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Chapter 1 
 
General introduction  
 
Dendritic cells and Mast 
cells in the pathogenesis 
of COPD 
 
Part of this chapter has been published in:  
Curr Pharm Des. 2012; 18: 2329-35. 





 

hronic Obstructive Pulmonary Disease (COPD) is an 

important lung and airway disease which affects the 

lives of around 200 million people worldwide. The 

limited knowledge on disease mechanism hampers an effective 

treatment of disease. Thus, detailed understanding of the 

mechanism underling inflammatory process may lead to better 

therapeutic approaches in COPD. In contrast to other 

inflammatory cells, not much research has been performed on 

the role of dendritic cells (DCs) and mast cells in COPD. This 

thesis consists of two parts. Part 1 highlights the maturation, 

activation and subsets of DCs in in vitro and in vivo 

experiments using cigarette smoke as a provoking agent. Under 

similar conditions, part 2 focuses on mast cell maturation and 

activation in in vitro and in vivo models. This thesis starts with 

an introduction on the pathogenesis of COPD and an overview 

of the role of dendritic cells and mast cells. Finally a brief 

outline of the thesis is provided at the end of this chapter.  
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Chronic Obstructive Pulmonary Disease (COPD) 

COPD is a complex multivariable disease with amplified inflammation caused mainly 

by cigarette smoke [1-3]. The world health organization (WHO) estimated that 73% of COPD 

mortality is related to smoking and recently it has been reported that one in four individuals 

will be diagnosed for COPD during their lifetime [4-5]. COPD is predicted to be the third 

most frequent cause of death in the world by 2030 [1, 6]. There is no effective therapy 

available and smoking cessation is the only effective way to avoid or reduce the progression. 

Approximately 15-20% of smokers develop COPD. This suggests that genetic factors might 

be important [3, 7-8].  

The pulmonary component in COPD is characterized by airflow limitation which is 

progressive and not fully reversible [3]. COPD consists of two main pathophysiological 

features: destruction of distal air spaces (called emphysema) and/or chronic bronchitis [9-10]. 

Several phenomena contribute to the disease such as immune alterations, mucus production 

and an excessive propensity of the airway smooth musculature to contract in response to 

exogenous stimuli, proteolytic activity, oxidative stress and endothelial dysfunction and 

steroid resistance are well established [11-13].  Local inflammation in the repair process of 

COPD can alter respiratory structure and function by excessive apoptosis and a 

protease/antiprotease imbalance in the lungs which cause airway remodeling and 

parenchymal destruction [6]. Importantly, airway inflammation in patients with COPD 

persists despite smoking cessation which suggests the involvement of a memory adaptive 

immune response [14].  

Epidemiological data indicated that smoking increases the incidence of many diseases 

such as heart and lung diseases [15-17]. Systemic inflammation accompanied with muscle 

wasting and weight loss, worsen the prognosis of patients with COPD [18-19]. Unfortunately, 

the limited knowledge on disease mechanism hampers an effective treatment of this disease. 

Thus, understanding of the pathway and mechanism leading to the inflammatory process by 

cigarette smoke may lead to better therapeutic approaches in COPD.  
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Inflammation in COPD 

A- Inflammatory cells in COPD 

As indicated earlier, COPD is associated with abnormalities in local immunity and the degree 

of inflammation increases with the severity of the disease [20]. The role of the innate and 

acquired immune system in the pathogenesis is incompletely understood [5]. Macrophages, 

neutrophils, B cells, CD4+ and CD8+ T cells are the cells usually considered as prime 

effectors cells in pathogenesis of COPD [6, 13, 21]. Unfortunately, DCs and mast cells 

received less attention [22-24].  

The pivotal role of the macrophage and neutrophil is supported by increased numbers 

and their mediators in tissues and body fluids [25-28]. CS impairs the phagocytic ability of 

neutrophils and macrophage, which may explain the increased susceptibility of COPD 

patients to respiratory infection [5]. Moreover, animal studies have demonstrated that 

macrophages and their proteolytic activity are a prerequisite for the development of cigarette 

smoke-induced emphysema [27-28]. In addition, Churg and coworkers [29] and others 

demonstrated that neutrophil elastase, is essential for cigarette smoke-induced emphysema in 

mice and humans [30-31]. 

Moreover, neutrophils are present in the conducting airways, whereas macrophages 

are the major cells in secretions from the small airways and parenchyma [32-33]. 

Macrophages are increased throughout the respiratory tract and epithelium and are positively 

related to airway obstruction, degree of alveolar wall damage in emphysema and the severity 

of COPD [34]. 

Beside neutrophils and macrophages, there is a change in the CD8+ / CD4+ ratio in 

blood and an increased number of CD8+ T cells in sputum and lung tissue of COPD patients 

[35-36]. Maeno and coworkers described a critical role for CD8+ T cells in inflammatory cell 

recruitment and lung destruction in a murine model of cigarette smoke-induced COPD [37]. 

In this line, we recently showed that CD8+ T cell proliferation was increased in the presence 

of cigarette smoke extract (CSE) primed conventional dendritic cells (cDC) [38]. T cells may 

contribute to tissue destruction and remodeling of the pulmonary vasculature by their 

cytotoxic activity and mediator release [35-37]. CD8+ cytotoxic/suppressor T cells release 

cytotoxic perforins and granzyme B, which cause cell death and apoptosis, a feature of 

emphysema [37].  
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B- Mediators of COPD 

Mediators such as ROS, cytokines, chemokines, matrix metalloproteinase (MMPs), 

extracellular matrix protein and lipid mediators, released by pro-inflammatory cells are 

critical in the development of airflow obstruction and alveolar destruction [7]. Several studies 

have identified the presence of oxidative stress/free radical biomarkers in patients with COPD 

[39]. CS is a complex mixture of gases, particles and up to 5300 different constituents in the 

volatile phase which includes reactive oxygen species (ROS) such as hydrogen peroxide 

(H2O2), superoxide, hydroxyl anion and nitric oxide [7, 39-41]. Oxidative stress provided by 

exogenous CS itself and from endogenous cellular sources may lead to the activation of many 

intracellular pathways, transcription factors and epigenetic events which could alter the 

inflammatory response and cell cycling/proliferation [17]. Moreover, it has been recently 

highlighted that emphysema formation by CS can occur in an iNOS-dependent manner [42]. 

Oxidative and nitrosative stress, inflammation, destruction of extracellular matrix, impaired 

cell repair and cell death all contribute to the pathogenesis of COPD which is further 

exacerbated by viruses and bacteria [42-44]. In this process, damage to DNA could affect 

signaling pathways that may impair host response to viral and bacterial pathogens [17]. 

Several cytokine and chemokine are increased in blood and broncho-alveolar lavage fluid 

(BALF) of COPD patients such as IL-1  [45], IL-6, IL-8 [46], IL-4 [47], IL-13 [48-49], IL-

18, INF-  [49-51] and TNF-  [52-53]. The cytotoxic perforins and granzyme B might be 

important in cell death and apoptosis [38].  

Recently it has been shown, that the increased IL-6 production by DCs, induced by 

pro-inflammatory Th17 cells, might be involved in the development of COPD [54]. 

Surprisingly, the importance of DCs as cells that bridge the adaptive and innate immune 

system might be overseen in the pathogenesis of COPD [55-56]. Similarly, there is a lack in 

literature about the role of mast cells in COPD. Below an update is presented about the 

possible involvement of the fore mentioned cells in the pathogenesis of airway inflammation 

and lung emphysema. 

DC precursors and subsets 

DCs were first described in 1868 by Paul Langerhans in the basal layers of the epidermis. 

Thereafter, Steinman et al. described the role of DCs as a new class of white blood cells in 

the control of immunity with unique functions [57]. Subsequently, in 1980s it became 

accepted that DCs are cells that constitutively express MHC class I/II with a high capacity of 

stimulating naïve CD4+ and CD8+ T cells [58-60].  
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Nowadays, it is believed that DCs constitute a family of professional antigen-

processing and -presenting cells, which are critical for the induction of immunity. DCs 

subsets differ in origin, phenotype and function, originate from hematopoietic stem cells 

(HSCs) and develop through distinct differentiation pathway in response to internal and 

external stimulators [61-63]. HSCs give rise to common myeloid (CM) and lymphoid (CL) 

progenitors [64-65] and it is known that most DCs are derived from the myeloid linage [66]. 

However, new observations indicate that the human multi-lymphoid progenitor cells can also 

give rise to DCs [67]. Stimulation of stem and progenitor cells by different receptor agonists 

and signaling via toll like receptors (TLRs) are involved in this process [68-69] [Fig. 1A]. DC 

development by hematopoietic progenitors is linked to fms-like tyrosine kinase 3 (FLt3, also 

known as Flk2) expression which contribute to hematopoiesis by regulation DC division [70]. 

In this line, it has been shown that adoptive transfer of early progenitor cells followed by 

FLt3 ligand injection can raise the DC differentiation by progenitors [71].  

Common DC precursors (CDPs) derived from macrophage/DC pressures (MDP), 

exclusively differentiate into plasmacytoid DCs (pDCs) and the precursors for cDCs (pre-

DCs), but not into monocytes or macrophages. However, monocytes can differentiate into 

inflammatory DCs during inflammation [63] [Fig. 1B].  

cDCs can be further divided into migratory and lymphoid DCs. Migratory DCs are 

able to take up antigen, migrate along a chemokine gradient to the draining lymph node (LN) 

and interact with T cells [72-74] while lymphoid DCs lack migratory function. In the LN, 

DCs can induce the generation of different effectors T cells based on the type and dose of 

antigen, DC subsets and the local released cytokines [55].  

It became clear that the respiratory systems contain various DCs, each with functional 

specialization. cDCs are generally short-lived and express high levels of the integrin CD11c 

receptor. CD103+CD11b-CD11chigh DCs in the intraepithelial network are considered as  

migratory cDCs which comprise CD8 + and CD8 - DCs [75]. Pulmonary CD103+ DCs are 

able to produce IL-12 and are specialized to interact with CD8+ T cells. CD103-

CD11b+CD11chigh DCs, which reside in the submucosa of conducting airways, are 

specialized in priming and restimulating effectors CD4+ T cell and their function is partially 

dependent on the inflammatory condition [76]. 

The lung interstitium contains both CD11b+ and CD11b- cells that can reach the 

alveolar lumen. Their function is controlled by CD11chigh alveolar macrophages [77-78]. 

Interstitial DCs are contaminated with DCs lining the small intrapulmonary bronchioles and 
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vessel walls and appear to be the only DC subset capable of including B-cell differentiation 

and drive humoral immune responses [55].  

Lung pDCs, which are derived from CDP, are long-lived CD11cint cells that express bone 

marrow stromal Ag-1 (recognized by PDCA-1 or 120g8 Abs), siglec-H, LY6C, and B220 

receptors. They are found as a minor population in large conducting airways and in the lung 

interstitium [79]. Beside of antigen presentation, control of T cell responses and B cells 

activation, pDCs are very sensitive for CpG motifs and viruses and respond by the production 

of type-1 interferons (IFNs) via TLR stimulation [80-81]. Pulmonary pDCs are involved in 

the suppression of cDCs maturation and generation of effector T cells [82-83]. 

Pulmonary CD103- CD11C high CD11b+ DCs is a monocyte-derived subset which, 

expresses LY-6C as remnant of their monocyte descent [84] and contribute to airway 

inflammation by regulating Th2 response and Th17 immune responses [54, 85].  

 In the next part, the recent discoveries on DC biology will be highlighted with special 

emphasis on the role of DCs in the pathogenesis of COPD. 
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Role of DCs in the pathogenesis of lung emphysema and COPD 

A- Experimental observations 

Several studies have been designed to investigate the involvement of the immune system in 

the pathogenesis of COPD and more data are derived from animal models, since it is more 

difficult to study experimental immunology in humans [86].  

The function and distribution of DCs in the development of lung emphysema has not 

well been described. In vitro studies show that CSE and nicotine can have an impact on 

maturation and function of DCs [87-88], which is accompanied with the suppression of 

chemokine receptor expression and the induction of co-stimulatory receptors [87]. However, 

these observations are not consistent [89-92]. Immune-modulating effects of CSE partially 

depended on nicotine [89, 90]. Beside nicotine, acrolein and/or electrophilic contents in CS 

may have immunosuppressive effects on DC [93]. Maturation of DC is one of the unique 

phenomena in adaptive immunity [62]. In vivo studies reported conflicting data related to the 

numbers and function of pulmonary DCs in CS-exposed animals [94-95]. For example, 

Robbins et al. described an impaired immune response against adenoviral infection by 

reduced number of CD80+ DCs and ratio of CD4+ /CD8+ T cells in lungs of smoke-exposed 

mice [96]. The decreased number of mature DCs and activated CD4+ T cells in thoracic LNs 

of smoke-exposed mice could contribute to the development of lung cancer [96]. Any 

changes forced by external factors on the DC lifecycle may result in an inappropriate immune 

response. DCs primed with nicotine failed to develop the effector memory Th1 cells due to 

the differential expression of co-stimulatory molecules and diminished IL-12 production (84). 

Notably, CS induces the release of Th2 cytokines, but not IL-12 production by activation of 

TLR2/4   [97]. CS suppresses the release of IL-12, IL-23 and increases IL-10 production from 

mature DCs [87, 98-99]. Induction of oxidative stress by CS, via enhanced ERK activation 

and downstream c-fos accumulation, could account for the suppression of IL-12 and IL-23 

release by mature DC [98]. These studies may explain the opposing effects 

(immunosuppression against infectious agents and exacerbation of asthma) of CS on 

respiratory immune defense mechanisms. Moreover, increased expression of MMP-12 by 

CSE-exposed cDCs could indicate a potential role of DC in the pathogenesis of emphysema 

[94].
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Fig. 1. Schematic outline of DCs differentiation from bone marrow hematopoietic stem cells (HSC). The 
HSCs differentiate into common lymphoid progenitors (CLPs) and common myeloid progenitors (CMPs). CLPs 
can give rise to DCs by activation of different receptor agonists or inflammatory signaling via toll like receptors 
(TLRs). We propose that CS could have an effect on the generation of DCs (A) stimulation of stem cells and 
progenitor cells (TLR4/9) (B) or direct stimulation of DCs. Abbreviation used: CDPs: Common Dendritic cell 
Precursors, CLP: Common Lymphoid Progenitor, CMP: Common Myeloid Progenitor, Flt3: Fms-Like Tyrosine 
kinase 3, HSCs: Hematopoietic Stem Cells, MDPs: Macrophage Dendritic cell Pressures, pDC: plasmacytoid 
Dendritic Cell, TLR: Toll Like Receptor. 
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In addition, CSE decreases the expression of specific receptors of the innate immune 

system such as TLR7, and reduces the activation of IFN-  regulatory factor-7 (IRF-7) 

signaling and the production of IFN- , IL-1 , IL-10 and CXCL10 during Respiratory 

Syncytial Virus (RSV) infection. Decreased levels of IFN-  may lead to a compromised anti-

viral response and likely to an increased susceptibility of smokers and COPD patients to viral 

infections.   

We showed that exposure of DCs to CS increased the release of CC-chemokine ligand 

3 (CCL3) and CXC-chemokine ligand 2 (CXCL2) which could account for the recruitment of 

neutrophils into lungs [59]. CS exposure causes specific defects in DC maturation and 

suppresses the proliferation of CD4+ T cells in thoracic regional lymph nodes [59, 96].  

B- Clinical observations  

Clinical observations on the role of DCs in the pathogenesis of COPD are scarce. Decreased 

numbers of DC in the respiratory system of smokers and COPD patients has been described 

and there are decreased numbers of mature DCs in the bronchial mucosa [100-101]. 

Interestingly, smoking cessation in �“healthy�” smokers increased the number of mature DCs to 

the level of healthy non-smokers [102]. Smoking in asthmatic patients, decrease the bronchial 

CD83+ mature DCs [103]. Further, there are reduced numbers of mature CD83+ [101] and 

increased immature langrin+ DCs [14, 104] in small airways of COPD patients. Recently, a 

decreased number of circulating pDC and increased peripheral myeloid DC (mDC)  vs pDC 

ratio in COPD patients has been documented [72]. In sputum of COPD patients there is an 

increase in neutrophil elastase (NE). Elastase may account for the suppression of DC function 

by interfering with maturation and antigen-presenting activity [105]. Thus, smoking may 

affect DC function via direct effects or indirectly by the induction of other inflammatory 

mediator release from inflammatory cells [87-88].  

Increased DC numbers in the airways of COPD patients are accompanied by high 

levels of CCL20. CCL20/CCR6 can recruit DCs [14]. Interestingly, CS increases the number 

of CD1a+ DCs in alveolar parenchymal tissue. CS, by increasing DCs survival and the 

production of osteopontin may be involved in the recruitment of Langerhans type DCs in 

smokers with COPD [106][Fig. 2A]. There is an increased activity and maturation of DCs 

subtypes in lung parenchyma of COPD patients [107]. Moreover, altered DC differentiation 

in small airways of smokers and COPD patients correlates with the expression of activin-A, 

which is a member of TGF-  superfamily and plays a role in growth and differentiation of 
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various cell types during inflammation [108]. Clinical and experimental findings provide 

growing evidence for a critical contribution of DCs in the pathogenesis of COPD. 

 In conclusion, as also described in this thesis, contrasting results have been published 

on the role of DCs in inflammatory responses and the involvement in the pathogenesis of 

COPD. However, it cannot be excluded that DCs might contribute to the induction and 

maintenance of neutrophilic airway inflammation via the release of proinflammatory 

chemokines [Fig. 2A]. Moreover, DCs are essential for controlling innate immunity by 

regulating effecter CD8+ T cell responses and, therefore, may have a role in the pathogenesis 

of COPD [Fig. 2B]. Finding therapies to modulate the specific functions of DCs or the 

subsets of DCs might open new therapeutic avenues. 
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Fig.2. Overview on the role of DCs in the pathogenesis of COPD. A. Inhaled cigarette smoke activate 
epithelial cells and macrophages to release several chemotactic factors that attract and activate inflammatory 
cells in lung, including CCL20 which acts on CCR6 to attract DCs. DCs play an important role by affecting a 
number of cell types and by releasing a variety of chemokines. DCs, macrophage, PMN�’s and epithelial cells 
release proteases, such as MMP, NE, which cause elastin and collagen degradation and hence emphysema.  B. 
Cigarette smoke influences DC maturation and function which is important in lung immune defects and may 
increase CD8+ and diminish CD4+ T cell proliferation in TLN. Abbreviation used: DCs: Dendritic cells, EPs: 
Epithelial cells, ImDC: Immature dendritic cells, MQ: Macrophage, PMN: Polymorphonuclear cells.  
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Mast cells and COPD 

Mast cells are playing a critical role in pathogenesis of allergic [109-110] and non-allergic 

disorders [111-113]. Studies are accumulating on the distribution and type of mast cells in 

lungs and tissues of smokers and COPD patients [113]. Mast cells normally reside close to 

epithelia, blood vessels, nerves, smooth muscle cells, and mucus-producing glands [114]. The 

numbers of mast cells are significantly increased in sputum of smokers [114]. 

CXCL-10, as chemoattractant for monocytes, is elevated in the airways of smokers 

[115] and may play a role in modulation of mast cell migration to the airway smooth muscle 

[116]. Mast cells in the airways are exposed to inhaled environmental challenges. As mast 

cell activation results in the coordinated release of proinflammatory mediators into the 

surrounding tissue, exposure to environmental challenges may result in chronic inflammatory 

pathology [117-118]. The mechanisms by which mast cells can be activated in the airways of 

patients with COPD are not well described. However, IgE-mediated mechanisms presumably 

do not play a primary role. Mast cells have many other receptors that can be activated in 

patients with COPD, such as Fc-gamma receptors that can be engaged by immune 

complexes, complement receptors that can be triggered by C3a and C5a [119] and c-kit, the 

receptor for stem cell factor [120]. Finally, Toll-like receptors (TLR), which are abundantly 

expressed on mast cells [121-122], can be activated by e.g. bacterial products during COPD 

[123-124]. 

Activation of mast cells leads to the production of a wide array of effector molecules 

including prestored mediators (serotonin, histamine, proteases), and actively synthesized 

mediators released within minutes (prostaglandins, leukotrienes) and a large variety of 

cytokines and chemokines at several hours after activation. The role of these mediators in 

tissue remodeling is poorly understood. 

Mast cells are a source of IL-4 and IL-13 that can influence T cell responses, mucus 

gland hyperplasia and smooth muscle hypertrophy/ hyperplasia [125-127]. 

Angiogenesis is another feature of tissue remodeling and mast cells can be a major 

source of angiogenic factors such as VEGF [128-129]. Besides, mast cell-derived mediators 

such as histamine and cysteinyl leukotrienes can activate lung macrophages to generate nitric 

oxide, lysosomal enzymes and proinflammatory cytokines [130]. 

Mast cells arise from pluripotent stem cells, mature in tissue, and have the ability to 

generate inflammation following exposure to a variety of receptor-mediated signals initiated 

by both innate and acquired immune response mechanisms [131-132].  
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Mast cells originate from myeloid stem cells and before full maturation they leave the 

bone marrow as immature committed progenitor cells and undergo their final differentiation 

in mucosal or connective tissues [133-135]. Many different factors such as interleukin IL-3, 

IL-4, IL-9 and IL-10, nerve growth factor (NGF), chemokines and retinoids can influence 

mast cell maturation and differentiation [135]. They are easily identified by the presence of 

prominent granules within their cytoplasm and are heterogeneous in morphology and staining 

characteristics. The number of mast cells within connective tissue is constant, whereas their 

numbers in respiratory and gastrointestinal tracts can vary considerably [136-139]. It has 

been reported that during inflammation the numbers of immature progenitor mast cells are 

increased in the circulation [135]. 

A- Experimental observation 

Thomas et al. studied the role of extracts of tobacco smoke on the activation of mast cells 

isolated from canine [140] and demonstrated the release of the preformed mediators 

histamine and tryptase in an energy- and temperature-dependent, non-cytotoxic manner 

[141]. Mortaz et al demonstrated that CSE suppressed IgE-mediated degranulation and 

cytokine release, while no effect was observed on leukotriene release [142]. In contrast, CSE 

increased the release of mediators of human cord mast cells [142]. It is presently not known if 

the type of mast cells and/or the condition of activation may account for this discrepancy. 

The role of mast cells in non-allergic diseases such as COPD is just starting to become 

unraveled. Likely, mast cell accumulation and activation in such processes is related to IgE-

independent pathways involving for example releases of proteases, IL-8 [143], chemokines 

[144] and TNF-a [113, 145] which play an important role in COPD as discussed before. 

Mortaz et al demonstrated that CSE induces production of chemokines by mouse mast cells 

[144], such as TNF-a or macrophage inflammatory protein-2 (mouse analog of human IL-8) 

which may contribute to the influx of neutrophils. Thus, smoking may cause the recruitment 

of inflammatory cells via mast cell-derived chemokines.  
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B- Clinical Observations  

In 1982, Walter et al. reported a change in the number and degranulation of mast cells in the 

lungs of monkeys exposed to cigarette smoke [146]. In the lungs and skin of human smokers, 

mast cells increase in absolute numbers and smoking may be associated with activation of 

mast cells [22, 147]. Earlier studies demonstrated elevated histamine and tryptase levels in 

BALF of smokers [148]. There are increased numbers of mast cells in the circulation, 

airways, and parenchyma of patients with COPD [149]. Mast cells release proinflammatory 

mediators which could contribute to the pathogenesis of COPD [113, 143, 145, 150-151], but 

the release of tryptase and chymase may also be protective by prevention of epithelial cell 

proliferation [142] and inhibiting smooth muscle proliferation [152-153], respectively.  

Kalenderian et al. [22]  also found that the levels of the mast cell mediators, histamine 

and tryptase were considerably elevated in BALF from smokers. The authors concluded that 

these data indicated a greater propensity for mast cell-mediated injury in smokers. In contrast, 

Gosman et al. reported that the distribution of tryptase- and chymase-positive mast cells in 

the airways is similar in patients with COPD compared to controls without airflow limitation 

and the number of these cells in the subepithelial area of central airways is lower in COPD 

compared to controls [23]. In addition, the mast cell subsets in the lung are altered in COPD, 

as exemplified by a change in the MC-TC/MC-T balance, altered tissue distribution, and 

modified morphological and molecular characteristics. 

Collectively, the data show alterations in lung mast cells in COPD that correlate with 

lung function which may have significant pathophysiological consequences [154].  
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Models for COPD 

In vitro models  

In vitro models usually investigate the acute response of different cell types to the exposure 

of cigarette smoke extract (CSE). CSE can be prepared by leading the smoke emitted from a 

cigarette through an aqueous solution [155]. However, these preparations have disadvantages 

of losing volatile and reactive components, a variety of chemical changes can take place and 

thus CSE represents only a part of compounds present in cigarette smoke. On the other hand, 

CSE has been used extensively to show that cigarette smoke can directly activate or inhibit 

cellular activation pathways possibly influencing an inflammatory outcome [38, 155-157]. 

Moreover, the molecular processes involved are easier to unravel in vitro experiments. 

Animal models of lung emphysema  

To gain insight into the underlying pathophysiological mechanism of human disease and to 

investigate and develop new compounds with therapeutic activity, animal models of human 

disease are designed and used. In vivo animal models can help to unravel the molecular and 

cellular mechanisms underlying the pathogenesis of emphysema and COPD. The in vivo 

modeling of emphysema started in 1965 by Gross et al. who described the first reproducible 

animal model of lung emphysema by instilling the proteinase papain intratracheally into rats 

[158]. Inhalation of noxious stimuli, such as tobacco smoke, sulfur dioxide, nitrogen dioxide, 

may also lead to COPD-like lesions in mice, bases on the concentration, exposure time and 

strain specific genetic susceptibility. Many laboratories developed animal models of 

emphysema induced by cigarette smoke exposure to mimic the human situation, because of 

the overwhelming role of cigarette smoke as causative agent. Mice can be exposed to 

cigarette smoke either by a nose only or by a whole body methodology. Neither the 

type/number of cigarettes, nor the exposure time and the time between exposure and 

measurement, nor species, strain, sex and age of the animals has been standardized and is a 

personal methodological choice [159-161]. Despite considerable variation in the specific 

pulmonary responses to acute or chronic cigarette exposure, there is no doubt that cigarette 

smoke adversely affects the lungs of laboratory animals in various ways, including the 

induction of airway wall inflammation, epithelial cell alterations and formation of 

emphysema [159, 162-165]. Certainly, animal models for COPD could be helpful to delineate 

a possible role of inflammatory cells in the pathogenesis of COPD.  
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Outline of thesis 

The scope of this thesis is to investigate the role of DCs and mast cells in the pathogenesis of 

lung inflammation induced by cigarette smoke. Special attention was given to regulatory 

effect of smoking on activity of these cells in the inflammatory process. Chapter 1, the 

general introduction describes the scientific rationale and the aim of the thesis. In this chapter 

specific attention is given to the complexity of inflammatory response in COPD and 

describes the current knowledge and hypotheses on the regulatory role of DCs and mast cell 

in the inflammatory cascade. Since cigarette smoking is the major risk factor for COPD, this 

thesis begins with investigating the effect of cigarette smoke on DCs maturation and function 

in vitro model. Chapter 2 describes the modulatory effect of cigarette smoke extract (CSE) 

on maturation and function of bone marrow derived dendritic cells and the human L-428 cell 

line at different time points. To translate the results obtained from in vitro co-culture model to 

in vivo; this thesis continues in chapter 3 and 4 by investigating the regulatory effect of DC 

subsets modulation on inflammatory response induced by CS exposure in mice in vivo. It has 

been shown that the development of COPD begins with the recruitment of activated 

neutrophil and macrophages, which is followed by the development of emphysema. Thus, in 

chapter 3 the regulatory effects of DC subsets on the pattern of cellular infiltration in BALF 

and lungs are investigated in an acute model of CS exposure. Chapter 4 gives further insight 

in the role of DCs in the pathogeneses of emphysema induced by cigarette smoke exposure in 

a sustained model. The severity of airway remodeling and inflammation is studied by 

analysing alveolar enlargement, inflammatory cells in the BALF and determining the 

cytokine and chemokine profile in the BALF.  

Chapter 5 and 6 investigate the role of another innate immune cell in the lung 

inflammatory response to cigarette smoke exposure. Mast cells are considered to be major 

players in IgE-mediated allergic response, but have also been recognized as active 

participants in innate as well as specific immune responses. Chapter 5 describes the effect of 

cigarette smoke exposure on mast cells and their function in vivo and in vitro, in parallel, in 

order to get further insight in the role of mast cell in the pathogenesis of emphysema, with a 

focus on the effect of cigarette smoke on the tryptase (mMCP-6) expression and TGF-  

production of mast cells. Chapter 6 describes the direct effect of CSE on the development 

and function of bone marrow derived mast cells. The effect of CSE is assessed on the 

granularity and surface expression of c-Kit and Fc RI receptors on BMMCs. Chapter 7 

provides a summarized discussion of the most relevant finding of this thesis. 
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endritic cells (DCs) as professional antigen presenting 
cells (APCs) play a critical role in the regulation of 
host immune responses. DCs evolve from immature, 

antigen-capturing cells, to mature antigen-presenting cells. 
Converting antigens into immunogens and expressing 
molecules such as cytokines, chemokines and co-stimulatory 
molecules to regulate the immune response. The relative 
contribution of DCs to cigarette smoke-induced inflammation 
is not well documented. Thus, in the current study we aimed to 
investigate whether cigarette smoke extract (CSE) has a 
modulatory effect on differentiation, maturation and function of 
DCs. Our results show that short-term CSE stimulation (~24h) 
influence the maturation status of newly differentiated and 
immature DCs towards more mature cells as revealed by up 
regulation of MHCII, CD83, CD86, CD40 markers, reduction 
in antigen up-take capacity and enhanced secretion of pro-
inflammatory (IL-12, IL-6 and TNF- ) cytokines. Interestingly, 
long-term CSE exposure, time- and concentration-dependently, 
suppressed the development of functional DCs. This 
suppression was demonstrated by a decline in CD11c/MHCII, 
CD83, CD86 and CD40 expressions and the production of 
cytokines. Moreover, CSE significantly suppressed the 
endocytosis function of mouse DCs which was not due to 
diminished DC viability. Similar to mouse DCs, long-term co-
culturing human L428 cell line (similar to human DC) with 
CSE time-dependently suppressed the expression of CD54. 

Taking together, the present study provides evidence 
that CSE modulates DC-mediated immune responses via 
effecting both the function and maturation of DCs. The 
suppressive effects of cigarette smoke on the long-term, might 
offer an explanation why COPD patient are more vulnerable to 
infections. Therapies directed to DC�’s function might open a 
new and exciting area. 
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 Introduction 

Cigarette smoking  is the main risk factor for the development of inflammatory lung disease 

such as chronic obstructive pulmonary disease (COPD) [1]. The lung inflammatory response 

to CS exposure is complex and mechanisms initiating this response are still poorly 

understood. It has been shown that cigarette smoke (CS) contains a complex mixture of 

chemicals, bacterial and fungal components including lipopolysaccharide (LPS) [2-3] that are 

capable of exerting immune-modulating effects. Thus, understanding in detail the 

mechanisms underlying inflammatory process induced by CS may lead to better therapeutic 

approaches in COPD. Many inflammatory cells and their mediators, both of the innate and 

adaptive immune system, play a role in the pathogenesis of disease [4-5]. Macrophages, 

neutrophils and lymphocyte are the cells usually considered the prime effector cells in 

immune response to CS, but recently DCs have been suggested to be a potentially important 

new player/orchestrator of the pattern of inflammation induced by CS, but studies on its role 

in COPD are limited [6].  

In both humans and mice there are several subtypes of DCs, as characterized by 

surface markers and function. Generally, DCs subsets arise from bone marrow (BM) 

precursors that colonize peripheral tissues through blood or the lymphatic system [7-9]. DCs 

are essential antigen-presenting cells (APCs) and orchestrate innate inflammatory responses 

and adaptive immunity through activation of T cells via direct cell-cell interactions and/or 

cytokine production [10-11]. Immature DCs are efficient in antigen uptake, but during DC 

maturation antigen uptake ability decreases as the antigen presenting ability is enhanced [12]. 

MHCII molecules present the first classical signal in the process of antigen presentation, and 

co-stimulatory molecules such as CD86, CD40 represent the second signal. Since DCs are so 

well equipped to initiate adaptive immune responses, they are considered prime targets for 

modulating immune responses 

The number of DCs in vivo is low compared with most other immune cells, and their 

isolation in sufficient numbers for comprehensive studies is laborious and expensive. 

Therefore, the majority of studies use in vitro generated DCs from bone marrow cells or 

blood monocyte [13-16]. Studies using bone marrow and monocyte-derived DCs exposed to 

varying concentrations of cigarette smoke extract (CSE) and nicotine yielded contrasting 

results with respect to the effects on DC function [17-20]. The importance of DCs in 

maintaining host immunity led us to further investigate whether DCs are affected by exposure 

to CS.  
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Materials and methods  

Preparation of CSE  

CSE was produced following the method as described before [21]. Briefly CSE was 

generated by the burning of commercially available Lucky Strike cigarettes without filter 

(British�–American Tobacco, Groningen, The Netherlands), using the TE-10z smoking 

machine (Teague Enterprises, Davis, CA, USA), which is programmed to smoke cigarettes 

according to the Federal Trade Commission protocol (35-ml puff volume drawn for 2 s, once 

per minute). This machine was used to direct main- and side-stream smoke from one cigarette 

through a 5-ml culture medium (RPMI without phenol red). Hereafter, absorbance was 

measured with spectrophotometer, and the media were standardized to a standard curve of 

CSE concentration against absorbance at 320 nm. The pH of the resultant extract was titrated 

to pH 7.4 and diluted with medium. This concentration (optical density (OD) = 4.0) was 

serially diluted with untreated media to 0.5-3% OD and used in the indicated experiments. 

Cells preparation and experimental design  

1- Mouse BMDCs  

The method for generating BM-derived DCs was adapted from that described by Lutz and 

coworkers [22] with slight modifications. BM cells isolated from BALB/c mice (four-to 12-

week-old) and were cultured in complete RPMI 1640 supplemented with GM-CSF 200u/ml 

(=20ng/ml) for 10 days. In order to investigate how CSE influenced full maturation of DCs, 

the non-adherent cells were incubated with CSE (0.05- 1.5%) or LPS (0.01-1 µg/ml, as 

positive control) for the final 24 h or the next 18 h after culture period (Fig. 1A). 

Subsequently, to evaluate the immune modulatory effect of CSE on DCs differentiation 

process, BM cells were cultured in presence or absence of CSE (0-1.5%) or LPS (0.01-1 

µg/ml) from day 0 for 10 days (Fig. 1B).  In parallel experiments, to investigate the effect of 

timing of the CSE exposure in the differentiation of BM precursors to DCs, cells were co-

cultured with CSE (1.5%) or LPS (100 ng/ml) at various time points of culture for  7 or 4 

days (Fig. 1C). Non adherent and loosely adherent cells were harvested for analysis. DCs 

responses were assayed using ELISA (cytokine production) and flow cytometry analysis 

(surface marker expression). Non toxic effects of up to 1.5% concentration of CSE was found 

since viability was consistently established to be >95% (trypan blue exclusion). 

 



Chapter 2  
 

44 
 

 

               

 

 

 

 

 

 

 

Fig.1. Experimental design diagram: Generation of BM-derived DCs with GM-CSF in presence or absence of 
CSE during 10 days. The cultures were recultured with fresh medium containing GM-CSF (20 ng/ml) at days 0, 
3, 6 and 8. To determine the effect of CSE on DCs development, maturation and function, cells were incubated 
with CSE (1.5%) or LPS (100 ng/ml, as positive control) for (A) the last 24 h or the next 18 h after 10 days of 
culture, (B) 10 days of culture and (C) the final 7 or 4 days of culture. * indicate administration of CSE or LPS.  

 

2- Human L428 cell line 

The Hodgkin�’s disease (HD)-derived cell lines L428 most closely resembles a human DCs 

phenotype and function [23-24] . Thus, L428 (kindly provided by university of California) 

was used in this experiment as human-DC model to determine the long-term effect of CSE on 

human DCs activation. Cells were maintained at 4 x l06 to 2 x 106 cells/ mL in RPMI-1640 

supplemented with 10% FBS, L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 

mg/ml), 2-mencaptoethanol (50 mol/L) and gentamicin (50 g/mL) at 37oC in a humidified 

5% CO2 atmosphere. The medium was replenished twice weekly, 24-48 hr prior to an assay. 

The viability of these cells has generally been maintained at >95% (Trypan Blue dye 

exclusion). These cells have a doubling time of approximately 60 to 84 hours. Following the 

third sub confluent passage, cells were co-cultured in presence or absence of CSE (1.5%) or 

LPS (100 ng/ml) for periods of 10, 20 and 30 days. At the end of each experimental period, 

non adherent and loosely adherent cells were harvested for following FACS analysis.  
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Flow cytometry analysis  

Surface receptors expression on mouse and L428 DCs were determined by FACS analysis. 

To this end, cell cultures were washed once with 1x PBS/ 0.3% BSA and stained with 

primary antibodies directly conjugated to fluorochromes for 30 minutes at 4oC. Dead cells 

were excluded using annexin-V and 7-AAD (BD Biosciences) viability staining solution. 

Live events were acquired on a FACSCanto II flow cytometer (BD Biosciences), and data 

analyzed with FACSDiva software (v6.1.2). The following antibodies were used for flow 

cytometry analysis: PE-Cy7�–conjugated anti-mouse CD11c, FITC-conjugated anti�–major 

histocompatibility complex (MHC) class II, PE-conjugated anti-mouse CD86, APC-

conjugated anti-mouse-CD40 and -CD83 and PE-conjugated anti-human CD54. All 

antibodies were purchased from eBioscience or BD Biosciences (San Diego, CA).   

FITC�–dextran uptake  

To assess DC endocytic activities, BMDCs were suspended in 10% FCS RPMI 1640 and 

incubated with 1 mg/ml of FITC�–dextran (Fluorescein isothiocyanate-labeled dextrans) (Mr = 

40,500; Sigma, Aldrich, the Netherlands) for 30 min at 4 or 37°C. Cells were washed 3 times 

with ice-cold PBS, 0.1% BSA and 0.01% NaN3, and labeled on ice with appropriate mAb. 

The uptake was calculated as the change in MFI between cell samples incubated at 37°C and 

4°C.  

Cytokine assay 

 The inflammatory cytokines; IL-12, IL-6 and TNF- , were quantified at protein 

concentration in supernatants of BMDCs to determine cytokine production by of CSE- 

primed DCs using ELISA kits (BD pharmingen) according to the manufacturer�’s instructions. 

Statistical analysis 

Experimental results are expressed as mean ± S.E.M. Results were tested statistically by a 

one-way ANOVA followed by Newman-Keuls test for comparing all pairs of groups or two-

tailed, nonpaired, student's t-test. Analyses were performed using GraphPad Prism (version 

5.0). Results were considered statistically significant when P< 0.05. 
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Results 

CSE induced DC maturation during short-term incubation 

In order to investigate the direct effects of CSE on the full maturation of DCs, BMDCs were 

incubated with CSE (0.05- 1.5%) or LPS (0.01-1 µg/ml, as positive control) for 18 h after 10 

days of culture (Fig. 1A). CSE increased CD11c and MHCII expression, concentration 

dependently (Fig. 2A). Further experiments were performed with a CSE concentration of 1.5 

% since higher concentrations were toxic.   

Next, we examined the effect of short-term co-culturing of DCs with CSE for the final 

24 h of the 10 days culturing period (Fig. 1A). Consistent with an increased maturation, CSE 

induced the expression of CD11c, MHCII (Fig. 2B), the co-stimulatory molecules CD86, 

CD40 (Fig. 2B) and CD83 (Fig. 2C). To test the long-term CSE effects on DC maturation, 

DC precursors were cultured in the presence of CSE for 10 days (Fig. 1B). In contrast to 

short exposure time, long-term incubation with CSE resulted in a suppression of CD11c-

MHCII / CD83 expression (Fig. 2C).  

 

CSE increased the developing of defective and silent DCs during long-term stimulation 

To examine whether CSE influenced the development of DCs from BM precursors, isolated 

BM cells were cultured in presence or absence of CSE or LPS continuously (Fig. 1B). At the 

end of day 10, the non-adherent and loosely adherent cells were analyzed for the expression 

of cell surface markers. CSE significantly down regulated the expression of CD11c-MHCII 

(Fig. 3A and B), and CD40, CD86 markers (Fig. 3C and D). Next, we tested intracellular 

expression of these markers and did not find any signs of internalization of these receptors 

(data not shown). At all time points of culture, total cell numbers generated per dish under 

CSE or LPS condition were not reduced, which indicates that CSE does not modulate the 

expansion of DC precursor cells but rather their maturation. Furthermore, expression of other 

monocyte markers (CD14), macrophages (F4/80) were not detectable (data not shown). No 

significant changes in the percentage of apoptotic and necrotic DCs were found as 

determined by using annexin-V and 7-AAD viability staining.  
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CSE induces DC suppression in a concentration- and time-dependent manner                         

To determine whether the suppressive effect of CSE on DC differentiation is concentration-

dependent, DC precursors were co-cultured in presence of different concentrations of CSE 

(0.5-1.5%) at different time points of culture. The maturation of DCs was suppressed by CSE 

as revealed by down regulation of CD11c, MHCII, CD86 and CD40 molecules in 

concentration-dependent manner (Fig. 4). In the search for specific CS constituents, which 

could be responsible for suppression of DCs maturation and development, nicotine and 

acrolein were tested but none of them mimicked the effect of the complete CSE (data was not 

shown). However, LPS as an important bioactive component of CSE caused the suppression 

of DCs in long-term co-culture (Fig. 3).  

Subsequently, DC precursors were co-cultured with CSE continuously for different 

time periods as described in Methods (Fig. 1B and C).  Co-culture of DCs from day 0-10 with 

CSE resulted in low expression of cell surface markers (P<0.05). However, DC undergoing 

CSE exposure from day 3 did not show a difference in CD11c-MHCII expression (Fig. 5). 

Fig.2. CSE induces the DCs 
maturation during short-term 
stimulation.  Representative 
histograms (left panel) are showing 
the cell surface expression of DC 
maturation markers CD11c, 
MHCII and CD83 molecules. Bar 
graphs (right panel) represent 
percentage of positive DCs for 
expression of CD11c-MHCII and 
co-stimulatory molecules CD86, 
CD40. BMDCs were cultured with 
(A) CSE (0.05- 1.5%) or LPS 
(0.01-1 µg/ml, as positive control) 
for 18 h (B) CSE (1.5%) or LPS (1 
µg) for final 24 h and (C) CSE 
(1.5%) for 10 days of culture 
period. Data represent mean ± 
S.E.M. * P< 0.05 significantly 
different compared to control. 
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Interestingly, incubation from day 6 significantly increased the expression of cell surface 

markers to the same level as the positive control (LPS) (Fig. 5). This means, that the effects 

of CSE are differentially regulated in time.  

                                                                                                                                                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time-dependent effect on cytokine release by DCs  

Next, we investigated whether the suppressive effect of CSE on DCs maturation affected the 

cytokine production. As shown in Figure 6, the supernatant of DC differentiated in the 

presence of CSE for 10 days showed no IL-12, TNF-  and IL-6 production.  In contrast, co-

culturing of DCs with CSE or LPS for the final 24 h resulted in a significant release of these 

cytokines.             

Fig.3. Long-term coculture with CSE suppresses the development of  
functional DC from BM precursors. BM precursors were cultured in 
presence or absence of CSE (1.5%) or LPS (100 ng/ml, as positive control) 
continuously with every feeding day. Representative dot plots, (Left panel) 
and bars (Right panel) show percentages of DCs positive for (A, B) CD11c-
MHCII (C, D) CD11c-CD86 and -CD40. Data show one representative 
experiment of seven. Data represent mean ± S.E.M.  * P< 0.05 significantly 
different compared to control.   
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Fig.4. CSE induces the DC suppression during long-term stimulation in concentration-dependent 
manner.  BM precursors were cultured in presence or absence of CSE (0.5%-1.5%) or LPS (0.01-1 µg/ml, as 
positive control) continuously with every reculturing. Representative data show percentages of DCs positive for 
(A) CD11c-MHCII (B) CD11c-CD86 and (C) -CD40. Figure shows one representative experiment of seven. 
Data represent mean ± S.E.M. * P< 0.05 significantly different compared to control, ^ P< 0.05 significantly 
different compared to CSE 0.5%.  

 

 

 

 

 

 

CSE suppressed the DCs function during 10 days stimulation 

Immature DCs efficiently take up antigens and this function is suppressed after maturation 

[25]. After 10 days, the endocytosis activity of DCs was measured by the FITC-dextran. LPS 

as a positive control, showed a decrease in FITC-dextran uptake with increasing maturation. 

The FITC-dextran uptake was reduced in DCs that were differentiated in the presence of CSE 

(Fig. 7). In all experiments, the cells viability was checked and treatments did not affect cell 

viability (data not shown). 

 

 

   

Fig.6. CSE suppresses the DCs cytokine responsiveness during long-term stimulation. The culture 
supernatant from 10 days or last 24 h CSE-treated DCs were harvested and IL-12, IL-6 and TNF-  cytokines 
production measured by ELISA. Data show one representative experiment of seven. Data represent mean ± 
S.E.M. * P< 0.05 significantly different compared to control and CSE 10 days. 

Fig.5. CSE affects the DCs maturation time dependently. 
Representative data showing the percentage of CD11c-MHCII-
positive DCs. BMDCs were cultured in with CSE (1.5%) or LPS 
(100 ng/ml) continuously for different periods of time. Data 
represent mean ± S.E.M. * P< 0.05, **P<0.01 significantly 
different compared to control. 
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CSE induced suppression of CD54 on human L428 cells in a time-dependent manner 

The human Hodgkin�’s disease (HD)-derived cell line L428, closely resembles the human 

DCs phenotype and function [23-24]. To determine the effects of CSE on human DCs, L428 

cells were incubated with CSE for 10, 20 and 30 days and the expression of CD54 was 

measured. CD54 is an appropriate marker of APCs as well as an indicator of activation [26]. 

CSE significantly suppressed the CD54 expression in a time-dependent manner up till day 30 

(Fig. 8).  

 

     

 

                                   

Fig.7. CSE suppresses the FITC-dextran uptake by DCs. the 
endocytosis activity of DCs was measured by the FITC-dextran 
uptake. Data represent mean ± S.E.M. * P< 0.05 significantly 
different compared to control and # P< 0.05 significantly 
different compared to LPS. 

Fig.8. CSE time-dependently suppressed the CD54 expression on 
human L428 cell line surface. Cells were cultured in presence or absence 
of CSE (1.5%) or LPS (100 ng/ml, as positive control) continuously with 
addition of CSE every day during reculturing for 10, 20 and 30 days. 
Representative histograms are showing the cell surface expression of 
CD54. Data show one representative experiment of three. 
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Discussion 

The present study provides evidence that CSE can modulate the DC-mediated immune 

response by affecting both, function and maturation of DCs. We show that CSE stimulates 

maturation of newly differentiated and immature DCs, while it induces defective and silent 

DCs from BM precursors as indicated by down regulation of dendritic cell-specific surface 

markers, suppressed antigen uptake and lack of cytokine production.  

Smoking has been shown to alter a wide range of immunological response in both 

human and animals [27]. The effect of cigarette smoke on DC maturation and function is 

important in lung immune defects and might be responsible for efficient lung adaptive 

immune responses during inflammation [20, 28-29]. Our recent in vivo experiments revealed 

that modulation of DC subsets in acute and chronic models of smoke exposed mice, alters the 

CS induce lung inflammation (Givi et al, in press and Chapter 3 of this thesis). These findings 

indicate that cigarette smoke, directly or indirectly by inducing inflammation and tissue 

damage can trigger activation and differentiation of DCs.  

It has been demonstrated that maturation of DCs play a critical role between innate 

and adaptive immunity, and only mature DC are able to induce activation of T cells [25]. 

Besides up regulation of specific cell surface markers,  DC maturation is associated with the 

synthesis of inflammatory cytokines, including IL-12, a key cytokine required for the 

development of T cells [30]. In the current study, activation of DC for -24 and  +18 induce 

immature DCs towards more mature cells as revealed by up regulation of MHCII, CD83, 

CD86, CD40, reduction in antigen up-take capacity and enhanced secretion of pro-

inflammatory IL-12, IL-6 and TNF- .  These results are in agreement with data obtained with 

nicotine [19] and could indicate that CSE may drive DCs towards full maturation. However, 

exposing BM cells in a milieu for development of DC with CSE (from day 0) causes BM 

precursors to differentiate into DCs, which are not able to achieve full maturation status. This 

phenotype and functional suppression of DCs induced by CSE was detected by impaired 

expression of maturation markers and lack of cytokines production.  Timing of CS exposure 

appeared to be very important in this scenario. Of interest, we found that exposure to CSE 

during late stage of DCs development (day 6) resulted in the full maturation of DC, even to a 

higher level than could be achieved by positive stimulants such as LPS. In contrast, 

administration of CSE from an early stage of BM differentiation resulted in a low expression 

of several innate cell surface molecules and also suppressed the DCs function. We speculate 

that timing of CSE exposure during the differentiation process of DCs may account for the 
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wide variability observed in studies related to DC maturation and function [17, 19, 31-34]. 

Interestingly, we found similarities between the effect of CSE on mouse and human DCs. 

Mouse DCs and human L428 cells maintain their viability and the expression of the 

activation marker CD54 is decreased in response to long-term CSE co-culture.  

Cigarette smoke contains a complex mixture of chemicals that are capable of exerting 

immune-modulating effects. In vitro studies show that CSE and nicotine could have an 

impact on maturation and function of DCs, which is accompanied with the suppression of 

chemokine receptor expression and the induction of co-stimulatory receptors. However, 

observations are not consistent [17, 19, 31-34]. In our study, the striking suppression could 

not be explained by nicotine and acrolein but a role for LPS cannot be excluded.  

From these results it is clear that cigarette smoke has an effect on DC�’s in vitro. 

Caution should be taken to translate these findings into humans and clinical settings. 

However, it is tempting to speculate that these effects could contribute to the vulnerability of 

COPD patients to viruses and bacteria.  Agents that can restore the function of DCs could 

help understand the pathogenesis of airway diseases. 
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argeting the acute effects of CS-mediated pulmonary inflammation, as 
the main risk factor, could be considered as a therapeutic approach in 
COPD. In the current study, we aimed to analyze the effects of 

modulation of DC subsets in immunologic responses induced by short term 
CS exposure. To this end, animals were exposed for 5 days to CS and were 
(pre-)treated with 1) an antibody that depleted pDCs (120g8), 2) with a pan 
fms-Like tyrosine kinase 3 ligand (Flt3L) which expand pDCs and mDCs and 
3) a combination of 120g8 and Flt3L which resulted in a relative favour of 
mDCs compared to pDCs. We show that CS exposure significantly increased 
the number of neutrophils and macrophages in two compartments namely the 
bronchoalveolar lavage-fluid (BALF) and lung tissue. Furthermore, CS 
exposure significantly increased KC, MIP-1  and IL-1 , -6, -10, -12, -17 
levels in the BALF. In the smoke exposed groups with 120g8, Flt3L or both 
treatments, the number of inflammatory cells was decreased in the BALF, but 
unexpectedly, in the same animals, increased in lung tissue. To find a clue 
behind these contrasting findings, we did an attempt to link the production of 
cytokines in the BALF with the number of cells. There was no association 
between the levels of KC, IL-1 , -6, -12, MIP-1  and the number of cells 
BALF. However, DC modulation did induce decrease in IL-17 levels and an 
additional increase in IL-10 levels in smoke exposed animals. Moreover, DC 
modulation did induce an additional increase in CD11c+ CD11bhi positive 
cells, which might explain the additional enhancement in neutrophils and 
macrophages in lung tissue of smoke exposed. Since less cells were found in 
BALF and more cells were observed in the tissue, it is tempting to speculate 
that the cells were more adherent to the tissue.  

This study shows that DC�’s may compartment-dependent influence the 
degree of acute inflammation induced by CS. Shifts in subsets of DCs are 
probably not very important in changing the number of cells per compartment. 

T 
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Introduction 

Cigarette smoking is the main risk factor for the development of inflammatory lung diseases 

such as chronic obstructive pulmonary disease (COPD) [1-3]. The limited knowledge on 

disease mechanism hampers an effective treatment of disease. Thus, detailed understanding 

of the mechanism underling inflammatory process by cigarette smoke (CS) may lead to better 

therapeutic approaches in COPD.  

Cigarette smoking causes several well established features such as airway 

dysfunction, mucus hyper secretion and immune alterations which contribute to COPD [4-5]. 

Inflammatory cells from both the innate and the adaptive immune system, together with their 

mediators; participate in the inflammatory response presumed to play a role in the 

pathogenesis of COPD [6-7]. Alveolar macrophages, airway epithelial cells and the rapid 

influx of neutrophils, are thought to be involved in the immune responses to acute CS 

exposure. In contrast, the contribution of DC subsets to immunologic response in COPD is 

not well understood [8-9]. Lung DCs are ideally situated close to alveolar epithelium, thus 

these cells might be critical to the initiation and suppression of lung immune response to CS-

exposure.  

The respiratory system contains various DC subsets with specific cell surface markers 

and functions [9]. Two major DC subsets in the mouse are myeloid/conventional DC 

(mDC/cDC) and plasmacytoid DC (pDC) with distinct roles in the regulation of T cell-

mediated adaptive immunity. Further, lung CD11c+ DCs can be divided into two major 

migratory subsets, based on their expression levels of the CD103 and CD11b receptors. The 

biological function of these subsets is beginning to unfold: antigen uptake of CD103+ cells is 

lower as compared with CD11bhi cells and the latter population migrates faster to the draining 

lymph nodes (LNs) [9-15]. 

In vitro studies using bone marrow and monocyte-derived DCs exposed to varying 

doses of nicotine and cigarette smoke extract resulted in contrasting data with respect to their 

effect on DCs function [16-19]. Moreover, In vivo studies also reported conflicting data 

related to the number and function of pulmonary DCs in CS-exposed animals [20-21]. In this 

line, fms-Like tyrosine kinase 3 ligand (Flt3L) leading to a drastic increase in functionally 

active DCs and the antibody 120g8 resulting in depletion of pDC have been used for 

understanding the role of DC subsets in mice [22-23]. In this regard, the modulation of these 

DC subsets may influence adaptive immune responses by modulation CD4+ and CD8+ T 

cells.  
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In a recent study, we showed a role of DC subsets in the pathogenesis of cigarette 

smoke induced lung emphysema. By application of Flt3L and 120g8, a functional role of DC 

subsets in the pathogenesis of lung emphysema was observed (Givi et al., EJP, accepted and 

chapter 4 of this thesis). Here, we aim to examine whether acute inflammation responses 

induced by CS could be affected by modulating the DC subsets in the lungs. To investigate 

compartment specific effects of DCs, we measured subtypes of inflammatory cells in BAL 

fluid and lung tissue. Moreover, cytokines were determined in BAL fluid and CD11c+ 

CD11bhi and CD103+ CD11b- cells were quantified in lung tissue. 
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Materials and methods 

Animals 

Specific-pathogen-free female BALB/c mice, 6-8 weeks of age, were obtained from Charles 

River Laboratories and housed under controlled conditions in standard laboratory cages in the 

animal facility. They were provided free access to water and food. All in vivo experimental 

protocols were approved by the animal care committee of the Utrecht University and 

performed under governmental and international guidelines on animal experimentation. Mice 

were divided in two main groups of smoke-exposed and control (air-exposed) with each 

group further divided into subgroups (n=5-6 mice/group, See Table 1). 

 Experimental protocols:  

I. Acute cigarette smoke exposure protocol 

To confirm a smoke-related effect, BALB/c mice were exposed in whole-body exposure 

chambers to air (sham) or to diluted mainstream cigarette smoke from the reference cigarettes 

2R4F using a peristaltic pump. Briefly, just before the experiments, filters were cut from the 

cigarettes. Each cigarette was smoked in 5 minutes at a rate of 5 l/h in a ratio with 60 l/h air. 

The mice were exposed to cigarette smoke using five cigarettes twice daily for five 

consecutive days, except for the first day when they were exposed to 3 cigarettes. The mice 

were sacrificed 16 hours after the last air or smoke exposure (See Fig. 1A). 

II. Treatments-Smoke Combination protocols: 

 Expansion of DCs (mDC and pDC) with recombinant Flt3L protein 

Mice were injected once daily (s.c. at the nape of the neck) with 10µg of human Flt3L 

(eBioscience) or as control with serum albumin (0.01 % in PBS) for 10 consecutive days to 

expand DC in vivo, as described before [24] combined with cigarette smoke exposure from 

day 6 (See Fig. 1B, I). 

Depletion of pDCs with 120g8 Abs  

Mice were treated i.p. with 200 µg of monoclonal 120g8 Abs (provided as a gift by Dr. Louis 

Boon, Bioceros BV) or as a control with 200 µg of rat IgG (Sigma-Aldrich) for 4 consecutive 

days starting 1 day before smoke exposure [25] (See Fig. 1B, II). 
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Expansion of mDC with Flt3L plus 120g8 Abs 

Mice were either injected with daily Flt3L (10µg, s.c.) from day 0 for 10 consecutive days 

and with 120g8 (i.p. 200 µg) from day 5 for 4 consecutive days starting 1 day before smoke 

exposure to expand mDCs as described before. As Flt3L increases both the mDC and pDC 

subsets [26], in the treatments combination (Flt3L+120g8), in which the pDC subset 

underwent depletion by the 120g8 antibody, allowing only the mDC population expanding in 

response to the treatments. Control mice received injections of either isotype-matched rat IgG 

and/or serum albumin (0.01 % in PBS) and all groups were sacrificed 16 hours after the last 

treatment (See Fig. 1B, III). 

Bronchoalveolar lavage Fluid (BALF) studies 

16 hours after the last smoke exposure mice received an overdose of Euthesate® 

(pentobarbital 600 mg/kg, i.p.). The lungs were lavaged four times through a tracheal cannula 

with 1 ml of pre-warmed saline (NaCl 0.9%) at 37 °C containing a mixture of protease 

inhibitors (Complete Mini, Roche Applied Science, Germany). After centrifuging the BALF 

at 4 °C (400 ×g, 5 min), the supernatant of the first ml was immediately stored at 20 °C until 

analysis with a Bio-plex (Invitrogen, Biosource, CA, USA) for cytokine profiles. The cell 

pellets of the four lavages were used for cell studies.  BAL cells were analysed after staining 

with Türk�’s solution and total cell counts per lung were analyzed using a Bürker-Türk 

chamber. Differential cell counts were performed on air-dried cytospin preparations stained 

by DiffQuick (Dade, Düdingen, Switzerland). Cells were evaluated using oil immersion 

microscopy (magnification 1000×) and identified as macrophages, neutrophils, and 

lymphocytes according to standard morphology. At least 200 cells per cytospin preparation 

were counted and the relative�’s number of each cell type was calculated.  

Isolation of lung mononuclear cells 

Lung mononuclear cells were isolated as previously described [21]. Briefly, lungs were 

perfused with 1× PBS and cell suspensions were generated by mechanical mincing and 

collagenase (Sigma-Aldrich, USA) digestion. Debris was removed by passage through nylon 

mesh, and cells were resuspended in 1× PBS containing 0.3% BSA (Invitrogen, Burlington, 

ON, Canada), or in RPMI supplemented with 10% FBS (Sigma-Aldrich, Oakville, ON, 

Canada), 1% L-glutamine, and 1% penicillin/streptomycin (Invitrogen). 
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Isolation of mediastinal lymph node (MLN) cells 

Lung-draining lymph nodes were collected and transferred to 1 ml sterile RPMI1640 without 

L-glutamine and phenol red (Lonza Verviers SPRL, Belgium), supplemented with 1% Pen-

Strep. TLNs from six mice were pooled and were filtered through a 70 µm nylon cell strainer 

(BD Falcon, Belgium) with 4 ml RPMI 1640 without L-glutamine and phenol red, 

supplemented with 1% Pen-Strep to obtain a single-cell suspension. The total number of cells 

in the MLN-cell suspension was determined using a Bürker-Türk counting-chamber.  

 

Flow cytometry analysis 

Lung and MLN mononuclear cells (1 × 106) were washed once with 1× PBS/ 0.3% BSA and 

stained with primary antibodies directly conjugated to fluorochromes for 30 minutes at 4oC. 

Dead cells were excluded using 7-AAD viability staining. Live events (105) were acquired on 

a FACSCantoII flow cytometer (BD Biosciences), and data analyzed with FACSDiva 

software (v6.1.2). The following antibodies were used for flow cytometry analysis: FITC-

conjugated anti-CD11c; phycoerythrin (PE)-conjugated anti-CD103 or anti-CD86; PE-cy5.5 

conjugated anti-CD8; PE-cy7�–conjugated anti-CD11b or anti-Ly6G or anti-F4/80; APC-

conjugated anti�–major histocompatibility complex (MHC) class II or anti-mPDCA-1; APC�–

eFluor780�–conjugated anti-mCD45R (B220) or anti-CD4. All antibodies were purchased 

from eBioscience or BD Biosciences (San Diego, CA). 

 

Statistical analysis 

Experimental results are expressed as mean ± S.E.M. Results were statistically tested by an 

unpaired two-tailed student's t-test or one-way ANOVA, followed by Newman-Keuls test for 

comparing all pairs of groups. Analyses were performed using GraphPad Prism (version 5.0). 

Results were considered statistically significant when P< 0.05. Treatment with serum 

albumin (0.01 % in PBS) as a control for Flt3L or rat IgG as a control for 120g8Abs or both 

did not affect the read out parameters and have been deleted from the paper for clarity. 
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Table.1. Animal groups of study 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Cigarette smoke exposure and treatment-smoke combination protocols. Smoke exposure protocol 
(A): BALB/c mice were exposed to cigarette smoke or air for 5 days (n=6 mice/group). Combination protocols 
(B): Combination protocol I: Mice were injected with human Flt3L or serum albumin for 10 consecutive days to 
expand DC subsets combined with cigarette smoke or air exposure (n=6 mice/group). Combination protocol II: 
Mice were treated with monoclonal 120g8 Abs or rat IgG for 4 consecutive days to deplete pDCs combined 
with cigarette smoke or air exposure (n=6 mice/group). Combination protocol III: Mice were either injected 
with daily Flt3L or serum albumin for 10 consecutive days and with 120g8 or rat IgG for 4 consecutive days to 
expand mDCs, combined with cigarette smoke or air exposure (n= 6 mice/group). 

                                                                   

BALB/c Mice were divided in two main 
groups of smoke-exposed and control (air-
exposed) with each group further divided 
into subgroups. N= 6 mice per group. 
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Results 

DC subset modulation suppresses the early stage of smoke induced-inflammation in 

BAL fluid 

In order to investigate the effects of selective expansion/depletion of DCs on smoke- induced 

airway inflammation, the airway and alveolar lumen (by BAL fluid) of air or smoke-exposed 

mice were studied. Acute smoke exposure led to a significant increase in the total number of 

inflammatory cells in BALF compared with the control group (Fig. 2A). Differential cell 

analysis revealed that this increase was due to the accumulation of neutrophils and 

macrophages (Fig. 2B and C). The CS-induced inflammation was reduced by all treatment 

but significant suppression was observed with Flt3L (Fig. 2B and C). Interestingly, depletion 

of pDCs by 120g8 in the Flt3L group restored the influx of macrophages again in the CS-

exposed mice (Fig. 2C). These finding indicate that the mDC/pDC subset ratio may play a 

specific role in the early stage of smoke induced-inflammation in the lung.  

The number of lymphocytes was also increased after five days of smoke exposure 

compared with the control group but did not change significantly across the treatments (data 

not shown).  

DC subsets modulation increases the early accumulation of inflammatory cell in the 

lung tissue 

Next, we investigated whether the selective expansion/depletion of DCs affected the smoke-

induced inflammatory response in lung tissue. Therefore, we first confirmed the presence of 

cDCs and pDCs in lung tissue using flow cytometry [22]. pDC were increased in lung tissue 

after CS exposure. Indeed, 120g8 significantly suppressed the percentage of pDCs in both the 

CS exposed and CS exposed Flt3L group (Figure 3A). Furthermore, flow cytometric analysis 

of lung homogenates demonstrated that CS exposure induced predominantly a neutrophilic 

inflammation and an increased macrophage infiltration in the lung tissue (Fig. 3B and C). 

Upon the modulation of DCs, the intensity of neutrophils and macrophage infiltration was 

significantly enhanced in the lungs compared to control group and did not significantly 

change through the different treatment conditions (Fig. 3B and C). Moreover, 120g8 

decreased the trafficking of CD103+ CD11b- migratory DCs within lung parenchyma 

compare to non-treated smoke-exposed mice (Fig. 3D).  
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Fig.2. DC subsets modulation suppresses the inflammatory cell infiltration induced by cigarette smoke in 
BAL fluid. Mice were treated by DC subtypes modulation agents combined with cigarette smoke exposure. 
After five days smoke exposure, the total and differential cell counts were analyzed in BAL fluid. The total 
number of BAL fluid cells (A), the number of BAL neutrophils (B), and macrophages (C). n= 4-6 animals per 
group. **P<0.001 significantly different compared to control, # P<0.05 significantly different compared to 
smoke-exposed mice and ^ P<0.05 significantly different compared to smoke-Flt3L. Values are expressed as 
mean ± S.E.M. 

 

Effect of DC subset modulation on the release of proinflammatory mediators in BALF 

CS is a strong inflammatory stimulus that induces the release of proinflammatory mediators 

in the BALF [27]. To investigate whether cellular changes induced by DC subset modulated 

the cytokine production, we measured proinflammatory mediators in BALF. After five days, 

cigarette smoke exposure significantly enhanced the level of KC, IL1- , IL-6, IL-10, IL-12, 

IL-17 and MIP-1  in BAL compared to control mice (See Table 2). Flt3L even further 

promoted the production of KC, IL-6, IL-12, MIP-1  (Table 2) and IL-10 (Fig. 4), and 

diminished IL-17 (Fig. 4). It is notable that combined treatment with Flt3L+120g8 restored 

IL-10 and IL-17 levels to control levels (Fig. 4).  

pDCs depletion significantly increases CD11c+/CD11bhi alveolar macrophages within 

lung parenchyma 

Functionally, CD11b regulates leukocyte adhesion and migration to mediate the 

inflammatory response. Flow cytometric analysis of lung homogenate samples demonstrated 

that depletion of pDCs by 120g8 antibody significantly increased the numbers of 

CD11c+CD11bhi alveolar macrophages (Fig. 5) within lung parenchyma compared to non-

treated smoke-exposed and air-exposed mice. 
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Fig.3. DC subsets modulation enhances inflammatory cells in lung of smoke-exposed mice. Single-cell 
suspensions of the total lung were analyzed by flow cytometry in control or treated/smoke-exposed mice. 
Representative dot plots and bar graphs indicate percentages of cells within the gated leukocyte population 
(using forward and side scatter). (A) B220+/PDCA-1+ pDC and CD11c+/CD11b+ cDC (mDC), (B) CD11c+ 
MHCIIint F4/80hi alveolar macrophages, (C) Ly-6G+ neutrophils and (D) CD103+ DC subsets. At least five 
animals were analyzed per group and data show one representative experiment of three. **P< 0.01 significantly 
different compared to control, # P<0.05 and ##P< 0.01 significantly different compared to smoke-exposed mice 
and ^P<0.05 significantly different compared to smoke-120g8 group. n= 4-6 animals per group. Values are 
expressed as mean ± S.E.M.  
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             Table.2. DC subsets modulation effects on release of proinflammatory mediators in BAL fluid 

 

The cytokine profile was measured in BAL fluid by Bio-plex method after DC subtypes modulation combined 
with cigarette smoke exposure. n= 4-6 animals per group. Values are expressed as mean ± S.E.M. *P<0.05, 
**P< 0.01 and ***P< 0.01 significantly different compared to control, # P<0.05 and ##P< 0.01 significantly 
different compared to smoke-exposed mice and ^ P<0.05 significantly different compared to smoke-Flt3L. 
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Fig.4. Effects of DC subset modulation on release of proinflammatory mediators in BAL fluid. The 
cytokine profile was measured in BAL fluid by Bioplex method after DC subtypes modulation combined with 
cigarette smoke exposure. Data presents in figure 4 shows the level of IL-10, and IL-17 in BAL fluid. **P< 0.01 
significantly different compared to control, # P<0.05 significantly different compared to smoke-exposed mice 
and ^ P<0.05 significantly different compared to smoke-Flt3L. n= 4-6 animals per group. Values are expressed 
as mean ±S.E.M. 
 

 

DC subsets modulation effects on lymphocyte numbers in MLN 

We next investigated whether the selective expansion /depletion of DCs could affect the T 

cell population in MLN. Therefore, flow cytometric analysis has been performed as 

previously described [22, 28]. Our data demonstrated that the selective expanding of the DC 

subsets by Flt3L treatment increased double positive CD4+ /CD8+ cells in MLN (Fig. 6), 

while 120g8 or combination of Flt3L+120g8 had no effect of this T cell population. 

 



Chapter 3  
 

70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. pDCs depletion significantly 
enhances CD11c+/CD11bhi positive 
alveolar macrophages within lung 
parenchyma. Single-cell suspensions of 
total lung were analyzed by flow 
cytometry in control or treated/smoke-
exposed mice. Representative dot plots, 
histogram (upper panel) and bars (lower 
panel) show percentages of total 
CD11c+ CD11bhi alveolar macrophages 
in lungs. At least five animals were 
analyzed per group and data show one 
representative experiment of three. 
Numbers indicate percentages of cells 
within the gated leukocyte population 
(using forward and side scatter). 
*P<0.05, **P< 0.01 significantly 
different compared to control. n= 4-6 
animals per group. Values are expressed 
as mean ± S.E.M. 

Fig.6. DC subsets modulation increases 
the double positive CD8+/CD4+ T cells 
in MLN. Single-cell suspensions of 
total MLN were analyzed by flow 
cytometry in control or treated/smoke-
exposed mice. Representative data 
showing percentages of total live double 
positive CD4+/CD8+ Cells in MLN. At 
least five animals were analyzed per 
group and data show one representative 
experiment of three. Numbers indicate 
percentages of cells within the gated 
leukocyte population (using forward and 
side scatter). **P< 0.01 significantly 
different compared to control. n= 4-6 
animals per group. Values are expressed 
as mean ± S.E.M. 
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Discussion 

This study shows that the CS-induced increase in inflammatory cells can be modulated by 

DCs and is compartment-dependent. In general, DC modulation decreases cell numbers in 

BALF. The significant decrease in neutrophil and macrophage numbers after Flt3L treatment 

was associated with a significant increase in IL-10 in BALF. Moreover IL-17 levels were 

decreased independent of the treatment in CS exposed animals. DC modulation, increased 

neutrophil and macrophage numbers in lungs of CS-exposed mice, which was associated with 

an additional increased in the percentage of CD11c+/CD11bhi positive cells. 

It has been shown that the development of COPD begins with the recruitment of 

activated neutrophil and macrophages which is followed by the development of emphysema 

[9]. Pulmonary DCs are rare and considered to be major effector cells in the immune system 

playing a critical role in the pathogenesis of (allergic) airway disease [29-30]. On the other 

hand, there is also suggestive evidence for a role of DCs in the CS-induced inflammatory 

responses [25, 31-32]. Previously, we reported that modulation of DC subsets by 

pharmacological agents in chronic model of smoke exposed mice, alters the CS induce lung 

emphysema (Givi et al., in press and Chapter 4 of this thesis). In the current study we aimed 

to examine the role of different DC subsets in pulmonary inflammation induced by short term 

CS exposure. By using this acute model, the numbers of neutrophils and macrophages 

significantly increased in both BALF and lung tissues. This pattern of cellular infiltration in 

BALF and lungs has been shown in earlier studies [33-34]. Interestingly, by modulation of 

DC subsets during acute CS exposure, the number of inflammatory cells was significantly 

decreased in BALF. Combined treatment 120g8+Flt3L, leading to a depletion of induced 

pDC, returned the macrophage numbers in BALF to return upto smoke only level. This 

suggests a possible role for pDC in controlling macrophage distribution in the airways lumen.   

In contrast to BALF, the number of macrophages and neutrophils in lung tissue was 

increased in Flt3L and/or 120g8-treated cigarette smoke-exposed animals 

Our current findings are in line with our previous study which showed that DCs are 

related to the suppression of macrophages in BAL via induction of IL-10 release in smoke-

exposed animals (Givi et al., in press and Chapter 4 of this thesis). In addition, here we show 

that the number of infiltrated neutrophils may also be regulated by DCs. Chemo-attractants 

play an important role in recruitment of inflammatory cells into inflammatory sites and by 

modification of this system, cells migration could be affected [35]. CS exposure can stimulate 

KC secretion by macrophages, airway epithelial cells, pDCs, neutrophils and airway smooth 



Chapter 3  
 

72 

muscle [36-39], and neutrophil infiltration is paralleled by the amount of KC levels in BALF. 

However the exact source of KC in the acute model is not known. Surprisingly, in the current 

experiments high levels of KC in BALF induced by treatment with Flt3L and/or 120g8 did 

not correlate with the number of neutrophils and macrophages in BALF. In contrast, even a 

decrease in numbers was observed, which points to the release of more potent inhibitory 

cytokines such as IL-10. 

CS-exposed mice had significantly increased IL-17 levels in BALF, which was 

decreased by DC modulation. Depletion of the pDC subset in Flt3L-treated animals with 

120g8 resulted in complete reduction of the smoke-induced IL-17 production to control levels 

(Fig. 4) suggesting that pDC may be linked to IL-17 production in smoke exposed animals. 

IL-17 is a pro-inflammatory cytokine, mainly by stimulating mediator production such as IL-

8 (equivalent KC in mice), IL-6 and growth factors at the site of inflammation promoting 

neutrophil and macrophage recruitment [40]. The induction of KC and IL-6 was not 

correlated with IL-17 level or neutrophil/macrophage numbers in BALF. Thus additional 

alternative pathway must be involved. IL-17 and other mediators are able to modulate the 

transcription and surface expression of adhesion molecules [23]. It is notable, that the 

modulation of DC subsets in the current study diminished the IL-17 level in BALF but not in 

serum (smoke: 12.5±2.1 pg/ml, smoke-120g8: 28.54±3.2 pg/ml). Moreover, in contrast to 

BALF, the DC modulation significantly enhanced the distribution of macrophages and 

neutrophils into lung tissue. Whether this distribution of neutrophils and macrophages in 

lungs is dependent on systemic levels of IL-17 needs further research. However, we also 

cannot exclude the possibility that the cells are more firmly adhered to the tissue and hence 

more cells are present in lung tissue and less cells are present in BALF. 

The outcome of a pulmonary antigen exposure is regulated by the balance of alveolar 

macrophages and pulmonary DCs [41]. In the current study, we demonstrate that pDC 

depletion significantly increased the migration of alveolar macrophages with high expression 

of CD11b to the lung parenchyma during acute smoke exposure. Expression of CD11b by 

alveolar macrophages is functionally crucial for entry of these cells or their precursors into 

the lungs during inflammation but not for pulmonary DCs [41]. Furthermore, we show that 

the number of migratory CD103+ DCs significantly decreased by pDC depletion within the 

lung parenchyma. CD103+ DCs are the migratory DC subsets in lungs that are required for a 

cytotoxic T lymphocyte response and appear selectively specialized to engulf apoptotic cells 

and transport to LNs [26]. Thus, the current data might be explained by shifting of these cells 

into the draining lymph nodes [10, 42]. Alternatively, lung fibroblasts regulate dendritic cell 
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trafficking and IL-1  plays a critical role in this process [43]. pDC modulation significantly 

decreases IL-1  production and IL-1  is one of a pro-inflammatory cytokines which is 

produced by a number of different cell types, including DCs via inflammasome signaling. 

This cytokine is frequently used as a bio-marker of inflammation and involved in 

inflammatory process by recruitment and retention of inflammatory cells and also DC subsets 

[44]. Therefore, our result may underline a possible role of pDCs in the recruitment of the 

inflammatory cells by promoting inflammasome activation and IL-1  production during 

cigarette smoke exposure. These finding confirm that in absence of pDCs, the inflammatory 

response significantly amplify in the lung and diminish in airways which provide a basis for 

further critical examination of the distinct pathways and role that pDC might play in 

inhibiting and regulating cigarette smoke-induced innate and adaptive pulmonary immune 

responses. Of interest, selective expanding of the DC subsets by Flt3L increased the double 

positive CD4+/CD8+ T cells in lymph nodes. CD4/CD8 double-positive T cells have been 

described in certain pathological as well as normal conditions. CD4hi/CD8hi T cells described 

as more likely to be antigen-specific effector memory cells rather than immature cells. 

However, it is not known whether CD4/CD8 double-positive T cells are a result of a failure 

of selection in thymus or if the second co-receptor is expressed in response to an 

immunogenic stimulus that enhances intracellular signalling. Activated CD8+ T cells initiate 

programmed cell death; the acquisition of CD4 surface molecules may enhance the killing of 

infected cells by the less efficient mechanism [45-46]. The role of these cells in the 

pathogenesis of cigarette smoke exposure and their relationship to DC subsets remain to be 

determined, but the finding of others suggest that they represent an expansion of normal cell 

population with a possible reactive or regulatory function. 

In summary, besides acting as antigen presenting cells, DCs could play a role in 

activating and suppression of inflammatory responses by releasing cytokines in acute lung 

inflammation. We demonstrate that DCs are involved in early leukocyte accumulation at the 

site of inflammation induced by CS by controlling the local inflammation process possibly 

via regulating inflammatory mediator production and adhesion molecules expression. pDC 

may play an important role in preventing the pathogenesis of cigarette smoke in early stage 

by inhibiting the alveolar macrophage migration to lung and increasing CD103+ DCs at 

inflammatory sites to avoid extensive lung tissue damage. 

These results shed new light on the unsolved paradoxes of DC subsets biology and 

lead us to propose that these DC subsets may be critical in the early stage of the pathogenesis 

induced by cigarette smoke.  
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hronic Obstructive Pulmonary Disease (COPD) is an important lung 

and airway disease which affects the lives of around 200 million 

people worldwide. The pathological hallmark of COPD is 

emphysema and bronchiolitis and is based on the inflammatory response of 

the innate and adaptive immune system to the inhalation of toxic particles and 

gases. The inflamed airways of COPD patients contain several inflammatory 

cells including neutrophils, macrophages, T lymphocytes, and dendritic cells 

(DC). The potential role of DCs as mediators of inflammation in the airways 

of smokers and COPD patients is poorly understood. The current study 

investigated the role of DC subsets in an animal model of cigarette smoke -

induced lung emphysema through the expansion or depletion of DC subsets. 

Expansion of both myeloid DC (mDC) and plasmacytoid DC (pDC) by Flt3L 

treatment induced a decline in macrophage numbers and increased the levels 

of fibroblast growth factor (FGF) and vascular endothelial growth factor 

(VEGF) in the bronchoalveolar lavage (BAL) fluid of smoke-exposed animals. 

The increase in the mean linear intercept (Lm) following Flt3L treatment was 

decreased by pDC depletion. In conclusion, pharmacological modulation of 

DC subsets may have an effect on the development of airway responses and 

emphysema as indicated by the decline in macrophage numbers and the 

increase in FGF and VEGF levels in the BAL fluid. Moreover, the depletion 

of pDCs decreased the Lm which might suggest a role for pDC in the 

pathogenesis of lung emphysema.  
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Introduction 

COPD (Chronic Obstructive Pulmonary Disease) is an umbrella term for a multicomponent 

pathology that results from persistent obstruction of the airways caused by severe 

emphysema, chronic bronchitis and bronchiolitis [1-2]. COPD is mainly caused by cigarette 

smoke  with an increasing incidence particularly in developing countries and is predicted to 

be the third most frequent cause of death in the world by 2030 [3-7]. Smoking causes several 

well established phenomena which contribute to the disease including immune alterations, 

proteolytic activity, oxidative stress and endothelial dysfunction [8-11]. Several inflammatory 

cells from both the innate and adaptive immune system, together with their mediators, 

participate in the inflammatory response of COPD [12-14]. The contribution of dendritic cells 

(DCs) as crucial professional antigen-presenting cells to this process is to date, however, not 

well documented [15-16]. In humans and mice, several subtypes of DCs, characterized by 

surface markers and function, have been described [17-18]. Two major DC subsets in the 

mouse are myeloid/conventional DC (mDC/cDC) and plasmacytoid DC (pDC) that originate 

from bone marrow  precursors that colonise to the peripheral tissues through the blood or 

lymph circulation [19-20]. It was also demonstrated that treating animals with recombinant 

Flt3 ligand increased the numbers of mDC and pDC in the circulation as well as in peripheral 

organs. There is evidence for distinct roles of these subsets in the regulation of T cell-

mediated adaptive immunity in the lung [21-23].  

In vitro studies using bone marrow and monocyte-derived DCs exposed to varying 

doses of nicotine [24-25] and cigarette smoke extract (CSE) [26-29] have yielded contrasting 

data with respect to their effect on DC function. In vivo data shows the impairment of DC 

function by cigarette smoke [30]. The interactions caused by these DC may influence the 

activation status of cells from the adaptive immune system such as CD4+ T cells and CD8+ T 

cells in smokers with COPD and animal models of lung emphysema [18, 30-33]. It is now 

accepted that CD8+ T cells are essential for the development of cigarette smoke-induced 

emphysema [34]. Although these studies show the importance of DCs, the role of different 

subset of DCs in the pathogenesis of cigarette smoke�–induced emphysema still remains to be 

elucidated. In the current study we investigated the role of DC subsets by using Flt3L 

treatment to induce both mDC and pDC subsets and a depleting antibody 120g8, which 

selectively removes pDCs, in an animal model of cigarette smoke-induced emphysema. 
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Materials and Methods 

Animals and groups of study 

Specific-pathogen-free Male C57BL/ 6 mice, 6-8 weeks of age, were obtained from Charles 

River Laboratories and housed under controlled conditions in standard laboratory cages in the 

animal facility. They were provided free access to water and food. All in vivo experimental 

protocols were approved by the animal care committee of Utrecht University and performed 

under governmental and international guidelines on animal experimentation. Mice were 

divided in two main groups of smoke-exposed and control (air-exposed) with each group 

further divided into subgroups (Table 1).  

Smoke Exposure 

Mice were exposed nose-only to the diluted mainstream and side stream smoke generated by 

the burning of commercially available Lucky Strike cigarettes without filter (British-

American Tobacco, Groningen, The Netherlands), using the TE-10z smoking machine 

(Teague Enterprises, Davis, CA), programmed to smoke cigarettes according to the Federal 

Trade Commission protocol (35 ml puff volume drawn for 2s, once per min). Before starting 

smoke exposure, mice were accustomed to the nose-only exposure chambers (In-Tox 

Products Inc., Albuquerque, NM) by gradually prolonging their stay in the tubes over the 

course of two weeks. Smoke exposures were conducted twice every weekday for 3 months 

after an adaptation period of 2 weeks, starting with 1×1 cigarette which was gradually 

increased from 1 to 4 cigarettes per run with an increment of 1 per week. Control mice 

underwent the same procedures, but were allowed to breathe room air throughout the whole 

exposure period. The average total suspended particulate (TSP) concentration of the smoke 

inside the exposure chamber was 85 mg/m3 as determined by gravimetric analysis of Emfb 

filter samples (Pall Corporation, East Hills, NY, USA). The carbon monoxide (CO) content 

of the smoke inside the exposure chamber was measured by sampling with a Monoxor II CO 

analyser (Bacharach Inc, New Kensington, PA, USA) at 15 second intervals during 2 runs 

and was around 1200 ppm. The mice were sacrificed 16-24 h after the last air or smoke 

exposure [35] (Fig. 1). 

Depletion of the pDC population 

pDCs were depleted by the i.p. injection of 150 µg 120g8 antibody (Gift from Dr. Louis 

Boon, Bioceros Institute BV, Utrecht, The Netherlands) in 100 µl of PBS,  twice a week for 

the entire duration of the experiment. Control mice received matched injection of either PBS 
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or 150 µg of the relevant isotype control antibody (Rat IgG, Sigma). This would be consistent 

with the previously reported ability of 120g8 treatment to specifically deplete pDCs [36-37-

38].  

Expansion of the mDC population  

Mice were injected i.p with recombinant human Flt3L (eBioscience, NL) ± 120g8 antibody at 

a concentration of 10 µg/ mouse in PBS [22], once daily, twice a week for the entire duration 

of the experiment.  

As Flt3L increases both the mDC and pDC subsets [39], in the combination group 

(Flt3L+120g8) in which the pDC subset underwent depletion by the 120g8 antibody (150 µg/ 

mouse), allowing only the mDC population expanded in response to the treatment.  

Control mice received matched injections of either PBS or serum albumin (0.01 % in 

PBS) and all groups were sacrificed 24 h after the last treatment. 

Growth patterns 

Individual animal body weight was recorded weekly for the twelve weeks of the experimental 

procedure. Growth in % was calculated as (body weight day X - body weight day -1)/ body 

weight (day-1) × 100.  

Lung function 

In the invasive system, airway responsiveness was assessed as a change in airway function to 

aerosolized methacholine (acetyl- -methyl- choline chloride, Sigma) 24 h after the last 

exposure to smoke. Methacholine was administered for 10 s (60 breaths/min; tidal volume, 

500 µl) in increasing concentrations. Anesthetized (pentobarbital sodium, 70�–90 mg/kg i.p.), 

tracheotomised (18-gauge cannula) mice were mechanically ventilated (160 breaths/min; 

tidal volume, 150 µl; positive end-expiratory pressure, 2�–4 cm H2O; ventilator model 683; 

Harvard Apparatus, Natick, MA, USA). Lung resistance (RL) and dynamic compliance (Cdyn) 

were continuously computed (LabVIEW; National Instruments Austin TX) by fitting flow, 

volume, and pressure to an equation of motion. Maximum values of RL and minimum levels 

of Cdyn were determined and expressed as the percent change from baseline after PBS aerosol 

(EMKA Technologies, Paris, France). 

Isolation of blood 

After measuring airway responsiveness in vivo, mice were sacrificed by an overdose of 

Euthesate® (pentobarbital 600 mg/kg, intraperitoneally) and blood was collected via cardiac  
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puncture and stored in a plastic tube. After saving samples for one hour at room temperature, 

the blood was centrifuged (17500 g, 5 min at room temperature) and the supernatant (i.e. 

serum) was collected and stored at -20 C for further analysis.  

Bronchoalveolar lavage (BAL) fluid   

24 h after the last smoke exposure mice were sacrificed by the i.p. injection of an overdose of 

Euthesate® (pentobarbital 600 mg/kg, intraperitoneally). The lungs of separate groups of 

mice (n= 4-5/ group for BAL study) were lavaged four times through a tracheal cannula with 

1 ml of pre-warmed saline (NaCl 0.9%) at 37 °C containing a mixture of protease inhibitors 

(Complete Mini, Roche Applied Science, Germany). After centrifuging the samples at 4 °C 

(400 ×g, 5 min), the supernatant of the first ml was immediately stored at -20 °C until 

analysis by Bio-plex (Invitrogen, Biosource, CA, USA) for cytokine profiles. The cell pellets 

of the four lavages were used for cell studies. The lung samples were homogenized in a potter 

glass tube with a Teflon pestle in 1 ml of ice-cold PBS. Homogenates were centrifuged at 

14000 ×g for 5 min and supernatants were collected and stored at -70  C for later possible 

analysis.  

Cell studies of BAL fluid   

BAL cells were analysed after staining with Türk�’s solution and total cell counts per lung 

were made under light microscopy using a Burker-Turk chamber. Differential cell counts 

were performed on air-dried cytospin preparations stained by DiffQuick (Dade, Düdingen, 

Switzerland). Cells were evaluated using oil immersion microscopy (magnification 1000×) 

and identified as macrophages, neutrophils, and lymphocytes according to standard 

morphology. At least 200 cells per cytospin preparation were counted and the absolute 

number of each cell type was calculated.  

Mean linear intercept (Lm) 

Lungs of animals (n = 4�–5 mice/ group) were subjected to morphometric analysis. For this, 

mice were sacrificed by an i.p. injection of an overdose of pentobarbital, the lungs removed 

and fixed with a 10% formalin infusion through the tracheal cannula at a constant pressure of 

25 cmH2O. After excision, the left lung was immersed in fresh fixative for at least 24 h, after 

which it was embedded in paraffin [35]. After paraffin embedding, 5 m sections were cut 

and stained with haematoxylin/eosin (H&E) according to standard methods. Morphometric 

assessment of emphysema, including determination of the average interalveolar distance, was  
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estimated by mean linear intercept (Lm) analysis. The Lm was determined by light 

microscopy at a total magnification of 100×, whereby 24 random photomicroscopic images 

per left lung tissue section were evaluated by microscopic projection onto a reference grid. 

By dividing total grid length by the number of alveolar wall-grid line intersections, the Lm 

(in µm) was calculated [40]. 

Statistical analysis 

Experimental results are expressed as mean ± S.E.M. Results were tested statistically by an 

unpaired two-tailed student's t-test or one-way ANOVA, followed by Newman-Keuls test for 

comparing all pairs of groups. Analyses were performed using GraphPad Prism (version 4.0). 

Results were considered statistically significant when P< 0.05.

  



 The role of DCs in the pathogenesis of CS-induced emphysema  

87 

 

 

 Table.1. Diagram of animal groups 

Fig.1. Diagram of exposure protocol. Mice were exposed nose-only to cigarette smoke for three month 
starting with 2 cigarettes which was gradually increased from 2 to 8 cigarettes per week. For modulation of DC 
population, pDCs were depleted by the i.p. injection of 150 µg 120g8 antibody twice a week for the entire 
duration of the experiment. Also, mice were injected i.p. with recombinant human Flt3L ± 120g8 antibody at a 
concentration of 10 µg/ mouse once daily, twice a week for the entire duration of the experiment.
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Results 

Effects of DCs depletion antibody/expanding protein on growth pattern of cigarette 

smoke-exposed mice 

Smoking significantly decreased growth (%) during the three months nose-only exposure. 

Treatment with the 120g8 antibody did not prevent the decline in body weight during the 

period of cigarette smoke exposure (Fig. 2). Flt3L treatment further decreased the growth of 

the animals probably by induction of a more pronounced inflammatory response due the 

increase in DC numbers (Fig. 2).  

Effects of DCs depletion antibody/expanding protein on lung function in smoke-exposed 

mice 

Basal airway resistance was almost doubled after three months of cigarette smoke exposure 

(Fig. 3A) and this effect was not observed in the treatment groups (Fig. 3A). Furthermore, 

airway hyperresponsiveness was observed at lower concentration of methacholine challenge 

in smoke-exposed mice (Fig. 3B) and modulation of DC population by Flt3L and 120g8 

treatment almost completely suppressed the smoke-induced changes and even improved 

airway function (Fig. 3B). 

In this line, basal Cdyn was significantly lower in smoke group (Fig. 3C), and 120g8 

antibody alone or in the combination with Flt3L prevented this effect of smoke (Fig. 3C). 

Besides, methacholine induced a decrease in Cdyn in smoke- exposed animal compared to air-

exposed animals (Fig. 3D), and 120g8 treated mice showed an improvement in Cdyn levels 

during methacholine challenge (Fig. 3D). 
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Fig.3. Effects of DCs depleting antibody/ expanding protein on Lung function. Mice were exposed to 
cigarette smoke for three months and lung function was assessed in response to aerosolized methacholine 24 h 
after the last exposure to smoke. Lung resistance (RL) value in, basal (A), response to increasing concentrations 
of methacholine (B) and pulmonary dynamic compliance (Cdyn) value in, basal (C), response to increasing 
concentrations of methacholine (D) were obtained. n= 4-6 animals per group. Values are expressed as means ± 
S.E.M. ** P< 0.01 significantly different compared to control group, # P<0.05 significantly different compared 
to smoke-PBS group. 

 

Fig.2. Effects of DCs depleting antibody/ expanding 
protein on growth pattern. C57BL/6 mice were 
exposed to cigarette smoke for three months and body 
weight (individual animals) was recorded weekly and 
Growth in % was calculated. n= 4-6 animals per group. 
Values are expressed as means ± S.E.M. *** P<0.001 
significantly different compared to Control, ## P<0.01 
significantly different compared to smoke-PBS. 
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Effects of 120g8 and Flt3L on cells in bronchoalveolar lavage of smoke-exposed mice 

After harvesting BAL fluid, the total cells were counted. Flt3L treatment decreased the total 

number of cells by 50% (Fig. 4A) although there was no significant difference between the 

smoke-exposed and control groups either PBS or isotype/serum albumin.  

Cigarette smoke exposure did not significantly affect the total and differential BAL 

fluid cell counts. Flt3L treatment, however, decreased the number of macrophages (Fig. 4B). 

This effect was significantly abolished by concomitant depletion of the pDC population, 

indicating that pDC might somehow suppress the number of alveolar macrophages after 

expansion of the DC population by Flt3L. 

Effect of DCs depleting antibody/expanding protein on white blood cells of smoke-

exposed mice 

The number of white blood cells was counted using a haemocytometer. Neither cigarette 

smoke nor 120g8 or Flt3L treatment affected the number of white blood cells (Fig. 5). 

 

 

 

 

 

 

 

Fig.4. Effects of DCs depleting antibody/expanding protein on BAL fluid cells. Mice were exposed to 
cigarette smoke for three months and after obtaining the BAL fluid, total and differential cell counts were 
analyzed. Cells were differentiated into macrophages, lymphocytes and neutrophils by standard morphology. At 
least 200 cells per cytospin preparation were counted and the absolute number of each cell type was calculated. 
The total number of BAL fluid cells (A) and the number of BAL macrophages (B). n= 4-6 animals per group. 
Values are expressed as means ± S.E.M. *P<0.05 significantly different compared to smoke-Flt3L+120g8 
group. 
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Effect of DCs on Lm values in smoke-exposed mice 

After three month of smoke exposure, the histological lung sections and mean linear 

intercept, a quantification method for alveolar size, was used to quantify the presence and 

severity of emphysema. Significant airspace enlargement was observed in smoke-exposed 

mice (Fig. 6A and C) compared to the control (air-exposed) mice (Fig. 6A and B). 

Furthermore, Flt3L treatment even further increased the Lm in smoke-exposed animals (Fig. 

6A and D). However, combination of 120g8 with Flt3L significantly reduced the increase in 

Lm induced by Flt3L alone (Fig. 6A and E). 

Increased levels of growth factors in bronchoalveolar lavage after modulation of DCs 

population through cigarette smoke exposure 

BAL fluid was analysed for mediator content using a mouse Bio-Plex kit and the levels of 

several cytokines and chemokines were determined. No significant differences in interleukin 

(IL)-1 , -4, -12, -13, -17, macrophage inflammatory protein (MIG) or IP-10 (interferon-

gamma-induced protein, CXCL-10) were observed (not shown). Fibroblast growth factor 

(FGF) was significantly increased in the smoke-Flt3L and smoke-Flt3L/120g8-treated groups 

compared to the control (PBS, isotype/serum albumin) and smoke-PBS groups (Fig. 7B). 

Furthermore, VEGF (vascular endothelial growth factor) was increased after both 120g8 and 

Flt3L treatment (Fig. 7A). 

 

Fig.5. Effects of DCs depleting antibody/ expanding 
protein on white blood cells. After three months of 
cigarette smoke exposure, the total white blood cells 
were counted as described in the materials and 
methods section. n= 4-6 animals per group. Values are 
expressed as means ± S.E.M. 
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Fig.6. Effect of DCs depleting antibody/ expanding protein on lung morphometry and Lm values. Mean 
linear intercept (Lm) values of 12 weeks air-exposed (control) and cigarette smoke exposed mice (A). 
Representative photomicrographs of haematoxylin/eosin staining in lung tissue of control (B) and smoke 
exposed mice (C-E). Magnification 200×, 400×. n= 4-6 animals per group. Values are expressed as mean ± 
S.E.M. *P<0.05, **P<0.001 significantly different compared to control, # P<0.05 significantly different 
compared to smoke-exposed mice and  P<0.05 significantly different compared to smoke-Flt3L.  

Fig.7. Increased levels of growth factors in BAL fluid after modulation of DCs population through 
cigarette smoke. The cytokine profiles were measured in BAL fluid by Bio-plex method after three months of 
cigarette smoke exposure. Level of the BAL fluid growth factors VEGF (A) **P< 0.01 significantly different 
compared to control and smoke-PBS group, FGF (B) **P< 0.01 significantly different compared to control, 
smoke-PBS and smoke-120g8 groups. n= 4-6 animals per group. Values are expressed as mean ± S.E.M. 
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Discussion 

DCs in the body are rare and considered to be major effector cells in the immune system and 

play a critical role in pathogenesis of diseases [17, 41-42]. Little information is available on 

the role of DCs in the pathogenesis of lung emphysema induced by cigarette smoke. In this 

line, there are controversial findings of the smoking effect on dendritic cell distribution and 

activation in COPD patients [15, 36, 43], none of them precisely describe a changing 

functionality of these cell subsets in the pathogenesis of COPD. Therefore, this study aimed 

to clarify the role of DC subsets in an animal model of lung emphysema induced by cigarette 

smoke. To this end, a model of experimental cigarette smoke exposure was used that result in 

lung emphysema with the additional in vivo approach of expanding and depletion of DC 

subsets during smoke exposure. At the given exposure condition, there was a significant drop 

in the body weight and increased Lm value, indicating the effectiveness of the exposure 

procedure.  

The anorexic effect of tobacco is a major driver of some of the clinical features seen 

in smokers and may contribute to skeletal muscle wasting in long-term smokers who have 

developed COPD. Moreover, there is a significant inverse relationship between body mass 

index and the extent of emphysema [44]. The alterations in weight could not to be due to the 

smoking alone and the interaction of smoking and other factors such as inflammatory process 

and involvement of neuronal systems should be considered [45-46]. Since the treatments in 

this study further decreased the body weight, higher doses of the compounds are not 

advisable. 

Emphysema is defined functionally by a decrease in maximal expiratory flow rates 

[47]. We show that RL was enhanced in smoke- exposed mice under basal condition and at 

the lower concentration of methacholine challenge. Interestingly, Flt3L and also 120g8 

treatments in smoke- exposed animals reduced the RL compared to smoke-exposed animals. 

As follows, the Cdyn was reduced in smoke-exposed animals compared to control animals and 

this reduction was improved by 120g8 treatments. Combination of 120g8 antibody and Flt3L, 

which improved Cdyn in smoke-exposed animals, increases the number of mDC in response to 

cigarette smoke in the absence of pDC. These results, suggesting that Flt3L and 120g8 did 

have effects on lung function by regulating the DC subsets and imply a possible role of pDC 

as promoters of the pathological response in this scenario.  

The increase in Lm induced by cigarette smoke exposure was more pronounced when  
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the animals were treated with only Flt3L. As indicated earlier, Flt3L increase the number of 

DC subtypes in the lungs [48-49], and this could potentiate the development of lung 

emphysema. Besides, removal of pDC by 120g8 antibody in the combination group, while 

allowing only mDC to be expanded by Flt3L, significantly reduced this effect and thus might 

be indicative of a role for pDC in the pathogenesis of lung emphysema. The explanation 

could be that cellular contact is necessary for pDC to influence the mDC ability to alter 

inflammatory responses. These findings verify the importance of pDC in promoting the 

pathologic response in lung and airway during smoking. Further, the expansion of mDC in 

the absence of pDC might be protective for lung emphysema development.  

Our animal model of emphysema did not exhibit the alveolar inflammation which is 

observed in human emphysema. The potential role of the neutrophils, macrophages, and T 

cells that are traditionally associated with the pathogenesis of emphysema should not be 

excluded. These cells may initiate lung damage and extracellular matrix destruction through 

mechanisms involving oxidants, proteases, and cell-mediated cytotoxicity, thereby leading to 

alveolar cell apoptosis, the promotion of extracellular matrix destruction, and further 

apoptosis. Thus, emphysema may be enhanced by repeated induction of apoptosis or by 

recruitment of inflammatory cells. Interestingly, it has been documented that in C57BL/6J 

mice, the cigarette smoke-induced increase in Lm can occur without cellular changes in lung 

[50]. We show that after three months of exposure to cigarette smoke, there was no increase 

in the number of white blood cells in blood or BAL fluid. It has been reported that Flt3L 

increased the numbers of cells in BAL fluid and blood [48]. In this study the only clear 

inflammatory response was a decline in the number of macrophages in BAL fluid of the 

Flt3L treatment group. This finding is of interest and could indicate that the DCs are 

somehow responsible for the suppression of macrophages (associated with the production of 

IL-10 (data not shown) [50]) in smoke-exposed animals. 

BAL fluid, at least in humans, reflects a different lung compartment [51]. The 

inflammatory profile obtained by bronchoalveolar lavage in smoke-exposed animal is not 

necessarily comparable and strain-specific differences or protocol of exposure might be 

considered. In general, the cytokines and chemokines in BAL fluid mirror the cellular 

inflammatory response. Interestingly, we show that Flt3L treatment increased the levels of 

VEGF and FGF in BAL fluid of smoke exposed mice, which could suggests a potentially 

important role of DCs in the lung emphysema. The data reported in this study, shows that 

VEGF production is restricted to myeloid DCs since the 120g8 treatment did not diminish 
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VEGF levels. VEGF and FGF have been identified as endothelial cell-specific growth factors 

that contribute to the angiogenesis, vascular permeability and modulation of cell 

proliferation, differentiation and motility [10, 52]. In this regard, it is known that 

angiogenesis plays an important role in tissue remodelling and repair during the late phase of 

inflammation and is sustained by the early production of FGF and followed by the release of 

VEGF. COPD is associated with pulmonary vascular remodelling and the FGF�–FGF receptor 

system contributes to the pathogenesis and severity of the disease [53]. A number of 

conditions relevant to COPD have been shown to increase VEGF including cigarette smoke 

exposure [54], hypoxia [55] and IL-1  and transforming grown factor (TGF)-  [56]. 

Furthermore, VEGF could have an effect on DC development and function. However, the 

outcome could be dependent on the nature of the antigen and the local mediators [57].  

Recently, we have shown in cigarette smoke-exposed mice that there was an 

increased production of TGF-  by mast cells [58]. On the other hand it has been shown that 

increasing amounts of TGF-  could lead to induction of VEGF by DCs under hypoxic 

conditions [59]. Taken together, we could speculate that after cigarette smoke exposure, the 

levels of TGF-  released by mast cells increased and thus accounts for the release of VEGF 

by DCs in the current model. Moreover, studies have revealed that tobacco smoke contains 

endotoxin (lipopolysaccharide (LPS)). LPS induces the production of VEGF in DCs via 

cAMP induction [60]. On the other hand, metabolically stressful conditions, including 

inflammation and hypoxia and other pathologic conditions induced by cigarette smoke, result 

in increases in extracellular concentrations of adenosine which might also result in DCs  

acquiring a specific phenotype associated with the generation of mixed cytokine signals by 

up-regulation of IL-10, TGF-ß, VEGF. Altogether, activation of several intracellular 

pathways and production of growth factors by DCs may be involved in the growth-

stimulating effect of cigarette smoke on lung.  

Nonetheless, growth factor function and regulation in health and in disease remains 

poorly understood and a role for VEGF in COPD is more complex due to coexisting 

emphysema, pulmonary hypertension and bronchitis [61-64].  

A limitation of the current study is that, firstly, most previously reported treatments 

with the Flt3L and depleting antibody have been done in short duration (e.g. 10 days) 

whereas we used a period of 3 months. This period was chosen because our previous models 

have shown the development of emphysema in that time period occurs [35]. Further studies 
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need to be undertaken in order to verify the effectiveness of these treatments in acute models 

of cigarette smoke exposure.  

In conclusion, mDC are likely to be responsible for growth factors production in lung 

and pDC might be response as a promoter for development of lung emphysema and lung 

function reduction through smoking. 

In summary, modulation of DC subsets by pharmacological agents might be critical in 

the pathogenesis of the lung emphysema induced by cigarette smoke. 
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hronic obstructive pulmonary disease (COPD) is a 
multicomponent disease characterized by emphysema 
and/or chronic bronchitis. The aim of this study was to 

investigate the effect of cigarette smoke exposure on mast cells 
and mast cell function in vitro and in vivo in order to get 
further insight in the role of mast cells in the pathogenesis of 
emphysema. We investigated whether cigarette smoke would 
able to change mast cells properties in in vitro and in vivo. 

CSM induced the expression of mast cell tryptase 
(MMCP-6) in mast cells. This tryptase expression was found to 
be caused by the CSM-stimulated production of TGF-  by mast 
cells as neutralization of TGF-  suppressed the expression of 
tryptase. The increase in mast cell tryptase expression was also 
found in an experimental model for emphysema. Exposure of 
mice to CS increased expression of mast cell tryptase and 
enhanced the number of mast cells in the airways. In 
accordance, TGF-  in bronchoalveolar lavage fluid of smoke-
exposed animals was also significantly increased.  

Our study indicates that mast cells may be a source of 
TGF-  production after CS exposure and that in turn TGF-  
may change the tryptase expression in mast cells.  
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Introduction  

Chronic obstructive pulmonary disease (COPD) is a major and increasing global health 

problem [1]. COPD is characterized by a complex interaction between inflammatory and 

structural cells, all of which have the capacity to release multiple inflammatory mediators [2]. 

Cigarette smoke (CS) is the major player in the pathogenesis of COPD [2]. Exposure to CS 

activates an inflammatory cascade in the airways resulting in the production of a number of 

potent cytokines and chemokines with accompanying damage to the lung epithelium, 

increased permeability and recruitment of macrophages and neutrophils [3].  

Mast cells normally reside close to epithelia, blood vessels, nerves, near smooth 

muscle cells and mucus-producing glands [4]. Mast cells at these locations will be exposed to 

inhaled, environmental challenges. Since mast cell activation results in the coordinated 

release of pro-inflammatory mediators into the surrounding tissue, activation of this cell type 

following exposure to environmental challenges may result in chronic inflammatory 

pathology [5]. Notably, in COPD patients an accumulation of mast cells in the airways has 

been observed [6].  

Mast cell proteinases  (MCPs) are serine proteases, and eleven mouse MCPs  have 

been described to date [7]. Interestingly Huang et al. suggested that tryptase facilitates the 

influx of neutrophils into inflammation sites and injection of mMCP-6 increases the number 

of neutrophils in the peritoneal cavity [8]. In an in vitro model, mMCP-6 induced mRNA 

expression of IL-8 by cultured endothelial cells [8]. There is an intimate relationship between 

tryptase levels in airways and chronic degradation in airway function [9]. It is therefore not 

surprising that, in several disease states that are characterized by remodeled airways (such as 

COPD and allergic asthma), increased mast cell activation and elevated levels of secreted 

proteinases are observed [10]. Earlier studies demonstrated elevated histamine and tryptase 

levels in bronchoalveolar lavage fluid of smokers [11]. Recently, it has been reported that 

exposure of RBL-2H3 (rat basophilic leukemia  cell line) with tobacco-derived materials 

induces overproduction of proteinases [12], but attenuates degranulation via the release of 

NO [15]. Recently, it has been shown that cigarette smoke exposure exacerbates mouse 

airway inflammation and tissue remodeling via TGF- /Smad proteins expressed by activated 

mast cells [14]. We have demonstrated in previous studies that CSM induces chemokine 

release and suppresses degranulation of mast cells [15, 16].  
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In this study, we investigated whether cigarette smoke changed mast cell properties in 

murine airways. We show that cigarette smoke induces increased expression of mast cell 

tryptase, which may be related to a smoke-induced increase in TGF-  expression by mast 

cells.  
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Materials and Methods 

Reagents 

Recombinant mouse IL-3 and SCF (Stem cell factor) were purchased from Peprotech (Tebu 

Bio, Heerhugowaard, The Netherlands). LPS (Escherichia coli 055.B5) was purchased from 

Sigma (Sigma-Aldrich, Zwijndrecht, The Netherlands). RPMI 1640, Tyrode�’s buffer, fetal 

calf serum, nonessential amino acids were purchased from GibCo BRL Life Technologies 

(GIBCO-BRL Invitrogen Corporation, Carlsbad, CA, USA). Penicillin, streptomycin, L-

glutamine, sodium pyruvate, and 2-mercaptoethanol were obtained from Sigma-Aldrich.  

Production of Cigarette Smoke Medium (CSM) 

Cigarette smoke-conditioned medium (CSM) was produced following the method as 

described before [17]. CSM was generated by the burning of commercially available from the 

reference cigarettes 2R4F (University of Kentucky, Lexington, Kentucky, using the TE-10z 

smoking machine (Teague Enterprises, Davis, CA, USA), which is programmed to smoke 

cigarettes according to the Federal Trade Commission protocol (35-ml puff volume drawn for 

2 s, once per minute) . Briefly, this machine was used to direct main- and side-stream smoke 

from one cigarette through a 5-ml culture medium (RPMI without phenol red). Hereafter, 

absorbance was measured spectrophotometrically, and the media were standardized to the 

absorbance at 320 nm. The pH of the resultant extract was titrated to pH 7.4 and diluted with 

medium. This concentration (optical density [OD] = 4.0) was serially diluted with untreated 

media to 0.75%, 1.5%, and 3% OD and used in the indicated experiments. Except for the 

dose�–response and viability test, CSM at a concentration of 1.5% was selected for use in all 

experiments. 

Mouse bone marrow (BM) cultures 

BM-derived mast cells (BMMC) were generated from BM of male BALB/cBy mice as 

described before [18]. Briefly, mice were sacrificed, and intact femurs were removed. Sterile, 

endotoxin-free medium was flushed repeatedly through the bone shaft using a needle and 

syringe. The suspension of BM cells was centrifuged at 320 g for 10 min and cultured at a 

concentration of 0.5 x 106 nucleated cells/ml in RPMI 1640 with 10% FCS (Sigma-Aldrich) 

100 units/ml penicillin, 100 µg/ml streptomycin (Life Technology, Breda, The Netherlands), 

10 µg/ml gentamycine, 2 mM L-glutamine, and 0.1 mM nonessential amino acids (referred to 

as enriched medium) and a combination of IL-3 (5 ng/ml) and SCF (50 ng/ml) for 3 weeks at 

37°C in a humidified atmosphere with 5% CO2. Non adherent cells were transferred to fresh 
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medium at least once a week. After 3�–4 weeks when a mast cell purity of >95% was 

achieved, as assessed by toluidine blue staining, the cells were used for the experiments. 

BMMC are used as a model for mucosal mast cells to investigate the effects of exposure to 

CSM.  

Treatment of BMMC  

To study the effects of CSM on morphology and tryptase expression bone marrow cells were 

cultured in medium. At week 2 or 3 cultures were co-incubated with CSM for 6 days 

(maximum effects) daily added to the culture medium or for 24 h only CSM (1.5%) or LPS 

(100ng/ml). The morphology of cells and expression of tryptase was determined by 

histochemical staining and Western blot analysis. 

Neutralizing TGF-  in in vitro BMMC culture 

Using neutralizing antibodies directed against TGF- , we investigated the role of this 

cytokine in tryptase expression induced by CSM. BMMC were incubated with 10 g/ml anti-

TGF- , or isotype control IgG antibodies for 30�–60 min at 37 C followed by incubation with 

CSM for 24 h in presence of the antibodies. Thereafter, cell lysates were subjected to SDS-

PAGE and immunoblotting for analysis of mast cell tryptase expression. 

Measurement of cytokines 

Briefly, approximately 1 × 106 cells for each experimental condition were resuspended in 

culture medium and incubated with 1 g/ml anti-DNP IgE. After that, cells were washed and 

resuspended. Cells were aliquoted in 96 well plates (1 × 106 cells /ml) and activated with 

indicated concentrations of DNP-Ova  for 16 h. TGF-  concentrations in supernatants of cells 

was quantitated using ELISA kits (Invitrogen and eBioscience), according to the 

manufacturer�’s instruction.    

 

Analysis of tryptase expression by Western blotting 

Treated cells were washed once in PBS and lysed in ice-cold buffer containing 50 mM Tris 

(pH 8.0), 110 mM NaCl, 5 mM EDTA, 1% Triton X-100, and PMSF (100 mg/mL). Protein 

concentrations were determined by BCA protein assay kit (Pierce, Perbio Science, 

Erembodegem-Aalst, Belgium). Whole-cell lysates (50 mg) were boiled for 5 minutes in 

equal volumes of loading buffer (125 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol) and 

10% 2-mercaptoethanol and loaded per lane on an 8 to 16% Tris-glycine gradient gel. 
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Proteins were separated electrophoretically and transferred onto PVDF membranes (Bio-Rad 

Laboratories, B.V., Veenendaal, The Netherlands) using the Novex Xcell Mini-Gel system 

(Invitrogen, Breda, The Netherlands). For immunoblotting, membranes were blocked with 

PBS containing 5% dry milk for 1 hour. Primary antibodies for mouse anti-tryptase (mMCP-

6; cat no: sc:32889), and goat anti-actin antibodies (Santa Cruz) were applied at appropriate 

dilutions for 2 hours. After being washed two times in TBS containing 0.05% Tween-20 (T-

TBS), appropriate peroxidase-conjugated secondary antibodies were applied at 1:10,000 

dilution for 1 hour. Blots were washed in T-TBS two times over 30 minutes, incubated in 

commercial enhanced chemiluminescence reagents (ECL; Amersham, Buckinghamshire, 

UK), and exposed to photographic film. Films were scanned on a GS710 calibrated imaging 

densitometer and analyzed by means of Quantity One v. 4.0.3 software from Bio-Rad. 

Animals 

Nine to 14 week-old female A/J (Charles River Laboratories, The Netherlands ) and BALB/c 

mice (Taconic Europe A/S, Denmark), were housed under controlled conditions in standard 

laboratory cages. They were provided free access to water and food. All in vivo experimental 

protocols were approved by the local Ethics Committee and were performed under strict 

governmental and international guidelines on animal experimentation The Netherlands. 

BALB/c animals were handled in conformity with standards established by Council of 

Europe ETS123 AppA, Swedish legislation and AstraZeneca Global Internal Standards. 

 

Cigarette smoke exposure 

Female A/J mice were divided into three groups. Group 1 was exposed for 1 week to 

cigarette smoke, group 2 for 1 month and group 3 for 5 months. Control animals were 

exposed to room air. The mice were exposed in whole-body chambers to air (sham) or to 

diluted mainstream cigarette smoke from the reference cigarettes 2R4F (University of 

Kentucky, Lexington, Kentucky) using a smoking apparatus. Exposures were conducted 

4h/day (with a 30/60-minute fresh air break after each hour of exposure), 5 days/week for 20 

weeks to a target cigarette smoke concentration of 750 µg total particulate matter/l (TPM/l). 

This TPM concentration was reached after an adaptation period of 1 week, starting with a 

TPM concentration of 125 µg TPM/l. The mass concentration of cigarette smoke TPM was 

determined by gravimetric analysis of Cambridge filter samples. The mice were sacrificed 

16-24 hours after the last air or smoke exposure, or after the smoke-free period of 8 weeks. 

 For the short smoking exposure protocol, BALB/c mice were exposed to cigarette smoke 
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using a whole body smoke exposure unit SIU48 (PromechLab AB, Vintrie, Sweden). Up to 

64 mice were placed in a sealed exposure chamber, divided into separate chambers and 

exposed to mainstream tobacco smoke or room air (control mice). Smoke was generated from 

1R3F research cigarettes (Tobacco and Health Research Institute, University of Kentucky) 

with filters removed. Smoke was drawn into the box with a vacuum flow that was aligned to 

10 puffs per cigarette. Air was drawn into the box after each puff, and the control unit 

automatically cycled the opening and closing of air and smoke inlets (5 seconds air and 10 

seconds smoke). Side stream smoke was removed via exhaust. Animals were exposed to 10 

cigarettes, twice daily, for 4, 7 or 9 days. There was a 5 hour interval between the exposures.  

The SIU48 allows for monitoring of smoke input in real time to ensure consistency between 

exposures. Termination and analysis were carried out in each case 16 hours after the last 

smoke exposure. 

Determination of TGF-   in bronchoalveolar lavage fluid (BALF) 

Mice were exposed to 2 exposures/ day during 3 days as described before [19]. Mice were 

sacrificed by an i.p. injection with an overdose of pentobarbital (Nembutal�™, Ceva Santé 

Animale, Naaldwijk, The Netherlands) 24 h after the last smoke exposure and BAL was 

collected. The lungs were lavaged using 1 aliquot (1 ml) of saline solution (NaCl 0.9%) 

containing a mixture of protease inhibitors (Complete Mini, Roche Applied Science) at 37 

°C. The BALF was centrifuged at 4 °C (400g, 5 min) and the supernatant was immediately 

stored at -20 °C until the TGF-  measurements. 

Immunohistology of tryptase 

Prior to the application of primary antibodies, tissues sections (5 M) were deparaffinized, 

rehydrated, and subjected to antigen retrieval. For antigen retrieval, slides were immersed in 

sodium citrate buffer, pH 6.0, in an 86°C water bath for 15 minutes. After being rinsed with 

water, followed by incubation in PBS for 5 minutes, tissue was blocked with normal goat 

serum (Vector, Peterborough, UK) for 20 minutes. Tissue was incubated with 150 l  of 

rabbit anti-mouse tryptase (mouse mast cell protease-6) (Santa Cruz, Tebu-Bio, The 

Netherlands) primary antibody in predetermined optimal dilutions for 1 hour at room 

temperature, washed in PBS, then incubated for 30 minutes in 500 l of goat anti-rabbit 

biotinylated secondary antibody (DAKO, Denmark) diluted 1:150 in PBS. Slides were 

thereafter washed in PBS and incubated in freshly complexed avidin-biotin alkaline 

phosphatase ABC reagent (Vectastain ABC kit; Vector) for 20 minutes. After a final series of 
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washes in PBS, 200 l of fast red (1 mg/ml) (Sigma-Aldrich, The Netherlands) substrate was 

applied for 25 minutes. This reaction was stopped by rinsing with distilled water, and the 

tissue was subsequently counterstained with Gill's II hematoxylin (Fisher Scientific, Fair 

Lawn, NJ) and mounted with Crystal/Mount (Biomeda, Foster City, CA). 

Statistical analysis  

Experimental results are expressed as mean  S.E.M. Results were tested statistically by an 

unpaired two-tailed Student�’s t-test or one-way ANOVA, followed by Newman�–Keuls test 

for comparing all pairs of groups. Analyses were performed by using GraphPad Prism 

(version 2.01). Results were considered statistically significant when p< 0.05.  
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Results 

CSM modulates mast cell tryptase expression 

Exposure of mast cells for a period of 6 days induced the expression of mouse mast cell 

protease-6 (mMCP-6), a mast cell-specific tryptase, as detected by IHC on cytospins. In Fig. 

1A, control cells are shown and Fig. 1B, BMMC co-cultured with CSM. The number of 

tryptase-positive cells was significantly increased when BMMC were cultured in the presence 

of CSM (Fig. 1C). The increased expression of mMCP-6 in BMMC was confirmed by 

Western blotting (Fig. 1D).  

CSM induces TGF-  expression in cultured mast cells 

TGF-  has been described to modulate mast cell development, while activated mast cells can 

produce TGF- . In the next experiment, we investigated if exposure to CSM induced TGF-  

expression in BMMC�’s. Figure 2A shows that co-culture of BMMC�’s with CSM for 24 h 

induced a significant production of TGF- . 

Neutralizing of TGF-   suppresses CSM-induced tryptase expression in BMMC 

BMMC were pretreated with TGF-  neutralizing antibody for 30-60 min and then exposed 

with CSM for 24 h. Incubation of cells with a neutralizing TGF-   antibody, greatly 

suppressed the CSM-induced upregulation of tryptase (Fig. 2B). 

 

Cigarette smoke exposure increases the number of tryptase-positive mast cells in lungs 

Knowing that inflammatory stimuli can modulate tissue MC composition, we next examined 

the lung MC phenotype in the context of lung emphysema. For these experiments, lung 

emphysema was induced in AJ/C mice by whole body exposure to cigarette smoke for 7 

days, one month and 5 months.  

For characterization of mast cells in lungs, sections were scored with high 

magnification with counting the cells with granules (Fig. 3A) and then for the specificity of 

IHC staining, sections were stained with second Abs (Fig. 3B). 

In the cigarette smoke-exposed animals the number of mast cells was increased as 

quantified by immunohistochemical staining with anti-tryptase (mMCP-6), which increased 

with duration of time of exposure (Fig. 3: C, control; D, 1 week; E, 1 month; F, 5 months 

exposure). Both number of mast cells (toluidine staining) and tryptase expression were 

significantly increased as early as 1 week after the start of cigarette smoke exposure (Fig 3 

J+H). 
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Fig.1. CSM up-regulates expression of tryptase by mast cells. BMMC were cultured for in presence of CSM 
(1.5%) for 6 days. Intracellular tryptase was detected with IHC in control cells (panel A) and CSM co-cultured 
BMMC (panel B). Panel C, quantitation of the number of tryptase-positive mast cells in the immunostained 
cytospins. Representative results are selected from 3 independent experiments (original magnification ×400). 
Each slide was normalized by counting 100 cells from 4 parts of the slide. The numbers of counted cells are 
plotted (panel D) (n=3, and *p 0.05). Panel D, Western blotting of tryptase in BMMC. Tryptase expression was 
quantified and normalized to the expression of -actin, *p 0.05. 
 
 
 
 
 
 
 
 
                        

 

 

 

. 

Fig.2. CS exposure increased the release of TGF-  and suppression of tryptase expression by mast cells. 
A) BMMCs were cultured in presence of CSM (1.5%) for 24 h. The release of TGF-  was determined in cell 
supernatants by ELISA methods. Data shown are mean ± S.E.M of three independent experiments (**p<0.01). 
B). TGF-  neutralizing antibodies suppress CSM-induced tryptase expression. BMMC were incubated with 
TGF-  neutralizing antibodies for 30-60 min and then treated with CSM for 24 h. After that, cells were lysed 
and cell lysates were subjected to Western blotting with anti TGF-  and GAPDH (Stress Gen, Canada) as a 
housekeeping protein, on the same samples. Densitometric analysis of three immunoblots from 3 independent 
experiments is shown in the lower panel (mean ± S.E.M). * P 0.05 compared to control; # not significant 
compared to control.
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Fig.3. Cigarette smoke exposure modulates mast cell number and tryptase expression in murine lungs.  Section of 
lungs with high magnification of mast cells with toluidine blue staining containing the granules from control mice (A). 
Specify of first Abs indicated by staining the section of lungs with secondary Abs for tryptase and then with toluidine blue 
(B). Representative lung sections stained with anti-tryptase (mMCP-6) (panel C-F) Ab. Lung tissue from control mice (C) or 
mice exposed for 1 week with cigarette smoke (D) or mice exposed for 1 month with cigarette smoke (E) and mice exposed 
for 5 months with cigarette smoke (F). Results are representative of 3 independent experiments (original magnification 
×200).  Arrows indicated tryptase positive mast cells. Panel E and F represent quantification of toluidine blue-positive (J) 
and tryptase-positive cells (H). Mast cells on 4 slides from 4 independent experiments were counted ( 100 cells/slide). The 
asterisks represent significant differences compared with control alone (**p < 0.01 and ***p < 0.001). 
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Smoke exposure increased TGF-   in BAL fluid of mice 

We measured the concentration of TGF-  in BAL of smoke-exposed mice. As depicted in 

Fig. 4, after one week of cigarette smoke exposure increased concentrations of TGF-  were 

found in BAL fluid as compared to these in control mice (panel A). Also TGF-  expression 

in lung tissue was enhanced after cigarette smoke exposure (panel C) as compared to lung 

tissue of controls (panel B). 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.4. CS exposure increased the release of TGF-   in BAL fluid and increase TGF- -positive mast cells 
in lungs. After harvesting of BAL fluid from control and cigarette smoke-exposed BALB/c mice (exposure for 
1 week), TGF-  was determined by ELISA (panel A). Data are presented as mean± S.E.M (n = 5 mice/group), 
***p  0.001 compared to control. Panel B and C, representative lung sections of BALB/c after 1 week of 
cigarette-smoke exposure. The sections were stained with anti-TGF-  mAb as described in Materials and 
Methods. Arrows indicated for TGF-  positive cells. 
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Discussion 

We studied the effect of cigarette smoke on the tryptase (mMCP-6) expression mast cells and 

showed that CSM induced the expression of tryptase in cultured primary mast cells. The 

increased expression of mMCP-6 was abolished by neutralizing CSM-induced TGF-  

production by mast cells. Furthermore, in vivo cigarette smoke exposure in mice showed 

increases in the number of tryptase-positive mast cells in lungs tissue, which was also 

accompanied with increased tissue expression and BAL levels of TGF- . Mast cells are 

playing a critical role in pathogenesis of allergic [20, 21] and non-allergic disorders [22-24]. 

Studies are accumulating on the distribution, type of mast cells in lungs and tissues of 

smokers and COPD patients and their potential role in pathogenesis of disease. Mast 

cells normally reside close to epithelia, blood vessels, nerves, smooth muscle cells, 

and mucus-producing glands [25]. Recently, it has been demonstrated that the numbers 

of mast cells were significantly increased in sputum of smokers compared to ex-

smokers [26].  

The role of tryptic enzymes has been suggested in the pathogenesis of COPD [27, 28]. 

However, the source of tryptase in COPD is unclear. Tryptase activity is markedly increased 

in sputum and plasma of severe COPD patients and suggested that this enhanced activity may 

contribute to the pathogenesis of COPD [29]. Kim et al described that cigarette smoke 

exacerbates the development of allergic asthma by mast cell activation through TGF- /Smad 

signaling [14]. Cigarette smoke elevated the numbers of mast cells in BAL cells and lung 

tissues of OVA/S mice, although both studies differed in various factors such as smoke 

exposed periods and allergen challenge. TGF-  up-regulate the expression of tryptase 

(mMCP-6 and -7) in mouse mast cell progenitors [30]. We show that the cigarette smoke-

induced increase in TGF-  indeed is responsible for the increased expression of mast cell 

tryptase (mMCP-6). The major sources of proteases within the lung are inflammatory cells, 

such as neutrophils, mast cells, macrophages, and lymphocytes [31]. Several studies have 

highlighted the potential role of mast cells in mediating extracellular matrix degradation 

through the release of mMCPs. Mast cell tryptase and chymase activate the precursors of 

MMP-2 (gelatinase A) [32] and MMP-9 (gelatinase B) [33]. Interestingly  recombinant 

mMCP-6 can selectively induce large numbers of neutrophils to extravasate into the 

peritoneal cavity of various mouse strains [8] and  mMMCP-6 (but not mMCP-7) was found 

essential for the development of experimental colitis. The mast cell-restricted tryptase 

controlled the inflammation and damage to the colon�’s ECM [34]. mMCP-6 induces cultured 
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endothelial cells to selectively increase their expression of the neutrophil chemoattractant IL-

8 [8]. Thus up-regulation of tryptase by CSM may account for a role of mast cells in the 

potentiation of neutrophil recruitment into the airways. In agreement with our observations, 

Small-Howard et al reported that chronic exposure to cigarette smoke up-regulates tryptase 

levels in a rat mast cell lines at both the protein and the mRNA level [35].  

Taken together our study shows that cigarette smoke causes an increase in the mast 

cell population and a change in phenotype of mast cells.  Cigarette smoke induced the release 

of TGF-  from mast cells which was shown to be responsible for the induction of tryptase 

expression in mast cells. Tryptase could in turn play a role in recruitment of neutrophils [36]. 

To what respect these effects contribute to pathological airway remodeling in lung 

emphysema remains to be elucidated in future research. 
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hronic obstructive pulmonary disease (COPD) is a 
multicomponent disease characterized by emphysema 
and/or chronic bronchitis. COPD is mostly associated 

with cigarette smoking. Cigarette smoke contains over 4,700 
chemical compounds, including free radicals and LPS (a Toll-
like Receptor 4 agonist) at concentrations which may contribute 
to the pathogenesis of diseases like COPD. We have previously 
shown that short term exposure to cigarette smoke medium 
(CSM) can stimulate several inflammatory cells via TLR4 and 
that CSM reduces the degranulation of bone marrow-derived 
mast cells (BMMCs). In the current study, the effect of CSM 
on mast cells maturation and function was investigated. Co-
culturing of BMMC with CSM during the development of bone 
marrow progenitor cells suppressed the granularity and the 
surface expression of c-Kit and Fc RI receptors. Stimulation 
with IgE/antigen resulted in decreased degranulation and 
release of Th1 and Th2 cytokines. The effects of CSM 
exposure could not be mimicked by addition of LPS to the 
culture medium. In conclusion, this study shows that CSM may 
affect mast cell development and subsequent response to 
allergic activation in a TLR4-independent manner. 
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Introduction 

The incidence of chronic respiratory diseases like chronic obstructive pulmonary disease 

(COPD) and asthma is increasing dramatically and currently affect the lives of ~300 and 200 

million people respectively, worldwide [1, 2]. COPD is characterized by a complex 

interaction between inflammatory and structural cells, all of which have the capacity to 

release multiple inflammatory mediators [3]. Cigarette smoke (CS) is the major player in the 

pathogenesis of COPD [3]. Exposure to CS activates an inflammatory cascade in the airways 

resulting in the production of a number of potent cytokines and chemokines with 

accompanying damage to the lung epithelium, increased permeability and recruitment of 

macrophages and neutrophils [4]. CS contains high levels of reactive oxygen species [5] and 

LPS [6, 7]. LPS is a strong Toll-Like Receptor (TLR) 4 agonist [8]. TLRs are an 

evolutionarily conserved family of cell surface molecules which participate in innate immune 

response [9, 10]. The effects of smoking on inflammatory cell maturation and differentiation 

have not been well described. Upon encountering pathogens and/or proinflammatory 

mediators, cells undergo a transformation process termed �“maturation,�” which -for example- 

enhances dendritic cell (DC) Ag-presenting capacity or ability to release inflammatory 

cytokines. The role of TLRs in maturation and development of DCs [11] and B cells [12] has 

been extensively described. In this regard, it has been reported that CS exposure leads to a) 

decreased sputum mature DCs in healthy smokers and patients with COPD [13], b) impaired 

DC maturation and T cell proliferation in thoracic lymph nodes of mice [14] and c) 

suppressed generation of IL-12 and IL-23 from DCs mediated through ERK-dependent 

pathways [15].  

Parental smoking during childhood and personal cigarette smoking in teenage and 

early adult life is associated with a lower risk of allergic sensitization in those with a family 

history of atopy. The underlying mechanisms for this association remain to be determined, 

but the findings are consistent with the hypothesis that the immune-suppressant effects of CS 

protect against atopy [16]. So far few studies have reported on the role of mast cells in human 

smokers and in animal models of emphysema. Mast cells normally reside close to epithelia, 

blood vessels, nerves, smooth muscle cells and mucus-producing glands [17]. Mast cells play 

a crucial role in allergic reactions [18]. Interestingly, emerging evidence also suggests a role 

of mast cells in the pathogenesis of emphysema [19]. Kalenderian et al. [19] found that the 

levels of mast cell mediators, such as histamine and tryptase are considerably elevated in 

BALF from smokers. The importance of mast cells is further supported by the fact that mast 
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cell tryptase activity is correlated with the severity of COPD [20] and in COPD patients an 

accumulation of mast cells in the airways has been observed [21]. Mast cells located here 

could be exposed to inhaled environmental challenges and mast cell activation results in the 

coordinated release of pro-inflammatory mediators into the surrounding tissue, activation of 

this cell type may result in pathology associated with chronic inflammatory stimuli [18,22]. 

Mast cells play a crucial role in acute and allergic inflammation and have Fc RI on their 

surface [18]. Cross-linking of surface IgE molecules results in exocytosis of pre-formed 

mediators such as amines and proteases, as well as the release of newly generated mediators 

including leukotrienes, prostaglandins and a variety of cytokines such as Th1 (TNF- , IL-6) 

or Th2 cytokines (IL-13, IL-4, IL-5) [18].  

Previously, we showed that CSM (without IgE/Ag activation) does not trigger 

degranulation of bone marrow-derived mast cells (BMMCs) but does induce the release of 

chemokines [23]. In addition, CSM exposure suppresses IgE-mediated mast cell 

degranulation and cytokine release but had no effect on leukotriene release. This suggests that 

exposure to CSM may lead to a reduced allergic activation of mast cells without affecting 

their response to other stimuli [24]. In contrast, CS-exposure in vivo enhanced OVA-specific 

IgE levels, Penh values, and recruitment of inflammatory cells including mast cells in OVA-

exposed allergic mice [25].  

In the current study, we investigated the effect of CSM exposure on the mast cell 

development from bone marrow progenitor cells. 
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Materials and Methods 

Reagents 

Recombinant mouse IL-3 and SCF (Stem cell factor) were purchased from Peprotech (Tebu 

Bio, Heerhugowaard, The Netherlands). LPS (Escherichia coli 055.B5) was purchased from 

Sigma (Sigma-Aldrich, Zwijndrecht, The Netherlands). RPMI 1640, Tyrode�’s buffer, fetal 

calf serum, nonessential amino acids were purchased from GibCo BRL Life Technologies 

(GIBCO-BRL Invitrogen Corporation, Carlsbad, CA, USA). Penicillin, streptomycin, L-

glutamine, sodium pyruvate, and 2-mercaptoethanol were obtained from Sigma-Aldrich.  

Production of Cigarette Smoke Medium (CSM) 

Cigarette smoke-conditioned medium (CSM) was produced as described previously [24]. 

CSM was generated by burning reference cigarettes 2R4F (University of Kentucky, 

Lexington, Kentucky), using the TE-10z smoking machine (Teague Enterprises, Davis, CA, 

USA), which is programmed to smoke cigarettes according to the Federal Trade Commission 

protocol (35-ml puff volume drawn for 2 s, once per minute). Briefly, this machine was used 

to direct main- and side-stream smoke from one cigarette through a 5-ml culture medium 

(RPMI without phenol red). Hereafter, absorbance was measured spectrophotometrically, and 

the media were standardized to the absorbance at 320 nm. The pH of the resultant extract was 

titrated to pH 7.4 and diluted with medium. This concentration (optical density [OD] = 4.0) 

was serially diluted with untreated media to 0.75%, 1.5%, and 3% OD and used in the 

indicated experiments. In preliminary experiments, a CSM concentration of 1.5% was found 

optimal in the culture experiments. 

Mouse bone marrow-derived mast cell (BMMC) cultures and CSM treatment 

BMMC were generated from bone marrow of male BALB/cBy mice as described previously 

[26]. Cells were cultured in RPMI medium supplemented with mitogen-stimulated spleen cell 

conditioned medium (see below) [23].  

 Cells were used for the experiments after 3 weeks when a mast cell purity >95% was 

achieved. Bone marrow cells were co-cultured (1×106/ml) with either 1.5% CSM or LPS 

(100 ng/ml) during the third week of culture. Pokeweed mitogen-stimulated spleen cell 

conditioned medium (PWM-SCM) 

Spleen cells from BALB/c mice (Charles River Breeding Laboratories) were cultured at a 

density of 2×106 cells/ml in RPMI 1640 medium containing 4 mM L-glutamine, 5×10 5 M 2-

mercaptoethanol, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 g/ml streptomycin, and 
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0.1 mM nonessential amino acids (complete RPMI 1640) containing lectin (8 g/ml) and 

placed in 75-cm2 tissue culture flasks. The cells were incubated at 37 C in a 5% CO2 

humidified atmosphere. After 5�–7 days, medium was collected, centrifuged for 15 min at 

3200 ×g, filtered through a 0.22- m Millipore filter, and used as PWM-SCM. 

Toluidine blue staining  

The granularity of the mast cells was determined by toluidine blue staining [27]. In brief, 

cells were cytospun, fixed with Carnoy�’s fluid and then stained by either 2 minutes with acid 

toluidine blue (pH =2.7). Cells were examined by light microscopy.  

Mast cell degranulation assay 

The degranulation assay was performed as described before [23]. Briefly, approximately 2�–3 

x106 cells from each group were resuspended in culture medium (enriched medium) and 

incubated with 1 µg/ml anti-DNP-IgE for 2 hr. After that, cells were washed and resuspended 

at a density of 0.6x106 cells/ml. Cells were aliquoted in 96 well plates (3x104 cells per well) 

and activated with indicated concentrations of DNP-conjugated ovalbumin (DNP-Ova) for 30 

min. After incubation supernatants were collected. Cells were subsequently lyzed using 0.1% 

NP-40 (Pierce) in order to quantify the total -hexosaminidase activity present in these cells. 

Samples were incubated with 4-methylumbelliferyl glucosaminide (4-MUG) (Sigma) in 0.1 

M citrate buffer (pH 4.5) for 1 h at 37 8C. 4-MUG hydrolysis was determined by fluorimetric 

measurement ( ex: 360 nm, em: 452 nm) using a Millipore Cytofluor 2350 microplate 

reader. The percentage of -hexosaminidase released, was calculated by determining the ratio 

of fluorescence supernatant/fluorescence cell lysate corrected for the -hexosaminidase 

activity present in the supernatant of non-challenged cells. 

Flow cytometry analysis 

BMMC were harvested and after washing with cold PBS, the cell-surface Fc receptors were 

blocked with 2.4G2 (PharMingen, San Diego, CA, USA) before staining. We used a PE-

conjugated anti-mouse c-kit (PharMingen) to stain c-kit and mouse Fc RI was stained with a 

FITC-conjugated anti-mouse Fc RI antibody (PharMingen) and compared with matched 

isotype control antibodies. The cells were incubated with antibodies in 50 l of PBS for 1 h at 

4 C, washed with PBS and analyzed on a FACSCanto II flow cytometer (Becton Dickinson, 

San Jose, CA, USA). Dead cells were gated out when performing analysis. 
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Measurement of cytokines 

Briefly, approximately 1 × 106 cells for each experimental condition were resuspended in 

culture medium and incubated with 1 g/ml anti-DNP IgE for 2 hr. After that, cells were 

washed and resuspended. Cells were aliquoted in 96 well plates (1×106 cells /ml) and 

activated with indicated concentrations of DNP-Ova  for 16 h. IL-4, IL-5, IL-6 , IL-13, and 

TNF-  concentrations in cell supernatants were quantitated using ELISA (Invitrogen and 

eBioscience), according to the manufacturer�’s instructions.    

Statistical analysis  

Experimental results are expressed as mean  S.E.M. Results were tested statistically by an 

unpaired two-tailed Student�’s t-test or one-way ANOVA, followed by Newman�–Keuls test 

for comparing all pairs of groups. Analyses were performed by using GraphPad Prism 

(version 5.04). Results were considered statistically significant when p<0.05.  
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Results 

CSM reduced the granularity of mast cells during culturing 

Bone marrow cells were cultured with CSM or LPS during the third week of mast cell 

development. Cell granularity was analyzed by staining with toluidine blue (Fig. 1A). Co-

culturing cells with CSM (1.5%) decreased the granularity of mast cells (Fig. 1B). LPS (1 

µg/ml) did not affect the granularity of cultured mast cells (Fig. 1C).  

CSM decreased c-Kit (CD117) and Fc RI expression on mast cells 

Mast cell c-kit and Fc RI surface expression were determined after CSM exposure using flow 

cytometry.  Coculture with CSM significantly suppressed the surface expression of c-kit and 

Fc RI on mast cells (Fig. 2: upper and lower panels, control: panel A, CSM: panel B). In 

contrast, long-term culture with LPS did not change surface expression of c-kit and Fc RI 

(Fig. 2C upper and lower panels).  FACS data of 3 representative experiments were 

quantified in panel D showing the mean fluorescence intensity (MFI) for each experimental 

group. Cell viability was not affected by either CSM or LPS treatment (data not shown).  

Long-term exposure to CSM modulates IgE/Ag-mediated degranulation and cytokine 

production by mast cells 

Stimulation with IgE/Ag caused a dose-dependent degranulation of mast cells in the control 

group (Fig.3). Co-culturing mast cells with CSM (1.5%) reduced IgE-mediated degranulation 

(Fig. 3). In contrast, LPS, a TLR4 agonist, did not affect IgE/antigen-induced BMMC 

degranulation (Fig. 3).  

CSM significantly suppressed the IgE-receptor mediated production of IL-4, IL-5, IL-

6, IL-13 and TNF-  by mast cells (Fig. 4A-E). Culturing with LPS did not significantly 

change IL-4, IL-5, IL-6, IL-13 and TNF-  production (Fig. 4A-E).  
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Fig.1. Long-term culture in presence of CSM reduces the density of mast cell granules.  BMMC from 
BALB/c mice were cultured in presence with medium only (A), CSM (1.5%) (B) or LPS (C) (1 µg/ml) during 
the third week of culturing bone marrow cells as described in the Materials and Methods. Cells were stained 
with toluidine blue. 

 

 

 

 

 

 

 

 

Fig.2. CSM modulates surface expression of Fc RI and c-Kit.  BMMC were co-cultured in presence or 
absence of CSM (1.5%) or LPS during the third week of bone marrow culture. The surface expression of c-kit 
(upper panels) and Fc RI (lower panels) was detected by flow cytometry (blue histograms): panel control (A), 
CSM (B) and LPS (C). Green histograms represent isotype controls. Panel (D), quantification of 3 
representative FACS analyses showing the mean fluorescence intensity (MFI) for each group. Values are 
expressed as mean ± S.E.M (n = 3). *, # p <0.05 significantly different (increased/decreased) compared to 
control. 
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Fig.3. Long-term exposure of mast cells to CSM inhibits allergic degranulation.  BMMCs were cultured in 
regular culture medium, in the presence of CSM (1.5%) or LPS (100ng/ml) in the third week of bone marrow 
culture. Then cells were sensitized with DNP-specific IgE, followed by activation with dinitrophenyl-conjugated 
ovalbumin (DNP-Ova). Degranulation was assessed by the release of -hexosaminidase in the supernatants from 
cells. Data are mean ± S.E.M of quadruplicate samples (n=4). 

 

 

Fig.4. Long-term exposure of mast cells to CSM inhibits 
cytokine production by mast cells.  BMMC (control, CSM and 
LPS cultured for 4-6 days) were sensitized with DNP-specific IgE, 
followed by activation with dinitrophenyl-conjugated ovalbumin 
(DNP-Ova) for 9 h. The levels of cytokines IL-4 (A), IL-5 (B), IL-6 
(C), IL-13 (D) and TNF-  (panel E) in the supernatants were 
estimated by ELISA. Data are mean ±S.E.M of quadruplicate 
samples. The asterisks represent significant differences between 
non-activated and activated cells (***p < 0.001). Hatches represent 
significant differences between control mast cells and mast cells co-
cultured with CSM or LPS (# p< 0.05 and ##p< 0.001).  
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Discussion 

In the current studies, we further investigated the effects of CSM on the development and 

function of primary cultured bone marrow-derived mast cells. We show that BMMC exposed 

to CSM during development from progenitor cells inhibited mast cell development as 

determined by toluidine staining and expression on c-kit and Fc RI.  Furthermore, the release 

of both Th1 and Th2 cytokines in response to Fc RI activation was reduced. Interestingly, the 

TLR4 agonist LPS did not affect these parameters and even slightly increased IL-4 

production.  

Mast cells are important in allergic airway diseases, but they have remained poorly 

studied in non-allergic inflammatory airway diseases like COPD. Mast cells are of particular 

interest due to their ability to promote airway remodeling and mucus hypersecretion. Clinical 

data show increased levels of mast cell-tryptase and degranulated mast cells in the lavage and 

bronchial tissue of smokers [28-31]. Moreover, CS exposure facilitates allergic sensitization 

in mice [32]. 

We have previously reported that short term exposure of mature mast cells to CSM 

attenuated their response to allergic stimuli [23]. Kim et al also showed an inhibitory effect of 

CSM on mast cell activation which suggests that CS may contribute to the reduced allergic 

symptoms observed in smokers [25]. 

Mast cells are functionally dynamic effector cells in innate and adaptive immunity 

[18]. Two mast cell surface receptors c-Kit and Fc RI, mediate activation via innate and 

adaptive immune mechanisms, respectively [13, 18, 22]. c-Kit is expressed on both mature 

mast cells and on the earliest mast cell progenitors [33, 34]. c-Kit is expressed as both a 

soluble form and on the cell membranes [33]. Although c-Kit represents a major growth and 

differentiation factor for both murine and human mast cells [34, 35] it also promotes c-Kit-

dependent mast cell mediator release [18] as well as the release of mast cells mediators via 

IgE-dependent mechanisms [36]. IgE-dependent allergic diseases are initiated by multivalent 

binding of allergens to IgE that is bound to Fc RI on mast cells [37]. Fc RI plays a critical 

role in allergic reactions. It is the major surface receptor through which mast cells direct 

immunologically specific secretory effects such as the release of preformed cytoplasmic 

granule-associated mediators and the generation and release of lipid mediators and cytokines 

[18]. Thus, the suppression of c-Kit and Fc RI on the mast cells by CSM could account for a 

decreased responsiveness of mast cells to IgE/Ag activation. Our study suggests that LPS 
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may not be involved in the mechanism by which CSM affects mast cell maturation and 

activation. 

Mast cells express functional TLRs [38] which may account for the protection 

conferred by mast cells against bacterial and parasitic infections [39]. Activated mast cells 

release an array of potent inflammatory mediators by rapid discharge of preformed mediators 

in granules, the generation of inflammatory lipids from arachidonic acid, and the production 

of numerous Th2-type cytokines and chemokines [39]. All these responses are evoked by 

allergens via Fc RI, while stimulation of mast cells via TLR2 and TLR4 receptors results 

primarily in generation of cytokines such as IL-4, IL-5, IL-6, IL-10, IL-13, and TNF-  [40]. 

Saluja et al recently showed that prolonged exposure of mast cells to LPS amplifies Fc RI-

mediated degranulation, lipid mediator generation and cytokine production [41]. This is in 

contrast to the effects found in this study, where LPS treatment did not increase IgE-mediated 

mast cell activation. The discrepancy may be due to the different mouse strains used in both 

studies and the time of treatment during mast cell development.   

In conclusion, our study suggests that CSM, independent of TLR4 signaling, suppresses 

the maturation and function of mast cells. This suppressive effect of cigarette smoke on mast 

cells may account for the reduced allergic response seen in animal models of cigarette smoke 

induced emphysema [42]. 

  



Chapter 6  
 

136 

References 

[1] WHO, Global surveillance, prevention control of chronic respiratory: a comprehensive 
approach, world Health organization (2007) ISBN 978 92 4 1 563468. WHO 2007. 

[2] Barnes PJ. Alveolar macrophages as orchestrators of COPD. COPD, 2004; 1:59-70. 
[3] Calverley PM, Walker P. Chronic obstructive pulmonary disease. Lancet, 2003; 362:1053-

1061. 
[4] Barnes PJ, Stockley RA. COPD: current therapeutic interventions and future approaches. 

Eur.Respir J, 2005; 25:1084-1106. 
[5] Church DF, Pryor WA. Free-radical chemistry of cigarette smoke and its toxicological 

implications. Environ Health Perspect, 1985; 64:111-26. 
[6] Hasday JD, Bascom R, Costa JJ, Fitzgerald T, Dubin W. Bacterial Endotoxin Is an Active 

Component of Cigarette Smoke, 1999; 115(3):829-35. 
[7] Larsson L, Pehrson C, Dechen T, Crane-Godreau M. Microbiological components in 

mainstream and sidestream cigarette smoke. Tob Induc Dis, 2012; 10:13. 
[8] Kawai T, Akira S. Toll-like receptors and their crosstalk with other innate receptors in 

infection and immunity. Immunity, 2011; 34:637-50. 
[9] Keogh B, Parker AE. Toll-like receptors as targets for immune disorders. Trends Pharmacol 

Sci, 2011; 32:435-42. 
[10] Medzhitov R, Janeway CJ. The Toll receptor family and microbial recognition. Trends 

Microbiol, 2000; 8:452-456. 
[11] Inaba K, Inaba M, Romani N, Aya H, Deguchi M, Ikehara S, Muramatsu S, Steinman RM. 

Generation of large numbers of dendritic cells from mouse bone marrow cultures 
supplemented with granulocyte/macrophage colony-stimulating factor. J Exp Med, 1992; 
176:1693-702. 

[12] Hayashi EA, Akira S, Nobrega A. Role of TLR in B cell development: signaling through 
TLR4 promotes B cell maturation and is inhibited by TLR2.  J Immunol, 2005; 174:6639-47. 

[13] Tsoumakidou M, Bouloukaki I, Koutala H, Kouvidi K, Mitrouska I, Zakynthinos S, Tzanakis 
N, Jeffery PK, Siafakas NM. Decreased sputum mature dendritic cells in healthy smokers and 
patients with chronic obstructive pulmonary disease. Int Arch Allergy Immunol,  2009; 
150:389-97.  

[14] Robbins CS, Franco F, Mouded M, Cernadas M, Shapiro SD. Cigarette smoke exposure 
impairs dendritic cell maturation and T cell proliferation in thoracic lymph nodes of mice. J 
Immunol, 2008; 180:6623-8. 

[15] Kroening PR, Barnes TW, Pease L, Limper A, Kita H, Vassallo R. Cigarette smoke-induced 
oxidative stress suppresses generation of dendritic cell IL-12 and IL-23 through ERK-
dependent pathways. J Immunol, 2008; 181:1536-47. 

[16] Hancox RJ, Welch D, Poulton R et al. Cigarette smoking and allergic sensitization: a 32-year 
population-based cohort study. J Allergy Clin Immunol, 2008; 121:38�–42. 

[17] Galli SJ. Mast cells and basophils. Curr Opin Hematol, 2000; 7:32-39. 
[18] Metcalfe DD, Baram D, Mekori YA. Mast cells. Physiol Rev, 1997; 77:1033�–1079.  
[19] Kalenderian R, Raju L, Roth W, Schwartz LB, Gruber B, Janoff A. Elevated histamine and 

tryptase levels in smokers�’ bronchoalveolar lavage fluid. Do lung mast cells contribute to 
smokers�’ emphysema?. Chest, 1988; 94:119�–123. 

[20] Zhang X, Zheng H, Ma W, Wang F, Zeng X, Liu C, He S. Tryptase enzyme activity is 
correlated with severity of chronic obstructive pulmonary disease. Tohoku J Exp Med, 2011; 
22:179-87. 

[21] Gosman MM, Postma DS, Vonk JM, Rutgers B, Lodewijk M, Smith M, Luinge MA, Ten 
Hacken NH, Timens W. Association of mast cells with lung function in chronic obstructive 
pulmonary disease. Respir Res, 2008;9:64. 

[22] Galli SJ, Wedemeyer J, Tsai M. Analyzing the roles of mast cells and basophils in host 
defense and other biological responses. Int J Hematol, 2002; 75:363-369. 

[23] Mortaz E, Folkerts G, Engels F, Nijkamp FP, Redegeld FA. Cigarette smoke suppresses in 
vitro allergic activation of mouse mast cells. Clin Exp Allergy, 2009; 39:679-687. 



CSE suppress the expression of c-kit and Fc RI  
 

137

[24] Mortaz E, Redegeld FA, Sarir H, Karimi K, Raats D, Nijkamp FP, Folkerts G. Cigarette 
smoke stimulates the production of chemokines in mast cells. J Leukoc Biol, 2008; 83:575-
80. 

[25] Kim DY, Kwon EY, Hong GU, Lee YS, Lee SH, Ro JY. Cigarette smoke exacerbates mouse 
allergic asthma through Smad proteins expressed in mast cells. Respir Res, 2011; 12:49. 

[26] Mortaz E, Redegeld FA, Nijkamp FP, Engels F. Dual effects of acetylsalicylic acid on mast 
cell degranulation, expression of cyclooxygenase-2 and release of pro-inflammatory 
cytokines. Biochem Pharmacol, 2005; 69:1049-57. 

[27] Marshall JS, Ford GP, Bell EB, Formalin sensitivity and differential staining of mast cells in 
human dermis. Br J Dermatol, 1987; 117:29-36. 

[28] Sommerhoff CP, Caughey GH, Finkbeiner WE, Lazarus SC, Basbaum CB, Nadel JA. Mast 
cell chymase, A potent secretagogue for airway gland serous cells. J Immunol, 1989; 
142:2450-2456. 

[29] McNeil HP, Adachi R, Stevens RL. Mast cell-restricted tryptases: structure and function in 
inflammation and pathogen defense. J Biol Chem, 2007; 282:20785-20789. 

[30] Casale TB, Rhodes BJ, Donnelly AL, Weiler JM. Airway responses to methacholine in 
asymptomatic nonatopic cigarette smokers. J Appl Physiol, 1987; 62:1888-1892. 

[31] Grashoff WF, Sont JK, Sterk PJ, Hiemstra PS, de Boer WI, Stolk J, Han J, van Krieken JM. 
Chronic obstructive pulmonary disease: role of bronchiolar mast cells and macrophages. Am J 
Pathol, 1997; 151:1785-1790. 

[32] Moerloose KB, Robays LJ, Maes T, Brusselle GG, Tournoy KG, Joos GF. 
Cigarette smoke exposure facilitates allergic sensitization in mice. Respir Res, 2006; 07:49. 

[33] Tsujimura T, Morii E, Nozaki M, Hashimoto K, Moriyama Y, Takebayashi K, Kondo T, 
Kanakura Y, Kitamura Y.  Involvement of transcription factor encoded by the mi locus in the 
expression of c-kit receptor tyrosine kinase in cultured mast cells of mice. Blood, 1996; 
88:1225-1233. 

[34] Flanagan JG, Leder P. The kit ligand: a cell surface molecule altered in steel mutant 
fibroblasts. Cell, 1990; 63:185�–194. 

[35] Yee NS, Langen H, Besmer P. Mechanism of kit ligand, phorbol ester, and calcium-induced 
down-regulation of c-kit receptors in mast cells. J Biol Chem, 1993; 268:14189�–14201. 

[36] Galli SJ. The Paul Kallos Memorial Lecture. The mast cell: a versatile effector cell for a 
challenging world. Int Arch Allergy Immunol, 1997; 113:14-22. 

[37] Beaven MA, Metzger H. Signal transduction by Fc receptors: the Fc epsilon RI case. 
Immunol Today, 1993; 14:222-226. 

[38] Marshall JS. Mast-cell responses to pathogens. Nat Rev Immunol, 2004; 4: 787-799. 
[39] Galli SJ, Nakae S, Tsai M. Mast cells in the development of adaptive immune responses. Nat 

Immunol, 2005; 6:135-142. 
[40] Marshall JS, McCurdy JD, Olynych T. Toll-like receptor�–mediated activation of mast cells: 

implications for allergic disease? Int Arch Allergy Immunol, 2003; 132:87-97. 
[41] Saluja R, Delin I, Nilsson GP, Adner M. Fc R(1)-Mediated Mast Cell Reactivity Is Amplified 

through Prolonged Toll-Like Receptor-Ligand Treatment. PLoS One, 2012; 7:e43547. 
[42] Melgert BN, Postm, DS, Geerlings M, Luinge MA, Klok PA, van der Strate B W, Kerstjens 

HA, Timens W, Hylkema MN. Short-term smoke exposure attenuates ovalbumin-induced 
airway inflammation in allergic mice. Am J Respir Cell Mol Biol, 2004; 30:880�–5. 

  



Chapter 6  
 

138 

 



 

 

Chapter 7  

Summarizing discussion 



 

 

 



Summarizing discussion  
 

141 
 

he experiments described in this thesis were outlined to gain more insight into the 

role of Dendritic cells (DCs) and mast cells in the induction of inflammatory 

response by cigarette smoke as a model for chronic obstructive pulmonary disease 

(COPD). Current knowledge on the role of these cells in the pathophysiology of COPD is 

limited.  DCs and mast cells are immune cells which can have a role in bridging the adaptive 

immune response with innate immunity. Understanding their role in the mechanism leading 

to inflammation by cigarette smoke may lead to new therapeutic targets for the treatment of 

COPD. In this summary the most important findings are discussed.  

Cigarette smoke modulates DC maturation and function  

Cigarette smoking is the main risk factor for the development of inflammatory 

obstructive respiratory system [1]. It has been shown that cigarette smoke (CS) contains a 

complex mixture of chemicals, bacterial and fungal components including lipopolysaccharide 

(LPS) that are capable of exerting immune-modulating effects [2-3]. The lung inflammatory 

response to CS exposure is not well understood and mechanisms initiating this response are 

still under investigation. Many inflammatory cells and their mediators, both of the innate and 

adaptive immune system, play a role in the pathogenesis of CS induced- airway diseases [4-

5]. DCs are essential antigen-presenting cells (APCs) which play a critical role in linking the 

innate and adaptive immune response through activation of T cells via direct cell-cell 

interactions and/or cytokine production [6-7]. Thus, the effect of cigarette smoke on DCs 

cells maturation, phenotype and function is important in the lung immune network [8-10]. 

DCs subsets arise from bone marrow (BM) that colonize in peripheral tissues through blood 

or the lymphatic system [11-13]. In chapter 2 the direct effects of CS on bone marrow-

derived DC (BMDC) activation and function was described. Evidence is provided that 

cigarette smoke extract (CSE) can directly modulate the DC-mediated immune response by 

affecting both, function and maturation of DCs. The maturation of DCs plays a critical role in 

innate and adaptive immune responses, and only mature antigen-experienced DCs are able to 

induce activation of T cells [14]. We found that CSE stimulates maturation of newly 

differentiated and immature DCs towards more mature cells. On the other hand, long-term 

exposure of BM precursors to CSE induces defective DCs as indicated by down regulation of 

dendritic cell-specific surface markers, antigen uptake and lack of cytokine production. 

Similar to mouse DCs, CS exposure of human L428 cells (which share properties of human 

DCs) suppressed the expression of activation markers. Taken together, chapter 2 provides 

T
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evidence that CSE exposure, dependent on time and concentration, suppresses the 

development of functional DCs (Fig. 1). Which compounds in CS are responsible for the 

effects on DCs biology remains to be clarified, but our study suggest that effects are not 

related to the presence of nicotine and acrolein in CS, but a role for LPS cannot be excluded. 

 Although caution should be taken to translate these findings into humans and clinical 

settings, it is tempting to speculate that described effects on DCs could contribute to the 

vulnerability of COPD patients to viruses and bacteria.   
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Fig.1. Schematic outline of DCs and mast cell differentiation from bone marrow hematopoietic stem cells. 
The HSCs differentiate into common lymphoid progenitors (CLPs) and common myeloid progenitors (CMPs). 
CSE could have an effect on the generation of DCs and mast cells time dependently. In early stage direct 
stimulation of bone marrow stem cells and progenitor cells with CSE induces the generation of defect cells (Red 
arrows). In late stage direct stimulation of newly differentiated or immature DCs and mast cells leads to a more 
mature status (Blue arrows). Abbreviation used: CDPs: Common Dendritic cell Precursors, CLP: Common 
Lymphoid Progenitor, CMP: Common Myeloid Progenitor, HSCs: Hematopoietic Stem Cells, MCP: Mast cells 
Pressures.  
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There are controversial findings on the effect of smoking on different subsets of 

dendritic cell and their activation in COPD patients [15-17]. In addition to chapter 2, in order 

to obtain more relevant biological mechanistic insight, a clinically relevant mouse model of 

COPD was used to further elucidate the role of DC subsets in the progress of CS-induced 

inflammatory responses.  

Dendritic cells regulate Inflammation in different lung compartments of cigarette 

smoke exposed mice 

The recruitment and activation of neutrophils and macrophages, into the respiratory system is 

a crucial feature considered in the pathophysiology of COPD, which is ultimately followed 

by the development of emphysema [18]. The lung contains an elaborate network of dendritic 

cells which control humoral immunity and T effector functions in the pathogenesis of allergic 

airway disease [19-20]. DCs reside in an immature state in the periphery of the lung, where 

they are strategically located to detect inhaled particulate and soluble antigen. Exposure to 

cigarette smoke can also influence DC maturation and the outcome of DC driven antigen 

presentation in the lungs [15-17]. In this thesis, it is described that in an acute model of 

cigarette smoke exposure (chapter 3), the numbers of neutrophils and macrophages are 

significantly increased in both BALF and lung tissues. This pattern of cellular infiltration 

corresponds with earlier studies [21-22]. Interestingly, Flt3L treatment to increase DC 

numbers during the acute CS exposure (5 days) decreased the number of inflammatory cells 

significantly in BALF. In contrast to BALF, the number of macrophages and neutrophils in 

lung tissue was increased in these animals. Flt3L treatment also induced a decrease in IL-17 

levels and an additional increase in IL-10 levels in BALF in smoke exposed animals which 

may be responsible for the suppression of the number of cells in BALF. Since the BAL cell 

counts and tissue cell counts were performed in the same lungs, it is tempting to suggest that 

less cells were counted in the BALF because the cells were more firmly adhered to the lung 

tissue and hence counted more cells in this compartment. 

The respiratory system contains various DC subsets with specific cell surface markers 

and functions and the role of these subsets underlying inflammatory response is beginning to 

unfold [18]. Lung CD11c+ DCs can be divided into two major migratory subsets, based on 

their expression levels of the CD103 and CD11b receptors [18]. Lung fibroblasts regulate the 

lung dendritic cell subsets trafficking and IL-1  plays a critical role in this process [23]. In 

chapter 3 it is described that depletion of the plasmacytoid DCs (pDCs) decreases IL-1  

production which suggest a possible role of pDCs in the recruitment of the inflammatory cells 
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by promoting inflammasome signaling and IL-1  production during cigarette smoke 

exposure. Furthermore, depletion of pDCs leads to an increased migration of alveolar 

macrophages with high expression of CD11b significantly into the lung parenchyma during 

acute smoke exposure. These findings suggest that in the absence of pDCs, the inflammatory 

response significantly amplifies in the lung and diminishes in airways. This provides a basis 

for further critical examination of the role of pDC in modulating cigarette smoke-induced 

innate and adaptive pulmonary immune responses.  Furthermore, since the clinical usage of 

the treatments (Flt3L/120g8) may involve effects on more than just DC subsets, further 

investigation on the specific targeting DC subsets as well as on knockout mice with 

additional in vitro studies is required to gain a thorough understanding of the underlying 

mechanism. 

The role of dendritic cells in the pathogenesis of cigarette smoke-induced emphysema in 

mice 

Chapter 4 gives further insight in the role of DCs in the pathogenesis of emphysema. 

Convential and plasmacytoid DCs were induced and depleted in a model of experimental 

cigarette smoke exposure (3 month) to investigate their role in the induction of lung 

emphysema symptoms. Emphysema induced by cigarette smoke exposure during 3 month 

was more pronounced after treatment of Flt3L. On the other hand, Flt3L induced a reduction 

in the number of BALF macrophages and improved lung resistance in smoke-exposed mice. 

Furthermore, in expansion of mDCs in the absence of pDC might be protective for the 

development of lung emphysema which implies a possible role of pDC as promoters of the 

pathological response in this scenario. This finding is of interest and in line with results in 

chapter 3 indicating that DCs are critical in inflammatory cell infiltration in lungs and 

airway.  

Angiogenesis plays an important role in tissue remodeling and also repair during the 

late phase of inflammation and is sustained by the early production of FGF and followed by 

the release of VEGF [24-26]. It has been shown that increasing amounts of TGF-  could lead 

to induction of VEGF by DCs under hypoxic conditions [27]. Chapter 4 shows that mDC are 

likely to be responsible for growth factors production in lungs during smoking. In summary, 

different DC subsets may play opposing roles in the pathogenesis of the lung emphysema 

induced by cigarette smoke. Further research on the activation, maturation, attraction and 
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migration of different subsets of DCs into the airway compartments is necessary to 

understand the pathophysiological role in the development of cigarette-induced emphysema. 

Analogous to DCs, mast cells are widely distributed throughout the vascularized 

tissues, particularly near surfaces that are exposed to the environment, including the skin, 

airways and gastrointestinal tract, where pathogens, allergens and other environmental agents 

are frequently encountered. Thus, mast cells are well-positioned to be, along with DCs, one 

of the first cells of the immune system to interact with environmental inhaled particles and 

noxious gases. Thus far the role of mast cells in the pathogenesis was still poorly 

investigated. The last part of the thesis describes studies on the role of mast cells in the 

pathogenesis of COPD.   

TGF-  and mast cell tryptase in emphysema  

COPD is characterized by a complex interaction between inflammatory and structural cells. 

 In COPD patients an accumulation of mast cells in the airways has been observed [28]. CS, 

as main risk factor, activates an inflammatory cascade in the airways resulting in damage to 

the lung epithelium and increased permeability and recruitment of neutrophils and 

macrophages [29]. Since mast cell activation results in the coordinated release of pro-

inflammatory mediators into the surrounding tissue, activation of this cell type following 

exposure to environmental challenges may result in the chronic inflammatory pathology [30].  

Cigarette smoke exposure exacerbates mouse airway inflammation and tissue 

remodeling via TGF- /Smad proteins expressed by activated mast cells [31]. TGF-  

modulates mast cell development, while activated mast cells can produce TGF-  [32]. In 

chapter 5 it is underscored that cigarette smoke extract (CSE) induces the expression of mast 

cell tryptase which is caused by TGF-  production. Mast cell proteinases (MCPs) are serine 

proteases [33] and mast cell tryptase (mMCP-6) induces cultured endothelial cells to 

selectively increase their expression of the neutrophil chemoattractant IL-8 [34]. Exposure of 

mice to cigarette smoke increased the number of mast cells in the airways and the expression 

of mast cell tryptase. These data may point to a role for mast cells in the potentiation of 

neutrophil recruitment into the airways. 
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Cigarette smoke reduces surface expression of mast cell development and expression of 

Fc RI and c-Kit 

Two mast cell surface receptors, c-kit and Fc RI mediate activation via innate and adaptive 

immune mechanisms, respectively [30, 35-36]. c-Kit represents a major growth and 

differentiation factor for both murine and human mast cells [37-38], However, activation of 

c-Kit can also induce mast cell mediator release [36], or can synergize with IgE-dependent 

activation [32]. We demonstrated that CSE exposure suppresses IgE-mediated mast cell 

degranulation and cytokine release but had no effect on leukotriene release. This suggests that 

exposure to CSE may lead to a reduced allergic activation of mast cells without affecting 

their response to other stimuli [39-40]. In chapter 6 it is described that BMMC exposed to 

CSE during their development from progenitor cells from bone marrow have decreased 

granularity and a reduced expression on c-kit and Fc RI (Fig. 1) which could account for a 

decreased responsiveness of mast cells to IgE/Ag activation.  Furthermore, the release of both 

Th1 and Th2 cytokines in response to Fc RI activation was reduced. Interestingly, co-culture 

with the TLR4 agonist LPS, did not affect mast cell development and even slightly increased 

IL-4 production. This suggests that LPS may not be involved in the mechanism by which 

CSE affects mast cell maturation and activation. In conclusion, in chapter 6 we show that 

CSM, independent of TLR4 signaling, suppresses the maturation and function of mast cells. 

This suppressive effect of CSE on mast cells may account for the reduced allergic response 

seen in animal models of cigarette smoke induced emphysema [41]. 
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Fig.2. A proposed model for the role of the DC subsets and mast cells in the trafficking of the 
inflammatory cells during cigarette smoke exposure. Pathway 1 (Blue arrows), shows that cigarette smoke 
causes the inflammatory cells to infiltrate into the lung and consecutively infiltrate into the airways. Our 
findings show that the modulation of DCs has a dual affect on this process as it enhances the infiltration into the 
lung but restricts the infiltration into the airways. Furthermore, the mast cells may also have a facilitative role in 
the infiltration of the inflammatory cells during cigarette smoke exposure. Pathway 2 (Green arrows), depicts a 
proposed model in which during cigarette smoke exposure, pDC may simultaneously play a role in enhancing 
the infiltration of CD103+DCs into the lung while restricting the infiltration of CD11b+AMQ. Furthermore, mast 
cells may affect the process through their influence on either pDC or fibroblast as indicated in the figure. 
Abbreviation used: LN: Lymph node, mDC: myeloid Dendritic cell, MQs: Macrophages, pDC: plasmacytoid 
Dendritic Cell.  
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In conclusion, we describe in this thesis that both functional activities of dendritic 

cells and mast cells can be affected by exposure to cigarette smoke. Different cellular subsets 

may be differentially influenced by cigarette smoke, which could also be related to their 

developmental status and cellular localization, while also the time of exposure seems to be a 

crucial factor, but this ultimately results in altered innate and adaptive immune response. 

Pharmacological intervention of DC subsets and mast cells might open new routes of 

interference in the pathogenesis of COPD.  
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                                                   Nederlandse samenvatting 

 

Er lijden wereldwijd ongeveer 200 miljoen mensen aan chronische obstructieve longziekten 

(COPD) en de voorspelling is dat het de derde doodsoorzaak zal zijn in 2030. Sigarettenrook 

is een van de belangrijkste oorzaken van deze long aandoening. Helaas is er nog weinig 

bekend over het ontstaan van COPD en er zijn geen medicijnen beschikbaar die het 

ziekteproces kunnen verminderen, stil zetten of verbeteren. Het is dus van belang om het 

mechanisme te ontrafelen hoe sigarettenrook de ontstekingen en de schade in de luchtwegen 

veroorzaken om uiteindelijk een effectieve therapie te ontwikkelen. 

De pathologische kenmerken van COPD zijn ontstekingen van de luchtwegen 

(bronchiolitis) en schade aan de longblaasjes (emfyseem). Het immuunsysteem speelt hierbij 

een belangrijke rol omdat deze de toxische deeltjes moet opruimen. Verschillende 

ontstekingscellen, zoals neutrofielen, macrofagen, lymfocyten zijn betrokken bij de 

ontstekingsreactie. 

In tegenstelling tot de hiervoor genoemde ontstekingscellen, is er weinig onderzoek 

verricht naar de rol van mestcellen (MC) en dendritische cellen (DC) in COPD. In dit 

proefschrift is daarom onderzoek verricht naar deze cellen om mogelijke nieuwe 

aangrijpingspunten voor nieuwe medicijnen te ontdekken. Hierbij zijn in vitro en in vivo 

modellen gebruikt. Er is onderzoek verricht naar hoe cellen zich ontwikkelen als ze uit het 

beenmerg geïsoleerd worden en gedurende verschillende tijdsperiodes ontwikkeld worden tot 

dendritische cellen in de aan- en afwezigheid van sigarettenrook. In vivo werd het aantal van 

selectieve typen DCs verhoogd of verlaagd, tijdens de blootstelling aan sigarettenrook, om te 

onderzoeken welk type DC verantwoordelijk zou kunnen zijn voor de pathologische 

verschijnselen. Ook werd de activiteit van MC en DC onderzocht in vitro en in vivo. 

Wij hebben aangetoond dat het moduleren van verschillende typen DC gedurende 

acute en chronische blootstelling aan sigarettenrook de luchtwegfunctie en 

ontstekingsreacties kunnen beïnvloeden. Sigarettenrook kan direct of indirect, de schade en 

ontsteking beïnvloeden door activatie en maturatie van DC. Sigarettenrook bevordert de groei 

en differentiatie van nieuwe en onvolwassen DC, terwijl het de volwassen DC remt. Hoewel 

er terughoudend gespeculeerd moet worden om deze gegevens te vertalen naar de patiënt, zou 
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dit mogelijk wel een verklaring kunnen zijn waarom COPD patiënten gevoeliger zijn voor 

infecties. 

Bovendien hebben wij aangetoond dat het aantal MC in de luchtwegen van muizen, 

die blootgesteld zijn aan sigarettenrook, is verhoogd. In de longen van deze dieren was ook 

TGF-  verhoogd. Vergelijkbare resultaten werden in vitro gevonden. Sigarettenrook 

verhoogde de expressie van MC tryptase wat veroorzaakt werd door een verhoging van TGF-

. In een andere studie hebben wij gevonden dat sigarettenrook de expressie van c-kit en 

Fc RI op mestcellen vermindert. Dit effect zou een verklaring kunnen zijn waarom een 

verminderde allergische reactie wordt gevonden in muizen, die blootgesteld zijn aan 

sigarettenrook. 

Wij kunnen stellen, dat de ontwikkeling en functionaliteit van DCs en MCs beïnvloed 

kan worden door sigarettenrook. Veranderingen in subtypen DC is afhankelijk van de status 

van ontwikkeling, DC locatie en de tijd van blootstelling aan sigarettenrook. Uiteindelijk zou 

dit kunnen leiden tot een verandering in het immuunsysteem en bijdragen aan de 

pathologische veranderingen in COPD. Farmacologische interventie in activatie van MC en 

differentiatie van subtypen van DC zouden nieuwe therapeutische mogelijkheden kunnen 

bieden in de behandeling van COPD. 
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    List of Abbreviation 

APCs    Antigen Presenting Cells 

BALF    Broncho-Alveolar Lavage Fluid  

BM    Bone Marrow  

BMMCs    BM-Derived Mast Cells 

Cdyn     Dynamic Compliance  

CDP    Common Dendritic cell Precursor  

cDCs     Conventional Dendritic Cells 

CLP    Common Lymphoid Progenitor 

CMP     Common Myeloid Progenitor 

COPD     Chronic Obstructive Pulmonary Disease  

CS                Cigarette Smoke  

CSE     Cigarette Smoke Extract  

CSM     Cigarette Smoke Medium  

DCs    Dendritic Cells  

FGF     Fibroblast Growth Factor  

Flt3L    Fms-Like Tyrosine kinase 3 Ligand 

HSC    Hematopoietic Stem Cell 

Lm     mean Linear Intercept 

LN     Lymph Node  

LPS     Lipopolysaccharide 

MDP     Macrophage/DC Pressure  

MHC     Major Histocompatibility Complex  

MLN     Mediastinal Lymph Node  

mDC     Myeloid Dendritic Cell 

NE     Neutrophil Elastase  

OD     Optical Density  

pDC    plasmacytoid Dendritic Cell 

pre-DCs    precursors for cDCs 

RL      Lung Resistance  

TLRs     Toll Like Receptors  

TGF     Transforming Grown Factor  

      VEGF     Vascular Endothelial Growth Factor  



168 

 

 



 

169 
 

 
 
You shall be the precious jewel so long that you seek it 

You shall be a slave to lust so long that you feed it 

The secret wisdom if you could see it, 

Is that what you pursue, you shall be it 
                                                                                                                                                                                 

                                                                                                                                                                          Rumi 
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