 

actin polymerization and thereby affects integrin affinity and cell adhesion.  

With regard to the first hypothesis, we measured protein expression of multiple adhesome 

components in L1210-A and L1210-S cells, including talin. Besides an increased gelsolin 

expression, expression of talin was also increased in L1210-A cells compared to L1210-S 

cells. Surprisingly, knock-down of gelsolin was associated with a decrease in talin 

expression as well. Thus, gelsolin might regulate the expression of talin. Either, gelsolin 

affects the transcription or translation of talin, or an increase of active !1-integrins on the 
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cell surface requires more talin in the cell. A role for gelsolin as transcriptional co-regulator 

has been described.24 However, whether gelsolin is involved in talin expression has to be 

studied by quantitative PCR. The relationship of talin to gelsolin and active !1-integrin 

expression is currently under investigation.  

The second hypothesis relates to gelsolin as an actin severing and capping protein. Actin 

polymerization is known to play a role in the regulation of integrin affinity, which has been 

shown for the inside-out control of platelet integrin "IIb!3 and the subsequent binding to 

fibrinogen. Treatment of platelets with latrunculin A which inhibits F-actin polymerization 

induced fibrinogen binding, whereas jasplakinolide which induces F-actin polymerization 

inhibited ADP-induced fibrinogen binding.25 Also, Wang et. al. showed that actin 

depolymerization was required for adhesion of K562 cells to vitronectin via integrin "v!3.26 

We tested the importance for F-actin polymerization in the regulation of !1-integrin affinity 

on L1210 cells. Treatment of L1210-S cells with latrunculin B, which inhibited F-actin 

polymerization and thereby mimicked the function of gelsolin, increased expression of 

active !1-integrins as measured by 9EG7 expression (Figure 2A). These results 

corroborated data from Bennett et al., who observed increased !3-integrin affinity upon 

latrunculin A treatment of platelets. Treatment of L1210-A cells with jasplakinolide, which 

induced actin polymerization, decreased high affinity epitope expression on L1210-A cells. 

It is likely that jasplakinolide competes with the severing activity of gelsolin in L1210-A 

cells, thereby reducing high affinity !1-integrin expression. Increased severing activity by 

gelsolin might explain the elevated integrin affinity seen on L1210-A cells and U937 cells. 

Therefore, severing activity of gelsolin in relation to integrin affinity regulation is currently 

under investigation. 
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In summery, gelsolin expression has a function in integrin affinity and cell adhesion as 

determined by knock down of gelsolin in L1210-A cells. Cytoskeletal interference using 

actin modulating drugs mimicked the function of gelsolin in its role as F-actin severing and 

capping protein. Interestingly, gelsolin protein expression correlated with expression of 

talin, which could explain the integrin affinity and adhesion results observed. We 

hypothesize that gelsolin-induced actin severing activity contributes to the regulation of 

high affinity !1-integrins on the cell surface which require an increased expression of talin. 

Future experiments are needed to test this hypothesis.  
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Characterization of COPD 
Characterization of COPD is based on clinical symptoms such as lung function parameters 

(FEV1 and FEV1/FVC), cough, sputum production, dyspnea and a history of exposure to 

risk factors for COPD development. Patients with a FEV1/FVC ! 0.7 and a FEV1 > 80 % of 

predicted are diagnosed as mild COPD, and lower FEV1 values correspond to more severe 

COPD.1 Thereby, the degree of COPD (GOLD I – IV) is solely dependent on lung function 

parameters. However, lung function parameters do not necessarily correlate with the 

inflammation present in the lungs of COPD patients. Also, it is clear that an important 

systemic inflammatory component is present in COPD.2 Yet, characterization of COPD in 

the context of local and systemic inflammation is currently not routinely performed in 

clinical practice, but this will be important in improving understanding of the disease and, 

potentially, the identification of disease subtypes. 

Previous studies assessed expression of cellular marker on peripheral neutrophils of healthy 

controls and stable moderate-to-severe COPD patients. Increased expression of CD11b and 

CXCR1 were observed on peripheral neutrophils from stable COPD patients, measured by 

flow cytometry.3,4 In chapter 3, we measured surface expression of active Fc!RII,5 integrin 

Mac-1 (CD11b/CD18), IL-8 receptor CXCR1 (CD181) and other activation sensitive 

surface markers: ICAM-1 (CD54), CD63, L-selectin (CD62L), CR1 (CD35) and CD33 by 

flow cytometry. We were not able to reproduce the increased expression of CD11b and 

CXCR1 on peripheral neutrophils from COPD patients, as observed by Noguera et. al.3 and 

Yamagata et. al.4 Expression of CD11b and CXCR1 on neutrophils was regulated by 

stimulation with fMLF in vitro, which indicated that expression of these proteins could be 

induced on neutrophil upon a potent stimulus. However, expression of CD11b and CXCR1 

was not different between neutrophils from control subjects and COPD patients. Therefore, 

the grade of systemic inflammation in our cohort of stable COPD patients did not lead to 

enhanced expression of these receptors in vivo. The clinical potential of using single 

markers on peripheral neutrophils to monitor systemic inflammation in stable COPD is 

probably not sensitive enough. Therefore, novel selective and more sensitive biomarkers 

are needed. 

Searches for novel biomarkers have been conducted in exhaled breath condensates,6 lung 

tissue,7-10 induced sputum,11 plasma12-14 and BAL fluid of COPD patients to characterize 
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local or systemic inflammation.15,16 However, collection of lung tissue, induced sputum or 

BAL fluids are difficult to apply for moderate–to-severe COPD patients because these 

techniques are relatively invasive. Therefore, biomarker discovery in samples collected by 

less invasive techniques such as in exhaled breath condensates and peripheral blood are 

under intense research. Elevated cytokine levels have been found in serum of COPD 

patients.17,18 However, the biological effects of these cytokines and their role in systemic 

inflammation are difficult to interpret due to their short half-lives and naturally occurring 

inhibitors and antagonists. Also, cross-talk between different cytokines was observed which 

makes the effect of a pool of cytokines on inflammatory cells difficult to predict. An 

illustration of this latter cross talk is shown by a study that TNF! induced CD83 expression 

in human neutrophils, whereas GM-CSF antagonized this effect.19 We hypothesize, 

therefore, that the effect of multiple naturally occurring cytokines on the phenotype of 

peripheral blood neutrophils in vivo can be used as a read out for the overall systemic 

inflammatory status of the COPD patient. In support of this hypothesis, we have 

previously shown that peripheral neutrophils isolated from stable COPD patients were 

characterized by altered mRNA expression patterns compared to neutrophils from healthy 

controls.20 Because mRNA expression does not necessarily correspond to protein 

expression in the cell,21 and protein expression eventually relates to cell function, we have 

investigated the expression of peripheral neutrophil proteins, cellular markers, and ICAM-1 

adhesion of peripheral neutrophils from stable COPD patients and age-matched healthy 

controls.  

Total protein expression was measured via proteomics applying 2D-gel electrophoresis. 

With this technique, proteins are separated based on their molecular mass and isoelectric 

point (pI). We applied fluorescence two-dimensional (2D) difference gel electrophoresis 

(DIGE) to analyze protein expression of peripheral neutrophils from healthy individuals 

and COPD patients. 2D-DIGE using cyanine dye (CyDye) protein labeling has major 

advantages compared to the conventional 2D-gel electrophoresis, such as the use of an 

internal reference sample that enables detection of protein differences as small as 10%.22,23 

As proof of principal for the application of 2D-DIGE in the analysis of neutrophil protein 

content, we investigated in chapter 2 the potential of TNF! and GM-CSF to induce protein 

expression in human neutrophils in vitro. These two cytokines were chosen because they 

were increased in serum or induced sputum of COPD patients.24-26 Also, both TNF! and 



General discussion 
!

!226 

GM-CSF have been described to modulate neutrophil mRNA expression of neutrophils in 

vitro.20 Surprisingly, we observed very little protein differences by 2D-DIGE in TNF!-

stimulated neutrophils in vitro. We observed differential expression of 4 and 17 protein 

spots following TNF! and GM-CSF stimulation, respectively. These results were very 

likely an underestimation because expression of IL-1Ra was significantly induced by 

TNF!-stimulation observed in Western blot analysis, but not detected by 2D-DIGE. The 

number of regulated neutrophil proteins was in line with previous published data regarding 

2D-gel experiments with human neutrophils. Boldt et al. stimulated neutrophils with 

agonists for the formyl-peptide receptor like-1 (FPRL-1) and observed differential 

expression of 12 proteins, including L-plastin, alpha-enolase, moesin, transgelin-1, cofolin, 

annexin A1, !M-integrin and stathmin.27 Stimulation of FPRL-1 with serum amyloid A 

induced expression of TNF!, IL-8 and IL-1" assessed by ELISA, which were not detected 

by 2D-gel electrophoresis.28 Fessler et al. observed differential regulation of 20 proteins in 

peripheral neutrophils following LPS stimulation. Although mRNA of IL-1", TNF! and 

IL-6 were increased with LPS stimulation, no changes in proteins were observed by 2D-gel 

electrophoresis.29 Therefore, it appears that the detection limit of 2D-gel electrophoresis is a 

drawback in the detection of various cytokine-regulated proteins. Detection limits were 

assessed for various techniques. Protein amounts of 1 - 20 ng were detected by silver 

stain,30 flamingo stain31 or 2D-DIGE,22 whereas Western blot analysis showed detection of 

10 - 100 pg protein.32,33 The detection level for 2D-DIGE can be increased by a saturated 

labeling method. In conventional 2D-DIGE, 2-3% of each protein is labeled with a 

fluorescent dye. With saturated labeling, 100% of each protein is labeled, which increases 

the signal 30-50-fold. However, such low protein amounts will not be sufficient for the 

identification by mass spectrometry. Overall, 2D-DIGE has advantages (unbiased, multiple 

protein identification) and disadvantages (costly, detection limit). 

Despite the limitations of 2D-DIGE, we used this unbiased technique to identify differential 

protein expression profiles for stable COPD patient. The identification of profiles of 

multiple protein spots by cluster analysis was used to characterize systemic inflammation in 

COPD. Furthermore, individual proteins with a discriminatory power between healthy 

controls, patients suffering from COPD, or even within different COPD subtypes, were 

identified by mass spectrometry and validated by Western blot analysis. We assessed 
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protein expression profiles of peripheral neutrophils from stable COPD patients and age-

matched healthy control by 2D-DIGE and used the expression levels of 31 differentially 

regulated proteins in a hierarchical clustering analysis. In chapter 3 we demonstrated that 

50% of the COPD patients  in our small cohort (COPD group A) were distinct from healthy 

controls and other COPD patients based on differential expression of proteins in peripheral 

blood neutrophils as analyzed by hierarchical clustering (Chapter 3, figure 4). The 

remaining COPD patients (COPD group B) clustered with age-matched control. These 

results showed that half of the COPD patients in our cohort did not show significant 

differences in peripheral neutrophil protein expression profile compared to healthy age 

matched controls. It might be possible that a difference in (systemic) inflammation in the 

two COPD groups underlies the differences in peripheral neutrophil protein expression. 

Lung function parameters FEV1 and FVC as well as MRC score and hsCRP were not 

statistically different between the two COPD group, which showed that these two different 

COPD groups could not be distinguished by the classical GOLD criteria for staging COPD. 

In the search for differences between the two COPD groups, we observed an increased 

leukocyte count and reduced responsiveness for neutrophils to stimulus-induced ICAM-1 

binding (see below).  

Increased leukocyte counts in COPD patients have been observed before,34,35 and might be 

an indication for an increase in (systemic) inflammation. Cigarette smoking has also been 

shown to be associated with increased peripheral leukocyte counts.34 However, in our 

cohort of COPD patients no differences in leukocyte count were found between smoking 

and non-smoking COPD patients (data not shown). Leukocyte counts in COPD group A 

tended to be higher than in COPD group B, but this did not reach statistical significance. 

Yet, this might be an indication for a different degree of systemic inflammation between 

COPD group A and COPD group B, but the underlying mechanisms remain to be 

established. The acute phase protein hsCRP is generally seen as a marker for systemic 

inflammation, but was not increased in our cohort of stable COPD patients or in one of the 

two COPD groups, compared to age-matched healthy controls. Previous data showed 

increased CRP in plasma of COPD patients, particularly during exacerbations.36,37 

Therefore, the systemic inflammation in our cohort of stable COPD patients was apparently 

not enough to increase hsCRP expression.  

Of interest, neutrophils from COPD patients showed a reduced responsiveness for stimulus-
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induced ICAM-1 binding. LFA-1 (!L"2 integrin) and MAC-1 (!M"2 integrin) are ligands 

for ICAM-1, but the expression of the integrin subunits "2 (CD18) and !m (CD11b) on 

neutrophils were not different between the COPD groups (Chapter 3, tables 2 and 3). This 

indicated that not integrin expression level but likely the regulation of integrin affinity is 

different between the two COPD groups. Basal ICAM-1 binding of neutrophils from COPD 

patients and healthy controls was low, which showed that integrins were not activated. 

Activation of peripheral neutrophils in vitro with TNF!, GM-CSF or fMLF increased 

ligand binding significantly. COPD group A showed a statistically significant impaired 

ICAM-1 binding in response to TNF!, GM-CSF and fMLF stimulation compared to COPD 

group B. It is unlikely that specific pathways in these neutrophils were affected because 

reduced responsiveness was observed for cytokines (TNF!, GM-CSF) as well as for an 

innate immune activator (fMLF), which signals through different signaling pathways. We 

hypothesize that two possible mechanisms may underlie the impaired responsiveness of 

peripheral neutrophils in stable COPD patients. 1) Systemic inflammation results in 

continuous low-grade activation of neutrophils that causes desensitization of peripheral 

neutrophils. 2) Neutrophils are primed/activated due to systemic inflammation and migrate 

into the tissues leaving unresponsive neutrophils behind in the peripheral blood. In support 

of the first hypothesis, restimulation of neutrophils with fMLF in vitro led to homologous 

desensitization as demonstrated by a diminished Ca2+ mobilization.38 Also, heterologous or 

cross-desensitization was observed for chemotaxins such as fMLF, C5a and IL-8 in vitro.39 

Multiple cytokines and chemokines, such as IL-6, TNF! and IL-8 have been described to 

be increased in serum of COPD patients compared to healthy controls.18 We observed 

decreased IL-1Ra (Chapter 6) in plasma of COPD patients compared to healthy controls, 

which resulted in relatively more biological active IL-1". Therefore, increased peripheral 

blood cytokine and chemokine levels could affect peripheral neutrophils in vivo, which 

might explain the unresponsiveness for stimulus-induced ICAM-1 binding in vitro. 

Validation of these differences in  COPD groups in relation to inflammatory parameters 

should be undertaken in a large prospective cohort study. 

Less data have been published in support for the second hypothesis. Increased neutrophil 

numbers were found in BAL and sputum of COPD patients."#$"% An increased IL-8 

secretion by macrophages, epithelial cells, but also neutrophils themselves could induce 
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neutrophil homing to the pulmonary compartment.42-45 It has also been shown that cigarette 

smoke increased secretion of GM-CSF by alveolar macrophages, which induced the 

proliferation and release of neutrophils and monocytes from the bone marrow.46 This is in 

line with an increased leukocyte count observed in COPD patients, probably due to the 

release of mature neutrophils because young band neutrophils were not observed (results 

not shown). This is markedly different compared to the situation for acute inflammation, 

such as sepsis, in which accelerated emptying of the storage pool of mature neutrophils is 

accompanied by release of these band neutrophil (left-shift).47 Apparently, low grade 

systemic inflammation in COPD might increase the release of neutrophils without the 

release of band neutrophils and promotes migration of primed neutrophils to the pulmonary 

compartment, leaving unresponsive neutrophils is the peripheral blood.  

Overall, subgroups of stable COPD patients characterized by differential protein expression 

of peripheral neutrophils are present, although the mechanism responsible for this 

difference is not known and is subject of current research. The use of proteomics of 

peripheral neutrophils and analysis by hierarchical clustering can be used in an 

experimental setting, but it is too complex, expensive and time-consuming for routine 

testing. New technologies such as protein chips will enable simultaneous detection of 

multiple proteins in a format that will be feasible for clinical diagnostics.48 Therefore, 

identification of the protein spots that are differentially expressed in COPD could make 

large-scale validation possible and improve the understanding of systemic inflammation in 

different COPD groups. 
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Figure 1. 2D-DIGE map with proteins identified by mass spectrometry analysis. Overview of all protein spots derived from 

multiple 2D-DIGE experiments using neutrophils that were sequenced by mass spectrometry . The number of the protein spots are 

listed in table 1. 
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In chapter 4, we identified differential regulated proteins in peripheral neutrophils by 2D-

DIGE and mass spectrometry. In this study, we included 17 COPD patients and 9 control 

subjects and compared protein expression of peripheral neutrophils by 2D-DIGE. Using 

mass spectrometry, we identified 25 proteins that were differentially expressed between 

neutrophils of healthy controls and COPD patients. Among these proteins, annexin A1 was 

1.15-fold induced in neutrophils from COPD patients. Interestingly, in chapter 2 we 

observed a 1.34-fold decrease for annexin A1 in neutrophil stimulated with GM-CSF in 

vitro. This seemingly contradictory finding may be explained by the fact that annexin A1 

spots were present at different positions in the gel. Because no proteome of peripheral 

neutrophils has been published, we combined mass spectrometry results from various 

neutrophil 2D-DIGE experiments into one picture to illustrate the those proteins that were 

differentially regulated under conditions of activation in vitro and in vivo (Figure 1 and 

Table 1). Neutrophil proteins were identified by mass spectrometry in the following 

experiments: 1) cytokine stimulation (chapter 2), 2) COPD patients (chapter 4), 3) migrated 

and reverse migrated neutrophils, 4) leptin stimulated neutrophils, and 5) neutrophil 

subpopulations after intravenous LPS injection of healthy volunteers. Multiple protein spots 

were identified to be annexin A1 (spot nr. 44, 47, 48 and 49). Spot 44 and 48 (spot 6 and 7 

in chapter 2, figure 5) were decreased following GM-CSF stimulation and showed nearly 

equal sizes, but a different pI, which could be explained by phosphorylation.49,50 To 

simulate the effects of tyrosine phosphorylation on the behavior of annexin A1 spots in 2D 

gels the program Promost was used (http://proteomics.mcw.edu/promost). This revealed 

multiple annexin A1 protein spots with nearly equal molecular weight but a difference in pI 

(Figure 2), which resembled the pattern found for spot 44 and 48 in the 2D-gel (Figure 1). 

Annexin A1 was described to be released from the cell upon stimulation,51 which was in 

line with a deceased expression of spot 44 and 48 in GM-CSF-stimulated neutrophils. 
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Figure 2. In silico analysis of tyrosine phosphorylation of annexin A1 by promost and the effects on molecular weight and 

pI. The aminoacid sequence for annexin A1 (Swiss-prot P04083) was used to identify the effects of three tyrosine 

phosphorylations on the pI of the protein. In white the native protein. Phosphorylation of annexin A1 lowers the pI of the protein. 
 

Spot 47 (spot 17 in chapter 4, figure 2) was increased in neutrophils from COPD patients 

and was more acidic and slightly smaller in size compared to the annexin A1 spots found to 

be decreases upon GM-CSF-stimulation (spot 44 and 48). Cleavage of the N-terminal part 

of annexin A1 has been described to be mediated by proteases on the cell surface of 

neutrophils.52-56 Cleavage of the N-terminal 8 aminoacids54 or 37 aminoacids55,56 has been 

shown to increase the predicted pI from 6.64 (full-length) to 7.13 or 7.61 (cleaved annexin 

A1), respectively. Therefore, the decreased pI for annexin A1 in spot 47 is not explained by 

cleavage only, but, possibly, a combination of cleavage and phosphorylation or other 

modifications.  

Overall, annexin A1 is a protein that is present in large quantities in neutrophils and is 

modulated in various ways. Therefore, annexin A1 is an interesting protein as marker for 

neutrophil activation. Also, annexin A1 is regarded an important molecule in the resolution 

of inflammation.57 Annexin A1 was found to inhibit neutrophil adhesion to the activated 

endothelium, which inhibited neutrophil recruitment to the site of inflammation.58 The 

exact mechanism is not known, but likely involves activation of the FPRL-1.59  

Besides cleavage and phosphorylation of annexin A1, cross-linked high molecular weight 

(HMW) annexin A1 has been identified.60 Binding of HMW annexin A1 to the cell 

membrane is Ca2+-dependent61 and thought to function as an “eat-me” signal, promoting 
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apoptotic cell engulfment by macrophages.62 HMW annexin A1 was detected via Western 

blot analysis and, surprisingly, HMW annexin A1 was almost exclusively present in 

peripheral neutrophils from stable COPD patients compared with samples from age-

matched controls. For any single marker measured by flow cytometry, we did not observe 

such difference (Chapter 3). The marked difference in HMW annexin A1 protein 

expression could function as a novel biomarker for COPD. However, the mechanism 

responsible for differential HMW annexin A1 expression on neutrophils is not known.  

We performed experiments to determine the effects of neutrophil stimulation on HMW 

annexin A1 expression on neutrophils in vitro. We stimulated neutrophils from healthy 

controls and COPD patients with dexamethasone in vitro, because glucocorticosteroids 

were described to induce annexin A1 expression in neutrophils in vivo.63 To our surprise, 

incubation of neutrophils from age-matched healthy controls for 3h at 37°C in the absence 

of a stimulus showed a marked increase in HMW annexin A1 expression compared to 

freshly isolated neutrophils. Increased HMW annexin A1 expression in neutrophils of age-

matched controls reached the same levels as in cells from COPD patients. No further 

increase in HMW annexin A1 expression was established with dexamethasone. Therefore, 

it is tempting to speculate that the increased HMW annexin A1 on freshly isolated 

neutrophils of COPD patients in vivo represents “aging” of neutrophils in the peripheral 

blood. HMW annexin A1 is expressed on the surface of neutrophils and, therefore, 

expression levels can be assessed by flow cytometry. HMW annexin A1 expression on 

peripheral neutrophils has the potential to function as a biomarker for COPD because 

HMW annexin A1 is almost exclusively detected on neutrophils from COPD patients and 

not on neutrophils from age-matched healthy controls. Understanding the mechanism of 

HMW annexin A1 expression could add valuable information about the systemic 

inflammatory response in COPD. 
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Figure 3. HMW annexin A1 expression on neutrophils analyzed by Western blot analysis. Neutrophils were isolated from 

healthy age-matched controls and COPD patients and protein lysates were analyzed for HMW annexin A1 Expression by Western 

blot analysis. 1-way ANOVA with Bartletts test for equal variances with Dunnett’s multiple comparison test was performed. "#$!%!
&'(!)*+&*,*-.&(/!00!%!12343564!
!

Of interest, expression of HMW annexin A1 was on average higher on neutrophils in 

COPD group A, the group of COPD patients that showed decreased ICAM-1 binding, 

compared to the other COPD patients and healthy controls (Figure 3). Expression of 

annexin A1 on the cell surface of neutrophils could explain the unresponsiveness of 

neutrophils observed in chapter 2. Either, neutrophils were “aged” and thereby 

unresponsive, or enhanced expression of annexin A1 on the surface of neutrophils reduced 

integrin - ICAM-1 interactions, as observed for neutrophil-endothelial cell adhesion.58 The 

latter could be measured by flow cytometry in a larger cohort of COPD patients to validate 

our finding. 
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Effects of glucocorticosteroids on neutrophils 

Glucocorticosteroids are used as general anti-inflammatory agents in many inflammatory 

diseases such as rheumatoid arthritis, asthma and COPD. Neutrophils act differently to 

glucocorticosteroids than other leukocyte types because glucocorticosteroids increase 

neutrophil IL-1RI expression,64 prolong neutrophil survival in vitro,65-67 induce neutrophilia 

in vivo,68 and increase secretion of lysosomal enzymes by neutrophils.69 Furthermore, 

neutrophils have been shown to express increased levels of GR! and this has been thought 

to be a contributing factor of glucocorticosteroids insensitivity of neutrophil-mediated 

inflammatory diseases.70,71 

In chapter 6 we investigated the effects of glucocorticosteroid dexamethasone on the 

synthesis and secretion of pro-inflammatory IL-1! and anti-inflammatory IL-1Ra by human 

neutrophils in vitro. Interestingly, we found that dexamethasone treatment reduced 

synthesis and secretion of sIL-1Ra more efficiently than IL-1!. This decreased IL-1Ra 

resulted in an altered IL-1!: IL-1Ra ratio, which favored the pro-inflammatory capacity of 

IL-1!. The mechanism by which dexamethasone shows differential effects on pro-IL-1! 

and sIL-1Ra protein synthesis is unknown. However, the IC50s of the steroid sensitive IL-

1! and IL-1Ra production were 9.8 nM and 5.1 nM, respectively. Thus, it seems that not a 

difference in glucocorticosteroid receptor sensitivity but rather a steroid insensitive process 

accounts for the observed residual IL-1! protein expression. We have excluded a role for 

p38 activity because dexamethasone and SB203580 did not further decrease IL-1! 

synthesis (Figure 4). 

 
Figure 4. Effect of the p38 inhibitor SB203580 on dexamethasone-treated TNF"-stimulated pro-IL-1!  and sIL-1Ra protein 

expression in neutrophils.  Neutrophils (5x106/mL) were pre-incubated with dexamethasone, p38 inhibitor SB203580 or both for 

15 min and stimulated with TNF"  (100 U/mL) for 3 h at 37°C. Neutrophils were lysed in sample buffer and protein samples were 

analyzed by Western blotting on IL-1! or IL-1Ra or actin as loading control. Average spot density of IL-1! (A) and IL-1Ra (B) 

proteins compared to actin ± SEM (n=3) are depicted. 
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Post-transcriptional mechanisms such as mRNA stability72 protein translation73 and/or 

protein stability67 might be involved.  

We, and others,74 observed a decreased sIL-1Ra expression in plasma of COPD patients 

that used daily inhaled glucocorticosteroids when compared to age-matched healthy 

controls (Chapter 6, figure 5). It is tempting to speculate that the strong inhibitory effect of 

dexamethasone on sIL-1Ra production in vitro is the underlying mechanism responsible for 

the decreased plasma IL-1Ra found in glucocorticosteroids-treated COPD patients in vivo. 

A clinical trial in which COPD patients are withdrawn from inhalation-glucocorticosteroid 

usage could add valuable information to the role for these drugs in the reduction of plasma 

IL-1Ra. 

An altered IL-1!: IL-1Ra ratio has been found in several chronic inflammatory diseases 

such as rheumatoid arthritis, ulcerative colitis, Crohn’s disease and COPD in vivo.74-77 

Recently, Aksentijevich et al. and Reddy et al showed that mutations in the IL-1Ra gene 

resulted in increased sensitivity to IL-1!.78,79 Furthermore, a three-fold increase in IL-1! 

secretion by activated human macrophages due to a mutation in the inflammasome protein 

NALP3 resulted in serious auto-inflammatory disorders, emphasizing the importance of a 

tight balance between IL-1! and IL-1Ra.80,81 These publications illustrate the tight interplay 

between IL-1! and IL-1Ra for their biological action. Therefore, not only pro-inflammatory 

processes should be assessed in the search for anti-inflammatory drugs, but the action of 

these drugs on anti-inflammatory mediators as well. Possibly, instead of inhibiting pro-

inflammatory mediators, an increase of anti-inflammatory mediators, such as IL-1Ra or 

soluble TNF" receptors, could induce resolution of inflammation. 

Besides the effects of dexamethasone on NF-!B-mediated synthesis of inflammatory 

mediators by neutrophils, we tested whether inhibition of NF-!B with pharmacological 

inhibitors affected neutrophil survival, because an increased neutrophil survival interferes 

with the resolution of inflammation. In chapter 7 we assessed the effect of Bay 11-7082, 

and other NF-#B inhibitors, on neutrophil survival. Surprisingly, inhibition of NF-!B in 

resting neutrophils prolonged survival through a p38-dependent mechanism, which was not 

observed with inhibitors for other signaling pathways. Under the condition of Bay 11-7082-

induced neutrophil survival, the stability of Bcl-xL and Mcl-1 was enhanced. Therefore, 

neutrophil survival mediated by NF-!B inhibition resembled data wherein 
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glucocorticosteroids prolonged neutrophil survival. We, and others, have shown that 

glucocorticosteroids blocked the function of NF-!B82-86 and induced p38 activation in 

neutrophils.87,88 These data strongly suggest that the induction of neutrophil survival by 

glucocorticosteroids is mediated by NF-!B inhibition and p38 activation. In marked 

contrast to the situation with neutrophils, glucocorticosteroids induce apoptosis in human 

eosinophils.88-90 We showed that inhibition of NF-!B with glucocorticosteroids, as well as 

with Bay 11-7082, induced eosinophil apoptosis (Figure 5A). This apoptosis response was 

accompanied by a clear activation of p38, and inhibition of this signaling pathway with 

SB203580 led to a partial rescue of eosinophil survival (Figure 5B). 

 
Figure 5. Induction of eosinophil apoptosis by Bay 11-7082 and Dexamethasone. A. Eosinophils (2.106/ml) were pre-incubated 

with DMSO or 10 µM SB203580 for 15 min. in HEPES-buffered RPMI supplemented with 0.5% (w/v) HSA and incubated with 

solvent control, 1.10-6M Dexamethasone or 10 µM Bay 11-7082 for 24h at 37°C. Viability of the eosinophils was measured by 

staining with Annexin V-FITC/PI and determining the percentage of cells double negative for both stainings by FACS. Mean 

values are represented ± SEM (n=4). A paired Student’s t-test was used to perform statistical analysis (* = P<0.05, ** = P<0.01). 

B. Eosinophils (4.106/ml) were pre-incubated with DMSO or 10 µM SB203580 for 15 min. in HEPES-buffered RPMI 

supplemented with 0.5% (w/v) HSA and incubated with solvent control, 1.10-6M Dexamethasone or 10 µM Bay 11-7082 for 15 

min. at 37°C. Protein samples were analyzed by Western blot analysis with antiphospho-p38 and anti-p38 as loading controls. The 

experiment shown is representative for at least three experiments. 
 

Opposing effects of glucocorticosteroids on neutrophil and eosinophil survival have been 

observed before, however, the exact mechanism underlying this difference is not known.89 

Sivertson et al. showed a decreased Mcl-1 expression over time in neutrophils and 

eosinophils in vitro, which was in line with our results for neutrophils (Chapter 7, figure 

4D).67 Glucocorticosteroids-stimulated neutrophils maintained Mcl-1 expression in 

neutrophils compared to untreated neutrophils, which we also observed with Bay 11-7082. 

In contrast, glucocorticosteroids accelerated Mcl-1 protein loss in eosinophils.67 Therefore, 

these results suggest that regulation of anti-apoptotic protein degradation plays an 

important role in the opposite effects of glucocorticosteroids, but possibly also for Bay 11-
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7082, on granulocyte apoptosis. Cyclohexamide treatment of neutrophils and eosinophils 

induced rapid apoptosis, which corroborated with the hypothesis that both cell types 

constitutively produce anti-apoptotic mediators to prevent apoptosis. 

In the search for a mechanism by which NF-!B inhibitors induced p38-dependent 

neutrophil survival, we focused on interactions between the p38 and NF-!B pathway. Only 

a few papers referred to cross-talk between p38 and the NF-!B pathway. Jijon et al. showed 

that p38 was able to activate NF-!B in TNF!-stimulated IKK"-/- mouse embryonic 

fibroblasts, which showed that these two pathways are affecting each other.91 We observed 

a physical interaction between IKK!, IKK#, IKK" and p38 molecules by 

immunoprecipitation (Figure 6A), which has not observed before. Importantly, no 

phosphorylated p38 could be detected in the anti-human IKK! immunoprecipitation of 

resting and Bay 11-7082-stimulated neutrophils (Figure 6C), whereas phosphorylated p38 

was present in anti-p38 and anti-p-p38 immunoprecipitations (Figure 6B and D).  

 
Figure 6. IKK immunoprecipitation with p38 from neutrophils. Neutrophils (5x106/mL) were treated with DMSO, Bay 11-

7082 (10 µM) or TNF" (100 U/mL) for 15 min and lysed in lysis buffer. (A, B) p38, (C) IKK", or (D) p-p38 was 

immunoprecipitated from 1x107 cells with a specific antibodies coupled to agarose beads. Protein samples were analyzed by 

Western blotting with anti-IKK", anti-IKK#, anti-IKK$, p38 or p-p38.  
 

Therefore, in our model we postulate that non-phosphorylated p38 is associated with the 

IKK complex in resting neutrophils (Figure 7, resting neutrophils). Upon inhibition of basal 

NF-$B signaling in neutrophils with NF-!B inhibitors such as Bay 11-7082, the IKK-p38 

interaction destabilizes and enables p38 (auto)phosphorylation (Figure 7, Bay 11-7082). 

Bay 11-7082-induced neutrophil survival was completely dependent on p38 signaling 

because it was inhibited with SB203580, an inhibitor for p38 kinase activity. In contrast, 

TNF"-induced neutrophil survival is very likely dependent on multiple signaling pathways 

because it was not inhibited with inhibitors for PI3K, MEK or p38 signaling (data not 
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shown). Indeed, multiple pathways such as NF-!B, PKC and ERK were shown to be 

responsible for TNF"-induced neutrophil survival.92-96  

Of note, inhibition of both p38 with SB203580 and basal NF-!B activity with Bay 11-7082 

in neutrophils resulted in an equal survival compared to vehicle control neutrophils 

(Chapter 7, figure 1D). Therefore, these results showed that basal NF-!B activity had no 

effect on neutrophil survival because abrogation of both basal NF-!B activity and Bay 11-

7082-induced p38 signaling showed no further decrease in neutrophil survival compared to 

vehicle treated neutrophils.  

 
Figure 7. Model for TNF"#  and Bay 11-7082-induced neutrophil survival. Resting neutrophils show basal NF-!B activity. 

Bay 11-7082 inhibited basal NF-!B activity, which resulted in activation of p38. Activation of p38 was dependent on 

autophosphorylation and essential for Bay 11-7082-induced neutrophils survival. Bay 11-7082 stabilized Bcl-xL expression in 

neutrophils. Neutrophils stimulated with TNF" have been shown to activate multiple signaling pathways, including p38 and NF-

!B. Increased neutrophil survival is attributed to an increase in A1 expression, although other proteins might contribute as well.  
 

The observation that neutrophil survival is induced by NF-!B inhibitors is of great 

importance because a large number of novel NF-!B inhibitors are being developed.97 These 

drugs should not only be tested in their potential to inhibit NF-!B signaling and synthesis 

of inflammatory mediators such as IL-1$ and TNF", but also for their modulatory role in 

anti-inflammatory mediator synthesis and neutrophil survival because these effects are 

crucial to the outcome of the inflammatory balance.  
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Integrin affinity regulation 

The process of integrin-dependent adhesion and extravasation of neutrophils is critical in 

the process of the inflammatory response. Integrins on circulating, non-activated leukocytes 

are expressed in an inactive state being unable to bind ligands. The activation of integrins is 

determined by two processes, a change in conformation (affinity) and clustering 

(avidity/valency) of integrins on the cell membrane.98 Although the list of signaling and 

adaptor proteins involved in inside-out signaling is increasing, the precise molecular 

mechanism has not been elucidated.99 

Regulation of integrin affinity is an essential process for leukocytes to migrate from the 

peripheral blood, through the vascular wall, to the inflammatory site in the tissue. Impaired 

integrin affinity regulation in vivo leads to prolonged bleeding times due to defective 

platelet function and recurrent bacterial infections due to impaired leukocyte adhesion and 

extravasation as observed in rare, genetic diseases.100-103 However, as the regulation of 

integrins is essential for the leukocytes to reach the inflammatory site, selective inhibition 

of this process by novel drugs could reduce the influx of inflammatory cells to the site of 

inflammation. Efalizumab, a blocking antibody for !L-integrins, showed to inhibit the 

development of allergen-induced cellular inflammatory responses measured in induced 

sputum of patients with atopic astmatics.104 Natalizumab, a blocking antibody for !4-

integrins, is used to treat patients suffering from multiple sclerosis and Crohn’s disease.105-

108 In order to develop more selective therapeutics to inhibit neutrophil influx to the lungs 

of COPD patients, it is essential to unravel the mechanism by which integrin affinity is 

regulated. 

In chapter 8, we identified gelsolin as a modulator for integrin affinity using a proteomics 

screen in the leukocytic cell line L1210.109 Gelsolin functions as an F-actin severing and 

capping protein, and its activity is regulated by Ca2+ and polyphosphoinositide signals.110,111 

We showed that gelsolin was important for integrin affinity regulation in U937 cells 

because gelsolin overexpression led to increased high affinity epitope expression of "1-

integrins and increased cell adhesion.109 Related to a role for gelsolin in "1-integrin affinity 

regulation, gelsolin knock-out fibroblasts exhibit decreased "1-integrins mediated binding 

to collagen-coated beads. An antibody that forced "1-integrins in an active conformation 
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reversed this phenotype for gelsolin knock-down fibroblasts.112,113 Therefore, the lack of 

gelsolin seems to result in an inability to switch !1-integrins into an active conformation. 

In chapter 9, we further elucidated the role of gelsolin in integrin affinity and function on 

L1210-A cells. Knock-down of gelsolin in L1210-A cells reduced expression of the high 

affinity !1-integrin epitope and cell adhesion, whereas total !1-integrin expression was not 

affected. More interestingly, decreased gelsolin expression correlated with decreased talin 

expression in these cells. Talin is an essential component for integrin affinity regulation in 

leukocytes and forms a direct link between the integrin and the actin cytoskeleton.114 

Decreased talin expression in L1210-A cells with gelsolin knock-down could be explained 

by the fact that fewer active integrins were present on the cell surface, which might have 

lead to talin breakdown as fewer gelsolin/talin complexes could be formed. The 

relationship between gelsolin and talin expression is currently under investigation. In these 

experiments, talin and gelsolin mRNA expression and protein stability will be assessed in 

L1210 cells with gelsolin or talin knock-down.  

Because gelsolin severs and caps actin, depolymerization of actin might contribute to an 

increase in !1-integrin affinity. We modulated actin polymerization in L1210 cells with 

jasplakinolide (induces actin polymerization) and latrunculin B (inhibits actin 

polymerization). Inhibition of actin polymerization using latrunculin B, which relates to the 

severing function of gelsolin, increased integrin affinity on L1210-S cells measured by 

9EG7 (high affinity epitope) expression (Chapter 9, figure 4). In contrast, treatment of 

L1210-A cells with jasplakinolide reduced !1-integrin high affinity epitope expression on 

L1210-A cells. It is tempting to speculate that induction of actin polymerization with 

jasplakinolide overcomes the severing activity of gelsolin in L1210-A cells and thereby 

decreases high affinity !1-integrin expression on L1210-A cells. The role for gelsolin 

severing activity in the regulation of integrin affinity is currently under investigation using 

gelsolin mutants that lack severing activity. We hypothesize that increased gelsolin 

expression in L1210-A cells, but also overexpression of gelsolin in U937 cells, increases 

actin depolarization and thereby increases !1-integrin affinity (Figure 8).  
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Figure 8. Model for high affinity !1-integrin induction by gelsolin. In resting conditions, integrins are in an inactive state, 

unable to bind ligand. Increased !1-integrin affinity was observed on adhered L1210 cells that expressed high levels of gelsolin and 

in U937 cells with gelsolin overexpression. An increase in gelsolin is correlated to an increased !1-integrin affinity, possibly 

through increased severing and capping of the actin cytoskeleton, as observed with latrunculin B. 
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Concluding remarks 

It is commonly accepted that COPD is a heterogeneous disease. However, the current 

characterization of COPD is based on lung function parameters only. As FEV1 and FVC 

not necessarily correlate with inflammation in the lungs or disease severity, biomarkers that 

characterize COPD in the context of inflammation could increase the understanding of 

different types of COPD. Furthermore, pharmacological intervention could be “tailor 

made” when subtypes of COPD possess different types of inflammation. Currently, a 

decline in FEV1 is often measured as end-point in novel drug trials. Because the decline in 

lung function of COPD patients is slow, and intervention is aimed to reduce this slow 

decline in lung function, large numbers of subjects need to be followed for relatively long 

periods of time to evaluate efficacy. Biomarkers that represent inflammatory subtypes of 

COPD could function as new, fast and more relevant end-points in the efficacy of novel 

anti-inflammatory therapeutics. Current therapeutics are aimed to reduce inflammation, 

which is based on inhibition of pro-inflammatory mediators. However, the effects of these 

drugs on the anti-inflammatory response are often ignored, even though the balance 

between anti- and pro-inflammatory mediators is crucial for the biological and clinical 

impact of the inflammation. Therefore, the effects of novel drugs should be tested for their 

modulatory role in pro- and anti-inflammatory mediator synthesis as well as leukocyte 

survival. 
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COPD 

Chronic obstructive pulmonary disease (COPD), ofwel chronische obstructieve longziekte, 

is een verzamelnaam voor chronische ontstekingen van de longen welke een beperkte 

longfunctie tot gevolg heeft. Roken is de belangrijkste risicofactor in de ontwikkeling van 

COPD in de Westerse wereld. Ongeveer 10-15% van de rokers ontwikkelen daadwerkelijk 

COPD, wat aangeeft dat naast het roken ook andere genetische en/of omgevingsfactoren 

een rol spelen in de ontwikkeling van COPD. 

De ernst van COPD is afhankelijk van klinische factoren als hoesten, sputum productie en 

kortademigheid, in combinatie met een verminderde longfunctie. De verminderderde 

longfunctie wordt gemeten door de hoeveelheid lucht die je in 1 seconde met kracht kunt 

uitademen (FEV1), en de hoeveelheid lucht die je maximaal kunt uitademen (FVC). De 

indeling van COPD ernst is op basis van FEV1 en FVC, maar de ontsteking in de longen 

onderbelicht. Omdat de ontsteking in de longen een belangrijke factor is in de ziekte 

COPD, geeft de huidige karakterisatie niet een compleet beeld van wat zich in de longen 

afspeelt.  

De behandelingsmethoden voor COPD zijn zeer gelimiteerd omdat ontstane longschade 

niet meer kan worden hersteld. Het stoppen met roken voorkomt de versnelde achteruitgang 

in longfunctie. Daarnaast zijn er medicijnen die gericht zijn de luchtwegen open te laten 

staan om meer zuurstof te laten opnemen (!2-agonisten) en om de ontsteking te remmen 

(glucocorticosteroïden). 

 

Neutrofiele granulocyten 

Het immuunsysteem beschermt ons door ziektemakende bacteriën, virussen en parasieten 

op te ruimen. Witte bloedcellen zijn een onderdeel van dit immuun systeem. Onder deze 

witte bloedcellen zijn neutrofiele granulocyten de meest voorkomende witte bloedcellen in 

het lichaam en deze zijn onder andere verantwoordelijk voor de eerste respons tegen 

ziekteverwekkers. Deze cellen beschikken over eiwitten en zuurstof radicaal productie 

welke de ziekteverwekker kunnen doden. Bij een ontsteking worden signaaleiwitten door 

de weefsels en andere immuuncellen geproduceerd die neutrofiele granulocyten activeren 

en aantrekken richting de plek van de ontsteking. Op de plaats van de ontsteking worden 

neutrofiele granulocyten verder geactiveerd waardoor ze eiwitten en zuurstof radicalen 
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uitscheiden om de ziekteverwekkers op te ruimen. Wanneer deze eiwitten en zuurstof 

radicalen in overmaat worden geproduceerd kunnen deze ook schade aan het eigen weefsel 

veroorzaken. Dit proces lijkt een belangrijke rol te spelen bij de ontwikkeling van COPD. 

Sigaretten rook stimuleert neutrofiele granulocyten direct om eiwitten te produceren, welke 

vervolgens longschade toe kunnen brengen. Deze schade zorgt ervoor dat er weer nieuwe 

neutrofiele granulocyten worden aangetrokken naar de longen wat resulteert in een vicieuze 

cirkel. In de longen van COPD patiënten zijn dan ook grote hoeveelheden neutrofiele 

granulocyten te vinden, wat aantoont dat dit type witte bloedcel een belangrijke rol speelt in 

de ontwikkeling van COPD. Omdat de neutrofiele granulocyt een centrale functie heeft in 

de pathogenese van COPD, hebben we gekeken of we dit type witte bloedcel kunnen 

gebruiken om COPD te karakteriseren op basis van het type ontsteking.  

 

2D-DIGE 

Cellen zijn opgebouwd uit vele honderden verschillende bouwstenen welke eiwitten 

worden genoemd. De hoeveelheid van een bepaald eiwit in de cel wordt bepaald door de 

omgeving waar de cel zich bevindt. In dit proefschrift hebben we een techniek gebruikt om 

heel precies de eiwitten van de neutrofiele granulocyten in kaart te brengen; 2D-DIGE. 2-

dimensionale gel electroforese is een scheidingstechniek welke gebruikt maakt van twee 

eigenschappen van eiwitten: 1) de lading van een eiwit en 2) de grootte van een eiwit. Met 

behulp van deze techniek is het mogelijk om een complex mengsel van honderden eiwitten 

van elkaar te scheiden. Als toevoeging op deze techniek, hebben we fluorescence 2D-

difference gel electrophoresis (2D-DIGE) toegepast. Dit is een techniek waarbij twee 

verschillende eiwit mengsels met rode of een blauwe kleur worden gekleurd. De twee eiwit 

mengsels, samen met een geel gekleurd referentie mengsel, worden in 1 gel gescheiden op 

basis van de lading en grootte en met behulp van filters kunnen de drie mengsels van elkaar 

worden onderscheiden. 

De hoeveelheid van een bepaald eiwit is afhankelijk van signalen die de cel uit de 

omgeving ontvangt. Tijdens ontstekingen worden verscheidene eiwitten door de weefsels 

en witte bloedcellen gemaakt, welke effecten hebben op de eiwitten in de cel. Twee van 

deze signaaleiwitten zijn tumor necrosis factor-! (TNF!) en granulocyte-macrophage 

colony stimulating factor (GM-CSF). In hoofdstuk 2 hebben we bepaald welke eiwitten in 
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neutrofiele granulocyten door TNF! en/of GM-CSF werden veranderd. Tot onze verbazing 

veranderde TNF! de eiwit hoeveelheid van maar 4 eiwitten, terwijl dit er 17 waren voor 

GM-CSF. Western blot analyse is een zeer gevoelige techniek om de hoeveelheid van 

specifieke eiwitten aan te tonen. Western blot analyse toonde aan dat de hoeveelheid van 

IL-1Ra in neutrofiele granulocyten was verhoogd in TNF!- gestimuleerde neutrofiele 

granulocyten. Hieruit blijkt dat de detectiegrens van 2D-DIGE een belangrijke limiet is in 

de identificatie van eiwitten. 

Opvallend in de 2D-DIGE studies was dat enkele eiwit spots van neutrofiele granulocyten 

alleen aanwezig waren in het blauwe eiwit mengsel van 2D-DIGE. Dit is beschreven als 

technische observatie in hoofdstuk 5. Deze eiwitten waren alleen aanwezig na binding met 

de blauwe kleur, en niet met de gele of rode kleur. Daarom lijkt het erop dat de binding van 

de blauwe kleur effecten hebben op de lading en grootte van bepaalde eiwitten waardoor ze 

in een andere positie in de gel belanden.  

 

Karakterisatie van COPD 

In hoofdstuk 3 hebben we eiwitten van neutrofiele granulocyten van 11 controle en 24 

COPD patiënten met elkaar vergeleken. Eenendertig eiwitten van de in totaal 1019 eiwitten 

waren verschillend tussen neutrofiele granulocyten van COPD patiënten en neutrofiele 

granulocyten van gezonde controles. Aan de hand van deze verschillen vonden we met 

cluster analyse twee groepen COPD patiënten.  

Additionele proeven toonden aan dat neutrofiele granulocyten van COPD groep 1 minder 

goed reageerde op eiwitten die de neutrofiele granulocyten activeren. Met andere woorden, 

deze cellen zijn moeilijker te activeren. Het mechanisme hierachter is niet ontrafelt, maar 

twee mogelijke mechanismen kunnen een rol spelen; 1) continue stimulatie van de 

neutrofiele granulocyten in het bloed resulteert in cellen die minder goed kunnen reageren, 

ook wel desensitisatie genoemd; 2) neutrofiele granulocyten worden gestimuleerd in het 

bloed waardoor ze richting de ontsteking gaan met als gevolg dat de minder goed 

reagerende neutrofiele granulocyten achter blijven in bloed; de fractie die we hebben 

gedetecteerd. De klinische relevantie van de identificatie van deze twee groepen is nog 

onduidelijk. Wel geven deze resultaten aan dat naast de FEV1 en FVC, andere factoren 

verschillend kunnen zijn binnen COPD. 
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Het verschil van specifieke eiwitten tussen COPD patiënten en gezonde controles hebben 

we verder onderzocht in hoofdstuk 4. Negentien eiwitten zijn geïdentificeerd, waaronder 

actine, transketolase, adenylyl cyclase-associated protein 1 (CAP1), leukocyte elastase 

inhibitor en annexin A1. Het laatst genoemde eiwit is verhoogd in patiënten met COPD en 

heeft mogelijk een ontstekingsremmende functie. Gedetailleerde analyse van annexin A1 

expressie laat zien dat er een klein verschil in 37 kDa annexin A1 aanwezig is. Maar, hoog 

moleculair weight (HMW) annexin A1 (complexen van annexin A1) zijn bijna alleen 

aanwezig bij patiënten met COPD en niet bij gezonde controles. Dit HMW annexin A1 kan 

mogelijk als biomarker fungeren welke met routinematige testen gemeten zou kunnen 

worden. 

 

Effecten van glucocorticosteroïden op neutrofiele granulocyten 

Glucocorticosteroïden zijn medicijnen die gebruikt worden om ontstekingen te remmen. De 

remming van ontstekingen gebeurt doordat glucocorticosteroïden de hoeveelheid van veel 

eiwitten die een rol spelen in de ontsteking verlagen. Over het algemeen zijn 

glucocorticosteroïden zeer werkzame medicijnen, al zijn ze niet goed in staat om 

ontstekingen waar veel neutrofiele granulocyten aanwezig te remmen. Dit laatste is ook het 

geval bij COPD, maar waarom glucocorticosteroïden niet goed werken is niet geheel 

duidelijk. In hoofdstukken 6 en 7 beschrijven we effecten van glucocorticosteroïden op 

neutrofiele granulocyten welke de basis kunnen vormen van de verminderde effectiviteit. In 

hoofdstuk 6 tonen we aan dat IL-1Ra, een eiwit dat de ontsteking remt, beter wordt 

verlaagd door glucocorticosteroïden dan IL-1!, een eiwit dat de ontsteking activeert. Een 

verschuiving in de balans van eiwitten die de ontsteking activeren en remmen kan mogelijk 

verklaren waarom glucocorticosteroïden niet goed werken tegen ontstekingen met veel 

neutrofiele granulocyten. 

In hoofdstuk 7 hebben we de effecten van nieuwe medicijnen tegen ontstekingen getest op 

de functionaliteit van neutrofiele granulocyten. Deze medicijnen zijn net als 

glucocorticosteroïden gericht om de eiwitten die ontstekingen activeren te remmen,. Maar, 

met name Bay 11-7082 zorgde voor een drastische toename in de overleving van 

neutrofiele granulocyten. Een verlengde overleving van neutrofiele granulocyten kan 

potentieel gevaarlijk zijn omdat neutrofiele granulocyten dan meer eiwitten kunnen 
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produceren die schade kunnen toebrengen aan de weefsels, bijvoorbeeld in de longen van 

COPD patiënten. De verlengde overleving van neutrofiele granulocyten is afhankelijk van 

de activiteit van het signaaleiwit p38. Deze resultaten komen overeen met effecten die 

gezien zijn voor glucocorticosteroïden en sluiten aan bij de observatie dat 

glucocorticosteroïden niet effectief zijn in het remmen van ontstekingen met veel 

neutrofiele granulocyten. 

 

Regulatie van integrines 

Een belangrijke stap in het ontstekingsproces is het aantrekken van witte bloedcellen vanuit 

het bloed naar de plek van de ontsteking. In dit proces is het hechten van de witte 

bloedcellen aan de binnenkant van de vaatwand essentieel Voor dit hechten heeft een cel 

speciale eiwitten aan de buitenkant, integrines. Deze integrines kunnen aan en uit gezet 

worden. Bij activatie van neutrofiele granulocyten worden deze integrines aangezet 

waardoor de witte bloedcellen aan de binnenkant van een bloedvat kunnen plakken en 

vervolgens door het bloedvat heen kunnen kruipen om verder richting de plaats van 

ontsteking te gaan. De functie van deze integrines op witte bloedcellen is goed geïllustreerd 

door een zeer zeldzame ziekte; leukocyte adhesion deficiency. Deze patiënten hebben 

integrines die niet aangezet kunnen worden, waardoor de neutrofiele granulocyten niet 

vanuit het bloed naar de weefsels kunnen komen. Omdat de neutrofiele granulocyten niet 

de weefsel in kunnen komen, worden ziekteverwekkers niet goed opgeruimd waardoor deze 

patiënten veelvuldig ziek zijn en hier ook aan kunnen overlijden. Het mechanisme waarmee 

deze integrines aan en uit worden gezet is nog niet geheel duidelijk. 

In hoofdstuk 8 hebben we twee celtypen die inactieve of actieve integrines bevatten met 

2D-DIGE vergeleken om eiwitten te detecteren die mogelijk een rol spelen in de regulatie 

van deze integrines. Negenentwintig eiwitten zijn geïdentificeerd, waaronder het eiwit 

gelsolin. Dit gelsolin eiwit was verhoogd aanwezig in cellen met actieve integrines. Om de 

functie van gelsolin in de regulatie van integrine activiteit te verifiëren hebben we de 

hoeveelheid van gelsolin verhoogd in een cel met inactieve integrines. Deze verhoging in 

gelsolin zorgde voor een toename in actieve integrines en voor een verhoogde cel hechting. 

In hoofdstuk 9 hebben we de rol van gelsolin in activatie van integrines verder onderzocht. 

Hier hebben we gevonden dat talin, een eiwit waarvan al bekend is dat deze de functie van 
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integrines reguleert, ook verhoogd is wanneer gelsolin verhoogd aanwezig is in de cel. De 

relatie tussen de hoeveelheid talin en gelsolin eiwit wordt nog onderzocht. 

 

Conclusies 

In dit proefschrift is aangetoond dat: 

1) Verschillen in eiwitten in de cel aangetoond kunnen worden met 2D-DIGE. 

(Hoofdstukken 2, 3, 4, 5 en 8) 

2) Er ten minste twee verschillende groepen COPD patiënten geïdentificeerd kunnen 

worden aan de hand van verschillen in de hoeveelheid eiwit in de neutrofiele 

granulocyten. (Hoofdstuk 3) 

3) Glucocorticosteroïden ontstekingsactiverende maar ook ontstekingsremmende eiwitten 

remmen, wat mogelijk een rol speelt in de ineffectiviteit van glucocorticosteroïden om 

de ontsteking in de longen van COPD patiënten te remmen (Hoofdstuk 6) 

4) Nieuwe ontsteking remmende medicijnen net als glucocorticosteroïden de overleving 

van neutrofiele granulocyten verlengen (Hoofdstuk 7) 

5) Gelsolin een rol speelt in de regulatie van integrines (Hoofdstukken 8 en 9) 
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Dankwoord 
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Het is 26 april 2010, en het is zo ver. Het manuscript is goedgekeurd en het enige dat mij 

nog rest te schrijven is het dankwoord. Gezien het proefschrift een aardige pil is geworden 

zal ik het dankwoord zo kort en bondig laten zijn. 

 

Ten eerste wil ik mijn promotoren bedanken. Leo, ik heb in de afgelopen 4 jaar geleerd dat 

de neutrofiele granulocyt de belangrijkste cel in het lichaam is. Ik ben gelukkig in staat om 

het een en ander aan neutrofiel werk te blijven doen in Nijmegen, dus the story continuous. 

Ook dank voor alle begeleiding met het tot stand komen van dit proefschrift, het is een 

mooi boekwerk geworden. Jan-Willem, bedankt voor jou input aan de kant van de kliniek. 

Zonder COPD patiënten had ik de helft van dit proefschrift niet kunnen schrijven. We zijn 

nog niet in staat de GOLD criteria volledig om te gooien, maar misschien is annexin A1 

wel een marker dat in de kliniek gebruikt kan worden. En dan mijn co-promotor Laurien. 

Dank voor alle hulp in het lab. Dankzij jou enthousiasme voor cel adhesie heb ik een half 

jaar in Madison kunnen werken aan gelsolin. Ik hoop dat dit nog een paar mooie publicaties 

worden. René, jij was als longarts de link tussen de kliniek en het lab. Dit is niet altijd 

vlekkeloos verlopen, maar zoals je ziet is het allemaal goed gekomen.  

 

Collega’s, dat zijn er een hoop in 4 jaar tijd, dus ik hoop dat ik niemand vergeet. In de 

eerste maanden was het Coffer-lab nog deel van Longziekten. Gezellig druk was het toen 

op het lab. Erik-Jan en Willem, dank voor alle hulp in het begin van mijn AIO tijd. Henk, 

wat hebben we een hoop borrels gevierd. “Nog eentje dan!”, en dat heb ik geweten toen jij 

voor je werk op bezoek was in Madison. Het was echt super gezellig in het lab en daar 

buiten. Lisa Fortunati, bedankt voor alle wijze lessen met betrekking tot de proteomics. Dit 

is een tak van sport dat jij binnen het lab hebt opgezet en nog veelvuldig wordt gebruikt. 

Janesh, Falco en alle andere “trauma boys”, bedankt voor alle unieke samples en verhalen 

die daarbij hoorden. De link tussen trauma en longziekten is uniek en kan nog een hele 

hoop leuke data opleveren. Corneli, jij staat altijd klaar om mee te helpen met proeven in 

het lab. De laatste maanden voelde ik mij bijna schuldig hoeveel werk jij voor je kiezen 

krijgt. Gelukkig is het van mijn kant zo goed als klaar. Vera, je was begonnen als 

technician, maar het onderzoek kriebelde zo dat jij je eigen project wilde hebben. Nu als 

AIO hard aan het werk, ik hoop dat het project een mooie lijn krijgt. Zal leptin echt wat 
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doen met neutrofiele granulocyten? Deon en Lei (Leo H.), de oude rotten in het vak. 

Bedankt voor alle hulp in het lab en voor de gezelligheid met de borrels. Jan, Sasha, Adèle, 

Tjaakje, Karin, allemaal bedankt voor de tijd in het lab en succes met jullie verdere 

carrières in het onderzoek. 

 

En in de afgelopen jaren zijn er ook een hoop studenten geweest, waarvan ik er een paar 

heb mogen begeleiden. Hanneke Raaimakers, zoals je ziet is de vreemde observatie van het 

remmen van NF-!B met Bay 11-7082 een heel dik hoofdstuk geworden. Wie had dat 

gedacht. Na wat omzwervingen ligt het nu voor revisie bij the Journal of Leukocyte 

Biology, dus als dat goed gaat heb jij je eerste publicatie snel binnen. Veel succes nog met 

de verdere opleiding. Niels, heel veel dank voor alle proeven met gelsolin. De meeste tijd 

daarvan zat ik zelf in Madison, maar je hebt er wel voor gezorgd dat het artikel met de 

revisie snel met nieuwe data weer terug kon. 

 

En onze labpartner, de dermat(ologie). Ik weet nou niet of de long-dermat competitie nu al 

beslist is, maar jullie zijn in ieder geval beter in waterpolo. Wat was dat koud! Allemaal 

bedankt voor jullie gezelligheid op het lab, met de borrels en alle activiteiten die we samen 

hebben gehad. 

 

And than my trip to the U.S. Anna Huttenlocher, thanks a lot for offering me a place in 

your lab. I learned a lot in your lab. I hope the research with gelsolin and talin would be 

continued in close collaboration. Sa Kan, thanks a lot for the help with the confocal 

microscopy and the perfect idée to stain one population of cells and mix them with 

unstained cells. Andrew, good luck with your work on cell migration and thanks for your 

help proofreading my papers. Sarah, thank you for the help in the lab. I hope you also 

enjoyed your stay in the Netherlands. Other lab-members, Keefe, Christa, Kevin, Peter, 

David, thanks for all the help in the lab. 
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Gert, Esther, Eric, Niki, Anja, Jeroen S., Patrick, echt super dat we na bijna 10 jaar nog 

steeds veel contact hebben ondanks dat velen van ons niet meer in Utrecht wonen of 

werken. Zeker de laatste jaren waren de 30 jaar feestjes een goede afleiding naast het vele 

werken. DAP was ook een afleiding, al kost het ook veel energie. Allen dank voor de 

interesse in mijn werk, al is het soms wat lastig uitleggen wat ik nou doe.  

 

Ik wil afsluiten met het bedanken van mijn familie, zusjes Karlijn, Paula, Sandra en broer 

Martijn, vader Robbert en moeder Gerda. Jullie hebben de afgelopen jaren een hoop 

geklaag moeten doorstaan, maar het is dan nu allemaal klaar! Martijn, jij succes met het 

afronden van je eigen promotie. 

 

Ten slotte Mariëlle, mijn vrouw. De tijd in Madison was doorslaggevend voor onze relatie 

en carrière. Ik ben nu (bijna) klaar, jij bent net begonnen met je promotie. Ik zal trachten je 

net zo steunen als jij mij hebt gesteund. DANK! 
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De schrijver van dit proefschrift werd op 23 september 1979 geboren te Tiel. Na het 

behalen van zijn MAVO diploma aan de Heemgaard in Apeldoorn begon hij in 1996 

met de studie Middelbaar Laboratorium Opleiding (MLO), specialisatie Klinische 

Chemie aan het ROC Aventus te Deventer, in 2000 de studie Hoger Laboratorium 

Opleiding (HLO), Moleculaire Biologie aan de Hoge School van Utrecht en in 2003 de 

Master opleiding Biomolecular Sciences aan de Universiteit Utrecht. In juni 2005 

behaalde hij het Master diploma aan de Universiteit Utrecht. 

In de periode van maart 2005 tot augustus 2009 was hij werkzaam als assistent in 

opleiding bij de afdeling Longziekten van het Universitair Medisch Centrum te Utrecht. 

Onder begeleiding van Dr. Laurien Ulfman, Prof. dr. Leo Koenderman en Prof. dr. J-

W.J. Lammers heeft hij gewerkt aan een project gefinancierd door het Nederlands 

Astma Fonds. 

Sinds augustus 2009 is hij werkzaam als post-doctoraal onderzoeker bij de afdeling 

kinderinfectieziekten en immunologie van het St Radboud Universitair Medisch 

Centrum te Nijmegen. 

!


