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 SMOKING AND ASTHMA: FROM EPIDEMIOLOGICAL DATA 
TO MOUSE MODELS 
 Asthma is a chronic airway disease characterized by recurrent 

attacks of breathlessness and wheezing, which may vary in 

severity and frequency ( www. ginasthma.org ). The bronchial 

hyper-reactivity underlying these symptoms originates from an 

improper pulmonary inflammatory response toward common 

aeroallergens or air pollutants. This aberrant immune response 

is characterized by airway eosinophilia, goblet cell hyperplasia, 

airway wall remodeling, and production of allergen-specific 

IgE, all driven by T helper (Th)2-derived cytokines, such as 

interleukin (IL)-4, IL-5, and IL-13. 1  Asthma rates have surged 

the last decades, and this has invigorated interest in the genetic 

and environmental risk factors contributing to this major pub-

lic health problem. Epidemiological data have associated ciga-

rette smoke exposure with the development and the severity of 

asthmatic disease. 2,3  In selected individuals, active smoking can 

thoroughly worsen the symptoms of asthma, precipitate a more 

pronounced decline in lung function over the years, and impair 

therapeutic responses to corticosteroids. 4,5  

 Several studies have implicated environmental tobacco smoke 

exposure  in utero  or during infancy in the development of child-

hood asthma (reviewed in ref.  6 ). Exposure to maternal smoking 

 in utero  exacerbates Th2-oriented responses in neonates and 

increases the risk of sensitization to house dust mite in later 

life. 7,8  One study revealed that circulating dendritic cells (DCs) 

from infants exposed to environmental tobacco smoke pro-

duced less of the immunosuppressive cytokine IL-10  in vitro . 9  

There are fewer reports on the role of active cigarette smoking 

in the triggering of asthma in later life. One large prospective 

cohort study showed an increased risk for new-onset asthma in 

smoking adolescents, which surprisingly enough was more pro-

nounced in subjects without allergic predisposition. 10  Smoking 

also appears to be associated with an increased risk of developing 

asthma in adulthood, both in the presence and in the absence of 

atopic background. 11  

 In light of these epidemiological data, laboratory animal 

models have been developed to gain a better understanding 

of the complex interaction between smoking and allergic air-

way inflammation. In these models, active smoking in human 
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subjects is reproduced by exposing animals to cigarette smoke 

 collected at the filter end of the cigarette ( “ mainstream ”  smoke), 

whereas passive smoking is mimicked by exposing animals to 

environmental smoke from the lit end of a smoldering ciga-

rette ( “ sidestream ”  component). The concentration of smoke to 

which animals are exposed varies widely among different labo-

ratories, depending on the use of collective  “ whole-body ”  expo-

sure chambers, vs. individual exposure devices (whole body or 

 “ nose-only ” ). These methodological variations likely explain the 

diverging observations among different research groups. Several 

laboratories have reported that both environmental and main-

stream cigarette smoke exposure of allergen-sensitized mice 

profoundly aggravated the allergic inflammatory response in 

the lung and increase airway hyper-reactivity. 12,13  

 In contrast, other groups describe attenuation of previously 

established allergic inflammation after mainstream cigarette 

smoke exposure. 14,15  A recent study by Thatcher  et al.  16 , by 

addressing the dose-dependent properties of mainstream 

tobacco smoke exposure on allergic response, highlighted 

the exposure regimen as a critical parameter in the outcome 

of cigarette smoking on the asthmatic phenotype in these 

models. 

 More intriguing than the impact of smoking on the severity 

of pre-established asthma, tobacco smoke appears to possess 

adjuvant properties in the initial recognition of allergens by the 

immune system, resulting in the induction of Th2 responses. 

Concomitant inhalation of mainstream cigarette smoke with 

aerosolized harmless antigen — without prior sensitization — elic-

ited features of allergic inflammation in mice, characterized by 

peribronchial eosinophilic infiltrates, goblet cell hyperplasia, 

enhanced levels of allergen-specific serum IgE, and IL-5 pro-

duction in draining lymph nodes (LNs). 17,18  The establishment 

of allergen-specific T-cell memory is a variable finding among 

different reports in this model. 17 – 19  By contrast, experiments 

from our group and others consistently revealed an expansion 

of airway DC numbers, which was greater in the combined 

exposure regimen compared with allergen or smoke inhalation 

alone. 13,17,18  Interestingly, the combined exposure triggered an 

enhanced production of the Th2-attracting chemokine, CCL17. 

The main source of CCL17 in the lung was shown to originate 

from pulmonary DCs themselves. 20  

 However, not all studies found a positive contribution of 

cigarette smoke to the sensitization phenomenon. When 

protein antigen was not inhaled as an aerosolized solution, 

but rather administered through the intranasal route, envi-

ronmental tobacco smoke exposure failed to trigger the anti-

gen-specific immune response to inhaled antigens. 21  Again, 

this illustrates the importance of the experimental setup used 

for the outcome of cigarette smoke-induced allergic sensi-

tization. In our hands, a combined challenge protocol (i.e., 

smoke exposure and aerosolized antigens given simultane-

ously) was able to break the default tolerogenic response in the 

lung and favor the development of a pro-allergic response. 17  

Furthermore, in a model of inhalational tolerance, prolonged 

cigarette smoke exposure of mice significantly delayed the 

establishment of tolerance induced by repeated harmless anti-

gen challenges. 22  

 In this review, we will provide insights into the molecular 

and cellular events underlying the phenomenon of tobacco 

smoke-induced allergen sensitization. Given the central role of 

DCs in the immunological homeostasis of the airway mucosa, 

we will highlight the effects of tobacco smoke on pulmonary 

DC  biology, and propose mechanisms through which tobacco 

smoke-exposed airway DCs could trigger allergic responses.   

a b

   Figure 1        Distribution and localization of airway DCs. ( a ) Distribution and morphology of the pulmonary DC network in the large conducting airways as 
revealed by MHCII staining on tracheal whole mount sections of a naive mouse. ( b ) Subepithelial localization of CD11c-positive DCs (brown) on a  cross-
sectional view of murine airway tissue. The CD11c    +     cell with a round morphology in the airway lumen represents a macrophage. DC, dendritic cell.  
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 AIRWAY DCS: IMMUNOLOGICAL SENSORS OF 
ENVIRONMENTAL AIR QUALITY 
 The lung is constantly exposed to airborne antigens, hence a 

thorough surveillance of this large organ by the immune sys-

tem is of vital importance. For this purpose, a dense network of 

airway DCs is distributed along the entire tracheobronchial tree 

as well as in the interalveolar septae and constantly surveys the 

content of inhaled air 23,24  ( Figure 1a ). Originally derived from 

the bone marrow, DCs travel as precursors through the blood 

circulation, migrate to peripheral tissues, such as the lung, and 

position themselves as immature cells just beneath the epithelial 

layers ( Figure 1b ). From there, they are ideally situated to extend 

their tentacle-like cytoplasmic processes into the airway lumen 

in which contact may occur with inhaled material caught in the 

mucociliary layer. 25,26  Equipped with specialized receptors for 

antigen uptake, the pulmonary DC network represents a highly 

differentiated and sophisticated antigen recognition system. The 

strength of this system lies in the ability to discriminate harm-

less from harmful inhaled substances. Invading microorganisms 

can be sensed through specific pathogen-associated molecu-

lar patterns recognized by pathogen recognition receptors on 

DCs, such as Toll-like receptors (TLRs), C-type lectin recep-

tors, cytosolic Nod-like receptors, and rig-like receptors. 27,28  

In addition to these exogenous danger signals, DCs integrate 

signals from stressed or damaged host cells (damage-associated 

molecular patterns), allowing them to detect a breach in tissue 

and cellular integrity. 29  The convergence of these danger signals 

informs the DC about inhaled material that poses an immediate 

threat to pulmonary tissues and activates a maturation program: 

DCs process sampled antigen, present it on major histocompat-

ibility (MHC) molecules, and strongly increase T-cell costimu-

latory molecule expression on their surface. At the same time, 

activated DCs acquire the capacity to home for lymphatic vessels 

and leave the antigen-exposed epithelium toward draining LNs. 

These migratory DCs specifically penetrate the T-cell-rich para-

cortical zones and transmit a package of information consist-

ing of processed antigen, along with costimulatory signals and 

secreted factors, that will program the ensuing T-cell response: 

tolerogenic, Th1, Th2, or Th17. A large body of experimental 

data validates the concept that the emerging T-cell polarization 

is determined by the molecular conditioning of the DCs at the 

site and moment of antigen encounter in the periphery.   

 AIRWAY DCS ARE MASTER REGULATORS OF ALLERGIC 
RESPONSES 
 A decado ago, DCs were identified upstream in the inflammatory 

cascade leading to a Th2-driven inflammation in the lung. 30,31  

Instillation of bone-marrow-derived, allergen-loaded DCs into 

the airways was sufficient to sensitize mice to a model allergen and 

induce a strong eosinophilic airway inflammation upon allergen 

rechallenge. 32  Moreover, it was shown that allergic sensitization to 

inhaled inocuous antigen could be repressed by a trace population 

of so-called plasmacytoid DCs residing in the lung periphery. 33  

 In addition to their involvement in the sensitization process, 

DCs play a non-redundant role in the local maintenance of aller-

gic responses and the severity of disease. Important evidence for 

this concept came from depletion studies in which DCs were 

selectively eliminated during ongoing allergic inflammation in 

the lung. 34  The complete abrogation of asthma-like symptoms 

in DC-depleted airways of mice challenged the view that primed 

Th2 cells required no additional reactivation by antigen-pre-

senting cells for their effector function. Instead, airway DCs 

were found to actively contribute to the maintenance of allergic 

disease by recruiting and activating recirculating Th2 memory 

cells. In addition, bidirectional interactions of DCs with aller-

gen-specific T cells lead to reciprocal activation and preceded 

the late-phase asthmatic response. 35  Furthermore, ongoing aller-

gic inflammation alters important features of pulmonary DC 

biology in a way that further consolidates the perpetuation of 

these inappropriate Th2 responses. First, DCs are recruited in 

massive amounts to the airways during allergic inflammation, 

which is supported by a proliferation of early DC precursors 

in the bone marrow. 36 – 38  Second, DCs in inflamed airways are 

unusually activated compared with DCs in healthy lungs. 36  Cell 

surface expression of MHCII and T-cell costimulatory molecules 

is markedly enhanced, whereas levels of inducible costimula-

tor-ligand (ICOS-L), an inhibitory molecule involved in IL-10-

dependent inhalational tolerance, 39  are decreased. With respect 

to the recently described two major pulmonary DC subsets, it 

appears that allergic airway inflammation primarily expands 

the CD11b-high/CD103-negative DC subpopulation, which is a 

powerful producer of inflammatory chemokines. 40,41  However, 

the CD11b-negative / CD103-high DC subset, which specifi-

cally resides within the airway epithelium, secretes the highest 

amount of the Th2-attracting chemokine, CCL22, on a per cell 

basis. Third, airway inflammation strongly invigorated antigen 

transport and emigration of airway DCs from allergen-chal-

lenged lungs to draining LNs. 36  Changes in airway DC numbers 

were also observed in human subjects with asthmatic disease, 

suggesting a role for the airway DC network in human asthma 

as well. In asthmatic patients, allergen challenge caused a drop in 

circulating blood myeloid DC numbers, 42  whereas a rapid accu-

mulation of myeloid DCs occurred in the bronchial mucosa. 43  

Furthermore, increased numbers of DCs in bronchial biopsies of 

asthmatic subjects are suppressed by inhaled corticosteroids. 44    

 TOBACCO SMOKE AFFECTS ALL THE ASPECTS OF AIRWAY 
DC BIOLOGY 
 To understand how tobacco smoke exposure can disturb the 

immunological balance in the lung and promote allergic sensi-

tization, it is important to outline the effects of tobacco smoke 

by itself on pulmonary DCs. From a physiological point of view, 

tobacco smoke exposure corresponds to excessive amounts of 

hot, noxious gases, toxic particles, and chemicals sweeping 

across the airways. The superficial airway DC network is at the 

forefront of this harmful influence, and not surprisingly smoke 

has profound impact on several aspects of DC biology, such as 

population turnover and activation ( Figure 2 ).  

 Tobacco smoke affects pulmonary DC recruitment 
 Cigarette smoke-induced pulmonary inflammation is charac-

terized by the infiltration of lower airways with neutrophils, 
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monocytes / macrophages, and cytotoxic CD8 T cells. Increased 

numbers of DCs are found very early in the airway compart-

ment of cigarette smoke-exposed murine lungs. 45,46  A detailed 

analysis of the inflammatory infiltrates in a mouse model of 

chronic obstructive pulmonary disease (COPD) revealed that 

DC numbers in the airways raised gradually after a short period 

of continual smoking, reaching 10-fold levels after a chronic 

exposure for 6 months compared with the numbers in sham-

exposed animals. 45  Lung tissue sections were also found to 

contain temporarily increased numbers of Langerhans cell-like 

DCs after passive exposure of mice to tobacco smoke. 47  Chronic 

exposure of mice leads to a pronounced peribronchial infiltra-

tion of the small airway bronchial lesions with MHCII    +    B220    −     

cells. 45  However, another group found decreased DC numbers 

in the peripheral lung after tobacco smoke exposure of mice. 48,49  

Probably, the effects on DC numbers are confined to the regions 

in close contact to the inhaled tobacco smoke, such as airway 

lumen, mucosa, and peribronchial tissue, and less detectable on 

whole lung tissue specimens. In humans, the accumulation of 

DCs was observed in bronchial biopsy specimens and broncho-

alveolar fluid of smokers. 50 – 53  On the other hand, smokers with 

asthma had less CD83    +     (i.e., mature) DCs in endobronchial 
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  Figure 2        Effects of tobacco smoke on different aspects of pulmonary DC biology. Tobacco smoking induces a pronounced pulmonary inflammation 
characterized by an influx of macrophages, neutrophils, CD8    +     T cells, and DCs into the lumen and lung tissues. (1) Exposure to cigarette smoke 
results in an increase in several potential DC-attracting mediators acting on DC precursors in the circulation or immature DCs in lung tissue. DC 
precursors in the blood express chemokine receptors, CCR2 and CX 3 CR1, which renders them responsive to CCL2 and CX 3 CL1 presented on the 
lung vascular tissue. (2) In pulmonary tissue, DCs are further recruited toward epithelial tissues by CCL20 and defensins, interacting with CCR6, or 
chemerin, interacting with ChemR23 on immature DCs. Neutrophil-derived products, such as cathelicidin, lactoferrin, and cathepsin G, and matrix-
degradation products, such as elastin, also have monocyte- and DC-attractive potential. (3) Once located in epithelial regions, DCs sample the mucosa 
for inhaled antigens while acting as immunological sensor for the presence of hazardous triggers. Tobacco smoke exposure has the potential to 
activate the airway DC network through several mechanisms. DC activation can occur through direct contact with cigarette smoke-derived compounds, 
such as endotoxins, toxic particles, and oxidizing agents. (4) Alternatively, DCs respond to inflammatory mediators released in the local pulmonary 
environment as a result of the biological damage inflicted by tobacco smoke. These mediators include several pro-inflammatory cytokines, such 
as TNF- � , IL-6, GM-CSF, and TSLP, reactive oxygen species (ROS) and danger signal-like heat-shock proteins (Hsps), high-mobility group box-1 
(HMGB1), and uric acid. DC activation results in the upregulation of MHCII and costimulatory molecules, such as CD80, CD86, and CD40. (5) DC 
maturation additionally induces the expression of CCR7, the chemokine receptor that interacts with CCL21 expressed on draining lung lymphatics 
and triggers DC emigration toward draining LNs. In T-cell areas of thoracic LNs, DCs interact with antigen-specific naive T cells and induce adaptive 
immune responses depending on the innate immune stimuli received from cigarette-exposed peripheral lung tissue. DC, dendritic cell; GM-CSF, 
granulocyte macrophage colony-stimulating factor; LN, lymph node; TNF- � , tumor necrosis factor- � .  
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biopsies of the large airways. 54  The increase in DC numbers 

after cigarette smoking in humans has led to the hypothesis that 

these cells play a role in the pathogenesis of COPD (discussed 

in detail in ref.  55 ). 

 Protein levels of the inflammatory CC-chemokine CCL20 

were significantly elevated in the bronchoalveolar lavage (BAL) 

fluid of cigarette smoke-exposed mice. 56  This correlated with 

the increased numbers of DCs expressing the chemokine 

receptor CCR6, suggesting a contribution of this chemok-

ine in the recruitment of DCs to the lungs. Furthermore, the 

increase in BAL DCs was attenuated in CCR6    −     /     −     mice after 

cigarette smoke exposure in both the subacute (1 month) and 

the chronic (6 month) COPD mouse model. 56  In humans, 

increased numbers of DCs were associated with the enhanced 

production of CCL20 and correlated with disease progress in 

COPD patients. 57  Alveolar type-II cells represent a rich source 

of chemokines and produce high levels of CCL20 in inflam-

matory conditions. 58  Conditioned media from these type II 

pneumocytes specifically attracted blood monocyte-derived 

CD1a    +     DCs through CCL20. This points to the important role 

of lung structural cells in pulmonary DC trafficking and that 

CCL20 might be involved in this process. However, the induc-

ible autocrine production of CCL20 by human monocytes and 

monocyte-derived DCs themselves, in addition to other innate 

cells such as neutrophils and macrophages, warrants for a more 

complex regulation of the chemokine network in the lung. 59  

Alternatively, CCR2 receptor might be primarily involved in 

the migration of DC (and their precursors) to the lung, con-

cordant with the findings in allergic mice. 60  Enhanced levels 

of CCL2 (also known as monocyte chemotactic protein-1, and 

an important CCR2 ligand) were observed in the lung of ciga-

rette smoke-exposed mice and in patients with COPD. 46,56,61  

In addition, cigarette smoke extract induced monocyte chemo-

tactic activity by lung epithelial cells and fibroblasts  in vitro  

through the release of CCL2. 62,63  The early production of 

CCL2 after an acute cigarette smoke exposure in mice corre-

lated with the influx of monocytes / macrophages (and, based 

on the morphological criteria, presumably also DCs) in lung 

tissue and lumen, similar to what has been observed in allergic 

lungs. 64  However, it could be that DC recruitment during aller-

gic inflammation vs. smoke-induced inflammation is governed 

by distinct chemokine-receptor networks. Furthermore, other 

chemotactic molecules released upon cigarette smoke exposure 

could additionally attract DCs or their precursors to the lung. 

Release of the activated complement cleavage product C5a was 

linked to the recruitment and differentiation of monocytes into 

DCs. 65  Several pathways of the complement system are indeed 

activated in response to cigarette smoke or smoke extract  in 

vitro . 66  Also, elastin fragments, generated as a result of pro-

teolysis of elastin fibers by neutrophil elastase or the protease 

MMP-12 during chronic smoke exposure, were shown to pro-

mote the recruitment of monocytes. 67  Neutrophil infiltration 

is a cardinal feature of smoke-induced airway inflammation in 

humans and mice. Several neutrophil degranulation products 

with antimicrobial properties, such as defensins, cathelicidin, 

lactoferrin, and cathepsin G, are chemotactic for monocytes 

and DCs. 68 – 70  Interestingly, degranulated neutrophils release 

the proteases elastin and cathepsin G, which cleave prochem-

erin into its biologically active form, chemerin, that can specifi-

cally attract DCs through its receptor ChemR23. 71,72    

 Tobacco smoke affects DC activation 
 Next to the effects on pulmonary DC migration and traffick-

ing, tobacco smoking appears to have profound effects on the 

activation status of pulmonary DCs. As already pointed out, 

the level of DC activation is a key determinant of the immu-

nogenicity of this cell. DCs in the airway compartment express 

enhanced levels of MHCII and the maturation markers, CD80, 

CD86, and CD40, in smoke-exposed mice and humans com-

pared with non-smokers. 45,46,53  Tobacco smoke contains many 

substances that can activate DCs either directly or indirectly by 

triggering the release of danger signals and pro-inflammatory 

mediators from resident lung cells, which could be sensed by 

a wide range of DC-expressed receptors ( Table 1 ). Bioactive 

endotoxin is present in mainstream and sidestream smoke par-

ticles and has been recognized for its strong adjuvant proper-

ties on cells of innate immunity. 73  Interestingly, DC activation 

after cigarette smoke inhalation is markedly reduced in the 

absence of the endotoxin-sensing receptor, TLR4. 46  Moreover, 

the entire inflammatory response in the lung after acute and 

subacute cigarette smoke exposure was shown to rely on intact 

  Table 1     List of potentially DC-activating and Th2-skewing 
factors present in tobacco smoke itself or released by 
tobacco smoke-exposed pulmonary tissue 

   Tobacco smoke-
derived 
compounds 

 Endotoxin-like 
compounds 

 Ref. 73  

     Aluminium  Ref. 107  

     Reactive oxygen 
species (ROS) 

 Refs. 66,92,93  

   Bystander cell-
derived inflamma-
tory mediators with 
strong DC-activa-
tion potential 

 ROS: peroxides, 
superoxide anions, 
lipid-peroxidation 
products (acrolein, 
4-HNE … ), and pro-
tein-carbonylation 
products 

 Refs. 66,92 – 94  

     Danger signals: 
Hsp, HMGB1, 
ATP, uric acid, and 
hyaluronic acid 

 Refs. 74,77,78,83,85,86,

108,112  

     Cytokines: IL-1 � , 
TNF- � , IL-6, GM-
CSF, and TSLP 

 Refs. 90,137,163  

   Factors with known 
function in Th2 
skewing 

 Cytokines: GM-
CSF, TSLP, VEGF, 
and IL-33 

 Refs. 115,133,135,138  

     ROS?: isoprostanes   

     Danger signals: 
ATP and uric acid 

 Refs. 108,112  

     Lipids: LTB4, cysLT 
and PGE 2   

 Refs. 140,142,145,146  

     Histamine  Ref. 150  
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TLR4 signaling and its adapter molecule MyD88, illustrating 

the importance of exogenous or endogenous TLR4 agonists. 46,74  

Cigarette smoke extract, for instance, increased the expression 

of TLR4 on airway epithelial cells  in vitro  and induced their 

activation, a process that can indirectly activate the underly-

ing DC network. 75  Heat-shock proteins, released by injured 

or dying cells, can additionally bind TLRs (TLR2 and TLR4) 

as well as other surface receptors, such as CD91, CD40, and 

CCR5, thereby initiating a signal transduction cascade leading 

to immune cell activation. 76  Smoking has been associated with 

the release of the 70-kDa heat-shock protein in the lung and by 

human monocytes and lung fibroblasts  in vitro.  74,77,78  Signaling 

through the RAGE system (receptor for advanced glycosylation 

end products) has been implicated in the recruitment, matura-

tion, and migration of DCs to the draining LNs. 79,80  Expression 

of RAGE and its major pro-inflammatory ligands was markedly 

upregulated during smoke-related airway disease on epithelial 

cells and inflammatory cells, including macrophages and air-

way DCs. 81,82  RAGE ligands include advanced glycation end 

products, which can be produced by non-enzymatic glyca-

tion and oxidation of protein and lipids, potentially driven by 

tobacco smoke exposure and inflammatory stress. Another lig-

and for RAGE is the nuclear protein high-mobility group box-1 

(HMGB1), which is normally buried deep within the nucleus 

and can be released into the extracellular space by passive dif-

fusion from necrotic cells or by active secretion from activated 

macrophages / monocytes. 83  In addition, HMGB1 is a known 

ligand for TLR2 and TLR4. 84  However, HMBG1 release by ciga-

rette smoking has not been explored yet. Extracellular matrix 

breakdown products from injured or inflamed tissues have 

also been identified as potent endogenous danger signals. Low 

molecular weight fragmentation products of the polysaccharide 

hyaluronic acid were shown to activate DCs and macrophages 

by engaging TLR2 and TLR4. 85,86  Hyaluronic acid is degraded 

by cigarette smoking through oxidative mechanisms. 87  Also, 

degradation products of heparan sulfate, ubiquitously present 

on cell surfaces and extracellular matrix, can activate DCs  in 

vitro . 88  In addition, the autoimmune response to elastin frag-

ments, which develops after chronic tobacco smoking, points to 

a certain immunogenic activity of elastin-degradation products 

on DC-mediated adaptive immunity. 89  Next to danger signals, 

pro-inflammatory cytokines and chemokines can additionally 

target the DC network and regulate their cellular activation sta-

tus. Tobacco smoke triggers the production of the early response 

cytokines, tumor necrosis factor- � , IL-1 � , IL-6, and granulocyte 

macrophage colony-stimulating factor (GM-CSF), by bronchial 

epithelial cells (reviewed in ref.  90 ). These cytokines are known 

for their strong DC-maturing properties  in vitro . 

Membrane lipid
peroxidation

NF-κB

AP-1

Activation of transcription factors

Inflammatory genes

ROS

MAPK signaling Aldehydes (acrolein, 4-HNE,…)
isoprostanes

NF-κB IκB

Histone acetylation and
chromatin remodeling

p38JNKERK

Dendritic cell

Protein
oxidation

Nrf2

Antioxidant genes

Cytokine secretion
upregulation of costimulatory

molecules migration 

Enhanced transcription

Th2?

HDAC

  Figure 3        Model for the impact of reactive oxygen species on the intracellular pathways involved in dendritic cell activation. Reactive oxygen species 
(ROS) interact with proteins and lipids present on the cell membrane, causing cell injury or leading to the formation of highly reactive metabolites, such 
as acrolein, 4-hydroxy-2-nonenal (4-HNE), and isoprostanes. These lipid peroxidation products are involved in the expression of genes regulating 
a variety of cellular pathophysiologic activities through various mechanisms: activation of the redox-sensitive transcription factors NF- � B and AP-1; 
phosphorylation of mitogen-activated protein kinases (MAPK) signal transduction pathways, including extracellular signal-regulated kinase (ERK), 
c-Jun N-terminal kinase (JNK), and p38 kinase, leading to increased gene transcription; chromatin remodeling through the inhibition of histone 
deacetylase (HDAC) enzymes thereby uncoiling the DNA and allowing increased accessibility for transcription factors. As a result, transcription 
of multiple inflammatory genes leads to cytokine secretion, upregulation of costimulatory molecules, and DC migration. At the same time, several 
antioxidant defense mechanisms regulated by the transcription factor nuclear erythroid 2 p45-related factor 2 (Nrf2) are activated. Specific activation of 
the ERK / MAPK signaling pathway has been linked with changes in DC function that induce Th2 differentiation. AP-1, activator protein-1; DC, dendritic 
cell; NF- � B, nuclear factor- � B;  Th2, T helper 2.  
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 The impact of oxidative stress on pulmonary DC biology rep-

resents an interesting, yet unexplored, research area, especially 

in the context of tobacco smoking. Oxidative stress is responsi-

ble for many inflammatory responses in the lung and plays an 

important role in the pathogenesis of COPD. 66,91 – 93  Tobacco 

smoke contains many reactive oxygen species (ROS), which can 

overwhelm the lung ’ s natural antioxidant defense mechanisms 

in the epithelial lining fluid and target underlying airway tissues, 

including the subepithelial DC network. Together with endog-

enously released ROS by inflammatory and lung structural 

cells as a result of tissue inflammation, the increased burden 

of oxidants in the lung contributes to the oxidative damage of 

lipids, proteins, and DNA in the lung. This might cause a direct 

cell injury or induce a variety of cellular responses through the 

generation of secondary metabolic reactive species ( Figure 

3 ). Membrane lipid peroxidation products, for instance, are 

involved in many of the pathophysiological effects associated 

with oxidative stress in cells and tissues. These inflammatory 

lipid mediators have a high affinity toward specific amino-acid 

residues of intracellular proteins involved in several aspects of 

cell signaling, chromatin remodeling, and gene expression. 94  

Redox-sensitive activation of the transcription factors, nuclear 

factor- � B and activator protein-1, switches on multiple pro-

inflammatory genes in a number of pulmonary cells. Oxidants 

trigger mitogen-activated protein (MAP) kinase signaling path-

ways, which are, in turn, involved in the maturation of DCs and 

secretion of pro-inflammatory cytokines. 95  Moreover, oxida-

tive stress can alter histone acetylation / deacetylation processes, 

allowing transcription factors to access DNA and start inflam-

matory gene transcription (discussed below). The importance of 

oxidative pathways in the activation of DCs by cigarette smoke 

was recently shown by Vassallo  et al.  96  They showed that ciga-

rette smoke-conditioned DCs and DCs from cigarette smoke-

exposed mice produced high levels of neutrophil-attracting 

cytokines that could be suppressed by the antioxidant  N -acetyl 

cysteine. The involvement of oxidative stress mechanisms in DC 

activation and cytokine secretion includes a significant increase 

in protein oxidation — measured by the formation of carbonyl 

radicals — and triggers p38 and extracellular signal-regulated 

kinase / mitogen-activated protein kinase (ERK / MAPK) signal-

ing, resulting in the upregulation of CD40. 97  In addition, the 

modification of extracellular matrix proteins by reactive carbo-

nyls triggers macrophage accumulation, adhesion, and activa-

tion through scavenger receptors, which are also abundantly 

expressed on DCs. 98  On the other hand, scavenger receptors 

inhibit DC emigration to the LNs and the subsequent develop-

ment of allergic inflammation, 99  illustrating the complexity of 

pro- vs. anti-inflammatory cellular events following oxidative 

stress in the lung. 

 The pleiotropic effects of tobacco smoke on the immunostim-

ulatory function of DCs are further illustrated by a study report-

ing a diminished capacity of DCs from cigarette smoke-exposed 

mice to induce IL-2 production by T cells, which was associated 

with a decreased antigen-specific T-cell proliferation  in vivo . 49  

Moreover,  in vitro  incubation of human monocyte-derived 

DCs with cigarette smoke extract suppressed the lipopoly-

saccharide-induced upregulation of CD40, CD80, CD86, and 

CCR7. 100  Also, DCs isolated from the lungs of smoke-exposed 

mice produce more tumor necrosis factor- � , but less IL-12, 

when stimulated  ex vivo . 101  Decreased production of IL-12p70 

by cigarette smoke extract-conditioned DCs prevents priming 

of Th1 cells, with a deviation of the response toward Th2. By 

contrast, the generation of neutrophilic cytokines, intracellular 

levels of cyclooxygenase-2, and the production of prostaglandin 

(PG)E 2  were enhanced after the incubation of DCs with ciga-

rette smoke extract.    

 COULD TOBACCO SMOKE EXPOSURE TRIGGER A DC-
DEPENDENT TH2 SENSITIZATION? 
 Tobacco smoke components thus appear to act as prototypical 

triggers of innate immune responses. DCs, by integrating key 

functions of innate and adaptive immunity, arise as the perfect 

 “ missing link ”  explaining the induction of a T-cell-driven aller-

gic inflammation following tobacco smoke inhalation. We are 

proposing several candidate pathogenetic mechanisms, which 

all converge on the pulmonary DCs and interact within the 

complex cellular and molecular environment which is the lung 

( Figure 4 ).  

 Direct pro-allergic effects of tobacco smoke through DCs 
 First, tobacco smoke itself might contain the putative DC-tar-

geted pro-allergic trigger. As already mentioned, biologically 

active endotoxin present in cigarette smoke could act as an 

adjuvant in airway sensitization through TLR4 signaling. 73  

By engaging TLR4, trace amounts of endotoxin were able to 

break tolerance toward co-inhaled ovalbumin (OVA), resulting 

in OVA-specific allergic airway inflammation in mice. 102  This 

phenomenon was associated with the activation and enhanced 

migration of airway DCs. 103  Another possibility involves TLR2, 

which, when engaged on DCs, can result in the induction of Th2 

responses in the lung. 104,105  TLR2 recognizes not only peptidog-

lycans from Gram-positive bacteria and bacterial lipopeptides, 

but also endogenous danger signals, such as 70-kDa heat-shock 

protein (the latter is known to be released in smoke-exposed 

airways 104 ). In addition to TLRs, the TLR-signaling adaptor 

molecule, MyD88, has been recognized as a crucial component 

in the induction of adaptive Th2 responses toward allergens. 106  

It would therefore be interesting to evaluate the importance of 

these TLRs and MyD88 in the context of tobacco smoke-induced 

airway sensitization. 

 In addition to endotoxin, aluminum has been detected at high 

concentrations in tobacco smoke formulations, raising the idea 

of alum-like hydroxyl salts potentially precipitating in the epi-

thelial lining fluid overlying the DC network. 107  Alum is rou-

tinely used as an adjuvant in human and animal vaccines, and is 

recognized for its strong Th2-skewing properties when admin-

istered in combination with allergens. Alum was recently shown 

to mediate its Th2 adjuvant effects through the local release of 

uric acid, an endogenous danger signal, followed by the accu-

mulation of inflammatory DCs and induction of strong Th2 

responses in draining LNs. 108  Alternatively, alum can activate 

the Nalp3 – inflammasome complex, a major intracellular innate 
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immune response system. 109  Activation of the inflammasome is 

responsible for the generation of active caspase-1, which cleaves 

a number of pro-inflammatory cytokines into their bio-active 

form, including IL-1 � , IL-18, and IL-33. The inflammasome 

pathway is emerging as an important pathway in the induction 

of Th2 responses in lung. Nalp3 inflammasome assembly and 

activation can occur as a result of purinergic receptor trigger-

ing by extracellular ATP. 110,111  Extracellular ATP has recently 

been discovered as a potent danger signal for DCs, triggering 

purinergic receptor on airway DCs and leading to a DC-depend-

ent allergic sensitization toward the co-inhaled inert protein. 112  

Endogenous sources of extracellular ATP comprise stressed or 

death cells as a result of pulmonary inflammation, including 

asthma and COPD. 113,114  The involvement of extracellular ATP 

and uric acid and the activation of the Nalp3 – inflammasome 

complex in the abrogation of inhalational tolerance and induc-

tion of aberrant Th2-driven inflammation by cigarette smoke 

represents an interesting working hypothesis for further investi-

gation. As mentioned, the activation of the inflammasome trig-

gers the production of IL-33, an IL-1 family member that was 

recently discovered to interact with the orphan receptor ST2, 

preferentially expressed on Th2 cells and mast cells. 115  Mainly 

produced by lung epithelial cells, IL-33 drives the expression 

of Th2-associated cytokines, ultimately leading to pathological 

changes in mucosal organs. The pro-inflammatory properties of 

IL-33 are mediated through the recruitment and activation of Th2 
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  Figure 4        Potential mechanisms of allergic sensitization by tobacco smoke toward co-inhaled allergens with emphasis on the central role of the 
pulmonary DC. Increased numbers of DCs recruited toward the airways upon the combined challenge with tobacco smoke and allergens interact 
with innate immune triggers present in the tobacco smoke itself or released by the epithelial environment. (1) Endotoxin-like compounds can induce 
TLR activation in DCs. Heat-shock proteins (Hsps), released as danger signals upon cellular stress, can also interact with TLRs on DCs. (2) Reactive 
oxygen species (ROS) can interfere with redox-sensitive pathways in DCs and airway epithelial cells and modulate cellular activation and cytokine 
secretion. Activation of the ERK / MAPK signaling pathway in DCs can alter DC function in a way that leads to preferential priming of Th2 cells. (3) 
Aluminium present in tobacco smoke could precipitate as hydroxy salts in the epithelial lining fluid and trigger activation of the inflammasome pathway 
directly, or through local release of the danger molecule, uric acid. The nucleotide ATP represents another danger signal that when released from 
stressed or damaged cells activates the inflammasome complex. (4) Pro-inflammatory cytokines produced by epithelial cells or mast cells in close 
proximity to airway DCs have the capacity to further modulate DC-mediated immune responses. These cytokines include the growth factors, GM-CSF, 
TSLP, and VEGF, and the IL-1 family member, IL-33. Lipid mediators, such as prostaglandins and leukotrienes, and the mast-cell product histamine 
might play a role as well. (5) As a result, DCs emanating from a cigarette smoke-conditioned pulmonary environment instruct naive T cells in draining 
LNs toward a Th2 response against co-inhaled innocuous antigen. (6) The ensuing allergic response is characterized by infiltrating Th2 effector cells, 
which produce Th2-specific cytokines, such as IL-4, IL-5, and IL-13, followed by allergen-specific IgE production and eosinophil accumulation in the 
lung. DC, dendritic cell; GM-CSF, granulocyte macrophage colony-stimulating factor; LN, lymph node; MAPK, mitogen-activated protein kinases; Th2, 
T helper 2; TLR, Toll-like receptor; VEGF, vascular endothelial growth factor.  
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lymphocytes and mast cells, and its biological activity was shown 

to cooperate with that of thymic stromal lymphopoietin (TSLP) 

(see below). 115 – 117  Less explored, but perhaps more relevant, is the 

critical involvement of a DC-expressed ST2 ligand in the trigger-

ing of allergic airway primo-sensitization. 32  It will be interesting 

to learn if, and at what stage, IL-33 is expressed during the course 

of cigarette smoke-induced lung inflammation and to what extent 

it initiates or amplifies a pro-allergic setting. 

 Another cytokine with an emerging role in allergic airway 

disease and smoke-induced COPD is IL-17. It is the product 

of Th17 cells, a recently discovered Th-cell subset involved in 

the pathogenesis of chronic tissue inflammation. Levels of IL-

17 are increased in the lungs of asthmatic and allergic mice, 

in which it regulates neutrophil recruitment. 118  In mice, Th17 

cells have been shown to cooperate with Th2 cells to enhance 

antigen-induced eosinophil recruitment into the airways and 

airway hyper-responsiveness. 119  It appears that DCs are able to 

provide the Th17-inducing cytokine, IL-6, during initial Th17-

cell priming. In addition, DCs are potent producers of the IL-12 

cytokine family member, IL-23 (or IL-17E), which is necessary 

to maintain the Th17 phenotype and represents a strong acti-

vator of Th17 effector function. Interestingly, chronic smoke 

exposure triggers progressive infiltration of Th17 cells into the 

airways. 120  Thus, chronic smoke exposure could program air-

way DCs to install an aberrant Th17-oriented climate conducive 

to subsequent allergic sensitization to the inhaled antigen. On 

the other hand, the introduction of smoke exposure on a back-

ground of already established chronic allergic airway inflamma-

tion did not seem to induce a Th17 response. 121  

 As mentioned earlier, cigarette smoke is a notorious vehi-

cle for ROS. The redox equilibrium of DCs has been shown 

to determine the outcome of T-cell polarization, implicating 

that ROS and their metabolic intermediates might be involved 

in allergic sensitization. 122,123  Activation of different MAPK 

signaling pathways in DCs has been shown to  “ rewire ”  the T-

helper-skewing properties of this cell. 95  Relative activation levels 

of the ERK / MAPK signaling pathway determine the ability of 

DCs to instruct Th2-cell differentiation in response to stimuli 

such as TLR2 agonists and schistosoma egg antigens. 124,125  

The ERK / MAPK signaling pathway negatively regulates the 

phenotypical and functional maturation of DC in response to 

Th1 stimuli by suppressing IL-12 production. 126  The oxidative 

stress-mediated ERK / MAPK phosphorylation and c-Fos activ-

ity in DCs after incubation with cigarette smoke extract  in vitro  

strongly suggest a role for ROS in smoke-induced Th2 skew-

ing of immune responses. 101  Interestingly, the deletion of the 

antioxidant gene transcription factor, nuclear erythroid 2 p45-

related factor-2 (Nrf2), in DCs leads to oxidative stress in DCs 

and an enhanced responsiveness of DCs to airborne particulate 

matter that was characterized by a Th2-biased antigen-specific 

immune response. 127  It would be worth exploring the extent to 

which Nrf2 conveys protection to DCs in response to pro-oxi-

dative cigarette smoke and allergen sensitization. Disruption 

of Nrf2 has already been shown to aggravate exacerbations of 

asthma and the severity of lung inflammation in response to cig-

arette smoke. 128,129  Finally, isoprostanes are stable metabolites 

resulting from the oxidative transformation of arachidonic acid 

metabolites and known biomarkers for oxidative stress in lung 

inflammatory diseases, such as asthma and COPD. Their bio-

chemical analogs in plants, termed phytoprostanes, are present 

as residues in pro-allergic pollen extracts and were shown 

to modulate human DC function  in vitro  in a way that favors 

Th2-cell polarization. 130    

 Indirect effects of tobacco smoke on DCs 
 Disruption of the bronchial epithelial cell homeostasis has been 

shown to initiate the inflammatory cascade that leads to the 

development of asthma (reviewed in ref.  25 ). Cigarette smoke is, 

for instance, able to cleave airway epithelial tight junctions. 131  

The resulting increase in epithelial permeability could lead to 

enhanced penetration of airborne antigen and promote the 

activation of the subepithelial DC network. 132  Disruption of 

the interepithelial adhesion barrier can additionally promote 

the activation of the bronchial epithelial cells and result in the 

release of danger signals and inflammatory cytokines. Several 

of these epithelial-cell-derived factors are known to be endowed 

with a strong Th2-inducive capacity in the lung. Bronchial 

expression of GM-CSF was sufficient to overcome the tolero-

genic response toward inhaled antigens and initiate pro-allergic 

Th2 responses. 133  Transgenic expression of GM-CSF in the lung 

promoted the differentiation and activation of a myeloid DC 

population, from which the majority was localized in the airway 

epithelium and peribronchial / perivascular areas. 134  Importantly, 

increased levels of GM-CSF have been found in the lungs of 

smoke-sensitized mice, and the allergic sensitization by cigarette 

smoking was, at least partially, GM-CSF dependent. 17 – 19  TSLP, 

an IL-7-like growth factor, has more recently been studied for 

its non-redundant role in the development of allergic responses, 

not only through the upregulation of OX40-L on DCs and polar-

ization of immune responses, but also by interacting with Th2 

cells. 135  Very recently, Nakamura  et al.  136  showed that intra-

nasal administration of cigarette smoke extract-induced TSLP 

expression in the mouse lung and that blocking TSLP activity 

inhibited OVA-specific Th2 responses and airway inflamma-

tion after concomittant cigarette smoke and OVA exposure. 

Interestingly, smooth muscle cells of COPD patients displayed 

stronger TSLP immunoreactivity than normal subjects. 137  

Vascular endothelial growth factor (VEGF), a multifunctional 

mediator of vascular and extravascular remodeling and inflam-

mation, was discovered to enhance antigen sensitization and 

was crucial in adaptive Th2 inflammation. 138  Lung-specific 

transgenic expression of VEGF induced, next to angiogenesis, 

edema, inflammation, vascular and parenchymal remodeling, 

a marked Th2 sensitization towards a model allergen, OVA.

This was mainly attributed to epithelial and Th2-cell-derived 

VEGF. Importantly,  in vitro  studies using cell lines represent-

ing bronchial and alveolar epithelium have shown that VEGF 

expression is increased in response to cigarette smoke expo-

sure. 139  Although VEGF release upon smoking is mainly aimed 

at maintaining tissue homeostasis and alveolar structure, 90  its 

aberrant expression in larger airways might alternatively con-

tribute to allergen sensitization. 
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 Lipid mediators, such as leukotrienes and prostanoids, are 

formed in response to various noxious stimuli in the lung, such 

as cigarette smoke, and regulate a broad range of  physiological 

and pathological processes that can further tweak Th2 responses. 

Leukotriene (LT) B4 from lung epithelial cells and fibroblasts con-

ditioned with cigarette smoke extracts attracts monocytes and DCs 

 in vitro.  62,63  The expression of its receptor, BLT1, on DCs is neces-

sary for the development of Th2 responses in an allergy mouse 

model, irrespective of the maturation status of these DCs. 140  As 

LTB4 represents an important mediator in both the COPD and 

asthma pathology, its overexpression during tobacco smoking 

might provide an additional link between smoking and aller-

gen sensitization. 66,141  Other LTs, such as cysteinyl LTs (cysLTs), 

have been well documented in asthmatic lung disorders in which 

they potentiate DC function in an early stage of antigen-specific 

immune responses. 142  The role of cysLTs in the pathogenesis of 

COPD is, however, debated. At least one study has suggested an 

enhanced biosynthesis of cysLTs in smokers. 143  Another class of 

lipid mediators, the PGs, is known for its pleiotropic effects on 

immunological processes through the modulation of DC func-

tion. 144  PGE 2  is known to influence DC behavior in a way that 

favors Th2-cell differentiation. 145,146  PGE 2  is increased in the air-

ways of smokers and COPD patients in whom it exerts not only 

beneficial effects, through bronchodilatation and immunosup-

pression, but also negative effects by enhancing mucus secretion. 66  

In addition, PGE 2  is produced by DCs themselves in response to 

cigarette smoke extract  in vitro  in which it preferentially primes 

Th2 cells by acting in an autocrine way. 96,100  

 Finally, Mast cells reside in the same anatomical niche as DCs 

and smoking is associated with an increase in mast cell numbers in 

the bronchial mucosa. 147  Very likely, cigarette smoking could also 

trigger mast cell activation and degranulation, 148,149  and this may 

favor Th2 priming through interaction with airway DCs. Indeed, 

histamine released by activated mast cells suppressed IL-12p70 pro-

duction by DCs and favored Th2 polarization  in vitro.  150  Mast-cell-

degranulation products, such as histamine, lipid mediators, and 

spingosine-1-phosphate, can activate immature DCs, trigger their 

mobilization to draining LNs, and induce the preferential priming 

of Th2 cells. 151 – 153  In addition, mast cells are significant sources of 

TSLP, which potently enhances allergic sensitization. 154    

 Epigenetic reprogramming of DCs 
 The term  “ epigenetics ”  describes heritable changes in pheno-

type or gene expression that are not encoded by DNA sequences 

themselves. Diverse cellular functions, including the regulation 

of inflammatory gene expression, DNA repair, and cell prolif-

eration, are regulated by changes in DNA methylation, covalent 

histone modifications, and microRNA expression patterns. Over 

the past years, it has become clear that epigenetic modifications 

of cell function play an important role in airway diseases, such 

as asthma and COPD. Among environmental agents, tobacco 

smoke is notoriously active in inducing epigenetic DNA modi-

fications. Also, epidemiological and experimental studies sug-

gest that asthma risk may be influenced by environmentally 

induced epigenetic changes of genes critical to Th-cell differ-

entiation. 155  Epigenetic control of inflammation in the lung has 

been observed by post-translational histone acetylation, allow-

ing unwinding of the chromatin structure and an enhanced 

transcription of pro-inflammatory genes. Conversely,  chromatin 

condensation and hence shutdown of gene transcription is 

promoted by a whole family of histone deacetylases (HDACs). 

Strikingly, both asthma and COPD are associated with a reduced 

HDAC activity in bronchial biopsies, lung parenchyma, and 

alveolar macrophages. 156  In addition, alveolar macrophages 

from smokers show reduced HDAC activity and expression of 

HDAC2. 156  It has been proposed that oxidative stress can inac-

tivate HDAC2 by means of nitration or carboxylation and that 

HDAC2 is phosphorylated, ubiquitinated, and degraded as a 

consequence of cigarette smoke exposure. 157,158  In the presence 

of inflammatory stimuli, HDACs appear capable of deacetylat-

ing histones in chromatin regions containing pro-inflammatory 

genes and shut down their expression. Hence, a loss of HDAC 

activity removes the  “ breaks ”  for pro-inflammatory gene expres-

sion and also leads to a corticoid-resistant inflammatory pheno-

type. 159  Interestingly, the pharmacological inhibition of HDAC 

in DCs was shown to alter the Th1 / Th2 balance  in vitro  through 

enhanced expression of indoleamine 2, 3-dioxygenase in DCs, 

inhibition of IL-12p40 production, and defects in DC-controlled 

Th1-effector-cell activation. 160 – 162  Possibly, epigenetic repro-

gramming of DCs driven by oxidative stress after tobacco smoke 

exposure could favor a Th2 bias toward concurrently inhaled 

antigens. The contribution of DC epigenetic reprogramming 

in the outcome of immune or inflammatory response is indeed 

a fascinating area for further research.    

 CONCLUSION 
 Airway DCs emerge as central players in the initial recogni-

tion of allergens and in the decision between the establish-

ment of inhalational tolerance and allergen sensitization. The 

effects of tobacco smoke on DC biology, especially its strong 

adjuvant potential on the subepithelial DC network, suggest 

that an aberrant DC function might underlie the allergic sen-

sitization observed toward concurrently inhaled antigens dur-

ing smoking. We have discussed a variety of innate immune 

pathways and mediators that could trigger inappropriate DC 

activation and induce a local inflammatory context conducive 

to the development of allergen-specific Th2 cells. Importantly, 

these triggers of innate immunity could be delivered by the 

tobacco smoke itself or, alternatively, released by damaged lung 

 epithelia and other pulmonary cells in response to tobacco 

smoking. This  immunopathological model perfectly illustrates 

the role of airway DCs as central regulators of pulmonary aller-

gic responses by integrating signals from the environment and 

resident cells. In an era in which the treatment of asthma is still 

dominated by the hegemony of glucocorticosteroids, exploiting 

this knowledge may lead to novel, more targeted therapeutic 

approaches.     
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