
49A. Prince (ed.), Mucosal Immunology of Acute Bacterial Pneumonia, 
DOI 10.1007/978-1-4614-5326-0_2, © Springer Science+Business Media New York 2013

    2.1   General Function of Dendritic Cells in the Lungs 

 Dendritic cells (DCs) are potent antigen-presenting cells (APCs) that have emerged 
as key regulators of adaptive immunity (Lambrecht and Hammad  2009  ) . The gen-
eral function of lung DCs is to recognize and pick up foreign antigens at the out-
skirts of the body, and subsequently migrate with their cargo to the draining 
mediastinal lymph nodes where antigen is processed into immunogenic peptides 
and displayed onto MHCI and MHCII molecules for presentation to naïve T cells. 
In fact these cells should be seen as specialized cells of the mononuclear phagocyte 
system that have evolved from the cells of the innate immune system to control 
adaptive immunity that came later in evolution (Banchereau and Steinman  1998  ) . 
Dendritic cells express all the pattern recognitions receptors shared with phagocytes 
of the innate immune system, yet at the same time also have the machinery to talk 
to T cells and B cells and relay information about the type of antigen to these cells, 
so that a tailormade adaptive response is induced and long-term memory is initiated. 
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As these cells respond to many noxious stimuli from both the outside world (pathogen 
associated molecular patterns or PAMPs) and from within (danger associated 
molecular patterns or DAMPS) and at the same time closely communicate with 
lung structural cells like alveolar epithelial cells (AECs), endothelial cells and 
 fi broblasts, it has been proposed that they could be crucial players in many lung 
diseases, particularly where T cell responses are involved in initiation of mainte-
nance of the disease (van Rijt et al.  2005  ) . Only very recently, there have been the 
 fi rst case reports of patients that display defects in the DC system. These DC-de fi cient 
patients are at risk of severe viral skin infections and pulmonary infections with 
atypical mycobacteria (Vinh et al.  2010  #13365; Bigley et al.  2011  #13358). Our 
own experiments employing DC-de fi cient mice have elucidated a crucial role for 
these cells in the induction of protective immunity to in fl uenza virus, via induction 
of both CD4 and CD8 T cell responses (GeurtsvanKessel et al.  2008  ) . Similar con-
clusions have been reached in models of tuberculosis and bacterial lung infections 
with Staphylococci and  Bordetella pertussis  (Dunne et al.  2009 ; Jiao et al.  2002 ; 
Martin et al.  2011  ) . Conversely, DCs are also heavily involved in maintaining 
immunopathology in which T cells play a predominant role, the best example being 
the mucosal in fl ammation seen in asthma and COPD. An emerging concept, that we 
cover in this chapter, is that there are several subsets of DCs in the lungs of mice, 
rats and humans that share many functional features among species. The most sim-
ple discrimination is based on a division of two subsets of conventional CD11c hi  
DCs (separated into a CD11b+ subset and a CD11b− subset, the latter also express-
ing CD103 and langerin), a CD11c dim  plasmacytoid DC subset, and a fourth class of 
in fl ammatory DCs that derive from monocytes under conditions of in fl ammation 
and also express CD11b as well as some in fl ammatory monocyte markers like 
Ly6C, Fc e RI and CD64 (see Fig.  2.1  for an overview of mouse DC subsets).  

    2.2   Brief Overview of Pulmonary Innate Defence Mechanisms 
Needed to Understand DC Biology 

    2.2.1   Mechanical and Physical Pulmonary Defence Mechanisms 

 The inspired air is contaminated with toxic gases, particulates and microbes. The  fi rst 
line of defence of the lung is made up of the complex physical shape of the conducting 
upper and lower airways causing a highly turbulent air fl ow that facilitates the impac-
tion, sedimentation and deposition of particulate matter and microorganisms on the 
mucosa, followed by the removal of these deposited particles by the mucociliary 
blanket and/or the physical expulsion from the respiratory tract by sneezing, cough-
ing or swallowing (Barber et al.  2003  ) . The action of the mucociliary blanket is a 
dynamic and complexly regulated escalator for bringing inhaled particles to the 
throat so that they can be swallowed. The conducting airways are lined with ciliated 
epithelium and the structure and function of the cilia in propulsing mucus have been 
extensively studied (Cowan et al.  2001 ; de Iongh and Rutland  1995 ; Santamaria 
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et al.  2008  ) . The correct movement of cilia and function of the mucociliary escalator 
also depends on the low viscosity of the periciliary  fl uid layer, physically a hydrated 
sol layer, allowing suf fi cient separation between the apical side of the epithelium 
and the viscous mucous blanket covering the cilia (Matsui et al.  1998a,   b  ) . Any 
discussion on the biology of dendritic cells, such as their potential to take up antigen, 
needs to be seen in the light of this complex mucociliary escalator. Dual photon live 
imaging studies on oxygenated tracheal explants have shown that DCs can extend 
long dendrites into the lumen of the trachea, and these movements seem to follow 
the direction of the mucociliary blanket (Hammad et al.  2009  ) .  

    2.2.2   Humoral Innate Immune Mechanisms in the Lung 

 Innate immune defences are evolutionary conserved pathways of defence that kill 
microbes in a generic pathway, often relying on the recognition and antagonism of 
common motifs in microbial proteins or lectins, the so-called pathogen-associated 
molecular patterns that are so crucial for the function of the microbe that their 
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  Fig. 2.1    In the left of the diagram the subsets of DCs found in steady state are depicted. These 
include conventional (c)DCs and plasmacytoid (p)DCs. Conventional DCs are still subdivided in 
two large families, one being CD11b positive, the other negative for CD11b. Under conditions of 
infl ammation there is immediate recruitment of monocytes that can also give rise to infl ammatory 
type DCs. These are also CD11b positive, yet still express discrete set of markers to discriminate 
them from CD11b+ cDCs   
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antagonism leads to loss of pathogenicity. Just like acquired or adaptive immunity, 
innate immunity consists of a humoral and a cellular part. 

 Humoral innate defence mechanisms are elaborate in the lung and consist of 
lactoferrin, lyzozyme, defensins, complement, cathelicidins and collectins (Bals 
and Hiemstra  2004  ) . These molecules can be produced by airway structural cells 
or by recruited innate immune cells like neutrophils and macrophages (see below). 
Surfactant protein A and D are collectins that opsonize bacteria and viruses like 
in fl uenza. As humoral innate immunity developed early in evolution, many of its 
component mediators like defensins, surfactant proteins and complement have 
the potential to in fl uence the function of dendritic cells in the airways (Awasthi 
et al.  2011 ; Brinker et al.  2001 ; Castellano et al.  2004 ; Ryan et al.  2011 ; Yang 
et al.  1999  ) .  

    2.2.3   Cellular Innate Immune Mechanisms in the Lung 

 The cellular arm of innate immunity in the lung is primarily made up of alveolar 
macrophages and recruited neutrophils (Fig.  2.1 ). Alveolar macrophages serve an 
important function in the phagocytosis, killing and/or neutralization of inhaled par-
ticulate antigens. Resident alveolar macrophages continuously encounter inhaled 
substances due to their exposed position in the alveolar lumen. These cells are 
packed with enzymes, metabolic products and cytokines that are vital to defence 
of the alveolar space but can potentially damage the alveolo-capillary membrane. 
To avoid collateral damage to type I and type II AECs in response to harmless anti-
gens, they are kept in a quiescent state, producing little in fl ammatory cytokines 
(Holt  1978  ) . Alveolar macrophages also actively suppress the function of  interstitial 
lung DCs that are situated in the alveolar septa (Holt et al.  1988  ) . It has been 
 estimated previously that the pool of alveolar macrophages can handle up to 10 9  
intratracheally injected bacteria before there is spillover of bacteria to DCs and 
before adaptive immunity is induced (MacLean et al.  1996  ) . Elegant studies have 
demonstrated that in vivo elimination of alveolar macrophages using clodronate-
 fi lled liposomes lead not only to overt in fl ammatory reactions to otherwise harmless 
particulate and soluble antigens (Thepen et al.  1989  ) , but also to an increased sensi-
tivity to bacterial, fungal and viral infection. In their exposed position, alveolar 
macrophages serve the  fi rst line of defence against inhaled pathogens not only by 
directly acting as the main phagocytes, but also as an important producer of pro-
in fl ammatory chemokines, cytokines, lipid mediators bioactive mediators that 
recruit other cell types to the lung (see Fig.  2.2 ). 

 In contrast to alveolar macrophages that reside in the lung and serve an immedi-
ate line of innate defence against inhaled pathogens, neutrophils are recruited within 
minutes after inoculation of microbes into the lung. The main function of neutro-
phils is phagocytosis and killing of microbes, particularly fungi like  Aspergillus  sp. 
and  Pneumocystis jeroveci . They can also kill microorganisms through release of 
alfa-defensins and lyzozyme. Neutrophil killing function depends on oxidative 
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enzymes like those of the NADPH oxidase system and myeloperoxidase. Once 
recruited, neutrophils can also further enhance more neutrophil recruitment through 
the production of cytokines (IL-1, TNF a , IL-6) as well as through release of calcium-
binding proteins of the S100 family (S100A8, A9 and A12) that act on the receptor 
for advanced glycation end products (RAGE receptor). Neutrophils also communi-
cate directly with DCs through Mac-1 or CD11b expressed on their surface interact-
ing with DC-SIGN on DCs (Cheung et al.  2010 ; van Gisbergen et al.  2005b  ) , as 
well as through release of cytokines, chemokines, neutrophil elastase, S100 family 
members and possibly through ROS production (Cheung et al.  2010 ; Tang et al. 
 2012  ) . In this way, neutrophils might function as danger sensors that communicate 
the presence of infection to DCs and instruct them to tailor ensuing immune 
responses to the type of pathogen (van Gisbergen et al.  2005a  ) . As only one exam-
ple, neutrophils are recruited early after infection of mice with  Mycobacterium 
tuberculosis . Depletion of neutrophils using monoclonal antibodies leads to reduced 
migration of DCs to the mediastinal lymph nodes and delayed antimycobacterial 
defence mechanisms (Blomgran and Ernst  2011  ) . As with alveolar macrophage 
depletion, depletion of neutrophils lowers the threshold by which lung DCs seem to 
capture bacteria and fungi (Park et al.  2010  ) .   

  Fig. 2.2    When a pathogen is inhaled, it will directly trigger the lung epithelial cells to produce 
chemokines and cytokines that attract and activate neutrophils, monocytes and DCs. Additionally, 
pathogens will also trigger a response from alveolar macrophages that fi rst phagocytose the patho-
gen, but also induce an innate immune response, to further recruit neutrophils and monocytes. The 
entire infl ammatory milieu with its cytokines, and endogenous danger signals will act to activate 
the DC network   
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    2.3   Induction of Innate Immune Responses in the Lung Also 
Leads to DC Recruitment 

 The above mechanisms of innate defence act in a coordinated fashion. Although 
a single aspect of the innate defence system can be triggered directly through rec-
ognition of foreign PAMPs, the innate defence mechanisms are often induced 
 simultaneously via triggering of common receptors on both phagocytes (for cellular 
defences) and epithelial cells (for inducing the production of humoral innate defence 
mechanisms). The most famous pattern recognition receptors (PRRs) belong to the 
family of toll-like receptors (TLRs, TLR1–11), NOD-like receptors, RIG-I like 
receptors and C-type lectin receptors (Kawai and Akira  2010  ) . These receptors rec-
ognize particular conserved PAMPs on speci fi c groups of microbes. The archetypi-
cal TLR4 is expressed at the cell surface and recognizes the Gram-negative cell 
wall component LPS, whereas TLR2 recognizes peptidoglycan and TLR5 recog-
nizes bacterial  fl agellin. The endosomal TLR receptors TLR3 recognize double-
stranded RNA, TLR7 and TLR8 single-stranded RNA and TLR9 unmethylated 
CpG motifs (Kawai and Akira  2010  ) . The exact cellular localization and down-
stream signalling pathways of these pathways have been studied extensively over 
the last few years and several clinical primary immunode fi ciency syndromes have 
been brought back to de fi ciencies in one of the signalling intermediates of these 
pathways (Ku et al.  2007  ) . 

 Many studies have shown that administration to the lung of either puri fi ed indi-
vidual TLR ligands or whole (inactivated) bacteria or viruses leads to massive 
recruitment of DCs to the lungs, through the production of chemokines that can 
attract DCs (McWilliam et al.  1994 ; Stumbles et al.  2001  ) . DCs reside in an imma-
ture state in the periphery of the lung, where they are located strategically to detect 
inhaled particulate and soluble antigen. Within the DC population, cDCs and pDCs 
differ in their TLR expression pattern, but relatively little is known about this in the 
lung. The expression pro fi le of TLRs on DCs seems however to be organ-speci fi c. 
A study has compared the expression of TLR4 and TLR9 on lung and spleen cDCs, 
and found that lung DCs expressed higher levels of TLR4 but only very low levels 
of TLR9, whereas spleen DCs had the opposite pattern (Chen et al.  2006  ) . Immgen 
array gene expression data have shown that mouse CD103 +  DCs mainly express 
TLR3, whereas CD11b + CD103 −  DCs mainly express TLR2 and TLR7 (Desch et al. 
 2011  ) . Both subsets express low levels of TLR4 in steady state. 

 In human lung, type 1 mDC and BDCA3+ type 2 mDC express mRNA tran-
scripts for TLR1, TLR2, TLR3, TLR4, TLR6 and TLR8. In response to TLR2 and 
TLR4 ligands mDC type 1 and mDC type 2 release proin fl ammatory cytokines 
(TNF- a , IL-1b, IL-6 and IL-8), whereas only type 1 mDCs produce proin fl ammatory 
cytokines in response to TLR3 triggering. Human lung pDC express TLR7 and 
TLR9 and release proin fl ammatory cytokines and type I interferon in response to 
imiquimod and CpG oligonucleotides (Demedts et al.  2006  ) .  
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    2.4   Indirect Activation of the DC Network by Epithelial Cells 

 Although direct recognition of foreign PAMPs by PRRs is the most likely explana-
tion how DCs respond to foreign antigen, it is now clear that recognition of PAMPs 
by the closeby epithelial cells is at least as important in activating the lung DC net-
work. This conclusion was reached by studying the in vivo response of lung DCs to 
the TLR4 agonist endotoxin (LPS), in bone marrow chimeric mice that lacked TLR4 
exclusively on either radiosensitive hematopoietic cells or radioresistant epithelial 
cells. In the absence of TLR ligation, lung DCs demonstrated a sessile behaviour. 
Provision of LPS led to a dramatic increase in motility and antigen sampling behav-
ior that led to crawling of DCs in between basal epithelial cells. Strikingly, instruc-
tion for this pattern of motility required TLR4 triggering of epithelial cells and not 
on DCs directly (Hammad et al.  2009  ) . Lung epithelial cells also produce the essen-
tial chemokines that chemoattract immature cDCs and in fl ammatory monocytes to 
the site of antigen exposure. For lung DC recruitment to in fl ammatory stimuli, sev-
eral chemokines and cytokines have been implicated. The chemokine CCL20 and 
epithelial  b -defensin are ligands for CCR6 expressed by immature (lung) DCs, and 
bronchial epithelial cells produce these factors in response to TLR ligation, C-type 
lectin triggering, allergen inhalation, virus infection, as well as exposure to environ-
mental pollutants (Hammad et al.  2009 ; Kallal et al.  2010 ; Nathan et al.  2009 ; 
Reibman et al.  2003  ) . However, a careful study of the contribution of the CCR6 
pathway to steady-state cDC lung biology has not been performed. It seems that 
under conditions of in fl ammation, other chemokine receptor interactions come into 
play. When sensitized mice receive an aerosol challenge with the relevant protein 
antigen, CCR2, and not CCR5 or CCR6 seems to be the relevant chemokine recep-
tor for causing the accumulation of lung DCs, although this might be predominantly 
through its capacity to release monocytic precursors from the bone marrow (Robays 
et al.  2007  ) . When a challenge with sheep red blood cells is given in the lungs, 
CCR2 directs DC precursors from the blood to the lung interstitium, whereas CCR6 
directs their transit from the interstitium to the airway (Osterholzer et al.  2005  ) . In 
rats, a CCR1/CCR5 antagonist however blocks bacteria-induced DC recruitment to 
the lung (Stumbles et al.  2001  ) . Freshly isolated respiratory mucosal DC respond to 
different CC chemokines, (MCP-1, -4, RANTES and eotaxin), complement cleav-
age products and  N -formyl-peptides (McWilliam et al.  1996  ) . 

 The precise role of the CX3CR1 receptor in lung DC recruitment following 
in fl ammation is currently unknown. Exposure of mouse lungs with cigarette smoke 
leads to CX3CL1 upregulation in the lungs. As the receptor CX3CR1 is present on 
many in fl ammatory cells like monocytes and CD11b+ cDCs, it is likely that this 
pathway could also contribute to recruitment of in fl ammatory type DCs to the lung 
(Jakubzick et al.  2008 ; McComb et al.  2008  ) . Another trigger for recruitment of 
DCs to the lungs under in fl ammatory conditions is the production by bronchial 
epithelial cells of a homodimer of the p40 subunit of IL-12 (Walter et al.  2001  ) . 
Viral as well as mycobacterial infection of the lung as well as allergic in fl ammation 
induces this p80 form of IL-12, and it was shown recently that lung DCs infected 



56 B.N. Lambrecht et al.

with  M. tuberculosis  use an alternatively spliced variant of the  IL-12rb1  gene to 
generate a shorter IL-12R b 1 isoform (IL-12R b 1 D TM) that promotes the respon-
siveness of the classical IL-12R b 1 to IL-12 p80 (Robinson et al.  2010  ) . Whether 
different DC subsets would employ this mechanism of migration to the lung dif-
ferentially and how this receptor is regulated is currently unknown. 

 Epithelial cells not only make chemokines that attract immature monocytes or 
DCs, they also produce critical maturation cytokines like IL-1, GM-CSF and TSLP 
that can activate the recruited monocytes to differentiate in DCs and induce their 
maturation into fully competent APCs capable of interacting with naïve T cells 
(for more detailed discussion, see Lambrecht and Hammad  2012  ) .  

    2.5   Induction of Adaptive Cellular Antimicrobial Immunity 
by DCs 

 Dendritic cells are potent APCs that have emerged as key regulators of adaptive 
immunity (Lambrecht and Hammad  2009  ) . The general function of lung DCs is to 
recognize and pick up foreign antigens at the outskirts of the body, and subsequently 
migrate with their cargo to the draining mediastinal lymph nodes where antigen is 
processed into immunogenic peptides and displayed onto MHCI and MHCII mol-
ecules for presentation to naïve T cells. Once DCs transport their antigenic cargo to 
the draining lymph nodes, they induce the proliferation and differentiation of naïve 
T cells into particular types of T cell responses (see Fig.  2.3 ). Discrete types of T 
helper cells provide crucial help for different parts of the innate and adaptive immune 
response (Zhu et al.  2010  ) . Th1 cells make IFN g  and mainly provide help to mono-
cytic cells, including macrophages and dendritic cells, and thus enforce killing of 
intracellular pathogens, and at the same time enforce opsonization of these through 
provision of B cell help. Conversely, Th2 cells make IL-4, IL-5 and IL-13 to pro-
vide help to eosinophils, mast cells and basophils to eliminate complex helminths, 
and at the same time induce IgG1 and IgE from B cells to arm the basophils and 
mast cells with effector potential. For a long time since the original description of 
the Th1/Th2 concept, it has been unclear which subtype of T cell help was important 
for inducing neutrophilic responses and protection from extracellular pathogens 
like fungi. This gap has been breached recently by the discovery of the cytokines 
IL-17 and IL-22 that are produced by Th17 cells that induce neutrophilic 
in fl ammation, production of defensins by epithelial cells and are important for 
clearance of fungi and extracellular bacteria (Ouyang et al.  2008  ) . 

 The precise signals that induce different types of Th lineage commitment of naïve 
T cells have been intensely studied (Zhu et al.  2010  ) . APCs can provide different 
levels and quality of signal 1 (peptide-MHC), signal 2 (costimulatory molecules) 
and signal 3 (instructive cytokines) to naïve T lymphocytes upon antigen encounter 
and triggering of their PPRs (Banchereau and Steinman  1998  )  (see Fig.  2.4 )   . 
When stimulated through the unique TCR, naive CD4 +  T cells differentiate into Th1 
cells in the presence of high amounts of IL-12. IL-12 instructs Th1 development via 
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  Fig. 2.3    When faced with a pathogen, DCs can induce many types of T helper responses based on 
their potential to produce polarizing cytokines. The functions of the ensuing T cells and the cytok-
ines mediating effector functions are depicted   

  Fig. 2.4    Expression of ‘danger’ receptors by dendritic cells (DCs). DCs express the highly con-
served receptors of the innate immune system also expressed by macrophages such as Toll-like 
receptors (TLRs), Nucleotide Oligomerization Domain (NOD-like) receptors and C-type selectin 
receptors (Left side of fi gure). These receptors react to foreign pathogen-associated molecular patterns 
(PAMPs). In addition, DCs express numerous receptors for infl ammatory mediators and necrotic 
debris, the so-called damage-associated molecular patterns (DAMPs) (right side of fi gure).   
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activation of STAT4 and the lineage instructing transcription factor T-bet. IL-17-
producing cells are induced when exposed to a cocktail of cytokines including 
TGF b , IL-6 and IL-1 a / b , while IL-23 further enhances the proliferation of these 
cells. The Th17 lineage-speci fi c transcription factor ROR g t enforces Th17 charac-
teristics in naïve T cells, and is induced by the cocktail of cytokines instructive to 
their development. The mechanisms leading to Th2 cell differentiation in vivo are 
still poorly understood, but in most instances require a source of IL-4 to activate the 
transcription factors STAT6 and GATA-3, and a source of IL-2, IL-7 or TSLP to acti-
vate the transcription factor STAT-5 (Kopf et al.  1993 ; Le Gros et al.  1990 ; Paul and 
Zhu  2010 ; Seder et al.  1992 ; Zheng and Flavell  1997  ) . Despite the overwhelming 
evidence that IL-4 is necessary for most Th2 responses, DCs were however never 
found to produce IL-4 and it was therefore long assumed that Th2 responses would 
occur by default, in the absence of strong Th1- or Th17-instructive cytokines in the 
immunological DC-T cell synapse, or when the strength of the MHCII-TCR interac-
tion, or the degree of costimulation offered to naïve T cells is weak (Constant et al. 
 1995 ; Jankovic et al.  2004 ; Lambrecht et al.  2000 ; Stumbles et al.  1998  ) . In this 
model, naïve CD4 T cells were the source of instructive IL-4. In an alternative view, 
IL-4 is secreted by an accessory innate immune cell type, like NKT cells, eosinophils, 
mast cells or basophils that provide IL-4 in trans to activate the Th2-differentiation 
program (Ben-Sasson et al.  1990  ) . In the lung allergic response to house dust mite 
allergen, we have recently found that basophils help DCs to induce Th2 immunity by 
providing an important, but not essential source of IL-4 (Hammad et al.  2010  ) . 

 Lung DCs are also essential in instructing the selection and expansion of CD8 
cytotoxic T cells that recognize virus-infected cells, cells infected with intracellular 
bacteria and tumorally transformed cells via presentation of endogenous cellular 
antigen on the MHCI complex (GeurtsvanKessel et al.  2008  ) . An important concep-
tual point is that DCs do not have to be infected themselves to perform this task but 
can phagocytose virally infected or transformed cells and use the process of cross-
presentation to present the exogenous antigen into their MHC-I loading machinery. 
In the lungs, antigen cross-presentation seems to be a unique feature of the subset of 
CD103+ DCs (Desch et al.  2011 ; GeurtsvanKessel et al.  2008  ) . Once activated by 
DCs and CD4 T cell help, cytotoxic T cells can lyse and kill infected cells in a pro-
cess requiring granzyme and/or perforin, or kill target cells in an FasL and/or TRAIL-
dependent manner, causing apoptotic cell death in targets (Hufford et al.  2011  ) . 

 The potential of DCs to boost very effective antibacterial immunity might be 
applied clinically in the future. One such example could be in the eradication of hard-
to-eliminate pathogens from colonized airways, such as seen in  Pseudomonas  infec-
tion in CF or bronchiectasis patients. In a recent study, it was shown that DCs pulsed 
with the  Pseudomonas aeruginosa  major constitutive outer membrane porin protein 
F (OprF) protected mice against  P. aeruginosa  infection and in fl ammation. Upon 
adoptive transfer in vivo, porin-pulsed dendritic cells (DCs) induced Th1-mediated 
resistance to infection and associated in fl ammatory pathology caused by either the 
PAO1 strain or a clinically isolated mucoid strain, highlighting the pivotal contribu-
tion of DCs to vaccine-induced protection (Peluso et al.  2010  ) . Expansion of local 
DC numbers by cytokines that stimulate their growth and or function might also be 
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a feasible strategy. In mice, overexpression of GM-CSF from the BCG vaccine strain 
led to enhanced protection from mycobacterial infection by accelerated priming of 
antigen-speci fi c CD4+ T cells in the mediastinal lymph nodes and increased migra-
tion of activated CD4+ T cells into the lung (Nambiar et al.  2010  ) .  

    2.6   Dendritic Cells and Humoral Immune Mechanisms 
in the Lung 

 Humoral immunity plays a predominant role in protecting from severe infections 
with encapsulated bacterial strains. Antibodies are well known for their neutralizing 
effects on secondary infections and this is the principle of most vaccinations against 
childhood infections. During a primary infection however, antibodies, some of which 
have broad spectrum speci fi city (the so-called natural antibodies) also have the 
capacity to activate complement and opsonize bacterial cell walls and capsules, 
hence facilitating clearance of the bugs. Antibodies of the IgA and IgG class are 
actively secreted into the airway lumen via the action of the polymeric Ig receptor. 
Airway luminal IgA is an important defence against viral entry. More and more evi-
dence suggests that DCs also control crucial aspects of humoral immunity, by directly 
interacting with B cells or by providing crucial T cell help of immunoglobulin class 
switching through stimulation of T follicular helper cells (T 

FH
 ). Lung DCs can pro-

mote the production of IgA in a process dependent on TGF b  (Naito et al.  2008  ) . 
Intratracheal injection of the mucosal adjuvant cholera toxin B subunit also induces 
DC-dependent IgA class switching (Smits et al.  2009  ) . In contrast to gut epithelial 
DCs, a recent study on lung DCs identi fi ed both RALDH1 and RALDH2 enzymes 
that promote retinoic acid production, involved in IgA class switching. Both subsets 
of lung cDCs had equal levels of RALDH activity (Guilliams et al.  2010  ) . 

 Elegant studies by Snapper et al. have demonstrated that dendritic cells pulsed 
with pneumococcal antigens can induce antibodies directed against pneumococcal 
polysaccharides, and lead to neutralizing immunity upon adoptive transfer (Colino 
et al.  2002,   2009  ) . Along the same lines, but potentially more clinically applicable, 
adenoviral overexpression of the DC growth factor Flt3L was able to boost antip-
neumococcal antibody responses, leading to elimination of nasal carriage rates in 
mice (Kataoka et al.  2011  ) .  

    2.7   Organized Lymphoid Structures and Bronchiectasis 

 The organized accumulation of lymphocytes in lymphoid organs serves to optimize 
both homeostatic immune surveillance, as well as chronic responses to pathogenic 
stimuli (Cupedo and Mebius  2005  ) . During embryonic development, circulating 
hemopoietic cells gather at predestined sites throughout the body, where they are 
subsequently arranged in T and B cell-speci fi c areas, thus leading to the formation 
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of secondary lymphoid organs (SLOs) like lymph nodes and spleen. In contrast, the 
body has a limited second set of selected sites that support neo-formation of orga-
nized lymphoid aggregates in adult life. However, these are only revealed at times 
of local, chronic in fl ammation when the so-called tertiary lymphoid organs (TLOs) 
appear. Just like in lymph nodes and spleen, areas of TLOs are characterized by the 
formation of specialized high endothelial venules and the organized production of 
chemokines leads to cellular organization of T cells and B cells in discrete area. In 
humans, TLOs have been observed in the joint and lung of rheumatoid arthritis 
(Rangel-Moreno et al.  2006  ) , around the airways of COPD patients (Hogg et al. 
 2004  )  and in the thyroid (Marinkovic et al.  2006  )  .  Certain infectious diseases are 
also accompanied by formation of TLO. In fl uenza virus infection of the respiratory 
tract leads to the formation of inducible bronchus-associated lymphoid tissue 
(iBALT) that supports T and B cell proliferation and productive immunoglobulin 
class switching in germinal centres (GCs) (GeurtsvanKessel et al.  2009 ; Moyron-
Quiroz et al.  2004  ) . Tertiary lymphoid follicles or iBALT is very frequently seen in 
tubular bronchiectasis, and the close association with bronchi might explain the 
obstruction of small bronchioles and airway obstruction often seen. Formation of 
TLOs could be the result of chronic colonization of bronchiectatic airways by 
microbes, and indeed it has been proposed that latent adenoviral infection is a cause 
of follicular bronchiectasis (Bateman et al.  1995  #13360). However, in one school 
of thought, TLO formation can also be seen as a source of self-speci fi c autoantibod-
ies and a re fl ection of an underlying auto-immune component to disease. In TLO 
associated with RA bronchiectasis, one has indeed seen the production of patho-
genic antibodies to citrullinated proteins (Rangel-Moreno et al.  2006  ) . Whatever the 
mechanism of induction or the pathogenic role of TLO structures, it has been shown 
that DCs are necessary for their maintenance in response to in fl uenza virus infec-
tion, vaccinia virus infection and chronic LPS administration. The reasons for this 
is that DCs express lymphotoxin  a 1 b 2 that stimulates local stromal cells to produce 
chemokines that keep T and B cell together in a logical context as also seen in SLOs 
like spleen and lymph nodes.  

    2.8   Antiin fl ammatory Pathways 

 With its large surface area, the lung is a portal of entry for many pathogens as 
inhaled air is contaminated with infectious agents, toxic gases and ( fi ne) particulate 
matter. At the same time, inhaled microbes and toxic substances can gain easy 
access to the bloodstream across the delicate alveolar-capillary membrane. Innate 
and adaptive immune defence of this vulnerable barrier is not easy and needs to be 
tightly controlled as too much edema, in fl ammation and cellular recruitment will 
lead to thickening of the alveolar wall and will jeopardize the diffusion of oxygen, 
vital to life. Considering the large surface area of the respiratory epithelium and the 
volume of air inspired on a daily basis, it is remarkable that there is so little 
in fl ammation under normal conditions, suggesting the presence of regulatory 
mechanisms that act to protect the gas-exchange mechanism. Following even severe 
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bacterial or viral infection, a return to homeostasis is the usual outcome. 
Understanding the conditions by which lung immune homeostasis is regulated 
might be crucial to advance our insight into the pathogenesis of in fl ammatory lung 
diseases caused by chronic bacterial colonization (as seen in bronchiectasis) or 
chronic infections (as seen in TB). One type of cell that has received particular 
attention in suppressing immune responses in the lung is the alveolar macrophage. 
Alveolar macrophages adhere closely to AECs at the alveolar wall and are sepa-
rated by only 0.2–0.5  m m from interstitial DCs. In macrophage-depleted mice, the 
DCs have a clearly enhanced antigen-presenting function (Holt et al.  1993  ) . When 
mixed with DCs in vitro, alveolar macrophages suppress T cell activation through 
release of NO (mainly in rodents), prostaglandins, IL-10 and TGF b . Alveolar mac-
rophages also express CD200R, an inhibitory receptor that regulates the strength of 
innate immunity to inhaled pathogens. Another cell type that has received a lot of 
attention is the regulatory T cell or Treg. Natural Tregs express high levels of CD25 
and express the lineage-speci fi c transcription factor Foxp3 (Hori et al.  2003  ) . These 
cells are generated in the thymus and have a natural reactivity for self-antigens as 
well as some foreign antigens, and mainly suppress autoimmunity (Watanabe et al. 
 2005  ) . Induced Tregs are generated when DCs encounter self-antigen in the periph-
ery or upon chronic immune stimulation. It is assumed that these induced Tregs 
serve to dampen overt immune activation to stimuli that cannot be fully eliminated, 
a typical example being chronic helminth infections or mycobacterial infections 
(Grainger et al.  2010  ) . It is also possible that failure of Treg function at a certain 
stage of the disease contributes to ongoing in fl ammation that might ultimately 
progress to  fi brosis. In this regard it is a striking observation that Tregs also make 
TGF b  as part of their suppressive program. TGF b  might be at the crossroads of 
immunoregulation and  fi brosis initiation. Dendritic cells from mycobacteria-
infected mice seem to induce large numbers of Treg cells that have a broad anti-
in fl ammatory function, even to inert allergens (Leepiyasakulchai et al.  2012  ) . 

 Finally, immune regulation might also stem from changes in stromal cells of the 
airways, such as epithelial cells. Airway epithelial cells play a predominant role in 
deciding whether or not an acute or chronic stimulus like endotoxin is recognized or 
not (Hammad et al.  2009  ) . Epithelial cells express many PRRs and the sensitivity of 
these can be regulated through negative regulators of signalling. Finally, some epi-
thelial-derived cytokines like IL-37 have an intrinsically anti-in fl ammatory effect 
on innate immunity in the lung (Nold et al.  2010  ) . It is currently unknown if defects 
in these counterregulatory mechanisms are involved in maintenance of in fl ammation 
in patients with lung infections, and whether these pathways mainly work by affect-
ing the function of lung DCs.  

    2.9   Conclusion 

 There has been great progress in our knowledge of innate and adaptive immune 
responses in the lung, it is increasingly clear that DCs control many aspects of the 
innate and adaptive immune response to bacterial lung infection.      
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