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“Hope begins in the dark, the stubborn hope that if you just 

show up and try to do the right thing, the dawn will come. 

You wait and watch and work: you don’t give up…One 

day you will see that it all has finally come together. What 

you have always wished for has finally come to be. You will 

look back and laugh at what has passed and you will ask 

yourself... 'How did I get through all of that?” 

 

~ Anne Lamott 
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ABSTRACT  

Background: Atopic asthma pathogenesis is driven by the combined effects of airway 

inflammation generated during responses to viral infections and aeroallergens, and both 

of these pathways are regulated by dendritic cells (DC) that differentiate locally from 

monocytic precursors.  These DC normally exhibit a sentinel phenotype characterised 

by active antigen sampling but attenuated presentation capability, which limits the 

intensity of local expression of adaptive immunity.  How this tight control of airway DC 

functions is normally maintained and why it breaks down in some atopics leading to 

immunopathological changes in airway tissues, is unknown.  In the airway mucosa, DC 

are intimately associated with airway epithelial cells (AEC), which are a source of a 

range of both pro- and anti-inflammatory mediators. A few studies have previously 

examined the effects of AEC-derived surface-expressed and soluble mediators upon the 

function of pre-differentiated DC, although there is a dearth of information as to the 

extent of AEC-conditioning of DC during their generation from incoming monocytic 

precursors within the airways. Therefore, this study was designed to test the hypothesis 

that signals from adjacent AEC contribute to regulation of local differentiation of 

airway mucosal DC, especially in the context of allergic airway disease. 

 

Methods and Results: A direct co-culture model was developed containing the AEC 

line 16HBE 14o- as a surrogate for primary AEC, and purified peripheral blood 

monocytes derived from atopic patients in a GM-CSF/IL-4-enriched cytokine milieu.  

Cells were cultured for 5 days, at which time the phenotype and functional attributes of 

the monocyte-derived DC (MDDC) generated in the presence of AEC (AEC-MDDC) 

were compared to the control MDDC population generated without AEC contact (Ctrl-

MDDC).  The model was designed to specifically reflect the local differentiation DC 

populations from their precursor monocytes in the context of the atopic asthmatic 

airway mucosa.   

 

It was demonstrated that contact with AEC during DC differentiation up-regulates 

expression of the function-associated markers MHC II, CD40, CD80, TLR3 and TLR4 

on the AEC-MDDC with concomitant up-regulation of antigen uptake/processing.  

Moreover, the AEC-MDDC displayed increased LPS and Poly I:C responsiveness 

evidenced by higher production of IL-12, IL-6, IL-10 and TNF-α. The Th2-memory 

activating properties of the AEC-MDDC were also selectively attenuated in antigen-
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presentation co-cultures of the MDDC subsets and autologous peripheral blood 

mononuculear cells (PBMC), despite both cultures exhibiting similar levels of CD4+ T-

cell proliferation. 

 

Microarray technology was used as a screening tool initially to identify candidate genes 

enriched in the AEC-MDDC genome-wide expression profile for more detailed follow-

up analysis.  A number of individual genes and gene families were identified as being 

up-regulated in the AEC-MDDC population compared to the control MDDC that could 

facilitate a number of DC functions important in the airway mucosa.  These included 

direct anti-microbial responses (complement, ICAM-1, SLAM), recruitment of DC and 

other immune effector cells (chemokines, complement), antigen uptake and processing 

(FcGRs) and interaction with T-cells (ICAM-1, B7-H1, B7-DC, SLAM).  Additionally, 

many of these molecules, either soluble or surface-based, can modulate DC function 

directly or enhance the responsiveness of this population to mediators within the 

mucosal environment. 

 

In relation to possible mechanisms of AEC conditioning of local DC, type 1 IFN 

signalling and the secretion IL-6 were up-regulated only upon contact of the AEC and 

the differentiating monocytes, and blocking studies revealed that they may both 

contribute to both overlapping and independent aspects of AEC-MDDC phenotype and 

function.  In contrast, IL-10, although boosted in the AEC-monocyte co-cultures, did 

not appear to play a role in the MDDC conditioning observed.  Thus, blocking studies 

accounted for a significant part but not all of the effects of the AEC/MDDC 

interactions, suggesting the involvement of additional mediators in this process.  

Expression of CD200R1 and its ligand CD200 by the AEC-MDDC and AEC, 

respectively, raised the possibility of an involvement of CD200R:CD200 interaction in 

modulating the AEC-MDDC subset, however blocking experiments were inconclusive 

and further experiments are required to investigate this. 

 

In a second microarray study, CD4+ T-cells purified from co-cultures of both MDDC 

subsets and autologous PBMC after 24-hour exposure to the recall antigen house dust 

mite (HDM) were analysed in order to identify transcriptional hallmarks associated with 

antigen presentation by AEC-modified DC.  It was revealed that AEC-MDDC 

activation provides more Th1-stimulatory signals resulting in higher levels of IFN-γ 
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protein as well as enhanced mRNA encoding other Th1-associated genes compared to 

ctrl-MDDC-activated CD4+ T-cells.  In parallel, an attenuation of mRNA boosting for 7 

out of 12 selected Th2-asscociated genes as well as IL-13 protein, was observed in 

AEC-MDDC supplemented cultures compared to ctrl-MDDC supplemented cultures. 

The data collected in the initial characterisation of the AEC-MDDC in Chapter 3 and 

further analysis of their gene expression profiles by microarray suggest a number of 

DC-associated factors could be involved in directing a potential bias against Th2 

immunity within the T-cell recall response.  These include increased expression of IL-

12 subunit mRNA and the enhanced levels of surface MHC Class II, CD80, ICAM-1 

and SLAM.  Further to Th1/Th2 modulation, a number of T-regulatory (Treg) genes 

were differentially expressed in the AEC-MDDC-re-activated CD4+ T-cells, and 

members of the chemokine and metallothionein families were elevated in the same 

population.  

 

Conclusions:  Collectively the results of this study suggest that in the context of the 

atopic airway microenvironment where there is an abundance of Th2-related mediators, 

healthy AEC arm locally maturing DC with an arsenal of anti-microbial defences that 

can be rapidly employed in response to encounter with inhaled pathogens, in particular 

viruses.  In this way, the DC are maintained in an ideal functional phenotype to 

efficiently mobilise both innate and Th1-polarised adaptive immune defences against 

infection, whilst achieving tight control of potentially-damaging Th2 immunity to 

aeroallergens, thus contributing to the maintenance of immunological homeostasis 

within the respiratory tract.  
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1.1 PULMONARY IMMUNE DEFENCE 

 

With a surface area of at least 70m2 in an adult human, the respiratory tract provides an 

immense surface specialised for gas exchange but which also offers a vast area for 

interaction with inhaled material. Two compartments defined on the basis of function 

exist: (1) the conducting airways consisting of the trachea, the main bronchi and the 

intrapulmonary bronchi which serve as both a conduit for air and a filtering system; and 

(2) the lung parenchyma consisting of the respiratory bronchioles (bronchioles with 

some alveoli apposed), the alveolar ducts and sacs with their alveoli and the interstitial 

connective tissue representing the main site for gas exchange (Figure 1). 

 

 

Figure 1:  Structure of the respiratory tract and accompanying DC populations. 
(A) Conducting airways with intraepithelial DC and (B) lung parenchyma with 
parenchymal and alveolar DC.  (See text for details, image modified with permission 
from authors (1)). 
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Efficient mechanisms are required to defend the air spaces from the array of potentially 

harmful stimuli that are inhaled each day.  Accordingly, these surfaces are protected by 

a first-line defence system consisting mainly of structural and mechanical barriers.  In 

addition, the highly complex immune system encompassing both innate and adaptive 

arms subsequently evolved, in which molecules and cells of each facet can reciprocally 

regulate each other, generating an optimally protective immune response whilst 

avoiding collateral damage to host tissue.  Dendritic cells (DC) are a unique group of 

cells situated at the interface of the airway lumen and underlying lung tissue that are 

central to the integration of innate and adaptive immunity and thus play a pivotal role in 

host lung defence (1-4).  In turn, DC are tightly regulated by factors within the 

pulmonary environment, which is the focus of this thesis. 

 

 

1.1.1 Structural barriers of the lung 

 

1.1.1.1 Airway epithelial cells:  junctional structures  

 

The entire pulmonary tree is lined by a continuous layer of epithelial cells, which vary 

in their relative distribution and abundance within the various airway regions. In the 

proximal airways, the epithelial cells lining their surface take on a pseudostratisfied 

columnar and/or partially stratified cuboidal appearance comprising three major types 

of cells: ciliated, non-ciliated secretory and basal cells (5).  In the distal bronchioles, the 

lining epithelium is composed of simple cuboidal cells with equal numbers of ciliated 

cells and non-ciliated secretory Clara cells (6).  In the gas exchange region of the 

alveoli, a 3-layered structure exists comprising of capillary endothelium, basement 

membrane and a thin layer of epithelium consisting of large flat alveolar type I cells and 

cuboidal alveolar type II cells (7).   

 

Throughout the respiratory tree, barrier function is determined by specialised structures 

residing at cell-cell and cell-substratum junctions.  The apices of adjacent epithelial 

cells are joined by tight junctions consisting of a circumferential belt containing greater 

than 40 different proteins, with the most prominent including occludin (8), claudin (9) 

and junctional adhesion molecules (JAM-A) (10).  Supporting the tight junctions are 

two related junctional structures, adherens junctions and desmosomes, and together 
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these individual components restrict the diffusion of solutes, macromolecules and 

microbes (11).  As the integrity of these junctions is paramount to providing robust 

defence, airway mucosal DC have evolved to express a number of tight junction 

proteins, allowing them to sample the airway lumen without disruption of these joining 

structures (12, 13).  Notably, the actions of pro-inflammatory cytokines and microbial 

products as well as the proteases of some allergens compromise epithelial barrier 

integrity by disruption of tight junctions, facilitating access of potentially harmful 

moieties to underlying lung tissue and potentiating lung pathology (14-19).   

 

1.1.1.2 Basement membrane 

 
Beneath the epithelial cells is a highly organised bi-layered structure known as the 

basement membrane.  The top layer, the lamina densa, is composed of airway epithelial 

cell (AEC)-secreted type IV collagen and type V laminin whereas the bottom layer 

comprises type III and V collagen and fibronectin and is secreted by subepithelial 

fibroblasts (20).  Whilst serving as an anchor point for the overlying AEC, the basement 

membrane is also involved as a regulator of AEC polarity and as a physical barrier 

between the epithelium and mesenchymal tissue (21). 

 

1.1.1.3 Mucociliary escalator 

 
A more active component of the respiratory barrier defence system is the mucociliary 

escalator, composed of a layer of mucus overlying a soluble aqueous layer lying upon 

the cilia of the epithelium. The secretory products of the two cell types of the 

submucosal glands, the serous and mucosal gland cells, are essential for efficient airway 

mucociliary clearance (22).  Ciliated cells are covered in around 200-300 cilia 

projecting from their most luminal aspect and the co-ordinated movement of the cilia 

propel the microorganisms and other particles entrapped within the viscous mucus layer 

towards the pharynx where they are swallowed (23-25).   
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1.1.2 Soluble innate immune defence 

 
The airway surface liquid consists not only of the viscous mucus layer but also a low-

viscosity aqueous solution referred to as the periciliary layer that contains a number of 

soluble substances that exert direct antimicrobial activity.  This group encompasses 

small cationic substances such as defensins and cathelicidins and larger proteins 

including lysozme, binding proteins and anti-proteases SLPI and Elafin (26). 

Antimicrobial molecules in the human lung are mainly produced and secreted by 

epithelial and phagocytic cells and their gene expression and secretion is tightly 

regulated.  These mediators generally have broad spectrum activity against both Gram-

positive and Gram-negative bacteria, mycobacteria, fungi and some enveloped viruses 

(27).  Additionally, a number of these antimicrobial molecules have a variety of other 

biological effects besides direct antimicrobial activity that are important in host defence.  

A summary of the airway antimicrobial factors, their mode of activity and cellular 

source is presented in Table 1. 
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Table 1: Soluble antimicrobial factors produced in the airway 

Factor Activity Cellular 
source 

Ref. 

Cathelicidins (hCAP-
18/LL-37) 

Kill bacteria 
Stimulate cytokine-chemokine 
production 
LPS neutralization 
 

AEC 
PMN 

(28-
31) 

Defensins 
α-defensins (HD1-6) 
β-defensins 
(HBD1-4) 

Permeabilise cell membranes 
LPS neutralization 
Activate complement 
Stimulate cytokine/chemokine 
production  
Attract DC and memory T-cells 

AEC 
PMN 
DC 

(32-
36) 

Fibronectin Opsonises microbes 
Enhances phagocytosis  
Inhibits bacterial adherence 

AM 
AEC 
Fibroblasts 

(27) 

Complement Opsonises microbes 
Enhances phagocytosis  
Direct cell lysis by MAC 
Recruitment and activation of other 
immune cells 

AEC 
DC 
AM 
Fibroblasts 

(37-
39) 

Elafin Direct cell lysis 
Protect host tissues from enzymes 
Recruitment and activation of DC 

AEC (40, 
41) 

Secretory 
leukoprotease 
inhibitor (SLPI) 

Direct cell lysis 
Protect host tissues from enzymes 
Recruitment of immune cells 

AEC (42, 
43) 

Lysozme Disrupts cell membranes PMN 
AEC 
AM 

(44) 

Collectins 
Incl. surfactant 
protein-A (SP-A), 
surfactant protein-D 
(SP-D), mannose-
binding lectin (MBL) 

Opsonise microbes 
Permeabilise cell membranes 
Stimulate respiratory burst of AM 
Modulate cytokine production 
Activate complement 
Inhibit microbial adherence 

AEC 
Type II 
pneumocyte
s 
 

(45-
48) 

Lactoferrin Inhibits microbial growth by 
sequestering iron 
Permeabilises cell membranes 
Promotes neutrophil adherence and 
bactericidal activity 
Inhibits bacterial adherence 
Promotes apoptosis of infected cells 

PMN 
AEC 
 

(49) 
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1.1.3 Cellular innate immune defence 

 

1.1.3.1 Pathogen recognition receptors 

The cellular components of the pulmonary innate immune system consist of phagocytic 

cells (alveolar macrophages [AM], polymorphonuclear leukocytes [PMN]), innate 

lymphocytes (natural killer cells [NK], natural killer T-cells [NKT] and gamma deltaT-

cells [γδT-cells]) as well as the resident AEC.   All of these cells recognize conserved 

microbial sequences known as pathogen associated microbial patterns (PAMPs) by 

similarly conserved pattern recognition receptors (PRRs) (50).  The specificity of PRRs 

allows the host to respond to pathogens but ignore non-pathogenic inhaled material.  

PRRs encompass a number of subfamilies, including the toll-like receptors (TLRs) (51), 

the C-type lectin receptors (CLRs) (52), the nucleotide binding and oligomerisation 

domain (Nod)-like receptors (NLRs) and the retinoid acid-inducible gene I (RIG)-like 

receptors (RLRs) (53). A salient feature of PRRs is their ability to couple PAMP 

recognition to 'downstream' induction of innate response genes (54). 

 

1.1.3.1.1 Toll-like receptors (TLRs) 

Ten human TLRs (TLR1-10) have been identified at present and all use a signalling 

pathway involving NF-κB and MAP kinase activation (54). However, each TLR has 

different ligand specificity, expression pattern and downstream signal transduction 

pathway they activate thereby affording different biological functions in terms of the 

nature of the immune response they invoke (55, 56). Each TLR expresses multiple 

leucine-rich repeats (LRRs) that provide the specificity of the receptor, linked to a 

cytosolic Toll-Interleukin-1 receptor (TIR) homology domain (55).  This TIR serves as 

a scaffold of sorts facilitating the recruitment and activation of adaptor molecules to 

initiate the downstream signalling.  There are four main TIR adaptors: MyD88 (57), 

TRIF (58), TRAM (59, 60) and TIRAP/MAL (61, 62) and different combinations of 

these adaptors are responsible for generating responses unique for each TLR.   

 

All TLRs with the exception of TLR3 signal through recruitment of MyD88 and as such 

TLR signalling is often divided into MyD88-dependent and –independent pathways 

(63).  The MyD88-dependent pathway leads to the production of pro-inflammatory 

cytokines such as IL-6 and TNF-α via the recruitment of signalling molecules including 
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IL-1-associated kinase 4 (IRAK4), IRAK1 and TNF receptor-associated factor 6 

(TRAF6).  In contrast, the MyD88-independent pathway is activated following 

triggering of TLR3 or TLR4, and leads to the production of type 1 IFNs, in particular 

IFN-β (63).  A summary of the known human TLRs, their ligands and DC expression 

patterns is presented in Table 2. 

 

Table 2: Location and specificity of human TLRs 

Toll-like 
receptor 

Known ligands Cellular 
location 

TLR1 Tri-acyl lipoproteins (complexed 
with TLR2) 

Cell surface 

TLR2 Microbial lipoprotein 
Lipoteichoic acid (LTA) (Gram +) 
Zymosan (yeast) 
Lipoarabinomannan (mycobacteria) 
A. fumigatus conidia 

Cell surface 

TLR3 Double-stranded RNA 
Poly I:C 

Endosomes 

TLR4 LPS (Gram -) 
Hsp60 
Hsp70 
RSV protein F 
A. fumigatus conidia and hyphae 

Cell surface 

TLR5 Flagellin Cell surface 
TLR6 Di-acyl lipoproteins (complexed 

with TLR2) 
Cell surface 

TLR7 Single-stranded RNA Endosomes 
TLR8 Single-stranded RNA Endosomes 
TLR9 CpG-containing DNA Endosomes 
TLR10 ? Cell surface 
Table compiled from references (64-67) 
 

1.1.3.1.2 C-type lectin receptors (CLRs) 

C-type lectin receptors (CLRs) are PRRs that have specificity for glycans including 

mannose structures, Lewis antigens, GlcNAc, GalNAc and β-glucans. Many of the 

CLRs are capable of binding a variety of invading pathogens including bacteria, viruses 

and fungi. This group includes soluble members such as the collectins (as described 

above) and membrane-based receptors.  NK cells express a broad repertoire of CLRs 

including NKG2, NKR-P and Ly49 receptors although they are not traditionally 

described as PRRs as NK cells mainly recognise self-molecules, (68).  Many of the 

transmembrane CLRs are expressed mainly by myeloid cells including macrophages 

and DC (52).  DC-SIGN, DEC-205, Dectin-1, CLEC, Mannose receptor (MR), 
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Langerin and DCIR are all examples of myeloid-expressing CLRs. Many of these can 

function as phagocytic receptors due to the internalisation motifs in their cytoplasmic 

tails that have implications for pathogen clearance but also the induction of the adaptive 

response via presentation of peptides to T-cells (69, 70). 

 

Alternatively, ligation of CLRs leads to the triggering of downstream signalling 

pathways that lead to the activation of immune response genes, although the exact 

activating mechanisms for the majority of CLRs remain ill-defined (52).  Dectin-1 in 

contrast has been well-characterised and its engagement results in signalling through 

Syk with downstream activation of the mitogen-activated protein kinases p39, Erk and 

Jnk and NF-κB and the activation of innate immune genes (71).  Syk may be an 

important signalling molecule for several CLRs, either through direct activation or via 

immunoreceptor tyrosine- based activation motif (ITAM)-containing adaptor proteins 

(52). The downstream result of these activation pathways generally results in cytokine 

production such as IL-2, IL-10, IL-12 and TNF-α.  In contrast, there is evidence that 

some CLRs such as DCIR and DCAL-2 may inhibit myeloid cell activation via 

coupling to SHP-1 or SHP-2 phosphatases (72).   

 

1.1.3.1.3 Intracellular PRRs: Nod-like receptors (NLRs) and retinoic acid-

inducible gene 1-like helicases (RLHs)  

NLRs are modular proteins that consist of an N-terminal CARD or BIR domain, a 

central NACHT domain and a C-terminal LRR domain (mediates binding to specific 

ligands) (73).  Three of the best-characterised NLR family members are Nod1, Nod2 

and ICE protease activating factor (IPAF).  These receptors recognise bacteria that can 

enter and reside in the cytoplasm such as Shigella or Mycobacterium, or they can detect 

bacterial products that have been passively brought into the cell via phagocytosis (74, 

75).  Ligation of Nod1 and Nod2 induces the transcription of pro-inflammatory 

cytokines and chemokines via activation of the NF-κB signalling pathway following 

interaction with the protein RIP-2 (74, 76).  Additionally, Nod2 activates the mitogen-

activated protein kinases (MAPKs) p38 and c-Jun N-terminal kinase (JNK), which are 

important for controlling production of inflammatory cytokines and chemokines (77).  

In contrast, IPAF ligation does not activate the NF-κB pathway but instead leads to 

activation of the inflammasome, processing of pro-IL-1β and release of mature IL-1β 

(78, 79). 
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The intracellular RLH family exists of 3 members, RIG-1, MDA5 and LGP2, all 

containing helicase motifs that recognise viral RNA which upon ligation stimulates 

their ATP catalytic activity (80).  RIG-1 recognises both viral ssRNA and dsRNA 

whereas MDA5 is restricted to dsRNA, however both activate the IFN-β promoter 

stimulator 1 (IPS-1) molecule via their caspase recruitment domains (CARDs) in a 

TRAF-dependent fashion (81).  IPS-1 leads to downstream phosphorylation of IRF-3 

and IRF-7, which translocate into the nucleus and induce the expression of type 1 IFN 

genes and a set of type 1 IFN-inducible genes (82).  Furthermore, NF-κB is also 

activated by IPS-1 via a FADD and caspase8/caspase10-dependent pathway, resulting 

in the production of pro-inflammatory genes (83).  Interestingly, LGP2 does not contain 

any CARD motifs and is instead thought to act as a negative regulator of RIG-1 and 

MDA5 (84). 

 

1.1.3.2 Cells involved in the innate immune response 

 

1.1.3.2.1 Airway epithelial cells  

Whilst once thought of as purely a structural barrier, it is now clear that AEC actively 

participate in the innate immune response against pathogens by the release of a vast 

array of antimicrobial substances as well as pro-inflammatory cytokines and 

chemokines.  A number of studies have shown that AEC express mRNA for all known 

TLRs (85-87) as well as a number of other intracellular PRRs (88, 89) and surface-

expressed TNF−α-receptor 1 (TNFR1) (90). There also appears to be different 

localisations of expression depending on the TLR.  For example, TLR2 is expressed on 

the apical surface of AEC (91) whereas TLR4 and TLR5 are restricted to the more 

basolateral regions (85).  Furthermore, whilst TLR2 is predominantly displayed on the 

surface of AEC, the expression of other TLRs appears to be for the most part restricted 

to intracellular locations at baseline, which may be mobilised to the surface upon 

microbial invasion (92).  Activation of TLRs by their specific ligands can upregulate the 

expression of downstream signalling molecules, leading to enhanced TLR signalling 

(93).   

 

The signalling pathways activated by TLRs in AEC resemble the cascades activated via 

these receptors in immune cells, resulting in the translocation of transcription factors 
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including NF-κB, c/EBP, ATF-2 and AP-1 to the nucleus (51). Upon binding of these 

factors to their specific promoter regions, AEC are induced to express numerous 

proinflammatory cytokines and chemokines such as IL-6, IL-1β, IL-8, MCP-1, MIP-1β, 

TGF-α, TGF-β, G-CSF, GM-CSF and type 1 IFNs which can recruit and activate a 

number of other innate immune cells including neutrophils, macrophages and DC (26). 

Furthermore, pathogen activation of AEC induces the release of an array of 

antimicrobial peptides including lysozyme, lactoferrin, β-defensins, NO, SLPI and 

Elafin that have broad-spectrum activity (refer to Table 1) as well as the production of 

mucin that contributes to the overlying mucous layer (94). 

 

1.1.3.2.2 Alveolar macrophages 

Contained within the surfactant film, alveolar macrophages (AM) account for 

approximately 95% of human airspace leukocytes in the steady state and with DC are 

one of the primary sentinel cells of the immune system in the lungs (95, 96).  AM 

express a number of endocytic PRRs including the mannose receptor (MR) and 

scavenger receptors that facilitate the uptake and engulfment of pathogens into 

lysosomes where they are killed by the release of antimicrobial peptides, reactive 

nitrogen intermediates and reactive oxygen intermediates (97-99). AM also have an 

important role in producing chemotactic agents including CCL2, CCL5, IL-8, CXCL2, 

leukotriene B4 and complement proteins that recruit large numbers of neutrophils, 

monocytes and T-cells into the airways to assist in the immune response (100-102). 

Additionally, in the absence of harmful stimuli, AM sequester antigen to prevent an 

active immune response, thus avoiding collateral damage to the surrounding alveolar 

tissue (103).  Furthermore, AM contribute to the clearance of apoptotic host cells (104).  

AM also play important roles in the down-modulation of local expression of T-cell 

immunity via effects upon T-cell signalling kinases (105) and on the APC functions of 

DC (106).  This will be discussed in more detail in Section 1.4 below. 

 

1.1.3.2.3 Neutrophils 

In humans, neutrophils are the predominant granulocyte in the circulation and are 

recruited rapidly to the lungs upon infection in response to a number of pro-

inflammatory mediators and chemokines that also activate them upon their arrival 

(107).  Their main role is in the phagocytosis of pathogenic microbes accomplished by 
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phagolysosomal fusion with azurophilic granules containing reactive oxygen species, 

defensins, lysozyme and other proteases (108, 109).  In addition, these cells serve as a 

source of TNF-α, IL-1β, IL-6 and CXCL2 that regulate both their own recruitment and 

activation and that of other immune cells participating in host defence (110). 

 

1.1.3.2.4 NK cells 

NK cells have an important role in innate immunity in the lungs, particularly in anti-

viral defence as via the expression of an array of activating and inhibitory receptors, 

they can directly recognise and kill target cells by release of cytotoxic granules 

containing perforin and granzyme (111).  Furthermore, activation of NK cells leads to 

the release of large amounts of cytokines such as IFN-γ, TNF-α and GM-CSF, as well 

as chemokines including CCL3, CCL4 and CCL5 (112, 113).  IFN-γ is particularly 

important in the activation of macrophages and neutrophils and the promotion of their 

phagocytic activity, but it also plays an important role in the control of T-lymphocytes 

in the adaptive immune response, by promoting CD4+ Th1 expansion and CD8+ CTL 

expansion and cytolytic activity (114).  NK cells are also important in the differentiation 

of DC from precursor monocytes (115) as well as their activation via a contact- and 

TNF-α-dependent mechanism (116).  However, at high NK:DC ratios, NK killing of 

DC ensues, serving as a point of immune regulation (117).   

 

1.1.3.2.5 NKT-cells 

Natural killer T-cells (NKT-cells) express both NK cell markers and T cell receptors 

(TCRs) that use a single Vα chain and recognise foreign and self-glycolipids presented 

by the non-classical MHC class I molecule CD1d (118).  They are primarily involved in 

the detection of bacterial and parasitic pathogens and can be rapidly activated to 

produce large amounts of IFN-γ and IL-4 (119).  Their high production of IFN-γ can 

operate to activate the effector functions of other innate immune cells including 

macrophages, neutrophils and NK cells (120).   

 

1.1.3.2.6 γδT-cells 

This subset of innate lymphocytes express TCRs but differ from αβT-cells as they do 

not require APC for the recognition of foreign antigens (121).  γδT-cells recognise 
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alkylamines from microbes and are thought to be particularly important in anti-

mycobacterial defence as they kill M. tuberculosis-infected cells through granulysin and 

perforin-dependent mechanisms (122-124) and are a rapid source of IFN-γ (125).   

Additionally, this cell population is thought to regulate immune responses following 

infection, as a subset of these cells has been shown to kill activated macrophages once 

pathogen clearance has occurred (126).   

 

1.2 DENDRITIC CELLS: DUAL PARTICIPANTS IN INNATE AND 
ADAPTIVE IMMUNITY 

 

Dendritic cells are often referred to as the sentinels or gatekeepers of the immune 

system.  They are located at the interface of the external environment and underlying 

tissue, where their main role is to sample incoming antigen and direct the subsequent 

immune response based on the qualitative nature of the antigenic signal. Initially upon 

recognition of the foreign molecule they secrete cytokine and chemokines that recruit 

innate immune cells such as neutrophils and macrophages that provide immediate 

defence.  Unlike other antigen presenting cells, they possess the unique ability to 

present antigen to naïve T cells and are instrumental in eliciting a primary immune 

response, a vital step in the generation of immunological memory (2).  Thus, these cells 

play a pivotal role in both immediate innate host defence as well as antigen-specific 

adaptive immunity. 

 

1.2.1 DC origin and heterogeneity 

 

All DC are derived from a common hematopoeitic stem cell in bone marrow and 

differentiate into two main DC subtypes: myeloid DC (mDC) and plasmacytoid DC 

(pDC).  Human mDC develop from monocytic precursor cells whereas pDC are 

generated from precursors related to the lymphoid lineage (127). The bulk of the DC in 

the blood represent precursor DC populations and include CD14+ CD11c+CD1c- 

monocytes, LIN-CD14-CD11c+CD1c+CD16-CD123lowBDCA2- DC and LIN-CD16-

CD11c-CD123highBDCA2+ DC (128-130). The former two precursors are derived from 

a CD34+ myeloid progenitor cell and the latter is thought to originate from a CD34+ 

lymphoid progenitor.  A population of human DC has been identified as the major sub-

population (0.6-2% of PBMC) in the blood (131, 132).  Identified by their specific 
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marker 6-sulfo LacNAc, an O-linked carbohydrate modification of PSGL-1, they are 

also delineated as CD1c−, CD11c+, CD16+, CD14−, C5aR, CD45RA+ and CD68+ and 

thus differ from the previously described DC.  Known as ‘SLAN-DC’, they are potent 

inducers of antigen-specific T-cell responses and have been shown to represent the 

major source of immediate high levels of IL-12 expression following TLR ligation 

(133).  

 

Until recently, the bulk of the literature provided overwhelming evidence that in steady 

state conditions tissue DC were derived from bone marrow-derived precursors other 

than monocytes. In contrast in the context of infection or inflammation, monocytes were 

central to the replenishment of these DC populations (134-137).  However, a recent 

study involving the transfer of monocytes into CD11+DC-depleted mice revealed that 

CX3CR1int and CX3CR1high monocytes (akin to human CD142+CD16- and 

CD14+CD16+ monocytes, respectively) replenish lung DC populations in both steady-

state and inflammatory conditions (138). 

 

1.2.2 DC subsets in the lung 

 

The whole notion of DC subsets has been a widely debated subject, in terms of what is 

the best way to characterise this diverse population of cells.  Traditionally, a 

combination of developmental lineages and biological functions has been used to 

delineate the subgroups, however recent work indicates that a) different subsets can 

originate from the same precursor population (139); and b) functional plasticity can be 

observed as different microenvironments can condition for the induction of specific 

types of DC (140-142). 

 

Animal models have allowed the intimate study of respiratory tract DC populations and 

meticulous work by our lab and others have revealed heterogeneity of this cell type 

within distinct anatomical areas (143, 144). In situ staining of resected human lung and 

the collection of bronchial alveolar lavage fluid (BALF) has allowed for the limited 

comparative study of human DC by a number of groups (145-148).   The consensus 

between animal and human studies, however, is that DC are found within the epithelial 

layer (intraepithelial DC) and beneath the epithelial layer and in the lower respiratory 
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tract, DC exist in the interstitial space as well as in the lumen of the alveoli (alveolar 

DC). 

 

1.2.2.1 Conducting airway DC 

DC within the conducting airways are situated underneath the epithelium in the lamina 

propria with a second group of cells intercalated between adjacent basal AEC sitting 

above the basement membrane.  In the steady state, 85% of this population turns over 

every 24-36 hours (149) and more recent studies in our laboratory have demonstrated 

that like their intestinal counterparts, these airway intraepithelial DC can project their 

dendrites into the luminal space without disruption of AEC tight junctions (13).  The 

majority of conducting airway DC express high levels of CD11c, MHC Class II and 

CD205, representing a myeloid DC phenotype, and exhibit high capacity for 

endocytosis as well as T-cell stimulation (144). Further characterisation of the 

CD11c+MHCII+ subset of airway DC by another group revealed that it could be further 

subdivided based on the surface expression of CD11b (12). CD11b- DC comprise about 

75% of the CD11c+MHCII+ population within the proximal subepithelial region, 

whereas the bulk of the CD11b+ DC are located more distally to the basal lamina. The 

CD11b- cells are further distinguished from the CD11b+ subset by their expression of a 

number of integrins including αEβ7 (CD103) as well as the possession of tight junction 

proteins, all of which facilitate their interaction with AEC (12). 

 

Human studies also found a high proportion of intraepithelial DC expressing the 

molecule CD1c with a lower proportion staining positive for CD1a, a marker previously 

ascribed to lung Langerhans’ cells (148). A significant finding of the Masten study was 

the presence of pDC within the airway epithelium that was paralleled in another recent 

study using in situ immunostaining demonstrating CD303+ pDC in intraepithelial 

locations in healthy human lung tissue (147).  This is consistent with the von Garnier 

study in the mouse showing small but detectable levels of pDC in the conducting 

airways (144). 

 

1.2.2.2 Parenchymal DC 

Enzymatic digestion of peripheral lung lobes enables the study of parenchymal DC. The 

phenotype of the majority of DC within this region was determined in animal studies to 

be CD11c+MHCII+CD11b+CD205+ with low-level expression of CD80, CD86, and 
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CD40, consistent with myeloid DC (144, 150).  Additionally, a rapidly migrating 

CD11clowMHCII- population has been found in the lung parenchyma that is thought to 

correspond to a precursor DC population, and there is also a small population of pDC 

(144).  Earlier studies in rat models have demonstrated that DC in this region represent 

a relatively long-lived population (149).  In contrast, a recent murine study by von 

Garnier found that the half-life of parenchymal DC is similar to that seen in the DC of 

the conducting airways, possessing very rapid kinetics (144).   

 

Similarly to the conducting airways, immunohistochemical analysis of intact healthy 

human lung tissue identified low-autofluroescent CD11c+MHCII+ mDC in the lung 

interstitium that exhibit CD40, CD80 and CD86 (148).  On enzymatic digestion of the 

tissue and functional analysis of these cells, it was found that they respond robustly to 

TLR4 stimulation and are efficient inducers of naïve T-cell proliferation in an MLR 

(148).  Masten and colleagues also identified pDC in the lung parenchyma as CD11c-

MHCII+CD123+ in agreement with others (147), although at reduced numbers 

compared to the mDC populations. 

 

1.2.2.3 Alveolar DC 

The alveolar DC population comprises low autofluorescent cells exhibiting a very 

immature phenotype and can be identified in BAL fluid (151).  Present in relatively low 

numbers compared to the AM at steady state, their numbers can be increased following 

sensitisation (152). They remain able to capture inhaled antigen and induce specific 

effector T-cell responses long after antigen exposure (153) compared to the short period 

ascribed to the conducting airway DC (154).  Alveolar DC express the transcription 

factor RunX3 that regulates TGF-β-mediated function and mice lacking this molecule 

have exaggerated immune responses to harmless stimuli, presumable as a result of lack 

of TGF-β sensitivity (155).  Additionally, AM within the alveolar zone are thought to 

actively suppress the function of alveolar DC in the steady state, as the depletion of the 

former population results in increased DC migration into the alveoli and on to the 

regional lymph nodes as well as enhanced DC antigen presentation abilities (106, 156). 
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1.2.3 DC recruitment to the lungs 

 

1.2.3.1  Steady-state conditions 

Under steady state conditions, there is constitutive trafficking of airway DC to local 

lymph nodes generally resulting in induction of tolerogenic T-cell responses following 

presentation with inert antigen (157).  As a result of these DC leaving their sentinel 

positions in the mucosa, high baseline levels of trafficking of DC and their precursors 

into the airways also occurs as described previously (149).  Blocking antagonists to 

CCR1 and CCR5 have been shown to reduce by half the number of recruited DC 

precursors into the resting airways (158) although the lack of total cessation of 

trafficking suggests that other factors are involved. CX3CR1 is highly expressed on 

monocytes and in CX3CR1-deficient mice, there is a significant reduction of migration 

of these DC precursors into resting tissue (137).  

 

1.2.3.2 Airway challenge 

There is a rapid acceleration of airway DC turnover during inflammatory insults, and 

the nature of the provoking stimulus determines the mechanism by which this influx 

occurs.  In the case of bacterial challenge, the chemokine receptors CCR1 and CCR5, as 

in the steady state, seem to be crucial in DC recruitment, although other chemokines 

may also be important in this process.   In contrast, whilst exposure to protein antigens 

leads to similar accelerated influx of DC precursors into the airways, this is not blocked 

by the use of CCR1/CCR5 antagonists (158).  Whilst CCR6 has been previously 

implicated in the context of antigenic challenge (159, 160), a recent study using 

chimeric mice found that CCR2 but not CCR6 is required for the increase in DC 

numbers in the lung during allergic inflammation (161). 

 

1.2.4 Role of DC in the innate immune response 

 

Immature DC display a multitude of receptors in order to sense their local 

microenvironment.  The expression of TLRs by DC has been well-characterised, with 

distinct repertoires of TLRs linked to individual DC subsets. Specifically, human blood 

mDC express TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8 and TLR10 

whereas the expression on pDC is restricted to TLR1, TLR6, TLR7, TLR9 and TLR10 
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(66, 67, 162, 163). Furthermore, DC derived from monocytes express a number of C-

type lectin receptors (CLRs) including the mannose receptor (MR) (164), DEC205 (69), 

DC-SIGN (165), BDCA-2 (166), Dectin-1 (167), DCIR (168), DCAL-1 (169) and C-

LEC (170).  The expression of intracellular PRRS including NLRs and RLHs by human 

DC is poorly defined at this stage.  Nod1 and Nod2 are present in the cytosol of DC and 

NALP1 is highly expressed in the Langerhans’ cells of the mucosal surfaces and skin 

(171, 172).  

 

Myeloid DC (mDC) appear to be the most potent stimulators of NK cell proliferation 

and cytotoxicity (173).  DC-mediated NK cell activation is dependent on direct cell 

contact resulting in the polarised secretion of IL-12 by mDC within the immunological 

synapse (174).  Additionally, other cytokines released by mDC including IL-2 IL-15, 

IL-18 and type 1 IFN also promote the proliferation, migration and activation of IFN-γ 

production and cytolytic function of NK cells (116, 175).  There is also good evidence 

that they can activate the effector functions of other innate immune cells including 

neutrophils (176), NKT-cells (177) and γδT-cells (178). Furthermore, mDC may 

acquire cytotoxic properties in certain conditions including in the context of viral 

infection (179-181).   

 

Plasmacytoid DC (pDC), upon recognition of viral antigens, are rapidly induced to 

secrete large quantities of type 1 IFNs.  These cytokines can act directly on virally-

infected cells by a number of mechanisms, including interference with viral gene 

transcription and prevention of viral replication or they can inhibit the growth of 

infected cells and/or sensitise them to apoptosis (182). Type 1 IFNs are essential for 

plasmacytoid precursor survival (183) and their activation, migration and maturation 

(184).  Furthermore, they facilitate the proliferation of NK cells and have a modest 

effect on their cytotoxic activity (185).  Although pDC are the major type 1 IFN 

producers, viral infection with influenza virus induces transcription of the majority of 

type 1 IFN subtypes in mDC within 1 to 3 hours of infection at comparable levels to 

pDC, suggesting that in certain instances mDC can contribute to this response (186).   

 

DC are an important source of chemokines upon sensing infection. Both mDC and pDC 

secrete successive waves of chemokines following viral infection, beginning with those 

capable of recruiting inflammatory cells such as neutrophils and NK cells, and followed 

by chemokines associated with the recruitment of monocytes and memory T-cells (187).   
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1.3 DC AND THE PULMONARY ADAPTIVE IMMUNE RESPONSE  

 

The adaptive immune response, in contrast to innate immunity, is characterised by 

specific responses generated by effector T- and B- lymphocytes towards the inciting 

stimulus and the development of antigen-specific memory leading to rapid protection 

upon secondary encounter. DC are the only recognised APC that have the capacity to 

activate naïve lymphocytes and are thus crucial to the generation of the adaptive 

immune response in the lung (4). 

 

1.3.1 Organisation of the lymphoid immune system in the lungs 

 
Whilst regional lymph nodes are the primary site of induction of immunological 

memory to inhaled antigen, there is evidence that, similar to other mucosal regions 

including the gastrointestinal tract and the skin, the airway mucosa also contains other 

inductive sites composed of discretely-organised lymphoid tissue.  The entry of 

lymphocytes into these specialised tissues in the lung is under the control of a specific 

array of adhesion molecules distinct from those required in other mucosal sites, 

supporting the notion of tissue-specific lymphocyte homing also occurs in the 

respiratory tract (188) 

 

1.3.1.1 Bronchial-associated lymphoid tissue (BALT) 

Bronchial-associated lymphoid tissue (BALT) refers to specially organised secondary 

lymphoid tissue lying adjacent to the airway lumen. It consists of highly organised 

follicles of B-cells surrounded closely by more diffuse lymphoid tissue known as the T-

cell zone and follicle-associated epithelium (189).  The majority of cells within the 

BALT constitute B-cells that express surface IgA and IgM, with antibody-secreting 

plasma cells located only at the periphery (190).  M cells are specialised EC that overlie 

the BALT and are derived from the basal stem cells of the respiratory epithelium.  They 

have the ability to phagocytose and pinocytose molecules within their environment and 

deliver antigenic substrate to the underlying lymphoid tissue to generate immune 

responses (191).  Whilst well-characterised in the gastrointestinal tract mucosa, there 

are only a handful of studies identifying the presence of an M cell-like cell in the lung, 

however their potential to deliver antigen to the underlying lymphoid tissue suggests 
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they may be crucial in developing an effective immune response in the respiratory tract 

(192, 193). 

 

The existence of BALT within the adult human respiratory tract has been a matter of 

debate.  Whilst animal models, particularly in rodents, have readily identified bona fide 

BALT present under normal conditions, there seems to be a relative absence of this 

organised tissue in the airways of healthy adult humans (194).  However, BALT has 

been identified in the lungs of human fetuses and is retained during adolescence where 

it is thought to play a dominant role in the development of the pulmonary adaptive 

immune response (195, 196).  In adults however, the majority of the literature suggests 

that BALT is present only during periods of increased antigen exposure, such as chronic 

lung disease (194). However, one study looking at the lungs of healthy adult skiers 

showed that a high proportion of subjects displayed isolated aggregations of lymphoid 

cells (IALC) that may indeed correspond to a smaller version of BALT (197). 

 

1.3.1.2 Isolated aggregations of lymphoid cells (IALC) 

A recent study highlights a relatively novel variation of BALT that may be important in 

the mucosal lymphoid system of the lung under normal and diseased conditions (198). 

IALC were defined as focal collections of greater than 50 lymphomononuclear cells 

with a density greater than 10 times that of the surrounding airway tissue. Like BALT, 

the lymphocytes in IALC were not randomly distributed but showed definite structural 

organization with the majority of cells belonging to the B-cell population with large 

numbers of memory T-cells and small populations of antigen presenting cells, 

macrophages and granulocytes.  In contrast to BALT, there were no specialised EC 

present and rather than being restricted to the upper airways, IALC appeared to be 

evenly distributed but were generally located away from the mucosal surface.   Whilst 

IALC is present in healthy controls, numbers of these organised clusters were increased 

in the lungs of smokers and asthmatics, suggesting that like BALT, elevated antigen 

exposure or tissue inflammation can drive their expansion, where their role may be to 

facilitate local priming of B-cells and T-cells within the airway wall, rather than in the 

local draining lymph nodes (198).  A second study supported the observations of the 

previous one, demonstrating a large number of IALC in the airways of healthy young 

children, suggesting that they these organised structures may be particularly important 
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in the lungs during early life when other lymphoid elements are still relatively immature 

(199). 

 

1.3.2 DC and T-lymphocytes 

 
Activation of DC by recognition of microbes via PRRs or by pro-inflammatory 

mediators initiates a maturation program that enables them to migrate to local draining 

lymph nodes with their antigenic cargo where they activate naïve T-cells, promoting 

their clonal expansion and directing their differentiation into effector T-cells (2).  The 

maturation of DC is characterised by several co-ordinated events, including 1) the up-

regulation of CCR7 on the DC surface allowing chemotaxis towards lymph nodes in 

response to CCL19 and CCL21 (200, 201); 2) the down-regulation of antigen uptake 

and processing capabilities (202, 203); 3) the increased expression of MHC-peptide 

complexes and co-stimulatory molecules at the DC surface (202, 203); and 4) the 

secretion of a number of de novo cytokines and chemokines (202, 203). 

 

1.3.2.1 Trafficking of pulmonary DC to lymph nodes 

Studies using the application of inert fluorescent dyes have observed the continuous and 

rapid migration of DC from the airways to the T-cell zones of the mediastinal lymph 

nodes (MLNs) in steady state conditions which parallels the continuous recruitment of 

DC precursors into the lungs (149, 204).  Infection or inflammation results in the 

marked acceleration of antigen-loaded DC migration into the MLNs mediated primarily 

by the up-regulation of CCR7 on the surface of the DC (205), and in some cases CCR8 

(156) or CCR5 (206) and by the release of pro-inflammatory mediators including TNF-

α (13, 207). 

 

1.3.2.2 DC and CD4+ T-cell priming  

CD4+ T-helper lymphocytes can differentiate into different types of Th cells 

distinguished by their cytokine secretion profiles that in turn are important for the 

induction of both humoral and cellular immunity, providing signals for the activation of 

B-cells and also cytotoxic T-lymphocytes (CTLs).  DC, by integrating signals from the 

local microenvironment, can direct the differentiation of the CD4+ T-cells into the 

appropriate effector phenotype required to control and eliminate the invading pathogen, 
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or in the case of an inert or self-protein, to generate a tolerogenic response (208).  

Intracellular pathogens including viruses and intracellular bacteria are countered by Th1 

responses, involving the production of IL-2 and IFN-γ by Th1 cells and B-cell isotype 

switching to IgG2a and IgG3 neutralising antibodies, with cellular immunity being 

mediated by CTLs that kill infected cells.  In contrast, immunity towards extracellular 

pathogens is optimally mediated by robust responses driven by Th2 cells and their 

secretion of signature cytokines IL-4, IL-5 and IL-13 that facilitate antibody class 

switching in B-cells to IgG1, IgG4, IgE and IgA (209) and the associated activation of 

eosinophils, mast cells and basophils.  The pathogen-specific antibodies mediate their 

elimination by microbial opsonisation, complement induction, toxin neutralisation and 

interference with pathogen adherence (208).  It is still unclear as to the exact role that 

the more recently characterised Th17 immunity, mediated by the release of IL-17, plays 

in antimicrobial defence.  IL-17+ Th-cells have been described in the context of a 

number of intracellular and extracellular infections and the current line of thought is that 

they may provide rapid and short-lived protection prior to the induction of Th1 or Th2 

cells, after which their activation is suppressed (210-212). 

 

1.3.2.2.1 The 3-signal theory of T-cell activation  

The establishment of immunity following presentation of antigen by DC is dependent 

on what has commonly become known as the “3-signal system”.  The signals involved 

are 1) presentation of specific antigen; 2) appropriate co-stimulation by the DC; and 3) 

additional activating signals such as CD40 ligation or DC-derived pro-inflammatory 

cytokines (213-216).   

 

1.3.2.2.1.1 Signal 1: Ligation of the TCR by exogenous peptides presented by 

MHC class II 

 

1.3.2.2.1.1.1 Antigen uptake by DC 

There have been a number of specific and non-specific processes by which DC can take 

up antigen and direct it to antigen-processing compartments.  The former category 

encompasses receptor-mediated uptake endocytosis and phagocytosis. A number of 

receptors have been shown to be involved in these processes including C-type lectins 

(217), immunoglobulin receptors (218-222), heat shock proteins (223, 224) and 
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complement receptors (225).  In contrast, pinocytosis is a non-specific method 

employed by the DC whereby soluble material from the environment is rapidly taken up 

via ‘membrane ruffling’ (164).  It is clear that DC constitutively macropinocytose 

extracellular fluid, a process that is facilitated by the expression of specific aquaporins 

(226).  In addition, there has been speculation that DC can actively acquire pre-

processed antigenic peptides derived from phagocytosing macrophages in close 

juxtaposition within the same tissue (227) as well as other nearby DC (228, 229). 

 

1.3.2.2.1.1.2 Antigen processing and association with MHC Class II molecules  

MHC Class II molecules are generally restricted to the professional APC and are 

responsible for the presentation of exogenously-derived antigen to CD4+ T-cells.  

Following uptake, antigens are contained within a phagosome where they are 

proteolytically cleaved to form short peptides. MHC Class II molecules are synthesised 

in the endoplasmic reticulum where they associate with the invariant chain (Ii) but are 

then transported to lysosomes that then fuse with the matured phagosome to form the 

phagolysosome.  Here the peptides are loaded onto the MHC Class II molecules and 

then sent to the cell surface through endolysomal tubules (230).  It is pertinent to note 

here that TLR signalling can up-regulate the formation of these endolysomal tubules, 

thereby facilitating the APC’ display of MHC Class II/peptide complexes on their 

surface (231, 232).   

 

1.3.2.2.1.1.3 Elements of the TCR-MHC interaction influencing T-cell polarisation 

 

a) Variations in doses of protein antigen  

Higher doses of antigen lead to the generation of Th1 cells, whereas lower 

concentrations skew towards Th2 responses (233, 234).  Up-regulation of CD40 ligand 

(CD40L) on T-cells following Ag presentation has been suggested as a mechanism by 

which high doses favour Th1 responses where in the reverse situation, failure to induce 

CD40L leads to Th2 immunity (233).  

 

b) Avidity of the TCR-ligand interaction 

The affinity of the peptide presented in the context of MHC II and the TCR also has a 

bearing on the type of T-cell immunity that ensues.  Studies using altered peptide 

ligands (APLs), which have been synthetically manipulated to either reduce or enhance 
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their binding affinity, have showed that weak-binding peptides were exclusively IL-4-

producing whereas Th1 immunity dominated upon presentation with increased binding 

(235, 236).  

  

c) Differential recruitment of TCR to lipid rafts 

Lipid rafts are sphingolipid- and cholesterol-rich domains in the plasma membrane that 

allow for segregation of proteins (237).  In this way, spatial organization of receptors 

plays a central role in the initiation and regulation of signaling (238).  In relation to T-

cell polarization, the TCR and CD45 are recruited to lipid rafts in activated Th1 cells in 

order to facilitate signaling leading to the augmentation of this subset.  In contrast, T-

cell signaling pathways in Th2 cells can be initiated in the absence of raft aggregation 

and TCR recruitment.  Based on these observations, Th1 cells appear to be more 

dependent on raft integrity for calcium flux than Th2 cells (239). 

 

d) Genetic background of the host 

In the absence of T-cell polarising signals, the genetic background of the host and its T-

cells can intrinsically provide a default to either Th1 or Th2 generation. It is suggested 

that MHC genotype may predetermine Th phenotype based upon the selection of TCR 

affinity, a theory that provides a molecular basis for strain differences observed in 

various murine models of disease (240) and in cases of specific genotypes being linked 

to Th1 or Th2 responses to causative antigens in a number of diseases in human 

subjects (241).   

 

1.3.2.2.1.2 Signal 2: co-stimulation 

Signalling via the receptors for co-stimulatory molecules expressed on APC are 

integrated with TCR ligation and are required for optimal T-cell activation (242).   

 

1.3.2.2.1.2.1 CD28 family 

The interaction of B7 family co-stimulator molecules, namely B7-1 (CD80) and B7-2 

(CD86) on the surface of APC with the CD28 molecule on T-cells has been shown to 

play a critical role in the MHC Class II-restricted presentation of peptide and 

accompanying activation of responder T-cells (243). Despite exhibiting similar binding 

affinity to the CD28 ligand, CD80 and CD86 exhibit different kinetic and biochemical 

characteristics that can result in different T-cell functional outcomes (244).  CD86 is 
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constitutively expressed on APC and is rapidly up-regulated upon interaction with 

CD28 on the T-cell surface and maximally expressed at 48 hours whereas CD80 

expression is slowly induced and is stable for 4-5 days (245).  CD86 engagement has 

been shown to be involved in the generation of Th2 cells, as blocking of the 

CD86/CD28 interaction by monoclonal antibodies results in reduction of IL-4 

production (246).  Conversely, addition of CD80 blocking antibodies results in 

preferential induction of Th1 cells (247).   

 

1.3.2.2.1.2.2 CD40 

CD40L is up-regulated on T-cells following interaction of the TCR with the 

peptide/MHC complex on the DC (248).  The interaction of CD40L on T-cells with 

CD40 on the surface of the peptide-presenting DC up-regulates the expression of CD80 

and CD86 and facilitates full DC co-stimulatory function (249).  Moreover, monoclonal 

antibodies to CD40L prevent the activation and expansion of antigen-specific T-cells 

(250) and a lack of in vivo T-cell priming is observed in CD40L-deficient mice (251). 

 

1.3.2.2.1.3 Signal 3: cytokines and surface-expressed  immuno-modulatory factors 

Cytokines are thought to be the primary factors involved in modulating the T-cell 

phenotype, which occurs via the activation of specific intracellular signalling pathways, 

linked to individual cytokine receptors on the surface of T-cells.  Each cytokine can 

activate certain combinations of Janus kinases (JAKs) and signal transducers and 

activators of transcription (STATs). To establish bona fide polarisation towards Th1, 

Th2 or Th17 lineage requires the additional action of specific transcription factors 

downstream of JAK-STAT signalling that activate their distinct cytokine networks: 

GATA-3 for Th2 development (252), T-bet for Th1 immunity (253) and RORγt and the 

related RORα for Th17 expansion (254, 255). Summarised in Table 3 are the cytokines 

as well as a number of surface bound molecules that are associated with driving T-

helper cell polarity. 
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Table 3: Cytokine and cell-based signals for naïve CD4+ T-cell polarisation 

Th1 Th2 Th17 
IL-12 (256) 
IL-23 (257, 258) 
IL-27 (259) 
IL-18 (260, 261) 
IFN-γ (262, 263) 
Type 1 IFN (264, 265) 
CD70 (266) 
OX40L/IL-12 (267) 
Delta ligand family (268-
271)  

IL-4 (252, 272) 
IL-6  (273) 
IL-11  (274, 275) 
IL-2  (276-278) 
OX40L (279, 280)   
ICOS (281, 282) 
Jagged ligand family (283-
285) 

TGF-β/IL-21 (286, 287) 
IL-23/IL-1/IL-6 (288-290) 

 

1.3.2.3 DC and CD8+ T-cell priming  

Cytotoxic T-lymphocytes (CTLs) are essential in host defence against intracellular 

bacterial and viral pathogens and are comprised mainly of CD8+ T-cells. Their main 

effector functions following transition to infection sites include the direct cytolytic 

killing of target cells and the secretion of other pro-inflammatory cytokines.  Following 

the resolution of infection, the majority of the effector CD8+ CTLs die via apoptosis 

whilst a small percentage remain as long-lived memory CD8+ T-cells that can provide 

rapid and robust responses following secondary challenge.  DC, as the major APC 

population, appear to play an integral part in the activation of CD8+ T-cells via the 

presentation of endogenously-derived peptides in the context of MHC Class I molecules 

(291).  Optimal activation of CD8+ CTLs is achieved by the same 3-signal system that 

is required by the CD4+ T-cell subset, with DC-derived IL-12 or type 1 IFNs providing 

the third signal for CTL priming (292-294).  

 

1.3.2.3.1 DC, CD8+ cytotoxic T-lymphocytes and cross-presentation 

Cross-presentation is defined as the display of peptides derived from exogenous sources 

on MHC Class I molecules (295) and is particularly relevant in the context of anti-

tumour and anti-viral responses.  Following transport to the cell surface, peptide is 

presented to antigen-specific CD8+ cytotoxic T-cells (CTLs) that causes activation and 

expansion of T-cell populations with cytotoxic activity directed against infected or 

tumour-associated cells (296, 297).  It has recently been demonstrated that the 

intracellular pathways used to process and transport exogenous versus endogenous 

peptides onto MHC Class I molecules are different (298-302). 
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1.3.2.4 Plasmacytoid DC and T-cell priming 

Although pDC are best characterised for their rapid and efficient production of high 

amounts of type 1 IFNs upon recognition of pathogens, there is recent evidence to 

suggest that they may also function in a professional antigen-presenting capacity.  For 

instance, in vitro stimulation of human blood pDC with viral antigen and CD40L leads 

to the efficient activation and Th1-directed polarisation of naïve CD4+ T-cells (303). 

Furthermore, pDC display unique MHC Class I compartments enabling the loading of 

exogenously-derived peptide ligands and their efficient cross-presentation to cytotoxic 

CD8+ T-cells (304). The in vivo significance of these observations has yet to be 

determined, however they suggest that pDC may function alongside mDC particularly 

in the context of viral infections in the priming of specific T-cell subsets. 

 

1.3.2.5 DC conditioning and T-cell polarisation 

Until recently, the widely accepted theory was that different DC subsets were 

responsible for polarising the effector T cell response due to their intrinsic repertoire of 

soluble and surface-bound mediators (305-307). However, different pathogens or 

stimuli (acting via specific PRRs including the TLR family and other specific receptors) 

can render the DC flexible by directly influencing the array of DC-derived molecules 

driving the adaptive immune response.  It has since been shown that it is instead the 

microenvironment in which the DC prime the T cells that is the driving force behind 

Th-cell polarity, rather than an intrinsic capacity of the DC themselves (213, 234, 308, 

309). The environmental factors that have demonstrated DC-conditioning ability are 

summarised in Table 4. 
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Table 4: Environmental factors that condition DC to induce either Th1- or Th2-
polarised T-cell responses. 

TYPE 1 RESPONSES TYPE 2 RESPONSES 
Type 1 IFNs (310, 311) 
IFN-γ (308, 312) 
IL-18 (313) 
ICAM-1 (233, 314) 
CD40 ligation (315) 
IL-4 (316-318) 
High dose LPS (319) 
Osteopontin (320) 
dsRNA (321) 
CpG DNA (322) 
LPS (E. coli) (323) 
C. albicans (yeast) (324) 
Flagellin (325)  
Influenza virus (303) 
dsRNA (326) 
Bradykinin (327) 
Extracellular acidosis (328) 
Lysophosphatidic acid (329) 
  

1,25-dihydroxyvitamin D3 (330) 
β2-adrenergic agonists (331) 
TSLP (267, 332) 
PGE2 (333) 
PGD2 (334) 
Histamine (335, 336) 
IL-3 (337) 
IL-4 (338) 
IL-10 (339) 
Extracellular ATP/ANP (340, 341) 
Low dose LPS (319) 
Helminths (342) 
LPS (P. gingivalis) (323) 
Zymosan (343) 
Cholera toxin (344) 
C. albicans hyphae (324) 
PAM3Cys (325) 
Proteolytic allergens (345, 346) 
Pollen-derived phytoprostanes (347) 
H202  (348) 
Ambient particulate matter (349) 

 

1.3.2.6 DC and peripheral tolerance 

Whilst the central role of DC in initiating and maintaining active immunity has been 

recognised for some time, their equally important role in the generation and/or 

maintenance of peripheral tolerance is also emerging (350). Indeed, in normal 

individuals, exposure to innocuous antigen through the respiratory mucosa does not 

provoke strong immune reactions, but instead induces a state of antigen-specific hypo-

responsiveness that is mediated by the activity of the DC network in this region (351-

353). 

 

a) Presentation of antigen in the absence of co-stimulation 

Tolerance induction by T-cell anergy or deletion by DC has been widely characterised 

and generally occurs in the absence of co-stimulation (signal 2) and other activating 

signals (signal 3), which is the case for immature DC (354, 355).  Indeed, in models 

involving DC presentation of inert soluble antigens or self-antigens in the absence of 

inflammatory signals, a profound state of T-cell tolerance is induced (157, 352, 356).  
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b) Induction and maintenance of T-regulatory populations by DC 

DC also play an active role in the development T-regulatory (Treg) populations in the 

thymus (357) and in the periphery (358).  It has recently been demonstrated that via the 

release of TGF-β1, DC induce a population of CD4+CD25+FoxP3+ T-cells from a 

CD4+CD25-FoxP3- circulating population that have potent immunosuppressive ability 

and are antigen-specific (358). In the oral mucosa, application of high doses of allergens 

leads to the cross-linking of FcεR1 molecules on the surface of Langerhans’ cells and 

the subsequent release of TGF-β1 and IL-10 that drive Treg induction and forms the 

basis of sublingual allergen immunotherapy (359). Another study demonstrated a 

similar finding and added that this peripheral induction of a FoxP3- Treg population via 

both immature and mature DC-expressed TGF-β1 was dependent on the induction of 

IL-2 in the responding T-cells (360).  In the airways, Akbari and colleagues 

demonstrated that intranasal administration of innocuous antigen lead to the activation 

of fully mature regulatory DC secreting large amounts of IL-10 that stimulated the 

expansion of CD4+ T-regulatory-1-type cells that also expressed high levels of IL-10, 

resulting in antigen-specific unresponsiveness (353). Furthermore, two B7-family 

members, B7-H1 and B7-DC, have more recently been implicated in driving the 

induction of Tregs by tolerogenic DC (361).  In addition to driving their generation, DC 

can maintain and expand the existing Treg population.  Kim and colleagues 

demonstrated that DC preserve FoxP3 expression in Tregs which has shown to be vital 

for their suppressive function (362). The transfer of antigen-specific Tregs into mice 

results in their expansion in response to antigen presentation by DC (363, 364). 

 

c) DC and cross-tolerance 

Cross-tolerance refers to the uptake of exogenous self-antigen and presentation to CD8+ 

CTLs in the context of MHC Class I leading to their antigen-specific proliferation and 

subsequent deletion before acquiring cytotoxic capability (365, 366).  More recently it 

was observed that CD8α+ DC are the major DC subset responsible for this 

phenomenon, in line with their primary role in cross-priming of exogenous antigen 

(367).  Cross-tolerance may be a product of presentation in the absence of DC activation 

(368), or alternatively by the specific targeting of antigen to receptors such as DEC-205 

(369). 
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d) Plasmacytoid DC and tolerance 

pDC have been shown to inhibit sensitisation to inhaled allergen.  One of the current 

arguments for a role of pDC in promoting tolerance is that their low level of T-cell co-

stimulatory molecules results in poor T-priming ability (355).  Furthermore, their 

marked presence in the lymph nodes where priming occurs positions them to compete 

with immunogenic mDC for antigen presentation, where the selective removal of pDC 

has been shown abrogates the competition and allows for active immunity to prevail 

(370). Both in vitro and in vivo studies have clearly shown that pDC can also stimulate 

the induction of regulatory T cells, possibly in an ICOSL-dependent manner (371-373).  

Other recent studies have identified another pathway activated in pDC involving the 

enzyme IDO to mediate tolerance (374).  IDO-mediated control of immune responses 

has also been observed in various skin inflammatory disorders such as lichen planus, 

although the DC responsible for this were determined to be of myeloid origin, 

suggesting that this subset of DC along with pDC may also induce suppression via this 

mechanism (375). 

 

1.3.2.7 DC and T-cell memory 

Following priming of naïve T-cells within lymph secondary lymphoid tissue, the 

responder T-cells can develop down a number of different paths resulting in the 

generation of populations that can either respond immediately to the challenge at hand 

or alternatively can act as memory cells that recognise antigen upon secondary exposure 

and respond with efficiency (376, 377).  The memory population is further divided into 

central memory (TCM) and effector memory (TEM) subsets that are delineated by their 

different homing and functional properties (378, 379).  DC play a vital role in the 

homeostatic maintenance and regulation of effector function of these memory cell 

subsets. 

 

1.3.2.7.1 DC maintenance of central memory T-cells 

In steady state conditions, there is continuous turnover of T-memory populations in the 

absence of antigen (380).  IL-7 and IL-15 have been shown to be critical in maintaining 

homeostasis of TCM cells (381-383), both of which can be produced constitutively by 

DC (384).  Furthermore, thymic stromal lymphopoietin (TSLP)-conditioned DC 

promote selective maintenance of the CRTh2+ TCM population which is thought to play 

a role in the pathogenesis of chronic allergic asthma (385). 
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1.3.2.7.2 DC regulation of effector memory T-cell profiles 

Studies from murine models have revealed that recently differentiated Th1 or Th2 cells 

retain a level of flexibility that allows reprogramming towards the opposite phenotype, 

however this ability is lost following repeated stimulation in polarising conditions (386, 

387).  The mechanism by which this stability of polarisation arises is thought to be 

aligned with the expression of the IL-12Rβ2 subunit of the IL-12 receptor, which 

determines the sensitivity of the cell to IL-12 signalling (388, 389).  In this sense, loss 

of IL-12Rβ2 in Th2 cells abolishes their responsiveness to IL-12 and as a result makes 

them refractory to further Th1 polarising signals. 

 

In contrast to mice, polarised human Th2 cells do retain the ability to be reprogrammed 

(390-392).  These studies have demonstrated that the absence of signalling IL-12R 

subunits on the surface of Th2 cells is transient and low but detectable levels of 

expression can be generated upon TCR ligation with a peptide-yielding APC.   Thus, if 

IL-12 is present at the time of TCR ligation, IL-12 could signal through the induced IL-

12Rβ2 subunit that further drives its transcription and results in the Th2 cell becoming 

fully responsive to IL-12 and facilitating the phenotype reversal.  This is accompanied 

by a repression in the Th2-asscoiated transcription factor GATA-3 with a concomitant 

increase in T-bet transcription and activity (393).  In support of this, Messi and 

colleagues showed that skewed histone acetylation at promoter sites linked to Th1 or 

Th2 responses is not irreversible in primed and polarised T-cells (379). Indeed, studies 

have shown that reactivation of memory T-cells by activated DC expressing high levels 

of IL-12 and ICAM-1 can reprogram a Th2-polarised population into IFN-γ-producing 

Th1 cells (394).   

 

1.3.3 DC and B-lymphocytes 

 

1.3.3.1 Activation of B-cells  

B-lymphocytes are most commonly associated with the production of antibody 

following their activation and comprise approximately 1-10% of the pulmonary 

lymphocyte population, with the majority of these expressing a memory phenotype 

(395).  A mature B-cell can be activated by direct recognition of an antigen by surface 
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Ig molecules in a T-cell-independent fashion, a process generally associated with 

defence against encapsulated bacteria (396).  It has also more recently been noted that 

B-cells expressing diverse Ig receptors also exhibit a number of TLRs such as TLR4 on 

their surface and can be activated directly via this pathway (397).  However, activation 

of B-cells by more complex antigens generally requires T-cell help, which in turn relies 

on the activity of professional APC including DC (398).  Additionally, CD4+ depletion 

studies showed that induction of strong antibody responses is dependent on this 

population (399).  In this process, the recognition of APC-presented peptide antigen in 

the context of MHC Class II by T-cells results in the up-regulation of CD40L on the 

surface of these cells, that can then bind to CD40 expressed by nearby B-cells.  This 

ligation induces the expression of cytokine receptors on the B-cell surface, enabling 

them to respond to cytokines produced by the helper T-cells (398).    Recent data 

suggest that the generation of T-cell-dependent B-cell responses also requires the 

activation of TLRs in B-cells (400, 401).  Following intense proliferation, the antigen-

specific B-cells eventually differentiate into either memory B-cells or antibody-

producing plasma cells.   The subsequent maintenance of B-cell memory and long-lived 

plasma cells is independent of continued CD4+ T-cell help and the persistence of 

antigen (as reviewed in (402)).   

 

1.3.3.2 The role of antibodies in pulmonary host defense 

There are a number of mechanisms by which antibodies can eliminate pathogens 

including opsonisation, complement activation, antibody-dependent cellular 

cytotoxicity (ADCC), agglutination and the neutralization of viruses or toxins (403).  

Isotype switching enables B-cells to express antibodies with different effector functions, 

thus allowing tailoring of the immune response in order to counteract the inciting 

stimulus (404).  In the lower respiratory tract, IgG is the most predominant isotype with 

IgG1 and IgG3 able to potently facilitate complement activation and opsonisation of 

antigen (405, 406).  In contrast, the upper respiratory tract is dominated by IgA, as this 

specialized isotype exerts its protective effects in a number of ways, primarily by the 

formation of complexes with micro-organisms which prevent binding to mucosal 

surfaces and accelerate their clearance by other effector cells of the immune system 

(407). In addition, the normal transcytosis of IgA from the basal to apical region of 

AEC suggests it may be involved in the neutralization of intracellular pathogens (408). 

IgM, although present at much lower concentrations, can also be transported across the 



 

 33 

epithelium into the mucus secretions is very efficient in agglutinating inhaled antigen 

and activating complement (409).  Finally, IgE antibodies are important in the defence 

against particular parasites via the facilitation of mast cell and basophil degranulation 

and the neutralization of some viruses and bacteria (409), although dysregulated IgE 

production implicated in the pathogenesis of allergic diseases such as rhinitis and 

asthma (see section 1.4 below). 

 

1.3.3.3 B-cells and antigen presentation 

B-cells can play a role in initiating T-cell immunity by functioning as professional APC 

albeit with reduced efficiency compared to DC (as reviewed in (410)). Similarly to 

other APC, B-cells constitutively express MHC Class II molecules and signalling 

through the B-cell receptor upon contact with specific antigen up-regulates their 

expression (411, 412).  Binding of antigen to the BCR allows internalisation of 

exogenous peptides, however up to 20% of peptides presented in the context of MHC 

Class II have been found to be derived from cytosolic or nuclear proteins, indicating 

that B-cells can present endogenous peptides in the Class II pathway via autophagy 

(413, 414).  Whether B-cells are essential to induction of T-cell immunity is a matter of 

debate, as mice deficient in B-cells still display efficient T-cell priming (415) whereas 

others have shown a deficiency in CD4+ T-memory cell development in their absence 

(416, 417).  There is additional evidence that B-cell antigen presentation may be 

involved in the induction of immunological tolerance (418, 419).   

 

1.3.3.4 DC and the modulation of B-cells 

There is good evidence that DC influence B-cell function both directly and indirectly.  

For instance, DC promote the migration and activation of different CD4+ Th-cell 

subsets that interact with B-cells and drive their activation and isotype switching (3, 

420, 421).  Furthermore, DC can enhance the proliferation of naïve B-cells (422) and 

memory B-cells (423) via the secretion of cytokines and their soluble receptors (424).  

DC can also directly induce antibody isotype switching toward IgA in a TGF-β-

dependent process (422) which is critically involved in lung mucosal immunity (as 

outlined above).  In addition, recent studies have also implicated DC in the 

transportation to lymph nodes and presentation of unprocessed antigen to recirculating 

naïve B-cells (425). 
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1.4 DC AND ASTHMA 

 

Allergic inflammation is characterised by an exaggerated response to ubiquitous non-

pathogenic antigens (known as allergens), with the production of allergen-specific IgE 

antibodies being the hallmark of this process (426) and this immune response pattern 

(also known as ‘atopy’) underscores a number of allergic diseases manifesting in a 

variety of organs (426-428).  Pertaining to the lungs, allergic asthma is a chronic disease 

of the airways characterised by eosinophil accumulation, bronchial hyper-reactivity and 

mucus hypersecretion triggered by the inhalation of environmental allergens (429).  The 

development of atopy and the expression of clinical disease including asthma is 

dependent on a complexity of different factors including genetics and environment, with 

the latter likely to have the primary role in the rising incidence of atopic disease in the 

developed world (430).  Elegant murine studies by Lambrecht and colleagues as well 

other laboratories have placed DC at the forefront of asthma pathogenesis (431-436). 

 

1.4.1 Allergic airways inflammation: basic mechanisms 

 

Central to the development of atopic allergy is the predominance of the Th2 subset of 

CD4+ T-cells whose production of a distinct profile of cytokines including IL-4, IL-5, 

IL-9 and IL-13 leads to the generation of specific IgE antibodies and eosinophilia (437-

439).  In contrast, non-atopic individuals recognise the same allergens but display a 

different pattern of response, dominated by moderate proliferation of CD4+ T cells that 

produce low levels of the cytokine IFN-γ and the production of IgG1 and IgG4 

antibodies as well as higher numbers of Treg cells that counterbalance antigen-specific 

inflammatory responses (440-443). 

 

In atopics following initial priming, allergen-specific IgE binds to the high-affinity 

receptors on the surface of mast cells in a process known as sensitisation.  Sensitisation 

also leads to the generation of a distinct subset of long-lived memory T- and B-cells 

(444, 445).  In subsequent allergen encounters the bound IgE on mast cells is cross-

linked leading to their activation and release of a number of pre-formed or de novo-

synthesised mediators which induce an acute inflammatory reaction, known as the early 

phase response, that occurs within minutes (446, 447).  Symptoms include the dilation 

of blood vessels, increased vascular permeability, stimulation of sensory nerves, mucus 
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hypersecretion and constriction of the airways, mediated by such molecules as 

histamine, leukotrienes, prostaglandins, cytokines, chemokines and growth factors (448, 

449).  In a subset of patients, this early phase response is followed by a late sustained 

reaction around 3 to 12 hours later which is mediated primarily by the recruitment and 

activation of T-cells and eosinophils from the bloodstream via chemotactic factors 

released during the acute phase (450, 451).   

 

The recruitment of eosinophils to inflamed tissues and their subsequent degranulation 

has been identified as a key event in the initiation of the late phase allergic response 

(452). Eosinophil chemotaxis into the lung tissue is enhanced by the release of 

chemokines such as eotaxin, CCL3, CCL5, CCL12, platelet-activating factor (PAF) and 

LTB4 (453, 454).  At the site of inflammation, eosinophils are primed by a number of 

mediators including IL-3, IL-5, GM-CSF, CC chemokines and PAF to release their pro-

inflammatory mediators including pre-formed granular cationic proteins, newly 

synthesised eicosanoids and cytokines (455).  Major basic protein (MBP), eosinophil 

cationic protein (ECP), eosinophil-derived neurotoxin (EDN) and eosinophil peroxidase 

(EPO) make up the granular cationic proteins (456).  They are directly toxic to the 

airway epithelium, endothelium, extracellular matrix and neurons and are thought to 

drive bronchial hyper-responsiveness and airway hyper-reactivity, which are the 

hallmarks of the late phase asthmatic response (457). 

 

Whilst acute inflammation is generally resolved by a number of processes restoring 

homeostatic balance (458), repeated cycles of allergen-driven inflammation can lead to 

permanent structural changes in the airways referred to as airway remodelling (459).  

These changes can lead to progressive loss of lung function and retention of 

inflammatory cells in the airways, which sets up a chronic inflammation-repair cycle 

and the development of chronic asthma (460, 461).  Experiments in transgenic mice 

have demonstrated that constitutive pulmonary expression of the cytokines IL-5, IL-6, 

IL-9, IL-11 and IL-13 are central in the initiation of airway remodelling, together with 

other growth factors, proteases and endothelins (462, 463). 
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1.4.2 Role of DC in sensitisation and effector phases of asthma 

 

1.4.2.1 Sensitisation: DC, allergens and induction of Th2-cells 

As DC are unique in that they are the only professional APC that can present antigen to 

naïve T-cells, and CD4+ T-cells are central to the development of allergic airways 

inflammation, DC play a critical role in the initial priming of this responder population 

that leads to mast-cell sensitisation with antigen-specific IgE.  Detailed studies have 

established that a number of factors contribute to the conditioning of DC to prime for a 

robust Th2 response, including the eliciting antigen itself. 

 

An allergen is defined as a non-pathogenic environmental antigen that elicits 

inappropriate Th2 responses.  Ubiquitous in the environment, these seeming innocuous 

proteins can induce allergy through a number of intrinsic and extrinsic mechanisms 

(464).  The proteolytic activity of some allergens can activate DC via a number of 

mechanisms including signalling through protease-activated receptors (PARs) expressed 

on their surface (465).  PAR-signalling up-regulates CD86 on DC, promotes the 

production of IL-10 and drives the release of Th2-attracting chemokines including 

CCL17, CCL18 and CCL22 (345, 466).  Furthermore, cleavage of CD40 on the surface 

of the DC, a molecule that is crucial in driving IL-12 production by DC upon interaction 

with T-cells, is another mechanism whereby allergens promote Th2 polarisation (467).  

Other allergens can induce DC to promote Th2 responses via other intrinsic molecules 

such as pollen phytoprostanes (347) and reactive oxygen species (468). There is also 

scope for allergens to mediate Th2 immunity via their interaction with TLRs.  The lipid 

portion of some allergens can activate TLR4 signalling in APC that has been shown to 

be essential for Th2 development (469).  In addition, co-exposure of an inert protein 

antigen and contaminating microbial products signalling through TLRs can subvert 

tolerogenic responses towards the development of a Th2 memory pool to the protein 

(469, 470).   

 

Other environmental factors present in the airways of atopics also condition DC to 

prime Th2 responses.  For example, TSLP which is present at high levels in the lungs of 

asthmatic patients can prime DC to drive the generation of Th2 effectors that express 

IL-4, IL-5 and IL-13 but differ from conventional Th2 cells in that they produce little or 

no IL-10 but large amounts of TNF-α (471-474).  This inflammatory Th2 development 
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is dependent on both the expression of OX40L and lack of IL-12 production by the 

TSLP-DC (267).  GM-CSF, which is a product of AEC, mast cells and others, can drive 

the activation and maturation of DC and the differentiation of their precursors and 

promotes the generation of Th2 responders and a break in inhalational tolerance (475).  

ATP released by damaged and necrotic cells within the airways also mediates the 

activation of DC and directs their migration to lymph nodes to prime T-cells (476) 

 

1.4.2.2 DC: a function beyond sensitisation 

Circumstantial evidence supports a critical role of DC in the reactivation of a primed T-

cell response in the lung.  In a rat model of OVA-induced allergic inflammation, 

rechallenge of sensitised animals resulted in an accumulation of DC in the airways 

where they form clusters with pre-primed T-cells.  This interaction within the 

inflammatory site induced the up-regulation of co-stimulatory molecules on the DC that 

allows them to present antigen to the T-cells in situ (154).  This study was supported by 

others that observed a rapid accumulation of DC in the airways of rechallenged mice 

(477, 478).  In humans, direct allergen challenge of the bronchial mucosa of asthmatic 

patients demonstrated a rapid increase in the numbers of CD1c+HLADR+ in the lamina 

propria measured by biopsy (436). This finding was paralleled in a second study that 

observed a dramatic decrease in the number of circulating mDC in the blood of 

asthmatic patients following allergen inhalation (435).   

 

Elegant studies in mice by Van Rijt and colleagues have provided evidence for a 

definitive role for airway DC in the presentation of allergen to previously primed 

pulmonary T-cells (431).  In their work, they conditionally depleted CD11c+ DC and 

determined that upon rechallenge with the priming antigen, eosinophilic airway 

inflammation, goblet cell hyperplasia and airways hyperresponsiveness did not occur.  

Furthermore, transfer of sensitised Th2 cells to mice deficient in CD11c+ DC failed to 

produce Th2-type cytokines (431). 

 

1.4.3 DC, viral infection and asthma: new causative links 

 

In the context of viral infection, the Th1 form of T-cell immunity generally 

predominates, resulting in the production of IFN-γ and IL-12.  However, in those 

children who have very severe infection, Th2 responses can develop whose outcomes 



 

 38 

include the production of anti-viral IgE alongside neutralising IgG and the onset of 

mucous cell metaplasia (479, 480).  In addition, these children are more likely to have 

elevated IgE titres to common environmental aeroallergens compared to those with mild 

or moderate infection (479).  Furthermore, the results of a number of prospective cohort 

studies of large groups of children suggest that viral infection and underlying atopy are 

the two most consistent predictors of persistent asthma (481-486). 

 

Recent studies have focussed on the mechanisms behind the diversion to Th2-biased 

immunity and increased risk of development of asthma and atopy in this subset of 

individuals.  Based on their findings in a mouse model of Sendai virus-induced chronic 

lung disease, Grayson and co-workers identified the high affinity receptor for IgE, 

FcεRI, as playing a central role in this process (487).  This molecule is thought to aid in 

the targeting of antigen to mDC in humans (488) and up-regulates the uptake of antigen 

by 100-1000 fold (489). Grayson study showed that whilst human mDC express this 

molecule at baseline, the presence of type 1 IFNs increases its expression.  Upon cross-

linking of bound IgE molecules with their viral antigen, signalling into the DC results in 

the release of mediators such as CCL28, a chemokine with potent Th2-recruiting 

abilities.  In addition, Tregs express CCR10 that may be another target for CCL28, and 

the authors of this study hypothesise that the recruitment of Th2 cells and Tregs may 

serve to down-regulate ongoing Th1 responses following respiratory viral infection 

(487). 

 

1.5 REGULATION OF DC FUNCTION IN THE AIRWAYS 

 

1.5.1 Regulation of DC by innate immune cells 

 

1.5.1.1 Alveolar macrophages  

Whilst generally absent from the conducting airways, it has previously been reported 

that alveolar macrophages inhibit DC functions through the production of soluble 

mediators such as nitric oxide (NO) (106, 490), TGF-β (491) and IL-10 (492) as well as 

decoy receptors for IL-1 and TNF (493). Studies from our group using a T-cell 

presentation assay showed that when total CD11c high cells from parenchymal lung 

tissue were used as APC instead of macrophage-depleted CD11c cells, this lead to a 
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reduction in CD4+ T-cell proliferation in co-cultures, indicating that macrophages 

potentially inhibit function of other APC (144).  Further in vivo evidence of the 

regulatory function of AM was gained by the depletion of this population by 

chlodronate-filled liposomes where in the absence of AM, overt inflammatory responses 

were observed to harmless antigen (494). To this end, macrophages could have a dual 

role in regulating the immune response in the gas exchange regions by scavenging non-

pathogenic antigens at the same time as actively restraining DC activation. However in 

some cases macrophages have been shown to pass on antigen or other particles to 

adjacent DC, thus promoting DC function when required, such as in the case of 

pulmonary mycobacterial infection (495) or particulate deposition (496). 

 

1.5.1.2 Neutrophils 

Neutrophils have also been shown to trigger the maturation of DC.  In situ studies have 

shown that they cluster tightly with immature DC that is mediated by the interaction of 

DC-SIGN on the DC and the β2 integrin Mac-1 on the neutrophils.  The activation of 

neutrophils induces the maturation of the DC that appears to be dependent on this 

specific receptor binding and TNF-α production by the granulocyte population (497).   

 

1.5.1.3 NK cells 

Activated NK cells can induce the differentiation of DC from precursor monocytes in a 

process that is contingent on the production of GM-CSF by the NK cells and their 

expression of CD40L promotes the induction of Th1 immunity by these DC (115).  In 

addition, NK cells can mediate DC activation and maturation via a contact- and TNF-α-

dependent mechanism (116).  However, at high NK:DC ratios, NK killing of DC ensues 

serving as a point of immune regulation (117). NK cells also secrete high-mobility 

group box 1 (HMGB1), which promotes DC maturation (498). 

 

1.5.1.4 NKT-cells 

NKT-cells stimulated with the synthetic glycolipid α-gal-cer presented by CD1d 

molecules on DC results in the up-regulation of DC co-stimulatory molecules and IL-12 

production which is dependent on the CD40:CD40L interaction and IFN-γ by the NKT- 

cells (499, 500).  Additionally, like NK cells, NKT-cells can also kill DC under certain 
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conditions, as in the case of L. infantum infection, where infected DC up-regulate CD1d 

and are shown to be killed efficiently by NKT-cells (501). 

 

1.5.1.5 γδT-cells 

γδT-cells reside permanently within the airway epithelium and a histological study of 

the mouse lung showed that about half the population at any given time is in contact 

with DC (502).   Freshly-isolated human γδT-cells can induce the up-regulation of 

MHC Class II, CD86 and CD83 on autologous MDDC and promote the MDDC-

induced expansion of IFN-γ+ T-cells (503).  Furthermore, these innate lymphocytes can 

enhance the LPS-mediated activation of DC (504).  

 

1.5.1.6 Cross-regulation between DC subsets  

Evidence now exists that pDC and mDC may cross-regulate each other.  For example, 

CpG stimulation of mDC leads to the production of low levels of IL-15 by these cells.  

This up-regulates the expression of CD40 on the surface of the mDC in an autocrine 

fashion.  Concomitantly, pDC are also activated by CpG DNA and interaction of 

CD40L on their surface with CD40 on the mDC induces the latter to produce IL-12 and 

boosted levels of IL-15, providing robust responses against the initiating stimulus (505).   

 

1.5.2 DC regulation by adaptive immune cells 

 

1.5.2.1 Control of DC by effector T-cells 

The cognate interaction between CD40 on DC and CD40L on activated T-cells is a vital 

step in the development of cell-mediated antimicrobial immunity.  Often referred to as 

‘DC-licensing’, ligation of CD40 on DC induces maturation, reflected by the production 

of high levels of IL-12, enhanced T cell stimulatory capacity and improved DC survival 

(506-508).  Triggering of CD40 on DC enables these cells to activate naïve CD8+ CTL 

(509, 510).  Furthermore, this DC-licensing by CD4+ T-cells was recently shown to be 

critically dependent on the presence of IFN-γ (511). 

 

A second interaction between surface-bound molecules on T-cells and DC has been 

shown to regulate the functions of the latter cell type. CD47/integrin-associated protein, 
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a ubiquitous multispan transmembrane protein highly expressed on T-cells, can interact 

with signalling regulator protein alpha (SIRP-α) expressed on DC (512). Engagement of 

SIRP-α on DC in an MLR with CD47-expressing T-cells results in the suppressed 

maturation and IL-12 production by the DC and decreased IL-12R expression and IFN-γ 

production by the T-cells (513). This interaction may be important at the termination of 

an immune response, or in the subversion of undesirable Th1 responses in certain 

contexts. 

 

In a recent study, it was shown that addition of conditioned media obtained from the 

stimulation of human PBMC by anti-CD3 and anti-CD28-coated beads to a monocyte 

population could drive the differentiation and maturation of these precursor cells into 

DC (514).  On further examination of the lymphocyte-conditioned medium, a number of 

cytokines and growth factors were present that could contribute to this process such as 

GM-CSF, IL-2, IL-3, IL-4, IL-8 and IFN-γ.  Furthermore, DC-attracting chemokines 

CCL3, CCL4 and CCL5 as well as soluble CD40L were present, indicating that 

activated T-cells are also a potent source of soluble mediators that can directly 

manipulate DC and DC precursor function, in agreement with other reports (514, 515). 

 

1.5.2.2 Control of DC by Tregs 

The suppressive effects of human and murine Tregs on DC have been widely reported in 

vitro and in vivo. The crucial role of Tregs in regulating DC function was demonstrated 

in a murine model using RunX3 knockout animals where there is a block in TGF-β 

signalling.  The KO mice, whose DC were unresponsive to TGF-β signalling, had 

spontaneous asthma features and increased expression of MHC and co-stimulatory 

molecules (155).  Likewise, selective removal of Tregs from WT mice resulted in 

higher numbers of pulmonary DC displaying increased levels of these maturation 

markers (516). 

 

The mechanisms by which Tregs modify DC function are not fully characterized, but a 

number of studies have supported a role for interference in their co-stimulator 

expression and cytokine production, vital components in immunity induction.  Tregs 

can down-regulate the expression of co-stimulatory molecules CD80 and CD86 via a 

CTLA4-dependent mechanism, resulting in a reduced ability for T-cell priming and 

activation (517, 518).  Another group observed that Tregs, when co-incubated with DC 
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pre-stimulated with CD40L, decreased the DC expression of co-stimulatory molecules, 

increased their production of IL-10 and rendered them inefficient in the induction of 

effector T-cell responses, an effect mediated in part by Treg-expressed IL-10 and TGF-

β (519). In other circumstances, CD4+CD25+ T-cells can inhibit the expression of IL-

12 by DC interacting with CD4+CD25- T-cells (520).  

 

In certain contexts, Treg-mediated suppression of DC function can have adverse 

consequences, particularly in the context of pathogenic infection.  It is not surprising 

therefore that suppression of DC activation and function by Tregs can be overcome by 

stimulation with various TLR agonists and concomitant ligation of CD40 on their 

surface (521).  Furthermore, expression of IL-6 by DC (which is a hallmark of their 

stimulation by TLR ligation) counteracts DC suppression by naturally occurring Tregs 

(522).  Reduced numbers of Tregs in humans with asthma suggests that this cell 

population plays a protective role in the pulmonary environment, though the direct 

influence on DC in this setting remains to be elucidated (523). 

 

1.5.3 DC regulation by mesenchymal cells 

 
Concomitant with antigen acquisition in the airway mucosa, DC may be particularly 

receptive to local signals derived from AEC, given the close proximity of these two cell 

types.  To date, there have been a number of studies published characterizing epithelial 

cell modulation of DC phenotype and function in the skin and gastrointestinal tract 

which have laid the foundations for similar work to be performed in the context of the 

airway.  

 

1.5.3.1 Gastro-intestinal tract 

DC in the GI tract have been ascribed the task of maintaining the commensal microflora 

populations whilst responding effectively to provide protection against pathogens (524).  

Intestinal DC can project their dendrites into the gut lumen without disrupting the 

integrity of the intestinal epithelial cells (IEC) barrier via their expression of tight 

junction proteins and the fractalkine receptor CX3CR1 (525, 526).  As a result, these 

DC are constantly exposed to commensal bacteria and so an active suppression of their 

activation must be operational to prevent inappropriate inflammatory responses.  

Indeed, signals within the microenvironment are thought to be central in the direction of 
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DC responses to each microbial group.  In particular, a number of important studies 

have demonstrated that the cross-talk between IEC and DC defines the balance between 

low-level homeostatic activity and active anti-microbial immune responses. 

 

It is known that IEC display qualitatively different responses to commensal bacteria in 

the gut lumen and invading pathogenic bacteria.  Differences in invasiveness of 

commensal and pathogenic bacteria may be one mechanism of discrimination.  Unlike 

the pathogens, commensals do not express ‘pathogenicity islands’ (527) and therefore 

cannot invade the IEC.  One study indicated that incubation of colonic EC with invasive 

bacteria up-regulated mRNA and protein expression of a core set of 4 genes: IL-8, 

CCL3, GM-CSF and TNF-α, mediators important for the generation of an antimicrobial 

inflammatory response.  In parallel, this response was absent when the IEC were 

exposed to non-invasive bacterial strains (528). This clearly demonstrates that a robust 

pro-inflammatory response is only induced upon entrance into the gut epithelial layer by 

pathogenic bacteria, whereas the response to commensals is restricted to basal PAMP 

recognition (529).  Recognition of the invasive bacteria by the cytosolic PRRs including 

Nod1 and Nod2 may contribute to this enhanced activation (74). 

 

Recent work has identified the role of the IL-7-like cytokine TSLP in homeostatic 

IEC/DC cross-talk based on observations that when DC and IEC are co-cultured 

together, DC preferentially induce non-inflammatory T-cell responses via down-

regulation of DC-derived IL-12 (141).  This group showed that recognition of 

commensal bacteria generates the NF-κB-dependent constitutive expression of low-

level TSLP by the IEC that conditions the DC to induce anti-inflammatory classical Th2 

responses.   Invasion of the IEC by pathogenic bacteria leads to the marked up-

regulation of TSLP expression that, at these higher concentrations, can promote IL-12 

production by DC and drive a Th1 inflammatory response.  Higher levels of TSLP 

would be accompanied by IEC expression of other pro-inflammatory cytokines leading 

to a robust antimicrobial response. Thus, IEC-derived TSLP can act to fine-tune the 

immune system of the gut mucosa and can allow it to respond appropriately to different 

challenges. In vivo evidence supporting this process was obtained by the reports that an 

increased number of IL-12+ DC were present in the mediastinal lymph nodes of TSLP-

deficient mice (530). 
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Another in vitro study used a similar co-culture approach to further characterise 

IEC/DC cross-talk in the gut (531).  These investigators demonstrated reduced 

expression of MHC and co-stimulatory molecules and a reduced ability to produce IL-

12 in response to CD40 ligation and TLR stimulation.  Blocking TGF-β in the co-

cultures led to a partial reversal of inhibited TLR responses by the DC, but there was no 

effect on their phenotype in the absence of this cytokine.  Based on these data, the 

authors concluded that DC-derived autocrine TGF-β induced by the IEC contributed to 

part of the DC conditioning, but that other factors such as TSLP were likely to be 

involved.  It has previously been noted that TGF-β is constitutively expressed in the 

healthy gut, although expression is generally restricted to cells within the lamina propria 

and not in the IEC (532).   

 

Other factors within the intestinal mucosa have also been investigated in relation to DC 

conditioning and homeostasis. Release of retinoic acid via synthesis from vitamin A by 

IEC can synergise with DC-derived TGF-β in the induction of gut-homing FoxP3+ 

Tregs (533, 534) and in addition can synergise with IL-5 or IL-6 to promote class 

switching to IgA  (535).  The role of IL-10 in the conditioning of DC in the intestine has 

also been considered, as this cytokine appears inhibit inflammatory responses to 

commensal bacteria (529, 536).  Moreover, colitis associated with IL-10 deficiency 

could be abolished by removal of CD11b+ cells in a murine model (537).  Another 

recent study has demonstrated that pDC from Peyer’s patches demonstrate down-

regulated type 1 IFN production when stimulated with a TLR9 ligand, and from in vitro 

observations it is likely that IL-10, TGF-β and PGE2 derived from IEC are involved 

(538). 

 

1.5.3.2 Skin 

Langerhans’ cells are a subset of specialised immature DC that reside in close 

approximation to keratinocytes within the epidermis of the skin.  They are characterised 

by expression of CD1a, Birbeck granules, Lag antigen, E-cadherin, cutaneous 

lymphocyte-associated antigen (CLA) and CCR6 (539-541) and on encounter with 

antigen, can migrate to the cutaneous lymph nodes where they efficiently present their 

antigenic cargo to naïve T-cells.  In vivo, their development is contingent on the 

presence of TGF-β and in the absence of this cytokine, there is a lack of this specialised 

DC subset (542).  As keratinocytes represent a major source of TGF-β, they are likely to 
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be critically involved in the generation of LC from their precursor cells. In support of 

this, blood-derived DC precursors give rise to typical epidermal LC when co-cultured 

with normal human keratinocytes (543). 

 

There is evidence from the literature that keratinocytes can influence the responsiveness 

of LC in the epidermis to microbial invasion.  One group examined the expression of 

TLRs on freshly isolated skin LC and determined that these cells exhibit mRNA for 

TLRs1, 2, 3, 5, 6 and 10.  Notably absent were TLR4 (receptor for bacterial LPS) and 

TLRs7, 8 and 9 (receptors for bacterial/viral nucleic acids). In parallel, examination of 

suprabasal keratinocytes revealed the expression of TLR1, 2, 3, 4, 5, 7 and 10.  Based 

on these observations, it was proposed that in vivo sensing of LPS and nucleic acids 

may be primarily a function of skin keratinocytes via their expression of TLR4 and 

TLR7, respectively, that can relay an activating signal to nearby LC in order to initiate a 

response (544).  In support, topical application of the TLR7 synthetic agonist 

imiquimod induces the emigration of LC from the epidermis and results in strong 

immune responses that have been successful in the treatment of viral infection and skin 

cancer (545-547), suggesting that cells such as keratinocytes that display TLR7 play a 

role in this response. 

 

The role of keratinocytes in the promotion of various skin diseases in relation to their 

influence on local DC function has also received attention.  For example, psoriasis is a 

chronic inflammatory disorder of the skin characterised by large numbers of infiltrating 

inflammatory cells including DC and hyperplasia of keratinocytes (548).  Part of the 

aetiology of the disease relates to the over-expression of the chemokine CCL20 (MIP-

3α) particularly by keratinocytes which drives the recruitment of large numbers of 

CD34+ hemopoietic progenitor cell-derived LC as well as CLA+ T-cells due to their 

expression of CCR6 (549).   

 

In the Th2-driven skin disorder atopic dermatitis, studies have shown that the over-

expression of TSLP, the IL-7-like cytokine responsible in part for maintenance of gut 

homeostasis (550), is also a critical component of the development of this allergic 

pathology (551).  Undetectable in normal skin, this cytokine is present in large amounts 

predominantly within the keratinocytes isolated from inflamed lesions (552), and in situ 

studies have demonstrated that TSLP can recruit and activate LC which then migrate to 

lymph nodes to preferentially prime Th2 cells (471).  In support, murine transgenic 
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studies using vectors to over-express TSLP in the skin show that atopic dermatitis 

develops by the direct activation of skin DC (553, 554). 

 

1.5.3.3 Respiratory tract 

Respiratory tract DC are recognised as having a vital role in the regulation of adaptive 

immune responses to inhaled foreign antigens. They are ubiquitous throughout the 

respiratory tract, forming a tight network of cells within the epithelium and submucosa 

of the conducting airways, the lung parenchyma and the nasal mucosa.  The intimate 

association of AEC and DC within the airway mucosa and the vast array of mediators 

produced by AEC at baseline, and in response to infection and/or inflammation, suggest 

that the resident AEC may play an important regulatory role in determining DC 

phenotype and function.   

 

Several reports have been recently published that have begun to define the role of AEC 

in the regulation of DC function in various contexts, primarily utilising in vitro co-

culture models of GM-CSF/IL-4-generated MDDC and AEC lines.  For example, AEC 

are a potent source of chemokines, particularly when activated by microbial products, 

allergens or particulate matter, that are crucial in the recruitment and migration of DC 

into the airway mucosa in order to participate in host defence against the inciting 

stimulus (160, 555-557).  Furthermore, AEC can enhance the activation of DC in close 

proximity via a number of mechanisms involving cell-to-cell contact (e.g. ICAM-1 

(555)) or soluble mediators (e.g. GM-CSF (555, 558)).  Additionally, soluble factors 

produced by AEC following their stimulation with pro-inflammatory cytokines, in 

particular IL-15, can drive the partial differentiation of monocytes into a pDC-like cell 

(559). Alternatively, it was demonstrated that unstimulated AEC produce TGF-β at 

baseline that can limit the production of IL-12p70 and TNF-α by DC when stimulated 

with LPS, whilst having no effect on their ability to produce IL-10 (560).  These results 

are suggestive of AEC playing a role in limiting the pro-inflammatory capacity of DC 

within the lung whilst promoting a tolerogenic microenvironment in the absence of 

danger (560).  These studies are in addition to the circumstantial evidence of the over-

expression of TSLP by AEC in asthmatic patients, which can condition local DC 

populations to preferentially generate and reinforce Th2 populations in the airways, thus 

perpetuating the disease, as described earlier ((140, 472, 561); see section 1.3.2.1).  

Summarised in Table 5 is a comprehensive list of known mediators produced by AEC 
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and their reported effects on DC.  Despite the extensive list of potential AEC-derived 

DC immuno-modulatory factors displayed here and the previous work detailed above, 

there is a relative lack of knowledge in relation to their role in the human system, and 

limited examination of the mechanisms by which they may affect DC phenotype and 

function. 

 

Table 5: Potential mechanisms by which AEC may regulate DC function 

Molecules expressed 
by lung epithelial cells 

Effects on dendritic cells Ref. 

TGF-β1 Selectively inhibits antigen presentation by DC, and 
DC/T-cell interactions 
Drives Langerhans cell differentiation  

(562, 
563) 

Prostaglandins PGE2 inhibits DC activation, favours Th2 responses 
PGD2 alters DC migration and activation. 

(333, 
334) 

Nitric oxide Inhibits maturation and antigen presentation 
 

(564, 
565) 

Thymic stromal 
lymphopoietin (TSLP) 

Triggers DC to induce allergic inflammation by 
driving Th2 responses 

(471, 
566) 

IL-10 Inhibits antigen presentation, DC activation (567) 

Fractalkine Formation of trans-epithelial dendrites (525, 
568) 

Defensins DC activation (35) 

Heat shock proteins Inhibit DC differentiation from monocytes; induces 
immature DC maturation  

(569) 

Secretory leucocyte 
protease inhibitor 
(SLPI) 

Inhibits NF-κB activation and impairs TLR2 and 
TLR4 responses in monocytic cells though specific 
effects on DC are not known 

(570, 
571) 

Elafin Inhibits NF-κB activation; increases the number and 
activation state of lung DC, leading to enhanced Th1 
immune responses in an animal model  

(570, 
572) 

Vascular endothelial 
growth factor (VEGF) 

Impairs DC maturation and antigen presentation to T-
cells 

(573) 

E-cadherin Inhibits DC maturation and chemokine production; 
promotes binding of DC at sites of antigen deposition  

(574-
576) 

Intercellular adhesion 
molecule 1 (ICAM-1) 

Promotes DC activation upon binding to LFA-1 (555) 

Granulocyte-
macrophage colony 
stimulating factor 
(GM-CSF) 

Promotes DC differentiation from precursors and 
antigen presentation to T cells 

(558, 
577-
579) 

IL-4 Promotes DC differentiation and maturation from 
monocytes in the presence of GM-CSF; increases 
LPS-induced release of IL-12 thus promotes Th1 
immunity; may also promote Th2 immunity 

(316-
318, 
338) 
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IL-15 Promotes the differentiation of monocytes into DC; 
enhances DC maturation  

(580) 

TNF-α, IL-1β, IL-6 Promote maturation of immature DC (581) 

Osteopontin Promotes maturation of DC that induce Th1 immunity 
Promotes type 1 IFN production by pDC  

(320, 
582) 

LL-37 Inhibition of DC activation by TLR ligands (583) 

Various chemokines 
(e.g. CCL2, CCL3, 
CCL5, CXCL10) 

Recruitment of DC and DC precursors (555-
557) 

 

1.6 RATIONALE FOR STUDY 

 
 
The pathogenesis of atopic asthma crucially depends on the function of DC populations 

that control local triggering of allergen-specific Th-memory cells in the airway mucosa, 

and also orchestrate innate and adaptive immune defence against viral infections. While 

considerable progress has been made in defining the surface phenotype of airway 

mucosal DC, major gaps exist in current knowledge of the factors regulating the 

function of DC within this tissue microenvironment, and it remains unclear how this 

impacts on the subsequent regulation of local innate and immune defence mechanisms. 

Because of the uniquely intimate contact between airway mucosal DC and adjacent 

AEC, it is highly likely that signals from the latter may regulate some of the functions 

of the DC.  Accordingly, AEC express a variety of adhesion molecules, and are a rich 

source of soluble mediators through which they are likely to modulate DC function 

within the airway (21). Consequently, examination of these regulatory pathways in the 

atopic airway may provide new insight into how immune responses to inhaled 

antigens/allergens are regulated. 

 

Several recent studies have shed some light on the capacity of AEC to interact with DC, 

based on the co-culture of pre-generated immature MDDC with AEC monolayers (555, 

558, 560).  However, given the recent observations that monocytes are a direct source of 

pulmonary DC in both steady state and inflammatory conditions (138), it was reasoned 

that a model addressing the direct influence of AEC on the in situ differentiation of 

these precursor cells within the airway mucosa was warranted. The scenario of 

particular interest in this study is the airway mucosal microenvironment in atopy that is 

enriched in cytokines such as GM-CSF and IL-4.  Using this model, this study 

addressed the hypothesis that signals from AEC adjacent to airway mucosal DC 
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contribute towards regulation of the functional phenotype of DC that mature in this 

microenvironment. For the first time, the phenotypic characterisation of DC 

differentiated from human peripheral blood monocytes in direct contact with AEC and 

the functional consequences of this interaction are reported, as well as a number of the 

potential mechanisms that may be involved in this regulatory process. 

 

1.7 STUDY AIMS 

 

1) Elucidation of the impact of signals from AEC on the phenotype and 

function(s) of DC differentiated from blood monocytes.  Of particular 

interest are: (a) expression of activation and co-stimulatory molecules, (b) 

cytokine synthesis, (c) antigen uptake and processing, and (d) allergen 

presentation to memory T-cells.  

 

2) Identification of potential regulatory mechanisms by which AEC modulate 

DC function in the context of the atopic airway 

 

3) Discussion of the implications of these findings in relation to the 

pathogenesis of atopic asthma 
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2 CHAPTER 2:  METHODOLOGY 
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2.1  DESIGN OF IN VITRO MODEL 

 

2.1.1 Forerunner studies using paediatric primary airway epithelial cells (AEC) 

 
In studies of human systems relevant to this area, in vitro cultures are routinely used due 

to the obvious practical and ethical reasons that severely limit the range of studies that 

can be performed on airway epithelial cells and dendritic cells in vivo.  Primary cell 

cultures and in vitro models can be used to generate experimental systems that can 

closely represent the native tissue.   

 

The initial aim of this project was to examine the interactions between primary airway 

epithelial cells and dendritic cells. AEC were to be obtained by bronchial brushing of 

healthy paediatric patients undergoing an unrelated procedure under general anaesthetic.  

Collaborators within the Department of Respiratory Medicine at Princess Margaret 

Hospital for Children were independently generating a biobank of AEC for other studies 

and this provided an ideal opportunity to utilise this invaluable resource in these studies.  

Within the cohort were also collected AEC samples from children with atopic asthma 

which it was hoped would provide an opportunity to examine the effects of healthy 

versus asthmatic AEC on the DC differentiation process.  The optimised protocol for 

isolation and generation of primary AEC cultures (584), provided by our collaborator, 

Dr Anthony Kicic, is provided below. 

 

2.1.1.1 Isolation of primary AEC by bronchial brushing 

Bronchial epithelial cells were harvested via trans-laryngeal, non-bronchoscopic 

brushing of the tracheal mucosa of children through an endotracheal tube as previously 

described (565, 585).  Briefly, once each child is anaesthetized and intubated in theatre, 

a soft nylon bronchial cytology brush is advanced through the endotracheal tube until 

the tip hits airway wall resistance usually within the carina where sampling occurs using 

a rotational movement of the brush. After sampling and withdrawal from the 

endotracheal tube, the brush tip is inserted and cut off into cold sterile media (RPMI-

1640) containing 20% heat inactivated fetal calf serum (FCS). The process is repeated 

at least once more before the samples are transported back to the laboratory on ice for 

immediate processing.  Here, the collection tubes are vortexed for a period to disrupt the 
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cells off the brush and the larger cell clumps. The collection media is then pooled, 

centrifuged and resuspended in 5mls of collection media. The study was approved by 

the Princess Margaret Hospital for Children's Human Ethics Committee. 

 

2.1.1.2 Establishment of primary AEC cultures 

The resulting cell suspension was then centrifuged at approximately 500g at 4°C for 7 

minutes and the pellet resuspended in culture medium.  Total cell counts were then 

performed and viability assessed using trypan blue exclusion.  Cells were then plated 

into new flasks pre-coated with fibronectin (10mM), collagen (30mM) and bovine 

serum albumin (100mM). Cells were maintained in Bronchial Epithelial Basal Medium 

(Clonetics™ BEBM, Cambrex Biosciences, USA) supplemented with 2% (v/v) Ultroser 

G, 50μg/mL bovine pituitary extract, 0.5μg/mL hydrocortisone, 25ng/mL human 

epidermal growth factor, 0.5μg/mL epinephrine, 6.5ng/mL triiodothyronine, 5μg/mL 

insulin, 10μg/mL transferrin, 0.1ng/mL retinoic acid, 0.001% gentamycin (v/v) and 

0.001% fungizone (v/v).  All cells were grown in an incubator at 37°C in an atmosphere 

of 5% CO2/95% air under strict aseptic conditions. Subsequent cultures were then fed 

every second day and were usually passaged every 13-16 days.  Primary cells were 

released from flasks by incubating with 0.25% Trypsin/ 0.05% EDTA in calcium and 

magnesium free solution (CMFS) for 7 minutes at 37°C before plating into new pre-

coated flasks. 

 

2.1.1.3 AEC culture media components and cross-reactivity with monocytes/DC 

The major barrier to the utility of primary AEC in our study was the culture medium 

required for AEC growth. Primary cells are grown in serum-free media in order to avoid 

the effects of serum-derived TGF-β on the AEC.  It has been observed that this cytokine 

can inhibit AEC differentiation and squamous cell differentiation (586, 587).  Instead, a 

synthetic substitute is often used, in this case Ultroser G. Furthermore, a complex 

mixture of phorbol esters, growth factors and steroids is required for the replication of 

in vivo biochemical and morphological characteristics of cultured primary AEC (588) 

and detailed in section 2.1.1.2.  Whilst these mediators are required for optimal ex vivo 

culture of AEC, a number exhibit independent effects on monocytes and DC and this 

precludes their use in co-culture studies of the two cell types.  For example, retinoic 

acid (RA) is a common media constituent used to promote the differentiation of AEC 
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(589, 590) yet is has been shown to effect the functional capacity of MDDC if present 

during their differentiation (591). Similarly, hydrocortisone (HC) and the 

neurotransmitter epinephrine can independently influence DC differentiation and 

function, yet are fundamental components of culture media routinely used for the 

growth and differentiation of primary AEC (592, 593).  To circumvent this problem, 

researchers have removed these 3 components (RA, HC and epinephrine) for a 24h 

period prior to exposure to MDDC or their precursors (555, 558, 594).   

 

The major difference between the previous studies and the studies described in this 

thesis is the duration of the AEC/MDDC co-culture. Whereas prior studies have 

examined co-cultures up to a maximum of 24h, the studies described herein required up 

to 5 days in order to allow for full differentiation of monocytes into DC.  In conjunction 

with Dr Anthony Kicic, parallel primary AEC cultures were grown to 80% confluency 

after which RA, HC and epinephrine were withdrawn. Cultures were visually monitored 

for their phenotypic consistency over a 6-day period.  Unfortunately, following 

withdrawal of the culture components, the morphology and viability of the primary 

AEC began to rapidly deteriorate as early as 48h with a loss of integrity of cell junctions 

and a large amount of floating debris, despite addition of fresh medium at the 48h time-

point (data not shown).   Alternative media, including an RPMI:LHC9 combination 

used in other in vitro primary AEC studies (595) had previously been attempted by our 

collaborators without success (A. Kicic, personal communication).  Based on these 

results, it was concluded that a 5-day MDDC differentiation model incorporating the 

use of primary AEC was not viable at this stage and an alternative model was required. 

 

2.1.2 Use of an established AEC cell line as a surrogate for primary AEC 

 
Whilst the use of primary tissue cells is preferred where this is practical, immortalized 

airway epithelial cell lines represent an acceptable alternative to primary tissue cells and 

have been widely used to study many aspects of epithelial cell biology (253, 496, 560, 

596-600).  Stable cell lines can be generated by either transformation, often achieved by 

plasmid transfection (601, 602), or by taking advantage of the inherent immortality of 

carcinoma-derived cells (603).  There are a number of advantages to cell lines, 

including a) good availability from both commercial sources and from collaborators; b) 

the provision of high yields of a single cell type with each passage; c) their homogenous 

nature which generates good reproducibility between experiments and allows 
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comparison between research laboratories; d) their ability to be successfully 

cryopreserved for later use with good recovery upon thawing; and e) their relative lack 

of specific growth factor requirements allowing for prolonged studies, especially those 

involving co-culture with other cell types. This last issue was particularly relevant in 

relation to this thesis.  

 

2.1.2.1 Selection of 16HBE 14o- immortalized cells  

A number of cell lines derived from normal bronchial epithelium are available, 

including 16HBE 14o- (602) and BEAS-2B (604).  The convenience and practicality of 

using a cell line must be balanced by acknowledging any inherent differences to the 

native phenotype of the tissue and as such, selection of an appropriate cell line must be 

carefully considered.   

 

The 16HBE 14o- cell line was generated by the transformation of normal human 

bronchial epithelial cells with the SV40 large T antigen derived from a 1-year-old male 

heart-lung transplant patient (602).  Under submerged culture conditions 16HBE 14o- 

cells form flattened layers with a height of 1-5 cells exhibiting well-defined tight, 

adherens and gap junctions and are morphologically similar to basal AEC cells in vivo 

(605). Additional properties of bronchial basal cells displayed by 16HBE 14o- include 

ICAM-1 expression (606), specific lectin-binding activity  (607), and the absence of 

secretory component (608), and as such they appear to be an acceptable surrogate for 

the basal AEC that are in direct contact with intraepithelial DC in vivo (1).  

 

2.1.2.2 Use of BEAS-2B cells to confirm findings with 16HBE 14o- co-culture 

model 

Due to the inability at this time to validate the findings of the in vitro co-culture model 

using primary AEC, it was imperative that a second cell line be employed to run in 

parallel to confirm results.  For this purpose, the BEAS-2B cell line was used, which 

has also previously been used in the co-culture of AEC and DC (555, 560).  These cells 

were isolated from a non-cancerous adult individual upon autopsy and transformed 

using the adenovirus 12-SV40 hybrid virus (604).  Like 16HBE 14o- cells, BEAS-2B 

possess numerous features of native epithelium (604, 609, 610) although their capacity 

to form tight junctions with neighbouring cells is significantly reduced compared to the 

former line (610, 611). 



 

 56 

 

2.1.2.3  Optimisation of monocyte-differentiation/AEC co-culture model  

The design of the in vitro system used to model the differentiation of monocytes into 

DC within the airway mucosa was based on that employed by Chomarat and colleagues 

(612).  In that study, peripheral blood monocytes were cultured with IL-4 and GM-CSF 

in the presence or absence of different stromal cells, including normal skin fibroblasts 

and epithelial cells of tumour origin, and the phenotype and functional capacity of the 

resultant cells was examined at the end of 5-days of culture.  The original idea behind 

this project was to study the differentiation process of DC precursors in the context of 

an atopic airway. Thus, it was purported in the design of the model that the use of IL-4- 

and GM-CSF-enriched media would recreate a cytokine milieu resembling that which 

incoming monocytes would encounter in the airways of allergic individuals.  To that 

end, it has been well-established in the literature that a number of both resident and 

immune cells are potent sources of IL-4 and GM-CSF, including basophils (613), mast 

cells (614), Th2 cells (615) and in particular AEC that in atopic asthmatics, 

constitutively produce high levels of GM-CSF (616). Given this context, the study was 

for the most part restricted also to examining the influence of AEC on differentiation of 

monocytes derived from atopic subjects only.   

 

2.1.2.3.1 Preliminary studies employing Transwell membranes to develop cell-

contact and cell-separated co-culture models 

A number of studies have employed the use of microporous membrane inserts 

containing semi-permeable membranes in in vitro co-cultures of epithelial cells and 

dendritic cells (141, 531, 555, 556, 617).  These devices have been useful for a number 

of purposes including the study of DC chemotaxis through the epithelial layer and in the 

generation of apical/basal polarised epithelial cells at an air-liquid interface, particularly 

when primary AEC are employed.   In the design of the model used in this project, 

Transwells were considered in order to study whether the effects of AEC on IL-4/GM-

CSF-driven differentiation of monocytes into DC are mediated by direct cell-to-cell 

contact.  A similar system was used by Butler and colleagues in their study of short-

term co-cultures of an intestinal epithelial cell line and MDDC (531).  Figure 2 provides 

a representation of the Transwell-based models that were developed to allow for all 

three comparisons. 
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Figure 2: Illustration of preliminary studies using Transwell culture inserts. 
Transwell inserts were used to model MDDC differentiation in (A) direct contact with 
AEC, (B) separated but in vicinity of AEC and (C) the absence of AEC (see text below 
for details). 

 

(a) Cell-contact model 

6.5mm Transwell Clear Membrane inserts (0.4uM pore size) were inverted into sterile 

culture dishes and 100μl of culture medium containing 2x104 16HBE 14o- cells was 

placed on the uppermost side of the filter and placed loosely covered with cling-wrap in 

a sterile incubator for 16h.  Following incubation, the inserts were re-inverted and 

inserted in their correct orientation in 24-well plates and 0.5ml of co-culture medium 

was placed in the lower chamber.  The 16HBE 14o- cells were monitored over 48h by 

light microscopy made possible by the transparency of the inserts, by which time they 

reached approximately 70% confluency.  At this time, 100μl of the co-culture media 

with supplemented IL-4 and GM-CSF containing 4x105 purified monocytes was added 

to the upper chamber. The media from the lower chamber was at this time replaced with 

0.5ml of fresh co-culture media.  Cells were cultured for 5 days at 37oC, with 0.5ml of 

fresh IL-4/GM-CSF-supplemented media added to the bottom chamber and 100μl to the 

top chamber on Day 3. 

 

(b) Cell-separated model 

16HBE 14o- cells were seeded at a density of 104 cells/cm2 in 24-well uncoated tissue 

culture plates (Nunc, Denmark) plates to achieve approximately 70% confluence by 



 

 58 

48h.  At this time, 6.5mm Transwell Clear Membrane inserts were placed in the wells 

containing the 16HBE 14o- cells and 100μl of co-culture media with supplemented IL-4 

and GM-CSF containing 4x105 purified monocytes was added to the upper chamber. 

The media from the lower chamber was at this time replaced with 0.5ml of fresh co-

culture media.  Cells were cultured for 5 days at 37oC, with 0.5ml of fresh IL-4/GM-

CSF-supplemented media added to the bottom chamber and 100ul to the top chamber 

on Day 3. 

 

(c) Monocyte-only model 

6.5mm Transwell Clear Membrane inserts were placed in empty wells of a 24-well plate 

and 100μl of co-culture media with supplemented IL-4 and GM-CSF containing 4x105 

purified monocytes was added to the upper chamber. 0.5ml of co-culture media was 

added to the lower chamber.  Cells were cultured for 5 days at 37oC, with 0.5ml of fresh 

IL-4/GM-CSF-supplemented media added to the bottom chamber and 100μl to the top 

chamber on Day 3. 

 

At the conclusion of 5-day culture, cells were recovered from the top chamber of each 

Transwell by vigorous pipetting and 3 separate washes of the membrane with plain 

culture media.  Cells were centrifuged at 1340rpm for 7 minutes, resuspended to 200ul 

in plain culture medium and 10ul of cell suspension was counted using trypan blue 

exclusion to assess cell viability. As a control, standard IL-4/GM-CSF monocyte 

differentiation cultures where the monocytes were added directly to wells of a 24-well 

plate instead of to Transwell inserts were also set up in parallel to compare 

viability/morphology.  In total, 4 sets of cultures using monocytes from different 

individuals were established in these pilot studies, with 6 wells for each condition.  For 

each of the conditions examined, the mean yield of viable MDDC obtained from the 

Transwell inserts was extremely low (5.8±0.4 x 104 cells) compared to the average 

numbers of MDDC generated in culture plate wells alone (4.3±0.9 x 105 cells), 

regardless of the presence or absence of the AEC.  In addition, the morphology of the 

cells recovered from the Transwell membranes did not resemble the typical 

dendritiform morphology of those grown on plastic alone (data not shown).  

Membranes bearing pores of 0.4μM diameter were deliberately chosen to allow contact 

of the monocytes and AEC in the direct contact model without allowing migration of 

the differentiating monocytes into the lower chamber, thus it was thought unlikely that 

the low yield was due to cellular migration from the upper chamber.  Substituting the 
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Transwell Clear Polyester Membranes with collagen-coated or polycarbonate Transwell 

membranes bearing the same 0.4μM pore size did not significantly improve recovery of 

cells (data not shown). Based on these observations, it was concluded that Transwell 

inserts were not suitable for in vitro monocyte differentiation into DC and as such 

alternative approaches were required. 

 

2.1.2.3.2 Alternative strategy for co-culture model 

Given that the use of a Transwell-based model did not appear to be a viable option for 

the purposes of this study, it was decided to employ a more rudimentary approach to co-

culture the two cell types that has been used successfully by other groups to study 

AEC/DC interactions.  Bleck and colleagues used a co-culture system whereby AEC 

were grown to confluency on the bottom of tissue culture plates and pre-differentiated 

MDDC were subsequently added to the top of the monolayers (558, 594).  Additionally, 

other studies addressing the influence of co-cultured cells on the differentiation of 

monocytes into DC, have used direct co-culture of monocytes and various stromal cells 

in tissue culture plates with supplemented IL-4 and GM-CSF (612, 618) and thus it was 

decided to adopt a similar strategy.   

 

In accordance with other studies (as reviewed in (600)), the 16HBE 14o- cells used in 

this project did not require the use of fibronectin or collagen coating of the tissue culture 

plates or flasks to form monolayers provided the culture medium contained fetal calf 

serum and non-essential amino acids.  Monocytes were added to the AEC at ~70-80% 

confluency for two reasons: 1) to prevent over-confluency occurring over the duration 

of the 5-day differentiation culture; and 2) to allow the differentiating monocytes to 

intercalate between AEC as well as resting on top of the AEC.  Figure 3 illustrates the 

model chosen for this study. 
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Figure 3: Illustration of final co-culture model of MDDC differentiation. 
Parallel cultures were established to model MDDC differentiation in (A) the absence of 
AEC and (B) in direct contact with AEC (see text for details). 

 

2.2     SUBJECTS 

 
Adult volunteers (age range 21-65 years) were recruited into the study and underwent 

skin prick testing (SPT) to house dust mite (HDM) allergen and a variety of other 

allergens including ryegrass, mould, cat and dog dander and peanut.  Adult subjects 

were classified as HDM allergic if their HDM-specific wheal size was >3mm (range 3-

15mm) and were included into the study.  Subjects refrained from taking antihistamines 

or inhaled corticosteroids for 24h prior to venipuncture.  Ethics approval was obtained 

from the Ethics Committee of the Princess Margaret Hospital for Children. 

 

2.3     AIRWAY EPITHELIAL CELL CULTURE 

 

2.3.1 16HBE 14o- cell line  

 
The 16HBE 14o- cell line was a kind gift from Dr G. A. Stewart (University of Western 

Australia, Australia). Mycoplasma-free cells (passage 15-45) were maintained in 

Eagle’s minimal essential medium (EMEM) with Earle’s balanced salts and 2mM L-

glutamine (SAFC Biosciences, USA) supplemented with 10000U/ml 

penicillin/10mg/ml streptomycin (Gibco Life Technologies, UK) and 10% foetal calf 

serum (JRH Biosciences, USA) and incubated at 37oC in a humidified atmosphere of 
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5%CO2.  Cells were seeded at a density of 104 cells/cm2 in 24-well uncoated tissue 

culture plates (Linbro, USA) plates to achieve approximately 70% confluence prior to 

addition of CD14+ monocytes.   

 

2.3.2 BEAS-2B cell line 

 
The BEAS-2B 14o- cell line was also a kind gift from Dr G. A. Stewart (University of 

Western Australia, Australia). Mycoplasma-free cells (passage 32-49) were maintained 

in Dulbecco’s minimal essential medium (Gibco Life Technologies, UK) supplemented 

with 10000U/ml penicillin/10mg/ml streptomycin (Gibco Life Technologies, UK) and 

10% foetal calf serum (JRH Biosciences, USA) and incubated at 37oC in a humidified 

atmosphere of 5%CO2. Cells were seeded at a density of 104 cells/cm2 in 24-well 

uncoated tissue culture plates (Linbro, USA) to achieve approximately 70% confluence 

prior to addition of CD14+ monocytes. 

 

2.4     GENERATION OF MONOCYTE-DERIVED DENDRITIC CELLS 
(MDDC) IN CULTURES WITH 16HBE 14o- CELLS 

 
Peripheral blood from HDM allergic adult volunteers was collected into an equal volume of 

RPMI-1640 medium (Gibco BRL, Australia) containing preservative-free heparin 

(20U/ml).  PBMC were isolated following centrifugation of the blood over a Lymphoprep 

density gradient (Axis-Shield, Norway).  Some PBMC were cryopreserved for later use and 

previous studies from our laboratory have shown that cellular immune responses are not 

distorted by this process (619).  From the remaining PBMC, CD14+ monocytes were 

isolated by positive selection using MACS beads (Miltenyi Biotech, Germany) as per the 

manufacturer’s instructions. Monocytes were washed with media and resuspended to 106 

cells/ml in EMEM with Earle’s balanced salts and 2mM L-glutamine (SAFC Biosciences, 

USA) supplemented with 10000U/ml penicillin/10mg/ml streptomycin (Gibco Life 

Technologies, UK), 5% foetal calf serum, recombinant human IL-4 (500U/ml; ProSpec-

Tany Technogene Ltd, Israel) and recombinant human GM-CSF (1000U/ml; Glaxo, 

Switzerland).  500μl aliquots of the monocyte suspension (5x105 cells) were then added to 

all wells of an empty 24-well plate and a plate containing the semi-confluent 16HBE 14o- 

cells for 5 days. This allowed the monocytes to take up position above and between AEC.  

Fresh media with all supplements was added to wells at day 2 or 3 of culture.   
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2.4.1 Blocking of type 1 interferon, IL-6 and IL-10 signaling in co-cultures 

 
Neutralisation of type 1 interferon (IFN) was achieved by addition of purified B18R protein 

(E-Bioscience) to the cultures at days 0 and 3.  This protein has been shown to bind to the 

surface of cells and act as a ‘decoy’ receptor for type 1 IFN, preventing both paracrine and 

autocrine signal transduction by these cytokines into the target cell and importantly has 

high affinity for all human type 1 IFN subtypes (620-622). In our hands, 0.05ug/ml of the 

protein administered at initiation and half-way through co-culture provided an approximate 

80% reduction in type 1 IFN signalling into the cells as measured at Day 5 (data not 

shown).  Blocking antibodies for IL-6 (clone MQ2-6A3) and IL-10 (clone JES3-9D7) and 

corresponding matched IgG1 and IgG2a isotype controls (clones R35-95 and R3-34, 

respectively) were purchased from Becton Dickinson and added at days 0 and 3 at 

2.5ug/ml.  

 

2.5     CELL SORTING OF MDDC BY FLOW CYTOMETRY 

 
Following 5-day culture, MDDC were removed from wells with and without AEC 

monolayers by consecutive washing with plain culture medium. Trypsinising of the cell 

cultures was avoided as it was shown to significantly reduce surface marker expression of 

the MDDC, making it difficult to clearly separate the MDDC and AEC populations (data 

not shown).  Non-specific binding of antibodies to Fc receptors was controlled by pre-

incubating MDDC (5 x 105/50µl/FACS tube; BD Biosciences, USA) with human Ig (50 

µg/ml; CSL Australia). Cells were then incubated for 25min at 4oC in the dark with 

optimized amounts of allophycocyanin (APC)-labeled monoclonal antibody against CD11c 

(Clone S-HCL-3; BD Biosciences, USA).  Following incubation, propidium iodide (Sigma, 

USA; 1ug/ml; for dead cell identification) was added to the final wash at and cells were 

then resuspended in RPMI-1640 with 5% FCS. To achieve a relatively pure population of 

viable MDDC, CD11c+PI- cells were FACS sorted using a FACSAria flow cytometer 

(Becton Dickinson, USA). MDDC generated in media alone were also subjected to 

immunostaining and sorting to control for any effects of these processes. 
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2.5.1 Confirmation of MDDC purity following sorting 

 
The purity of the viable CD11c+ positively-selected fraction was routinely above 97% 

for all experiments according to analysis by the Diva software package (BD, USA) used 

to run the FACSaria.  To confirm that this fraction did not contain any contaminating 

AEC, a subset of cells was stained post-sort with an intracellular anti-cytokeratin (CK) 

antibody conjugated to fluorescein isothiocyanate (FITC) (Clone CAM5.2, BD 

Biosciences, USA).  Cytokeratin is exclusively expressed by AEC and not by MDDC 

(data not shown) and has been used by others to discriminate between the two cell types 

(558), although could not be incorporated into the sorting protocol due to the 

requirement for fixation and permeabilisation of the cells due to the marker’s 

intracellular location.  Following sorting, 5x105 CD11c+PI- cells were placed into a 

FACS tube and pelleted at 1800rpm for 5min.  200ul of Cytofix/CytopermTM solution 

(BD Biosciences, USA) was added to the pellet and incubated in the dark at 4oC for 

20min.  Following incubation, cells were washed twice with Cytoperm/CytowashTM 

solution (BD Biosciences, USA) prior to the addition of 50μl of a previously optimised 

1:5 dilution of anti-CK FITC or the corresponding isotype control for this antibody 

(anti-IgG2a FITC, BD Biosciences, USA).  Cells were again incubated for 25min at 4oC 

in the dark, followed by a single wash.  Stained cells were resuspended in 200ul of the 

wash buffer and analysed within 24 h on a FACSCalibur (BD Pharmingen, USA) using 

CellQuest and FlowJo software.  Analysis of CD11c+PI- fractions from four individuals 

determined minimal (average <2%) of CK+ cells, indicating that the harvesting and 

sorting procedures had achieved excellent separation of the MDDC from the AEC 

(Figure 4). 
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Figure 4: Cytokeratin staining of MDDC subsets pre- and post- flow cytometric 
sorting. 
Plots are representative of one of four experiments. 

 

2.6     PHENOTYPIC ANALYSIS OF MDDC BY FLOW CYTOMETRY 

 

Following 5-day co-culture, cell suspensions were washed in PBS supplemented with 0.1% 

sodium azide and 1% normal human serum.  Non-specific binding of antibodies to Fc 

receptors was controlled by pre-incubating cells (5x105cells/50µl/FACS tube; BD 

Biosciences, California, USA) with human Ig (50 µg/ml; CSL). Cells were then incubated 

for 25 minutes at 4oC in the dark with pre-optimized amounts of fluorochrome-conjugated 

monoclonal antibodies against HLA-DR, CD40, CD80, CD86, CD11c, CD1a, CD14 and 

DC-SIGN (BD Biosciences, USA; full details Table 6). For identification of TLR3 and 

TLR4, cells were fixed and permeabilised following the same protocol used for intracellular 

cytokeratin staining as described above.  They were then incubated with biotinylated 

monoclonal antibody against TLR3 or TLR4, followed by a second incubation post-

washing with streptavidin-conjugated fluorochrome (Pharmingen, USA).  Appropriate 

isotype controls were always included.  After incubation, cells were washed and fixed in 

1% paraformaldehyde and analyzed within 24 h on a FACSCalibur (BD Pharmingen, USA) 

using CellQuest and FlowJo software.  
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Table 6: Antibodies used for flow cytometry phenotyping 

Antigen Antibody 

clone 

Isotype Fluorochrome 

conjugate 

Source 

HLA-DR L243 (G46-6) Mo IgG2a PerCP BD Biosciences 

CD40 5C3 Mo IgG1 FITC BD Pharmingen 

CD80 L307.4 Mo IgG1 PE BD Pharmingen 

CD86 IT2.2 Mo IgG2b PE BD Pharmingen 

CD11c S-HCL-3 Mo IgG2b APC BD Biosciences 

CD1a HI149 Mo IgG1 PE BD Pharmingen 

CD14 MøP9 Mo IgG2b FITC BD Biosciences 

CD209 (DC-

SIGN) 

DCN46 Mo IgG2b PE BD Pharmingen 

TLR3 TLR3.7 Mo IgG1 Biotin E-bioscience 

TLR4 HTA125 Mo IgG2a Biotin E-bioscience 

CD274 (B7-H1) MIH1 Mo IgG1 PE E-bioscience 

CD200 325516 Mo IgG1 PE R&D 

CD200R1 Not specified Goat IgG Purified R&D 

Anti-goat IgG Not specified Donkey 

IgG 

PE R&D 

Mouse IgG1 X40 Mo IgG1 FITC BD Biosciences 

Mouse IgG2b 27-35 Mo IgG2b FITC BD Pharmingen 

Mouse IgG1 X40 Mo IgG1 PE BD Biosciences 

Mouse IgG2b 27-35 Mo IgG2b PE BD Pharmingen 

Mouse IgG2a X39 Mo IgG2a PerCP BD Biosciences 

Mouse IgG2a X39 Mo IgG2a APC BD Biosciences 

Mouse IgG Polyclonal Mo IgG1 Biotin E-bioscience 

Streptavidin - - PerCP BD Pharmingen 
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2.7     CULTURE OF SORTED MDDC WITH INNATE STIMULI 

 

Following sorting, purified MDDC generated in the presence or absence of AEC were 

resuspended in RPMI-1640 and 5% FCS and added to wells of a round bottomed 96-

well culture plate (2x105 cells/well).  MDDC were cultured in medium alone or with 

highly purified lipopolysaccharide (1ng/ml; Alexis Biochemicals, USA) or polyinosine-

polycytidylic acid (Poly I:C) [10μg/ml; Sigma Aldrich].  A third subset of cells were 

primed with IFN-γ (0.1μg/ml, Pharmingen) for 3 h prior to the addition of LPS.  After 

24 h, supernatants were harvested and stored at -20oC.  Cell pellets were stored in 

RNAlater (100μl/well; Ambion Inc, USA) at -20oC prior to RNA extraction. 

 

2.8    ANTIGEN UPTAKE AND PROCESSING BY MDDC 

 

For both assays, MDDC were washed and labelled with APC-conjugated CD11c 

monoclonal antibody for positive identification, as previously described for FACS sorting.  

Antigen uptake was determined using dextran fluorescein (MW40kDa; Molecular Probes, 

Eugene, OR). Dextran is a representative antigen that is taken up by DC primarily via 

specific mannose receptor-mediated endocytosis with a minor component of uptake due to 

constitutive fluid phase pinocytosis (164).  Dextran fluorescein (0.25μg/mL) was added to 

the MDDC and cultured at 37°C for 0, 30, 60, 120 and 180 minutes (a second tube of cells 

was incubated at 4oC and assayed at all time points as a negative control).  Excess dextran 

FITC was removed by washing with PBS supplemented with 0.1% sodium azide and 1% 

normal human serum and quenched with 0.25μg/mL trypan blue. The uptake of dextran 

fluorescein was assayed by measuring the increase in MFI over time. Dextran fluorescein 

was quantified using the FITC channel of the FACScalibur flow cytometer. 

 

Antigen processing was assessed using BODIPY-conjugated DQ-ovalbumin (DQ-OVA; 

Molecular Probes, Eugene, USA), a self-quenched conjugate of ovalbumin that exhibits 

bright green fluorescence upon proteolytic processing due to the released dye molecules. 

DQ-OVA (5μg/mL) was added the MDDC and cultured at 37°C for 0, 30, 45 and 60 

minutes (a second tube of cells was incubated at 4oC and assayed at all time points as a 

negative control). DQ-OVA fluorescence was assayed by measuring the increase in MFI at 

each time point using the FITC channel of the FACScalibur flow cytometer.   
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2.9 CO-CULTURE OF MONOCYTE-DERIVED DENDRITIC CELLS 
(MDDC) AND AUTOLOGOUS PBMC AND ISOLATION OF CD4+ T-
CELLS 

 

Autologous PBMC were isolated from peripheral blood by density gradient separation 

as previously described.  PBMC (2x105 cells/well) were cultured in RPMI-1640 and 5% 

FCS in medium alone or with autologous MDDC (2x104 cells/well; 1:10 ratio). Cells 

were cultured without stimulation or with house dust mite (HDM) extract (10μg/ml; 

details of extract below).  All cultures were performed in duplicate in round-bottomed 

96-well plates for 48h at 37oC with 5% CO2. Following culture, supernatants were 

collected and stored at –20oC for cytokine analysis. A subset of unfractionated cell 

pellets were stored in 100ul RNAlater (Ambion Inc., USA) at –80oC. 

 

From the remaining pellets, CD8+ followed by CD4+ T-cells were isolated by positive 

selection employing immunomagnetic separation (Dynal Biotech, Australia). The purity 

of the CD4+ T-cells was not tested in every sample but was routinely 95.3± 0.3% (data 

not shown).  Purified CD4+ T-cell pellets were lysed in 500ul of TRIzol (Invitrogen, 

Australia) and stored at -80oC for to be used in the CD4+ T-cell microarray experiments 

(Chapter 5). 

 

2.9.1 Allergen extract 

 
An aqueous extract of lyophilized Dermatophagoides pteronyssinus (HDM) was prepared 

‘in-house’ using mites purchased from CSL (Parkville, Australia), and has been extensively 

used in studies from our laboratory over the last decade (623, 624).  Prior dose response 

experiments have shown that a concentration of 10μg/mL provides optimal discrimination 

between mite allergic and normal individuals.  The extract contains the two major allergen 

Der p 1 and Der p 2, but does not contain some of the minor lipid soluble allergens found in 

Dermatophagoides species (B. Hales and W. Thomas, unpublished communication). 

Though the HDM extract contains trace amounts of endotoxin, removal of endotoxin from 

the allergen preparation (Acrodisc® Chromatography Unit, Pall Corporation, Ann Arbor, 

MI) has no effect on IL-5 and IL-13 synthesis by HDM-stimulated PBMC (B. Hales, 

personal communication) 
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2.10 DETECTION OF CYTOKINE PROTEIN IN CULTURE SUPERNATANTS 

 

The level of IL-12p70, IL-10, IL-6, IL-5, IL-13, IFN-γ and TNF-α in the culture 

supernatants was measured by in-house optimised time-resolved fluorometry (TRF) assays 

as per methods previously described by our laboratory ((625); see Appendix 1 for buffers 

used). The limits of detection of the assays were as follows: 5pg/ml for IL-12p70, 5 pg/mL 

for IL-10, 3 pg/mL for IL-6, 3 pg/ml for TNF-α, 5 pg/ml for IL-5, 3 pg/ml for IL-13 and 5 

pg/ml for IFN-γ. 

 

The levels of IFN-α and IFN-β in supernatants were measured using commercially 

available ELISA kits as per the manufacturer’s instructions (PBL-InterferonSource, USA).  

The VerikineTM IFN-α Multi-subtype ELISA kit is able to reliably detect 15 of the 16 

known isoforms of this protein.  The limits of the assays were 12.5pg/ml for the IFN-α 

multispecies kit (used in high sensitivity format) and 20pg/ml for the IFN-β kit. 

 

2.11 PROLIFERATION ASSAYS 

 

Whole CD4+ T-cells were isolated from freshly prepared PBMC using CD4+ 

MACSbeads (Miltenyi Biotech, Germany) as per the manufacturer’s instructions (purity 

routinely greater than 98%; data not shown).  2x105 CD4+ T-cells were added to wells 

of a 96-well round-bottomed plate (Nunc, Germany) in 100ul volumes in 

RMPI+5%FCS.  An equal volume of medium alone, or medium containing 2x104 

autologous ctrl-MDDC or AEC-MDDC was added to 6 wells each containing the CD4+ 

T-cells. For each condition (CD4+ T-cells alone; CD4+ T-cells+ctrl-MDDC; and CD4+ 

T-cells+AEC-MDDC), HDM extract was added at the optimised concentration of 

10ug/ml to half of the wells and cells were then cultured in a 37oC humidified incubator 

with 5% CO2. Methyl-3H-thymidine (Amersham Pharmacia Biotech, USA; 0.25 mCi; 

10 μL/well) was added at 96h and cells harvested 16h later with 3H-thymidine 

incorporation used as a measure of cellular proliferation.   All cultures were performed 

in triplicate, with the median value of 3H-thymidine incorporation used in statistical 

analysis. 
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2.12 STATISTICAL ANALYSES 

 

Group data were expressed as means ± standard error of the mean.  Data were analysed 

using the Wilcoxon signed-rank test for paired data unless otherwise stated.  All 

analyses were performed with SPSS version 11 for Macintosh (SPSS).  

 

2.13 ANALYSIS OF GENE mRNA EXPRESSION BY qRT-PCR 

 

2.13.1 RNA extraction of cell pellets 

 
Total RNA was extracted using TRIzol reagent (Invitrogen, Australia) according to 

manufacturer’s instructions, except after phase separation, the aqueous phase was further 

purified using the RNeasy mini kit (Qiagen, Australia) according to the Qiagen protocol.  

For those samples stored in RNAlater in tissue culture plates, samples were thawed, plates 

centrifuged at 6000rpm for 10min and the pellets were resuspended in 100ul of RLT buffer 

from the RNeasy mini kit before proceeding with RNA extraction as per the standard kit 

protocol.  RNA yield and purity was assessed by spectrophotometry using a Nanodrop 

spectrophotometer (Thermo Scientific, USA). RNA integrity was periodically assessed 

using a Bioanalyser (Agilent Technologies, Palo Alto, CA) as per the manufacturer’s 

instructions. 

 

2.13.2 Reverse transcription of extracted RNA 

 
Reverse transcription was performed using the Omniscript kit (Qiagen, Australia) 

according to the manufacturer’s protocol with oligo-dT (Promega, Australia) and Superasin 

(Geneworks, Australia). This kit removes genomic DNA from samples and its efficiency 

was established by another group in our laboratory prior to use (C. Devitt, personal 

communication).  cDNA samples were diluted 1:5 in RNAse/DNAse-free water (Qiagen, 

Australia) and stored at -80oC for qRT-PCR analysis. 
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2.13.3 PCR Primers for qRT-PCR analysis of gene expression 

 
Primer sequences were obtained from a database (http://pga.mgh.harvard.edu/primerbank/; 

(626)) or from relevant references where indicated, designed in-house using Primer Express 

software (Applied Biosystems; performer by Dr A. Bosco; Dr S. Yerkovich), or purchased 

pre-designed from Qiagen or Applied Biosystems. Where possible, primer sequences were 

designed to amplify all known splice variants of the intended target mRNA sequence and 

were intron-spanning to avoid co-amplification of contaminating genomic DNA. Primers 

were checked for specificity in silico by similarity searching against known human 

sequences employing the Basic Local Alignment Search Tool (BLAST) algorithm 

(http://www.ncbi.nlm.nih.gov/BLAST/) and following qRT-PCR by analysis of the melting 

profile of the PCR products.  A full list of primer sequences designed in house, obtained 

from PrimerBank or from published papers is presented in Table 7. The sequences of the 

pre-designed primer sets obtained from Applied Biosystems (TLR3, TLR4, CCL7, 

FCGR3B) and Qiagen (all other primers not listed in Table 7) are proprietary and are 

therefore not known. 

http://pga.mgh.harvard.edu/primerbank/�
http://www.ncbi.nlm.nih.gov/BLAST/�


 

 71 

 

Table 7: PCR primer sequences for mRNA quantitation by qRT-PCR 

Gene Forward primer (5'-3') Reverse primer (5'-3') Source 
CISH GGGAATCTGGCTGGTATTGG TTCTGGCATCTTCTGCAGGTGTT In house 
DACT1  AACTCGGTGTTCAGTGAGTGT GGAGAGGGAACGGCAAACT P.Bank 
EEF1A1 CTGAACCATCCAGGCCAAAT GCCGTGTGGCAATCCAAT (627) 
FOXP3  GAAACAGCACATTCCCAGAGTTC ATGGCCCAGCGGATGAG (628) 
GZMB  GCGAATCTGACTTACGCCATTA GCCTCCAGAGTCCCCCTTAA In house 
IFN-γ GAAAAGCTGACTAATTATTCGGT

AACTG 
GTTCAGCCATCACTTGGATGAG In house 

IL-13 CAACATCACCCAGAACCAGAAG TGGTGTCTCGGACATGCAA In house 
IL-17RB TGTGGAGGCACGAAAGGAT GATGGGTAAACCACAAGAACCT In house 
IL-4  AACAGCCTCACAGAGCAGAAGA

CT 
TTCCTGTCGAGCCGTTTCA In house 

IL-5 TCCTGTTCCTGTACATAAAAATC
ACC 

CTAGGAATTGGTTTACTCTCCGT
CTT 

In house 

IL-9 GATCCAGCTTCCAAGTGCCA TGCAGTTGTCAGAGGGAATGC In house 
MT1F AGTCTCTCCTCGGCTTGC ACATCTGGGAGAAAAGGTTGTC (629) 
MT1G CTTCTCGCTTGGGAACTCTA AGGGGTCAAGATTGTAGCAAA (629) 
MT1H CCTCTTCTCTTCTCGCTTGG GCAAATGAGTCGGAGTTGTAG (629) 
MT1M TGGTGTCTCCTGCGCCTGCA AATGCAGCAAATGGCTCAGTAT

CGTATT 
(630) 

MT1X TCTCCTTGCCTCGAAATGGAC GGGCACACTTGGCACAGC (629) 
MT2A CCGACTCTAGCCGCCTCTT GTGGAAGTCGCGTTCTTTACA (629) 
NDFIP2  AGTGGGGAATGATGGCATTTT AAATCCGCAGATAGCACCA P.Bank 
PLXDC1 CCTGGGCATGTGTCAGAGC GGTGTTGGAGAGTATTGTGTGG P.Bank 
RAB27B  CAGAAACTGGATGAGCCAACT GACTTCCCTCTGATCTGGTAGG P.Bank 
STAT-1 CCTGCTGCGGTTCAGTGA CGAATGATGTCAGGGAAAGTAA

CA 
In house 

TNF-α GGCAGTCAGATCATCTTCTCGA TCAGCTTGAGGGTTTGCTACAA In house 
MXA CTCGGCAACAGACTCTTCCAT CATGAAGAACTGGATGATCAAG

G 
In house 

MAL TCGTGGGTGCTGTGTTTACTCT CAGTTGGAGGTTAGACACAGCAA In house 
SLAMF1 CCTATCAGCAACAATTCCCAGAC CCCCTAACAGCCCAGCATA In house 
LAMP3 GCGTCCCTGGCCGTAATTT TCCTTGCTTAGCTGGTTGCT In house 
IRF7 ACGCGCGCATCTTCAAG GGCCTGTGCCTGAGTCTG In house 
TRAIL TGCGTGCTGATCGTGATCTTC GGGGTCCCAATAACTGTCATCTT In house 
IL-6 AGCCCTGAGAAAGGAGACATG ACCAGGCAAGTCTCCTCATTG In house 
IL-10 CATCAAGGCGCATGTGAACT GATGTCAAACTCACTCATGGCTT

T 
In house 

IL-12P40 TCCCCTCGTGGCCATATG TGGTCCAAGGTCCAGGTGAT In house 
IL-12P35 CCTTCACCACTCCGAAAACCT CGTCCACTGTGCTGGTTTTATCT In house 
IL-23 TGGGACACATGGATCTAAGAGAA

G 
GATCCTTTGCAAGCAAGCACAA
CTG 

In house 

PTGER2 GACCACCTCATTCTCCTGGCTAT TTAATTGATAAAAACCTAAGAG
CTTGGA 

In house 

 

2.13.4 Quantitative real-time PCR 

 
mRNA was quantitated by PCR using the Quantitect PCR mastermix (Qiagen, 

Australia), which is based on SyBr Green chemistry. Briefly, PCR reactions were set up 

using a Packard Multiprobe II robotic workstation (Perkin Elmer, Australia), which was 

programmed by Dr. Elysia Hollams. Primers were added to the reaction at a final 
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concentration of 300nM and thermocycled on the ABI Prism 7900HT (Applied 

Biosystems, Australia). Primerbank and in-house assays were cycled as follows: 

reactions were heat denatured at 95°C for 15min, then 40 cycles were performed of 

denaturation (95°C for 15sec), and annealing/extension (60°C for 1min). The MAL and 

IL-4 assays produced a second non-specific product with a low melting temperature, 

therefore an additional high temperature data acquisition stage was added to the cycling 

protocol (78.5°C for 15 seconds), which denatured the non-specific product allowing 

only the annealed specific product to bind to the SyBr green dye and generate a signal. 

The pre-designed assays purchased from Qiagen and Applied Biosystems were cycled 

as follows: reactions were heat denatured at 95°C for 15 minutes, then 40 cycles were 

performed of denaturation (94°C for 15 seconds), annealing (55°C for 30 seconds), 

followed by extension (72°C for 30 seconds). After the qRT-PCR run, the specificity of 

the reaction was determined by examining the melt (or dissociation) profile of the PCR 

products (i.e. change in florescence as the reaction tube is heated, which is dependent on 

the product size and sequence). Standard curves were prepared from serially diluted RT-

PCR products or from cloned RT-PCR products. RT-PCR products were cloned into 

plasmids using the TOPO TA cloning kit (Invitrogen, Australia) and were transfected 

by heat shock into One Shot TOP10 chemically competent Escherichia coli cells 

(Invitrogen, Australia) according to manufacturer’s instructions (Invitrogen, Australia).   

 

2.13.5 Statistical analysis of qRT-PCR data 

 
Gene expression levels were quantified relative to standards that contain an unknown 

amount of the analyte, therefore the qRT-PCR data can only be compared within and 

not between experiments. Data are normalised (i.e. expressed as a ratio) to the stably 

expressed gene EEF1A1. The EEF1A1 housekeeping gene was identified as one of the 

most stably expressed genes in the human genome during a genome-wide screen of 11 

different human fetal and adult tissues (631). The Wilcoxon matched pairs test was 

employed for statistical analysis of qRT-PCR data and was performed in Prism software 

(GraphPad Software Inc., San Diego, USA). In figures and tables, qRT-PCR data were 

multiplied by a scaling factor to obtain whole numbers.  
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2.14 GENOME-WIDE ANALYSIS OF mRNA EXPRESSION BY 
AFFYMETRIX MICROARRAYS   

 

2.14.1 Affymetrix Microarrays 

 
Commercially available Affymetix GeneChips are created by the direct synthesis of 

short 25-mer oligonucleotides onto the arrays.  Each gene has between 11 and 16 

directly hybridising probes (perfect match, PM) or probes containing a single mismatch 

(mismatch, MM).  The advantage of the Affymetrix arrays is that each gene is measured 

multiple times and an average signal is calculated generating large statistical power, 

with the MM probes serving to control for non-specific hybridsation to the chip (632).  

One sample is applied to a single chip and the signal for each gene is normalised to the 

average signal for all the genes on the array, allowing for valid comparison of transcript 

expression levels between different samples.   

 

The current study utilised the Hgu U133 Plus 2.0 series Affymetrix Genechips 

(Millennium Science, Australia).   This series measures the abundance of 54 675 mRNA 

transcripts and variants. The U133 Plus 2.0 series offers a comprehensive coverage of 

the whole human genome, interrogating the majority of all the known genes and their 

variants as well as poorly characterised sequences for predicted/hypothetical genes with 

no known function.   

 

2.14.2 RNA labelling and microarray hybridisation procedures  

 
Total RNA samples (~1ug) were labelled using the Affymetrix one cycle labelling kit 

(Millennium Science, Australia) according to manufacturer’s instructions except: 1) 

20U RNase Inhibitor (Geneworks, Australia) was added to first strand cDNA synthesis; 

2) Reactions were heat denatured (70°C, 10 min) after first strand cDNA synthesis; 3) 

Samples were incubated for 10 minutes with T4 DNA ligase after second strand cDNA 

synthesis. Production of labelled cRNA by in vitro transcription was performed using 

the in vitro transcription kit which is provided in the Affymetrix one cycle labelling kit 

(Millennium Science, Australia). Fragmentation of cRNA, hybridization to Affymetrix 

microarrays, washing, staining and scanning was performed according to 

manufacturer’s instructions (Affymetrix, Santa Clara, USA). 
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Experiments involving enrichment of allergen-driven CD4+ cells by magnetic bead 

isolation from PBMC cultures with and without MDDC supplementation (Chapter 5) 

did not generate enough total RNA for microarray analysis using the standard labelling 

protocol. Therefore in these studies, the two-cycle Affymetrix labelling protocol (often 

referred to as RNA amplification) was employed according to manufacturer’s 

instructions (Millennium Science, Australia).   

 

2.15 MICROARRAY DATA ANALYSIS  

 

2.15.1 Quality control of microarray data 

 
Affymetrix Genechips have built in quality control measures to assess chip-to-chip data 

quality. All microarrays within each experiment were of comparable quality as assessed 

using the parameters listed in Table 8. Microarray scan images were checked for spatial 

defects/artefacts using diagnostic plots from the affyPLM package.  Reference values 

for present calls are not provided by the manufacturer for different tissue types, 

however present calls were routinely 45% or greater in purified MDDC and CD4+ T-

cells on the U133 plus 2.0 microarrays, which indicated that a substantial number of 

transcripts (~ 25 000) were detected above background staining. The hybridisation 

controls were always detected and are therefore not mentioned in the microarray quality 

control reports in the appendix.  

Table 8: Quality control parameters built into Genechip technology 

Parameter Description 
Scaling factor Inversely proportional to the overall signal intensity of the experiment. 

Values are dependent on sample quality and tissue type – values of chips 
from one experiment should not vary by more than 3-fold. 

Present Call (%) Percentage of transcripts detected above background staining. Values are 
dependent on sample quality and tissue type.    

Background Assess the level of background non-specific signal. Should range between 20 
and 100 fluorescent units.  

Noise (Raw Q) Dependent on scanner noise and sample quality. Should be less than 3.    
β-actin/GAPDH 
3’: 5’ ratio 

Assess RNA degradation in the sample. Should be less than 3, but ideally 
should be approximately 1. Where a pre-amplification step has been 
performed, the ratios can be higher than 3 as this step is likely to increase the 
frequency of short transcripts in solution and unavoidably introduce some 3’ 
bias into the population of labelled transcripts. (Wilson et al, 2005, 
http://bioinformatics.picr.man.ac.uk). 

Hybridisation 
controls 

BioB, BioC, BioD and Cre are spiked into hybridisation at 1.5pM, 5pM, 
25pM and 100pM respectively. BioB is spiked at the level of assay 
sensitivity, and should be detected 50% of the time.  
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2.15.2 Data preprocessing  

 
Microarray data were analysed in the open-source statistical computing language R 

(http://www.r-project.org/), utilising several additional add-on software packages from 

the Bioconductor Project (http://www.bioconductor.org/) including affy, affyPLM, 

annotate, hgu133 plus2 and limma. The PLM algorithm (default model in the affyPLM 

package) (633) that is based on the RMA algorithm (634) was used to calculate gene 

expression levels (subtraction of background signal, normalisation, and summarisation 

of probe set intensities). The PLM algorithm transforms microarray data to the log2 

scale, which is the most common transformation used in microarray (635), and all 

downstream analyses were performed on this scale.  

 

2.15.3 Gene expression ratios and log ratios  

 
Microarray data are presented as gene expression ratios (expression level in AEC-

MDDC divided by the expression level in ctrl-MDDC or the expression level in 

stimulated cells divided by the expression level in unstimulated cells for the MDDC and 

T-cell microarray experiments, respectively) on the log2 scale (i.e. the logarithm to the 

base two of the fold change values). Data are analysed on the log2 scale primarily as 

microarray data is spread across a large range of signal intensities but most of the data 

has a low intensity, therefore log transformation enhances interpretation/visualisation of 

high and low intensity data (633).   

 

2.15.4 Identification of differentially expressed genes  

 
To identify differentially expressed genes, gene expression intensity was compared in 

control MDDC versus AEC-conditioned MDDC following 5-day co-culture (Chapter 4) 

or in allergen-stimulated CD4+ T-cells isolated from PBMC cultures with or without 

supplemented MDDC versus unstimulated cells (Chapter 5). In replicated experiments, 

a moderated T-test (636) was employed in the analysis which is based on empirical 

Bayesian statistics and is more powerful than standard T-tests when the number of 

replicates is low (637).  

 

http://www.r-project.org/�
http://www.bioconductor.org/�
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2.15.5 Multiple testing and false discovery rates 

 
When a standard T-test is performed on a single variable and the significance level is set 

at 0.05, a type 1 error would be predicted to occur once in every twenty tests. This is 

known as the false positive rate. In a typical microarray experiment, as many as 50 000 

variables are measured simultaneously, and in this case 2500 type one errors would be 

expected to occur by chance at a significance level of 0.05. Therefore the p-values need 

to be adjusted to take into account the number of tests being performed. An alternative 

is to report the false discovery rate (FDR) rather than the false positive rate. The FDR is 

the estimated proportion of false positives amongst the tests called significant (638, 

639). Therefore at an FDR of 0.05 (referred to as a q-value rather than p-value), 5% of 

the reported gene list are estimated to be false positives, which was the FDR selected as 

the significance level for differential expression in this study. 
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3 CHAPTER 3: INITIAL CHARACTERISATION OF 
DENDRITIC CELLS DIFFERENTIATED IN THE 
PRESENCE OF AIRWAY EPITHELIAL CELLS 
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3.1 INTRODUCTION 

 
 
The defining feature of inhalant allergy is development of Th2-polarised memory to 

airborne allergens and ensuing production of allergen-specific IgE antibody.  This form 

of T-cell immunity plays an important role in the pathogenesis of allergic asthma, in 

which Th2 cytokine responses to inhaled aeroallergens contribute to the development of 

airway obstruction and hyperresponsiveness (640). However, whilst up to 50% of the 

Western population is allergic to one or more allergens, only a proportion of these go on 

to develop clinically significant disease (641).  This observation highlights the 

complexity of the interactions between genetic and environmental factors that dictate 

downstream disease expression. One such complexity involves the capacity of the local 

tissue microenvironment to regulate the effector functions of the incoming cell 

populations that mediate allergic inflammation in the airways.  These local regulatory 

mechanisms are believed to play a major role in asthma pathogenesis and elucidation of 

how they operate may provide novel insight into the choice of targets for therapy and/or 

prevention of disease.  

 

Airway mucosal DC represent major candidates for such a regulatory role, given the 

central role they play in the initiation and amplification of adaptive immune responses 

to inhaled allergens by virtue of their antigen capture and presentation functions. 

Animal and human studies have demonstrated that airway mucosal DC are crucial in 

both primary sensitisation to allergen and in persistence of airways inflammation (431, 

642, 643).  Resting DC in tissues display an immature phenotype and are specialised for 

sampling the local antigenic environment but lack the capacity for efficient presentation 

to T-cells (420).  The latter requires a series of maturation steps that involve down-

regulation of endocytic functions and concomitant up-regulation of major 

histocompatibilty complex (MHC) and co-stimulator expression (644).  However in 

resting airway mucosal tissues this sequential activation and maturation process of DC 

is not normally completed until after the DC migrate to draining lymph nodes, and it is 

thought that this compartmentalisation of functions serves to protect airway tissues from 

T-cell-mediated damage that could ensue from continuously responding to ubiquitous 

non-pathogenic antigens that are normally present in ambient air (420, 645).  The fine 

balance between retention of DC in a functionally immature state versus transition into 
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efficient antigen presenting cells represents a critical control point in relation to 

susceptibility to inhalant allergy.   

 

It is unclear how DC differentiation is fine tuned within the airway mucosa.  DC in the 

airway mucosa exist as contiguous networks both within and beneath the airway 

epithelium, and it has been shown that under steady-state conditions there is continuous 

and rapid turnover of this population (149), and this already dynamic process can be 

further accelerated in response to inflammatory challenge (646). One important source 

of the precursors for these DC networks is circulating peripheral blood monocytes that, 

in response to certain chemokines, can readily migrate into peripheral tissues in both 

steady state and inflammatory conditions (138) and subsequently differentiate into DC 

under direction of mediators such as GM-CSF.   A number of studies have singled out 

mesenchymal cells as having important roles in regulating this DC differentiation 

process in solid tissue microenvironments (612, 647).  In the conducting airways the 

mesenchymal cells of interest are airway epithelial cells (AEC) that are situated in close 

proximity to local DC networks. AEC express an array of regulatory mediators (as 

reviewed in (21)) and hence are an obvious candidate for influencing the local 

differentiation and maturation of monocytic precursor cells after they migrate into the 

airway mucosal microenvironment. 

 

There is a range of precedents for this suggestion.  For example, it has been 

demonstrated that epithelial cells in the gastric mucosa condition local DC through the 

release of soluble mediators that results in a ‘non-inflammatory’ phenotype that is 

crucial for the maintenance of intestinal homeostasis (550).  More recent studies of the 

lung microenvironment suggest that AEC may also condition fully differentiated DC 

(555, 558).  However only limited information is available regarding the influence of 

AEC on monocytes at the initial stages of their differentiation into DC, nor is it clear 

how this subsequently alters local T-cell responses.   In this study we investigated the 

functional interaction between AEC and DC, utilising an in vitro model of GM-CSF/IL-

4-driven differentiation of CD14+ peripheral blood monocytes into DC in the presence 

or absence of resting immortalised bronchial epithelial 16HBE cells as a surrogate for 

primary AEC.   
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3.2    RESULTS 

 

3.2.1 Examination of the morphology of MDDC subsets 

 
Initial comparisons of the CD11c+PI- subsets of cells following 5-day differentiation 

culture with or without AEC focused on cytological examination of their morphology.  

For this purpose, Diffquik staining (a modified form of the Wright Giemsa stain) was 

applied to cytospun cells following their isolation by cell sorting.  As evident in Figure 

5, both the control MDDC and the AEC-MDDC showed very similar dendritic-like 

morphology:  typical large cells, with round to oval-shaped or coffee-bean nuclei, and a 

large pale cytoplasm with cytoplasmic extensions. 

 
Figure 5: Morphology (Diffquik staining on cytospun cells) of CD11c+PI- sorted 
cells from Day 5 differentiation cultures. 
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3.2.2 Comparison of the surface phenotype of MDDC differentiated from 

monocytic precursors in the presence or absence of AEC 

 

It was hypothesised that AEC from healthy individuals could contribute to immune 

homeostasis in the lung via modulation of DC differentiation and maturation from 

monocytic precursors.  To examine this, the well-described in vitro culture system 

involving the cytokine-driven differentiation of monocytes into DC in co-culture with 

cells from the 16HBE airway epithelial line was employed. Monocytes were introduced 

into semi-confluent 16HBE monolayers in order to allow the monocytes to take up 

position above and between AEC. The phenotype and function of the monocyte-derived 

DC (MDDC) arising in these cultures were subsequently evaluated, and compared this 

with monocytes that differentiated into DC in the absence of AEC. As expected, 

monocytes cultured on their own with IL-4 and GM-CSF significantly up-regulated 

their expression of HLA-DR and the co-stimulatory molecules CD40, CD80 and CD86 

as well as the DC-specific marker CD1a,  the integrin CD11c, and the C-type lectin DC-

SIGN (Figure 6A).  In addition, the monocyte marker CD14 was not detected on these 

cells after the 5-day incubation period.  In comparison, the presence of AEC in the 

cultures resulted in MDDC expressing higher levels of CD40, CD80 and HLA-DR 

whereas the expression of CD86, CD11c, CD1a and DC-SIGN was not significantly 

different from the control MDDC (Figure 6A). In addition, the AEC-conditioned 

MDDC retained significantly higher levels of CD14 on their surface.  These results are 

summarised in Figure 6B. 
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Figure 6: Surface marker expression of MDDC and monocyte precursors.  
Monocytes were incubated for 5 days with IL-4 and GM-CSF in the presence or 
absence of 16HBE 14o- monolayers and surface marker expression was measured by 
flow cytometry. (A) Representative histograms of surface marker expression of MDDC 
and monocyte precursors. Black line, stained population; shaded line, isotype control.  
(B) Summary of mean fluorescence intensity (MFI) values normalised to baseline 
monocyte levels (white bars) for control MDDC (grey bars) and AEC-MDDC (black 
bars). Data from 12 independent experiments are presented as mean ± SEM fold 
change. **p<0.01 compared with monocytes; ***p<0.001 compared with monocytes. 

 

3.2.3 Replication of the phenotyping experiments of MDDC differentiation using 

a second airway epithelial cell line BEAS-2B 

 

As mentioned in Section 2.122 of Chapter 2, it was important to determine if a second 

normal human bronchial cell line could reproduce the modulating effects on MDDC 

phenotype observed with 16HBE 14o- cells.  For this purpose, the BEAS-2B cell line 

was used and cultures were set up in parallel to those using the 16HBE 14o- cells.  

Examination of the surface expression of CD14, CD40, CD80, CD86 and HLA-DR on 

the MDDC differentiated alone or in the presence of BEAS-2B cells showed similar 

patterns to that seen with 16HBE 14o- cells (Figure 7).  That is, the AEC-conditioned 
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MDDC displayed higher levels of CD40 and CD80 on their surface than the ctrl-MDDC 

population but retained a moderate level of CD14 expression.  In addition, their 

expression of CD86 remained unchanged.  Levels of HLA-DR on the surface of the 

AEC-MDDC using the BEAS-2B line could not be differentiated statistically from the 

ctrl-MDDC, although over the four independent experiments, there was a trend for 

increased expression of this molecule.  Due to the limitations on starting numbers of 

monocytes for the differentiation experiments, it was logistically impossible to routinely 

run parallel cultures using both AEC lines and based on these results, it was decided to 

focus subsequent experiments on the 16HBE-based model. 

 

Figure 7: Surface marker expression of control MDDC and AEC-MDDC derived 
from BEAS-2B cultures.  
Monocytes were incubated for 5 days with IL-4 and GM-CSF in the presence or 
absence of BEAS-2B monolayers and surface marker expression was measured by flow 
cytometry. Results are expressed as representative histograms of surface marker 
expression of control MDDC and AEC-MDDC; black line, stained population; shaded 
line, isotype control. 
 

3.2.4 Comparison of the innate immune response of AEC-conditioned MDDC 

and control MDDC 

 

Given that airway mucosal DC populations are positioned at the interface of the lung 

tissue and the airway lumen, they represent part of the first-line defence against inhaled 

microbial organisms including bacteria and viruses.  Therefore, it was pertinent to 

examine whether the conditioning of MDDC phenotype during differentiation also 

translated into altered responses to these innate stimuli.  To study this, two 
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representatative compounds were used to stimulate the MDDC:  bacterial 

lipopolysaccharide (LPS) recognised by TLR4 and its co-receptor CD14 (648), and 

polyriboinosinic:polyribocytidylic acid (poly(I:C)), a synthetic homologue for double-

stranded RNA that signals through TLR3 (649).  TLR4 signalling is primarily through 

the MyD88-dependent pathway whereas downstream signalling of TLR3 proceeds 

independently of MyD88 (63), thus the use of agonists to both of these receptors would 

provide information in regards to the status of both TLR intracellular signalling 

cascades.  As expected, LPS activation of MDDC following their purification by flow 

cytometric sorting resulted in the production of IL-6, TNF-α and modest amounts of IL-

10 and IL-12p70 (Fig. 8A). Priming these cells with IFN-γ prior to LPS addition 

triggered elevated production of IL-6 and IL-12p70, whereas TNF-α and IL-10 

production remained unchanged (Fig. 8B).  Similarly, stimulation with Poly I:C lead to 

the release of large amounts of IL-12p70, TNF-α and IL-6 with only modest IL-10 

production (Fig. 8C).  Contact with AEC during monocyte to DC differentiation 

markedly enhanced release of all these cytokines in response to stimulation with LPS 

(with or without IFN-γ priming) and Poly I:C.  
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Figure 8: Cytokine responses of MDDC following stimulation with TLR agonists.   

After incubation with IL-4 and GM-CSF in the presence or absence of semi-confluent 
AEC monolayers, MDDC were purified via flow cytometric sorting and exposed to (A) 
LPS (1ng/ml) for 24h or (B) primed with rhIFN-γ (10ng/ml) for 3h prior to addition of 
LPS for a further 21h (C) or Poly I:C (10ug/ml) for 24h.  Cell-free supernatants from 
control MDDC (grey bars) or AEC-MDDC (black bars) cultures were collected and 
assayed for IL-12p70, IL-10, IL-6 and TNF-α.  Data from 8 independent experiments 
are presented as delta mean values ± SEM. *p<0.05 compared with control MDDC; 
**p<0.01 compared with control MDDC; ***p<0.001 compared with control MDDC.   
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3.2.5 Examination of levels of TLR3 and TLR4 in the MDDC subsets 

 

As described above, Poly I:C and LPS are recognised primarily through TLR3 and 

TLR4, respectively.  Thus, it was important to determine if differences in the level of 

expression of these two receptors existed that may contribute to the elevated cytokine 

responses observed in the AEC-MDDC.  Firstly, levels of mRNA expression were 

examined by qRT-PCR in the cell pellets following flow cytometric purification.  It was 

found that the AEC-MDDC expressed higher levels of TLR3 and TLR4 mRNA 

transcript than the control MDDC (Figure 9A; p<0.05 for TLR3 and p<0.01 for TLR4).  

Following on from this, a subset of cells was immunostained for quantitation of 

expression of each receptor at the protein level.  Prior to staining, cells were fixed and 

permeabilised to allow penetration of the antibodies as TLR3 in particularly is restricted 

to intracellular expression in DC (650).  It was found that the AEC-MDDC expressed 

modest levels of TLR4 protein that were significantly higher than the ctrl-MDDC subset 

(Figure 9B) however no TLR3 protein could be detected in either MDDC subset (data 

not shown).  This is more likely a reflection of a poor antibody as high levels were 

detected at the mRNA level. The lack of availability of other TLR3 antibodies 

precluded further protein analysis. 
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Figure 9: TLR3 and TLR4 expression by MDDC subsets 
(A) Total RNA was isolated for real-time PCR analysis from sorted control MDDC and 
AEC-MDDC. Data from 12 independent experiments are presented as mean ± SEM 
baseline expression of mRNA encoding the TLR3 and TLR4 target genes normalized to 
the stable housekeeping gene EEF1A1 for control MDDC (grey bars) and AEC-MDDC 
(black bars).   * p<0.05 compared with control MDDC; **p<0.01 compared with 
control MDDC.  (B) TLR4 protein expression was measured by flow cytometric 
analysis for sorted control MDDC  (grey bar) and AEC-MDDC (black bar) prior to 
stimulation and normalized to levels present on autologous monocyte precursor cells 
which served as internal controls.  Data from 8 independent experiments are presented 
as mean ± SEM fluorescence intensity,   **p<0.01 compared with control MDDC. 
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3.2.6 Antigen uptake and processing capacities of the MDDC 

 

To investigate whether AEC altered antigen uptake by DC, an endocytosis assay using 

FITC-dextran was employed. Dextran is a representative antigen that is taken up by DC 

primarily via specific mannose receptor-mediated endocytosis with a minor component 

of uptake due to constitutive fluid phase pinocytosis (164) and is used routinely to 

assess DC antigen uptake.  At all points throughout the time course of the uptake assay, 

AEC-conditioned MDDC exhibited significantly higher levels of fluorescence than the 

control MDDC, indicating increased levels of FITC-dextran uptake (Fig. 10A).   

 

Next it was determined whether the enhanced endocytic activity in AEC-conditioned 

MDDC was paralleled by changes in antigen-processing activity. The self-quenched 

marker DQ-Ovalbumin (DQ-OVA) was used, which consists of naturally mannosylated 

ovalbumin extensively labeled with the fluorochrome BODIPY, to visualize antigen 

presentation. Control MDDC exposed to DQ-OVA showed a time-dependent increase 

in fluorescence, corresponding to intracellular processing of this model antigen (Fig. 

10B).  In comparison, the mean fluorescence levels in MDDC exposed to AEC during 

differentiation were significantly higher at all time points measured, indicating that 

conditioning of MDDC by the AEC markedly enhanced their ability to process 

internalized antigen. 
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Figure 10: Antigen uptake and processing capacity of MDDC.   
After purification of control MDDC and AEC-MDDC, FITC-labeled dextran 
endocytosis (A) and BODIPY-conjugated ovalbumin processing (B) were measured by 
flow cytometry.  Data from 15 independent experiments are presented as mean ± SEM 
fold change MFI values of ctrl-MDDC (closed triangles) and AEC-MDDC (closed 
diamonds) above MFI of control MDDC at time 0.   *p<0.05 compared with control 
MDDC; **p<0.01 compared with control MDDC; ***p<0.001 compared with control 
MDDC.  NOTE: both antigen uptake and processing assays were also performed at 4oC 
as a negative control (data not shown). 
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3.2.7 Examination of the effects of AEC-conditioned MDDC on the T-cell 

memory response   

 
Finally, experiments were performed to determine whether these AEC-induced changes 

in the antigen processing properties of MDDC influenced their capacity to subsequently 

present antigen-specific activation signals to autologous T-memory cells.  A model 

system utilizing PBMCs from atopic subjects sensitized to HDM allergen was 

employed.  Stimulation of whole PBMC cultures with HDM resulted in modest Th2-

polarised recall responses characterized by production of significant levels of IL-5, IL-9 

and IL-13 triggered by endogenous APC within the PBMC population (Fig. 11A).  

Concomitant supplementation of these cultures with low numbers of MDDC (equivalent 

to 10% of PBMC cultures), either control or AEC-conditioned, resulted in markedly 

enhanced recall responses characterized by elevated levels of both Th2 and Th1 (IFN-γ) 

cytokine production. However the Th2 cytokine component was significantly attenuated 

in the cultures containing AEC-MDDC relative to that triggered by control MDDC. 

This selective attenuation of the Th2 component of the recall response was reflected in 

the elevated ratios of IFN-γ to the three Th2-associated cytokines measured (Fig. 11B). 
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Figure 11: Autologous T-cell responses to antigen presentation by MDDC. 
After flow-cytometric sorting of control MDDC and AEC-MDDC, autologous PBMC 
were co-cultured in media alone or with each MDDC population at a 1:10 ratio in the 
presence or absence of HDM (10ug/ml).   (A) Cell-free supernatants were collected 
after 48h and IFN-γ, IL-13 and IL-5 protein levels were measured by time-resolved 
fluorometry.  For IL-9 evaluation, total RNA was isolated from cell pellets after 48h 
post HDM addition and target gene expression was measured by qRT-PCR.  Data from 
8 experiments are presented as delta mean ± SEM protein expression (IFN-γ, IL-13 and 
IL-5) or expression of the IL-9 target gene normalized to the housekeeping gene 
EEF1A1 for unsupplemented PBMC (white bars), PBMC and control MDDC (grey 
bars) and PBMC and AEC-MDDC (black bars). *p<0.05 compared to unsupplemented 
PBMC; **p<0.01 compared to unsupplemented PBMC alone. (B) Ratios of IFN-γ to 
each of IL-13, IL-5 and IL-9 were calculated for each experiment where PBMC were 
supplemented with MDDC and expressed as mean ± SEM values for control MDDC 
(grey bars) and AEC-MDDC (black bars). *p<0.05 compared to control MDDC. 
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3.2.8 Examination of levels of T-cell polarizing cytokines in MDDC subsets 

 

To try to elucidate the mechanisms underlying the modification of downstream T-

memory responses to HDM presentation by AEC-MDDC, the levels of transcripts of 

polarizing cytokine genes in the pellets of both MDDC populations were examined by 

quantitative real-time PCR.  It was observed that the AEC-MDDC expressed 

significantly higher levels of IL-12p35 and IL-12p40 subunits as well as IL-10, however 

there were no differences in the levels of the IL-23 subunit p19 (Fig. 12A).  In addition, 

MDDC differentiated in the presence of AEC demonstrated significantly higher IL-

12p35:IL-12p40 and p35:IL-10 gene transcript ratios (Fig. 12B). 
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Figure 12: Measurement of mRNA transcripts for IL-12p35, IL-12p40, IL-10 and 
IL-23p19 in MDDC.  
(A) After flow-cytometric sorting of MDDC populations at Day 5, levels of IL-12p35, 
IL-12p40, IL-10 and IL-23p19 were measured in the unstimulated cell pellets by qRT-
PCR in control MDDC (grey bars) and AEC-MDDC (black bars).  Data from 12 
independent experiments are presented as mean ± SEM values of the ratio of the target 
gene normalized to the stable housekeeping gene EEF1A1. ***p<0.001 compared to 
control MDDC.  (B) Ratios of IL-12p35:IL-12p40 and IL-12p35:IL-10 were calculated 
for each experiment and expressed as mean ± SEM values for control MDDC (grey 
bars) and AEC-MDDC (black bars). *p<0.05 compared to control MDDC; ***p<0.001 
compared to control MDDC.   
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3.2.9 Effects of resting AEC supernatants and those collected from 

AEC/monocytes co-cultures on the IL-4/GM-CSF-driven differentiation of 

MDDC 

 

Given that AEC appear to modulate certain aspects of the phenotype and function of 

MDDC, it was important to determine whether these effects were dependent on the 

contact of the two cell types.  As outlined in Chapter 2, unsuccessful attempts were 

initially made to generate a co-culture model using semi-permeable culture inserts that 

separate cells but allow for diffusion of soluble molecules (see section 2.1.1.4.1).  

Instead, cell-free supernatants harvested and stored from MDDC generated with or 

without supplemented AEC were collected following 5-day culture.   These were added 

at a 1:2 dilution to a fresh batch of monocytes along with the standard amounts of 

exogenous IL-4 and GM-CSF and cells were stained following 5-day differentiation for 

phenotype analysis by flow cytometry.  A 1:2 dilution approach was used so as to avoid 

any independent effects of nutrient depletion.  As a control, supernatants from resting 

AEC were also added to a separate set of monocytes.  As shown in Figure 13, addition 

of supernatants from ctrl-MDDC (c) or resting AEC (e) to differentiating monocytes did 

not appear to significantly alter the surface marker expression of the resultant MDDC 

compared to ctrl-MDDC (a).  However, supplementation of cultures with supernatants 

harvested from the AEC/monocyte cultures appeared to partially induce the phenotype 

of the AEC-MDDC in relation to an increase in the MFI of CD40 and CD80 on the 

resultant MDDC (d).  In contrast though, only a very minor level of CD14 was retained 

on the surface of these MDDC, compared to the latter population generated in full 

contact with the AEC which retained moderate CD14 expression. 
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Figure 13: Supplementation of IL-4/GM-CSF monocyte differentiation cultures 
with supernatants. 
Cell-free supernatants stored from 5-day differentiation of monocytes in the presence or 
absence of AEC or from resting AEC cultures were supplemented into new IL-4/GM-
CSF monocyte differentiation cultures at a 1:2 dilution.  Following 5-day 
differentiation, the cells were stained and phenotype examined by flow cytometry.  
Conditions are as follows:  (a) ctrl-MDDC cultures; (b) AEC-MDDC cultures; (c) 
monocytes + IL-4/GM-CSF + supernatants from ctrl-MDDC cultures; (d) monocytes + 
IL-4/GM-CSF + supernatants from AEC-MDDC cultures; (e) monocytes + IL-4/GM-
CSF + supernatants from resting AEC cultures.  Histograms representative of one of 
four experiments.  Blue line, stained cells; shaded area, isotype control. 
 

3.2.10 Contribution of exposure to dead cells towards the observed MDDC 

conditioning by AEC 

 

A moderate amount of cell death could be observed in the MDDC differentiation 

cultures, particularly those with AEC included, where the mean total cell viability 

following harvest of cells and propidium iodide staining was 72.1±5.8% (data not 

shown).  To exclude the possibility that any modulatory effects of AEC on MDDC 

phenotype or functions were due to the uptake of apoptotic or necrotic material, 

monocyte cultures were supplemented with increasing numbers (0.5x103, 0.5x104, 
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0.5x105) of killed AEC (obtained via repeated freeze-thaw cycles) and compared to the 

phenotypes of both ctrl-MDDC and AEC-MDDC.  In four independent experiments, it 

was determined that there was no significant modification of the phenotype of those 

MDDC generated with IL-4/GM-CSF in relation to expression of CD14, CD40, CD86, 

HLA-DR or CD11c when cultures were supplemented with dead cells, even at the 

highest concentration.  Representative histograms from one sample with 0.5x105 

supplemented dead cells are shown in Figure 14, and these results indicate that the AEC 

modulatory effects on the differentiating MDDC could not be attributed to dead or 

dying cells arising during 5-day culture.  

 

Figure 14: Effects of dead cell supplementation on MDDC differentiation cultures. 

MDDC differentiation cultures were set up as previously described.  In parallel, graded 
numbers of killed cells were added to monocytes alone with IL-4 and GM-CSF and at 
the end of the 5-day culture, cells were stained with antibodies for CD14, CD40, CD86, 
HLA-DR and CD11c and surface phenotype of the three resultant MDDC populations 
was compared.  Representative histograms from one of 4 independent experiments. 
Blue line, stained population; shaded area, isotype control. 
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3.2.11 AEC modulation of MDDC derived from non-atopic precursor monocyte 

populations 

 

The design of this study was initially focussed on the pulmonary microenvironment in 

the context of allergy, as described earlier, and as such monocytes from atopic donors 

were deliberately selected for study.  However, it was important to examine whether 

similar conditioning of MDDC occurred following contact with AEC during the 

differentiation of monocytes from non-atopics.  Thus, monocytes derived from 4 non-

atopic adult volunteers were selected and differentiation cultures in the presence or 

absence of AEC were set up as previously described.  Figure 15A illustrates a 

representative sample stained for surface marker expression following 5-day 

differentiation culture, and shows clearly that a very similar pattern of phenotype 

modulation occurs in the AEC-MDDC generated from non-atopic monocyte precursors 

compared to that seen with the atopic samples i.e. up-regulation of CD40 and CD80 and 

retention of CD14  (Fig. 6A).  Furthermore, comparable boosting of innate immune 

responses to TLR agonists was observed in these AEC-MDDC, with Figure 15B 

displaying the data for the Poly I:C-stimulated samples.  Activating the MDDC subsets 

with LPS showed similar results (data not shown).  Finally, T-cell responses were 

examined by cytokine analysis in 48h supernatants following antigen presentation 

(Figure 15C).  Again, IFN-γ responses were boosted beyond PBMC levels for both 

subsets, and there significantly increased IFN-γ production in the co-cultures containing 

supplemented AEC-MDDC (p<0.05).  IL-13 levels in the antigen-stimulated PBMC 

cultures were extremely low and IL-5 was not detected, which was expected given the 

donors’ non-atopic status (441).  However, boosting of these cytokines was observed 

for all 4 subjects studied in MDDC-supplemented cultures and there was a trend for this 

to be attenuated in those cultures containing AEC-MDDC, although this did not reach 

statistical significance.   
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Figure 15: Phenotype and function of ctrl-MDDC and AEC-MDDC generated 
from non-atopic monocytes. 
Monocytes were isolated from the peripheral blood of 4 non-atopic volunteers and IL-
4/GM-CSF differentiation cultures were established as previously described in the 
presence or absence of AEC.  (A) Ctrl-MDDC and AEC-MDDC stained and examined 
by flow cytometry for surface marker expression of CD14, CD40, CD80, CD86 and 
HLA-DR.  Representative histograms from one of four subjects, blue line, stained 
population; shaded area, isotype control.  (B) Sorted MDDC subsets were exposed to 
Poly I:C (10ug/ml) for 24h and cytokines measured in supernatants by TRF. *p<0.05 
compared to control MDDC; **p<0.01 compared to control MDDC, ***p<0.001 
compared to control MDDC.  (C) Autologous PBMC were co-cultured in media alone 
or with each MDDC population following sorting at a 1:10 ratio in the presence or 
absence of HDM (10ug/ml). Cell-free supernatants were collected after 48h and IFN-γ, 
IL-13 and IL-5 protein levels were measured by TRF.  *p<0.05 compared to 
unsupplemented PBMC. 
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3.3 DISCUSSION 

 
The pathogenesis of allergic inflammation in the asthmatic airways crucially depends on 

the local triggering of allergen-specific Th-memory cells.  The key effector cells driving 

pathogenesis are believed to be Th2-cells, and modulation of the local Th1/Th2 balance 

has been proposed as a mechanism by which the immune system regulates local 

inflammation (640, 651).  As the primary cells in the airways responsible for presenting 

inhaled antigen to T-cells, DC are prime candidates for fine control of local T-cell 

activation (432, 645), and factors which determine the functional phenotype of airway 

mucosal DC are accordingly of major importance in asthma pathogenesis.  This study 

addressed the hypothesis that signals from adjacent AEC may be one such factor. 

 

This current study sought to model the situation that occurs at the point when ‘steady-

state’ conditions are interrupted by typical inflammatory events associated with allergy 

such as local mast cell or basophil activation, leading to the release of monocyte 

attracting chemokines such as CCL2 and cytokines including IL-4 and GM-CSF, which 

have the potential to up-regulate DC functions (429, 613, 652).  It was hypothesised that 

in this context, AEC may modulate DC phenotype and function such that the 

downstream response of T-memory cells to antigen presentation by these 

AEC-conditioned MDDC may also be modified to maintain immunological 

homeostasis. 

 

These results show that the presence of AEC during MDDC generation resulted in a 

modified surface marker expression profile, indicating differences in differentiation and 

activation status.  Levels of de novo CD1a expression on the surface of control MDDC 

and AEC-MDDC were comparable; a result that on its own would indicate that both cell 

types had progressed along the DC differentiation pathway (653).  In addition, staining 

for MHC Class II and co-stimulatory molecules revealed enhanced expression of CD40, 

CD80 and HLA-DR on AEC-MDDC which in the conventional view of DC maturation 

would suggest that these cells were phenotypically more mature than their control 

counterparts (2).  In contrast, there was a significantly higher level of expression of 

CD14 retained on the surface of the MDDC when differentiated in the presence of AEC 

compared to control MDDC where there was virtually no detectable CD14 protein.  
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This result would suggest that the differentiation of CD14+ monocytes into CD14- 

MDDC was delayed by the presence of AEC (Fig. 6A,B).  This notion of attenuated 

differentiation is supported by the observation of higher levels of antigen uptake and 

processing by the AEC-MDDC (Fig. 10A, B), a function that has been shown to be 

inversely correlated with the maturational status of DC (2).  This dichotomy of 

phenotype and function has been recently documented in an in vivo study of respiratory 

tract DC from human subjects that showed that whilst DC from asthmatic airways 

displayed higher levels of maturation markers, they were more adept at endocytosis than 

healthy controls (654).  Their data and that presented here collectively suggests that 

regulation of phenotypic maturation and antigen uptake can be uncoupled in the airways 

and that AEC may play a role in the differential regulation of the two processes. 

 

The AEC-MDDC also showed a propensity for enhanced responses to activation with 

the innate stimuli LPS and Poly I:C relative to control MDDC (Fig. 8A-C). Further 

investigation revealed increased levels of the genes TLR3 and TLR4 encoding receptors 

for these ligands on MDDC (Fig. 9A).  Immunostaining revealed higher levels of TLR4 

protein on the AEC-MDDC (Fig. 9B) although TLR3 protein could not be detected in 

either subset, which is most likely due to a technical problem with the antibody, given 

the robust Poly I:C response.  These results, taken together with the observation of 

retention of CD14 on the surface of the AEC-conditioned MDDC (a molecule known to 

enhance TLR3 and TLR4-mediated signaling (655, 656)) provides a possible 

mechanism for the increased sensitivity of these cells to both innate stimuli. 

Maintaining an intact response to a ‘true’ danger signal such as a bacterial or viral 

pathogen is important in innate lung defense and this result demonstrates that AEC can 

arm the MDDC with the capacity for a rapid and efficient response to control such an 

invasion.   

 

Differences in the levels of MHC II and co-stimulatory molecules on the surface of DC 

have been demonstrated to have significant implications in the outcome of peptide 

presentation to responder T-cells.  Interestingly, our results showed that the capacity to 

present antigen by the AEC-conditioned MDDC was similar to the control MDDC as 

IFN-γ responses of the T-cells were equivalent in both cultures, despite the former 

displaying increased levels of MHC II, CD40 and CD80 on their surface (Fig. 11A).  

However, IL-5, IL-13 and IL-9 responses to HDM presentation by AEC-MDDC were 

significantly lower than control cultures, indicating a bias directed against Th2 T-cell 
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immunity.  There are a number of possibilities that could account for this difference.  

One hypothesis could be that due to the higher levels of peptide processing and MHC II 

expression on the surface of the AEC-MDDC, there is a higher effective concentration 

of HDM allergen presented to the T-cells at the MHC-TCR synapse, resulting in 

preferential triggering of Th1 cytokine production.  This suggestion is consistent with 

results from several previous human studies showing that low levels of antigenic 

stimulation in vivo or in vitro selectively drive Th2-dominated recall responses, while 

higher stimulation tends to preferentially trigger Th1 cytokine production (657, 658). 

 

An alternative theory to explain the preferential Th1-bias in response to HDM 

presentation by AEC-MDDC is the shift in the balance of expression of CD80 and 

CD86 on the surface towards CD80 (Fig. 6A,B).  The interaction of these B7 family co-

stimulator molecules on the surface of APC with the CD28 molecule on T-cells has 

been shown to play a critical role in the MHC Class II-restricted presentation of peptide 

and accompanying activation of responder T-cells (659).  CD86 is constitutively 

expressed on APC and rapidly up-regulated upon maturation and interaction with CD28 

whereas CD80 expression is inducible over a longer period and is more stable than the 

former (245).  Despite exhibiting similar binding affinity to the CD28 ligand, CD80 and 

CD86 exhibit different biochemical characteristics that can result in different T-cell 

functional outcomes (244).  Whilst there is not complete consensus in the literature, a 

number of studies have demonstrated that CD80 favours Th1 responses whereas CD86 

promotes the expansion of a Th2 population and enhanced IL-4 production (247), and 

the shift towards CD80 dominance observed in AEC-conditioned MDDC may thus 

contribute towards their Th1 stimulatory properties.  Circumstantial in vivo evidence 

also favours this hypothesis including Langerhans’ cells expressing higher CD86 levels 

in Th2-mediated vernal keratoconjunctivitis (660), and in the lungs of patients with 

Th1-mediated sarcoidosis, there is an increased expression of CD80 but not CD86 

(661). 

 

An additional factor that may contribute to the Th1-trophic phenotype of AEC-MDDC 

is their enhanced IL-12 production.  As noted above, levels of IL-12p35 and IL-12p40 

transcripts were expressed at significantly higher levels in AEC-MDDC relative to 

control-MDDC and the p35:p40 ratio was also significantly increased (Fig. 12A,B).  In 

the context of IL-12 function, both genes need to be expressed co-ordinately in the same 

cells to produce the biologically active heterodimer, however p35 has been determined 
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to be the rate-limiting factor (662).  In the case of the AEC-modified MDDC, it could 

be postulated that the higher p35:p40 ratio may result in increased expression of 

functional IL-12 protein, which may in turn enhance the downstream IFN-γ production 

by responder memory T-cells. In this context it is pertinent to note earlier reports that 

IL-12 signaling from a source such as DC is required to stabilize the IFN-γ 

transcriptional machinery during the generation of effector T-cells from their previously 

primed memory precursors, thus effectively maintaining Th1-polarised population (253, 

663).  Furthermore, analysis of the p19 subunit that combines with the p40 molecule to 

form functional IL-23 revealed no differences between the two MDDC populations.  IL-

23 has been shown to also play an important role in supporting IFN-γ production and 

proliferation of antigen-specific T-memory cells (257) but these results suggest that IL-

12 may be the major contributor towards the Th1-skewing of Th-memory responses by 

AEC-MDDC in this model.  Finally, it was also noted that IL-10 transcripts were 

enriched in the AEC-MDDC.  The potential role of IL-10 in this model remains unclear, 

but it is noteworthy that in a murine in vivo model of allergic airways inflammation, 

endogenous IL-10 production by DC was found to contribute to a reduction in airways 

hyperresponsiveness, Th2 cytokine production and goblet cell hyperplasia (664). 

 

This study provides support for a critical role for AEC in the regulation of DC 

differentiation and maturation, which is in line with previous less detailed reports of 

AEC-DC interactions within the airways.  In particular, it has recently been reported 

that the presence of AEC enhances the responsiveness of mature MDDC to bacterial 

and particulate antigens (555, 558).  Additionally, another study has demonstrated that 

while supernatants derived from activated AEC drive partial differentiation of 

monocytes into DC, there was no such effect from AEC supernatants collected in the 

absence of exogenous stimuli (559). In accord with this latter study, it was also found 

here that the addition of supernatants from resting AEC did not modify MDDC 

differentiation (Fig. 13), suggesting that this regulatory phenomenon requires cell-to-

cell contact. It is possible however that the concentrations of AEC-derived soluble 

mediators at the “synapse” between AEC and monocytes in direct physical contact may 

be sufficiently high to mediate the effects observed, but we were unable to directly test 

this.  AEC are capable of producing a number of membrane-bound and soluble 

mediators that have known DC-modulatory effects, including TGF-β, GM-CSF, nitric 

oxide, prostaglandins, leukotrienes and TSLP (reviewed in (21)) and at this stage it was 

still unclear as to the mechanisms behind the observed MDDC conditioning in this 
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model.  Further experiments to address this issue are presented in the following Results 

chapter. 

 

Finally, examination of the differentiation of MDDC from the monocytes of non-atopic 

individuals in the presence of AEC revealed very similar phenotypical and functional 

outcomes compared to the AEC-MDDC derived from atopics (Fig. 15A-C).  A number 

of inherent differences in the DC populations derived from atopic and non-atopic 

subjects have been described, including variation in expression of surface marker 

production including co-stimulatory molecules (345, 665), Fc receptors (666) and Th-

polarising cytokine production (665, 667).  The data from this study suggest that the 

fundamental regulation of MDDC differentiation in the airways by the epithelium is 

independent of atopic status per se.  However, differences in the structural and 

functional properties of AEC in healthy individuals versus in atopics with expression of 

symptomatic asthma, as has been observed in other studies (668-670), could contribute 

to altered capacity to regulate this differentiation process. Thus, the transition of our 

model into a primary AEC system is a highly desirable long-term aim as it would allow 

the comparison of MDDC conditioning in both normal and diseased states. 

 

In summary, the results presented in this chapter show that contact dependent signals 

from AEC may modulate the functional maturation of CD14+ monocytes into DC 

during in vitro culture, including a) selective boosting of surface-expressed CD40, 

CD80 and HLA-DR and concomitant retention of low levels of CD14; b) enhancement 

of cytokine responses to innate stimuli including LPS and Poly I:C with increased levels 

of TLR3 and TLR mRNA and TLR4 protein; c) increased capacity to endocytose and 

process antigen;  d) retention of robust Th1 IFN-γ responses and attenuation of Th2 

responses of specific T-memory cells to allergen presentation by these AEC-

conditioned DC.  Further characterisation of the extent of AEC conditioning of MDDC 

and investigations into possible mechanisms by which this occurs are presented in the 

following Results chapters. 
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4 CHAPTER 4:  DC MICROARRAY STUDIES 
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4.1   INTRODUCTION 

 

The data described in Chapter 3 suggests that AEC modulate the phenotype and 

function of DC in the airways during their differentiation from incoming monocytic 

precursors. These studies were based on a ‘standard’ panel of phenotypic and functional 

readouts that are routinely used to characterise DC populations and provided important 

information on the nature of DC conditioning by AEC.  At this point of the project 

however, the mechanisms underlying the observed AEC-conditioning of the MDDC 

generated in their presence was unclear.  Other studies previously mentioned in the 

introductory chapter of this thesis have implicated a number of epithelial cell-derived 

soluble and/or surface-bound molecules in modulating DC function within their 

vicinity, including GM-CSF (558), IL-15 (559), ICAM-1 (555), TSLP (550) and TGF-β 

(560).  As opposed to a ‘trial-and-error’ approach investigating potential factors 

operational in this co-culture system, genome-wide expression profiling employing 

microarray was used to more efficiently identify logical candidates for follow-up study.  

Specifically, microarray analyses were employed to further characterise differences in 

the two MDDC subsets differentiated with or without AEC, with the aim of 

characterising the modulatory signals from the AEC and their targets in DC.  

 

4.2 RESULTS 

 

4.2.1 Microarray strategy 

 

Following 5-day differentiation culture in the presence or absence of AEC, viable 

CD11c+ MDDC populations from 15 individual subjects were purified using cell 

sorting technology, which yielded >98% purity (as described in Chapter 2.5).  Aliquots 

containing 5x105 MDDC were lysed in 0.5ml of Trizol solution for RNA extraction, 

while the remainder of sorted cells were used in other experiments.  Out of the 15 sets 

of paired RNA samples, 5 were randomly selected to be hybridised to Affymetrix 

U133Plus2.0 chips, with a small amount of residual RNA reserved for qRT-PCR 

validation.  The remaining 10 paired sets of extracted RNA were stored at -80oC to be 
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used as the independent validation set.  Figure 16 illustrates the experimental format 

used. 

 
 

Figure 16: Flowchart of methodology used in the microarray-based studies in this 
section. 
See text for details.   
 

4.2.2 Identification of differentially-expressed genes 

 
Following scanning of the Affymetrix chips containing the hybridised cRNA, the data 

was pre-processed using the PLM algorithm (633) to calculate gene expression levels.  

To visualise the data, a Minus-Average (MA) plot was created (Figure 17).  In this plot, 

the log ratio of the gene expression intensity in the AEC-MDDC versus the ctrl-MDDC 

was plotted on the vertical axis, while the average expression level of each gene across 

the 5 independent sets of microarray experiments was plotted on the horizontal axis.  

The non-differentially expressed genes are in close proximity to zero relative to the y-

axis, whereas those that are up- or down-regulated are outlying from the non-

differentially expressed genes.  In this instance, positive values on the vertical axis 
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indicate an increase in gene expression levels in AEC-MDDC compared to the ctrl-

MDDC, whereas the reverse is true for negative y-values.  It is noteworthy that a 

log2ratio of 1, 2, 3, 4, 5 or 6 is equivalent to a fold increase of 2, 4, 8, 16, 32 or 64 

respectively. 

 

Figure 17: Microarray profiling of gene expression patterns in MDDC following 5-
day differentiation in the presence or absence of AEC. 
Data presented as MA-plot and is the average of 5 independent experiments (see text for 
details). 
 

To determine differentially expressed genes in the MDDC populations, the signal 

intensities for each gene were analysed by moderated T-test (636) with false discovery 

rate (FDR) control for multiple hypothesis testing (639). The differentially expressed 

genes determined by setting the FDR-adjusted significance level as ≤ 0.05 yielded a list 

of 6250 genes, expressed as a volcano plot (Figure 18).  In this plot, the log2 expression 

ratio is plotted on the horizontal axis, whereas the statistical significance is shown on 

the vertical axis.  To interpret the graph, the genes that are in the top right and left 

quadrants represent those that are most up-regulated or down-regulated, respectively, in 

the data set.  To narrow down the target list, an arbitrary 2-fold cut-off was established, 

resulting in 1015 genes being differentially expressed between the two MDDC subsets, 

with 781 genes up-regulated and 234 down-regulated in the AEC-MDDC population 
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compared to the ctrl-MDDC.  All downstream analyses were performed using this list 

of differentially expressed genes. 

 

Figure 18: Microarray profiling of gene expression patterns in MDDC following 5-
day differentiation.  
Data presented as volcano plot and is the average of 5 independent experiments (see 
text for details). 
 

4.2.3 Ingenuity pathway analysis (IPA) of differentially-regulated genes 
 

Given the obvious practical limitations to examining each of the 1015 differentially-

expressed genes, specialized software was employed to identify biological pathways 

that were statistically significantly enriched within the specified list. Differentially 

expressed genes were uploaded into the Ingenuity Pathway Analysis software 

(http://www.ingenuity.com), a web-delivered application which utilizes the Ingenuity 

Pathways Knowledge Base (IPKB) containing a robust number of individually modeled 

relationships between gene objects (e.g. genes, mRNAs, proteins), in order to 

dynamically generate significant regulatory and signaling networks or pathways. The 

genes submitted for mapping to corresponding gene objects in the IPKB are called 

"focus genes." Canonical pathway analysis uses the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) annotated pathway maps to project the genes from a given pathway 
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that is shown to be active.  The significance of a canonical pathway is controlled by p-

value, which is calculated using the right-tailed (referring to the overrepresented 

pathway) Fisher Exact Test for 2x2 contingency tables. This is done by comparing the 

number of focus genes that participate in a given pathway, relative to the total number 

of occurrences of those genes in all pathways stored in the IPKB. The significance 

threshold of a canonical pathway is set to 1.3, which is derived by –log10 [p-value], 

with p value ≤ 0.05.  For this data set, the five most active pathways generated by 

canonical analysis are summarized in Table 9.   

 

Table 9: Ingenuity Pathway Analysis (IPA) of differentially expressed genes in 
AEC-MDDC versus ctrl-MDDC subsets.  

Pathway Percentage of genes in 

pathway differentially 

expressed 

Fisher-exact p-value 

Interferon signalling 31% 0.000000398 

Complement system 22% 0.000015849 

IL-10 signalling 14.5% 0.000039811 

IL-6 signalling 10% 0.012589254 

Chemokine signalling 8.5% 0.015848932 

 

 

4.2.4 Examination of the type 1 IFN signature 

 

Following pathways analysis of the data set, it was immediately obvious that there 

appeared to be a prominent type 1 IFN signature within the list of differentially 

expressed genes.  Following on from this, preliminary examination of the gene list 

resulted in the observation that from the 5 paired sets of microarray data, 9 out of the 

top 15 genes ranked on fold change were type 1 IFN-sensitive according to published 

literature (671-674).  These genes are summarised in Figure 19. 
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Figure 19: Examination of the expression ratios of the top 15 most differentially 
regulated genes comparing AEC-MDDC and ctrl-MDDC.   
Following flow cytometric sorting at Day 5, total RNA from 5 paired control MDDC 
and AEC-MDDC populations was extracted and analyzed on microarrays.  Genes 
differentially expressed in AEC-MDDC relative to respective control MDDC were 
identified using a moderated t test and were further ranked based on their fold change 
values. A subset of these genes representing the top 15 highest-ranking genes up-
regulated in AEC-MDDC is illustrated for each pair.  Interferon-inducible genes are 
identified by closed circles and non-interferon-inducible genes are identified by open 
circles.  Gene abbreviations: IFI27 - interferon, alpha-inducible protein 27; CCL8 – 
chemokine ligand 8; APOBEC3A - apolipoprotein B mRNA editing enzyme, catalytic 
polypeptide-like 3A; RSAD2 - radical S-adenosyl methionine domain containing 2; 
NEXN – nexilin; IFITM1 - interferon induced transmembrane protein 1; HIST1H2BG - 
histone cluster 1, H2bg; IFI44L - interferon-induced protein 44-like; IFIT1 - interferon-
induced protein with tetratricopeptide repeats 1; KIAA0101 - hypothetical protein 
LOC9768; IFIT2 - interferon-induced protein with tetratricopeptide repeats 2; NNMT - 
nicotinamide N-methyltransferase; FCGR3B – FC gamma receptor 3B; CCL18 – 
chemokine ligand 18; SERPING1 - serpin peptidase inhibitor, clade G (C1 inhibitor).   
 

4.2.4.1 Validation of type 1 IFN signature in purified MDDC subsets by qRT-

PCR 

 

After first identifying the type 1 IFN signalling pathway as the most differentially 

expressed in the microarray data set, it was important to validate this gene signature in 

the purified MDDC populations on which these findings were based.  To achieve this, 

highly sensitive qRT-PCR was employed to assess the level of transcription of a 

number of the type 1 IFN-sensitive genes (671, 673) on reserved RNA samples from the 
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original 5 paired sets used for microarray, followed by an additional 10 sets collected 

independently.  The results of qRT-PCR analysis of both the original 5 and independent 

10 paired samples of ctrl-MDDC and AEC-MDDC were very similar, demonstrating 

prominent up-regulation of the selected IFN-inducible genes in the latter MDDC subset.  

Figure 20 provides a summary for the qRT-PCR analysis of eight of the genes 

appearing in the microarray dataset (IFITM1, IFI27, OAS1, IFIT1, TRAIL, IRF7, MXA, 

STAT1, DCLAMP and TLR3).  
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Figure 20: PCR validation of type 1 IFN signature in MDDC subsets. 
RNA was extracted from control MDDC and AEC-MDDC following the 5-day 
differentiation culture and target gene transcripts were quantified using real-time RT-
PCR. Gene copy numbers were normalised to the stably expressed housekeeping gene 
EEF1A1. Statistical analysis by Wilcoxon matched pairs test, data shown as mean±SEM 
normalised expression, *p<0.05; ***p<0.001, n=15. 
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4.2.4.2 Examination of type 1 IFN expression over the MDDC differentiation 

period 

 
It is well documented that type 1 IFNs form a crucial component of the anti-viral 

defence system in the lung (as reviewed in (675)) and can also direct the induction of 

adaptive immune responses via promotion of DC differentiation and activation (676).  

Less well characterised is the role this cytokine family plays in the absence of viral 

infection, although type 1 IFN have been reported to be produced by primary AEC at 

baseline (677).  To confirm their expression in this co-culture system, commercially-

available ELISA kits that measure the majority of the major subtypes of type 1 IFNs 

(see Chapter 2.10) were employed to assess protein levels in the supernatants derived 

from AEC monocultures, monocyte monocultures or the AEC/monocyte co-cultures.   

At all time points, no type 1 IFN protein could be detected in the culture supernatants 

for any of the culture conditions (data not shown).  Due to the relatively large culture 

volume in the wells over the culture period (1.5ml) it was possible that type 1 IFN 

protein levels were below the limit of detection.  As a result, it was decided to examine 

the cell pellets derived from the cultures for levels of MxA, an IFN-inducible gene used 

as surrogate marker for type 1 IFN production (678-681), by qRT-PCR as a more 

sensitive readout.  It was found that over the 5 days, levels of MxA mRNA expression 

remained undetectable in the purified MDDC derived from IL-4/GM-CSF monocyte 

monocultures and from AEC cultured in the absence of exogenous IL-4 and GM-CSF 

(Figure 21). The addition of IL-4 and GM-CSF to AEC monocultures appeared to 

induce some MxA expression, albeit at only low copy numbers than the co-cultures. In 

marked contrast, there was a steady increase in MxA levels in purified MDDC from the 

IL-4/GM-CSF-supplemented AEC/monocyte co-cultures. 
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Figure 21: Expression of the surrogate type 1 IFN marker MxA over the 5-day 
MDDC differentiation period. 
Following establishment of differentiation cultures, cell pellets and supernatants were 
collected from cultures of monocytes + IL-4/GM-CSF (squares), monocytes+IL-4/GM-
CSF+AEC (triangles), AEC +IL-4/GM-CSF (circles) and AEC alone (diamonds) at 
various time-points throughout the 5-day incubation period.  Levels of MxA mRNA 
were examined by qRT-PCR and normalized to the housekeeping gene EEF1A1.  Data 
expressed as mean±SEM, representative of two independent experiments. 
 
 
To confirm these results, AEC pellets were recovered from the co-cultures by collecting 

the CD11c-PI- fraction of cells following cell sorting and examined for expression of 

IFN-β and an alpha-interferon representative subtype, IFN-α2, by qRT-PCR.  Relative 

to resting AEC, levels of type 1 IFN mRNA were elevated in those cells derived from 

the co-cultures containing differentiating monocytes. In accordance with the MxA data, 

the addition of IL-4 and GM-CSF appeared to stimulate some expression of type 1 IFN 

expression, although not to the same level as that seen in the AEC+monocyte co-

cultures (Figure 22).   
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Figure 22: Relative expression of IFN-α2 and IFN-β mRNA in AEC following 5-
day culture. 
RNA extracted from sorted AEC following 5-day culture with or without IL-4/GM-CSF 
and/or monocytes was analysed by qRT-PCR for levels of IFN-α2 and IFN-β mRNA 
transcripts, which were normalized to the housekeeping gene EEF1A1.  Results are 
presented for 6 independent experiments and expressed as mean ± SEM, *p<0.05 
compared to AEC alone. 
 

4.2.4.3 Blocking of type 1 IFN signalling in MDDC differentiation cultures 

 

To further investigate the functional significance of the type 1 IFN signature in AEC-

MDDC, a commercially available purified protein known as B18R was utilised which 

blocks type 1 IFN signalling into target cells by acting as a ‘decoy’ receptor (620-622).  

This protein exhibits high specificity and affinity for all known subtypes of the type 1 

IFN family and thus circumvents the lack of a commercially available blocking 

antibody to the type 1 IFN receptor.  In this project, an 80% reduction in the mRNA 

expression of the MxA gene that is downstream of the type 1 IFN receptor complex was 

observed when B18R was added to monocyte/AEC co-cultures at days 0 and 3 at 

0.05ug/ml (data not shown).  

 

Initial experiments focussed on the effects of blocking type 1 IFNs on the surface 

markers CD14, CD40, CD80 and HLA-DR which were identified in Figures 6A and 6B 

of the previous chapter as differentially expressed on AEC-MDDC. The presence of the 

B18R protein during the 5-day differentiation period resulted in significant attenuation 

of the effects of AEC on CD80 and HLA-DR expression during MDDC differentiation, 

however AEC modulation of expression levels of CD14 and CD40 was not altered 

(Figure 23A).  Furthermore, blocking of type 1 IFN signalling during MDDC 

differentiation attenuated the AEC-mediated boosting of TLR3 and TLR4 expression 
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(Fig. 23B) and downstream responses to LPS and Poly I:C (Fig. 23C).  Finally, the Th1 

skewing activity of AEC-MDDC relative to control MDDC in T-memory cell activation 

assays was partially reversed if the AEC-MDDC had been differentiated in the presence 

of the B18R protein (Fig. 23D).  Taken together, these data are consistent with a role for 

type 1 IFN in the modification of MDDC surface phenotype and function in the context 

of innate and acquired immune responses in the airways. 
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Figure 23: Blocking studies of type 1 IFN. 
(A) Following 5-day differentiation of control and AEC-conditioned MDDC with or 
without addition of the type 1 IFN inhibitor, surface marker expression was measured 
and mean fluorescence intensity (MFI) values of ctrl-MDDC (grey bars) and AEC-
MDDC (black bars) were normalized to monocyte levels. Data from 12 independent 
experiments are presented, ***p<0.001 compared with ctrl-MDDC; ###p<0.001 
compared with control MDDC+B18R. (B) Following 5-day differentiation of control 
and AEC-conditioned MDDC with or without addition of the type 1 IFN inhibitor, RNA 
was extracted and levels of mRNA transcripts for TLR3 and TLR4 were measured by 
qRT-PCR and normalized to the housekeeping gene EEF1A1. Results are presented for 
7 independent experiments, *p<0.05 compared to ctrl-MDDC. (C) MDDC were 
exposed to LPS or Poly I:C for 24h and cytokine concentrations in cell-free 
supernatants were measured for control MDDC (grey bars) or AEC-MDDC (black 
bars).  Data from 8 independent experiments are presented, p<0.05 compared with ctrl-
MDDC; **p<0.01 compared with ctrl-MDDC; #p<0.05 compared with ctrl-
MDDC+B18R; ##p<0.01 compared with ctrl-MDDC+B18R. (D) Autologous PBMC 
were co-cultured in media alone or with each MDDC population generated with or 
without type 1 IFN inhibitor addition in the presence or absence of HDM. 48h 
supernatants were collected and T-cell cytokine concentrations were measured for 
PBMC alone (white bars), PBMC and ctrl-MDDC (grey bars) and PBMC and AEC-
MDDC (black bars). Data from 8 independent experiments are presented,   *p<0.05 
compared to PBMC alone; ** p<0.01 compared to PBMC alone;  #p<0.05 compared to 
PBMC and ctrl-MDDC; ##p<0.01 compared to PBMC and ctrl-MDDC; λp<0.05 
compared to PBMC and ctrl-MDDC+B18R.   
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4.2.5 IL-6 and IL-10 as other potential modifiers of maturing MDDC  

 

Because the type 1 IFN blocking experiments showing incomplete reversal of AEC 

conditioning of MDDC, it seemed likely that additional mediators were involved. 

Pathways analysis also identified IL-6 and IL-10 signalling as being significantly up-

regulated in the AEC-MDDC.  To confirm the differential expression of these two 

soluble mediators in the MDDC cultures, their protein expression was examined by 

TRF assay in the supernatants collected over the culture period.  Analogous to MxA 

mRNA expression, IL-6 protein levels increased over time in the AEC/monocyte 

supernatants, but were virtually undetectable in the monocytes cultured alone and in 

AEC cultures with or without IL-4/GM-CSF supplementation (Figure 24A). Similarly, 

IL-10 was detectable only in the AEC/monocyte co-culture supernatants but not in those 

derived from the other cultures, however levels were modest compared to the 

concentration of IL-6 and the expression decreased over the culture period (Figure 

24B). 
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Figure 24: Time course studies of expression of IL-6 and IL-10.   
Following establishment of differentiation cultures, supernatants were collected from 
cultures of monocytes + IL-4/GM-CSF (squares), monocytes+IL-4/GM-CSF+AEC 
(triangles), AEC +IL-4/GM-CSF (circles) and AEC alone at various time-points 
throughout the 5-day incubation period. Supernatant concentrations of protein for IL-6 
(A) and IL-10 (B) were measured by time-resolved fluorometry. Data expressed as 
mean±SEM, representative of two independent experiments. 
 
 

4.2.5.1 IL-6 neutralisation experiments 

Neutralising anti-IL-6 antibody was added for the duration of cultures at the optimised 

dose of 2.5ug/ml.  In contrast to type 1 IFN inhibition, blocking IL-6 signalling had no 

effect on the boosted surface levels of CD80 or HLA-DR on the AEC-MDDC but led to 

a significant reduction in CD14 and CD40 expression (Fig. 25A). Inclusion of αIL-6 



 

 115 

blocking antibody in the monocyte-AEC co-cultures did not affect subsequent TLR 

responses of AEC-MDDC (Fig. 25B).  In contrast, the lack of IL-6 signalling during 

AEC-MDDC generation attenuated the Th1-skewing effects of these cells in antigen 

presentation assays similarly to that observed above with type 1 IFN blocking, however 

statistical significance was not achieved in this case (Fig. 25C).  
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Figure 25: IL-6 blocking studies. 
(A) Following 5-day differentiation of control and AEC-conditioned MDDC with or 
without addition of anti-IL-6 blocking antibody, surface marker expression was 
measured and mean fluorescence intensity (MFI) values of control MDDC (grey bars) 
and AEC-MDDC (black bars) was normalized to monocyte levels. Data from 12 
independent experiments are presented as mean ± SEM fold change, **p<0.01 
compared with control MDDC ***p<0.001 compared with control MDDC; ##p<0.01 
compared with control MDDC+αIL-6; ###p<0.001 compared with control MDDC+αIL-
6.  (B) Following 5-day differentiation of control and AEC-conditioned MDDC with or 
without addition of anti-IL-6 antibody, MDDC were exposed to LPS (1ng/ml) or Poly 
I:C (10ug/ml) for 24 hours and cytokine concentrations in cell-free supernatants were 
measured for control MDDC (grey bars) or AEC-MDDC (black bars).  Data from 8 
independent experiments are presented as delta mean values ± SEM, *p<0.05 compared 
with control MDDC; **p<0.01 compared with control MDDC; #p<0.05 compared with 
control MDDC+αIL-6; ##p<0.01 compared with control MDDC+αIL-6.  (C) 
Autologous PBMC were co-cultured in media alone or with each MDDC population 
generated with or without anti-IL-6 antibody addition in the presence or absence of 
HDM (10ug/ml).   Cell-free supernatants were collected after 48h and T-cell cytokine 
concentrations were measured for PBMC alone (white bars), PBMC and control MDDC 
(grey bars) and PBMC and AEC-MDDC (black bars). Data from 8 independent 
experiments are presented as delta mean values ± SEM,  *p<0.05 compared to PBMC 
alone; ** p<0.01 compared to PBMC alone; ##p<0.01 compared to PBMC and control 
MDDC; λλp<0.01 compared to PBMC and control MDDC+αIL-6. NB Matched isotype 
control antibody had no effect on surface marker expression in any condition (data not 
shown in interests of brevity).   
 

4.2.5.2 IL-10 neutralisation experiments 

A similar approach was again used to address the significance of the modest but 

elevated levels of IL-10 observed in the co-cultures of the differentiating monocytes and 

AEC compared to those without AEC. Examination of Day 5 ctrl-MDDC and AEC-

MDDC generated in the presence of IL-10 neutralising antibody showed no differences 

in the levels of candidate markers CD14, CD40, CD80 and HLA-DR compared to 

cultures without IL-10 blocking or those with matched isotype control antibodies at a 

dose of 2.5ug/ml (Figure 26).  Increasing the concentration of the blocking antibody 

also had no effect (data not shown).  Due to the lack of effects of blocking IL-10 on the 

surface phenotype of the MDDC subsets, further functional studies were not 

undertaken. 
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Figure 26: IL-10 blocking studies. 
Following 5-day differentiation of control and AEC-conditioned MDDC with or 
without addition of αIL-10 blocking antibody surface marker expression was measured 
and mean fluorescence intensity (MFI) values of control MDDC (grey bars) and AEC-
MDDC (black bars) were normalized to monocyte levels. Data from 12 independent 
experiments are presented as mean ± SEM fold change, *p<0.05 compared with control 
MDDC; **p<0.01 compared with control MDDC; ***p<0.001 compared with control 
MDDC;  #p<0.05 compared with control MDDC +αIL-10; ##p<0.01 compared with 
control MDDC+αIL-10; ###p<0.001 compared with control MDDC+αIL-10.  NB 
Matched isotype control antibody had no effect on surface marker expression in any 
condition (data not shown in interests of brevity).   
 

4.2.6 Analysis of other differentially expressed pathways in MDDC subsets 

 

Following pathways analysis of the microarray dataset, a number of other connected 

groups of genes were highlighted and thus deserving of further investigation.  Included 

in these were genes involved in chemokine and complement signaling, as outlined 

below. 

 

4.2.6.1 Chemokine analysis 

The chemokine family includes over 50 members whose principle function is to direct 

the gradient-driven migration of leukocytes via ligation with their corresponding G-

protein-coupled-seven-transmembrane receptors (682). Chemokines not only function 

in states of infection or inflammation, but are also important in driving the homeostatic 

leukocyte recirculation and the resolution of immune responses (683) and previous 

studies have shown that DC express a distinct array of chemokines, both constitutively 

or induced upon activation with a pathogenic or other inflammatory stimulus (478, 684-
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689).  Following microarray analysis, twelve chemokines were up-regulated in the 

AEC-MDDC compared to the ctrl-MDDC.  These genes are identified in Table 10, 

showing their fold change values, their specific receptors and the cells that bear those 

receptors, that notably are predominantly members of the innate immune system or T-

cells of the Th1 phenotype. 

 

Table 10: Chemokine family members over-expressed by AEC-MDDC compared 

to the ctrl-MDDC identified by microarray analysis.  

GENE ID OTHER 
NAMES 

FOLD 
CHANGE 

RECEPTORS TARGETS FOR 
RECRUITMENT 

CCL2 MCP-1 11.13 CCR2 Monocytes, basophils, 
memory T-cells, pDC 

CCL3 MIP-1α 6.38 CCR1, CCR5 Th1 cells, Th2 cells, 
immature DC, NK cells 

CCL4 MIP-1β 4.84 CCR5 Th1 cells, Treg cells, 
immature DC, 
monocytes, NK cells, 
pDC 

CCL5 RANTES 2.09 CCR3, CCR5 Eosinophils, basophils, 
Th1 cells, Treg cells, 
immature DC, 
monocytes, NK cells, 
pDC  

CCL8 MCP-2 66.01 CCR1, CCR2, 
CCR3 

Monocytes, eosinophils, 
basophils, neutrophils, 
immature DC, memory 
T-cells, pDC, NK cells 

CCL13 MCP-4 3.81 CCR1, CCR2, 
CCR3 

Immature DC, 
monocytes, eosinophils, 
memory T-cells, NK 
cells, basophils 

CCL18 PARC 19.33 Unknown, 
CCR3a 

Mature DC, naïve T-
cells 

CCL23 MPIF-1 5.82 CCR1 Th2-cells, immature DC,  
NK cells 

CCL24 Eotaxin-2 7.60 CCR3 Neutrophils, eosinophils, 
basophils, mast cells 

CCL26 Eotaxin-3 5.36 CCR3, CCR2 Neutrophils, eosinophils, 
basophils, mast cells 

CXCL10 IP-10 14.48 CXCR3, 
CCR3 

Th1 cells, mast cells, 
NK cells, pDC 

CXCL11 ITAC 6.68 CXCR3, 
CCR3, CXCR7 

Th1 cells, mast cells, 
NK cells, pDC 

** Chemokine information compiled from (690, 691) 
a – chemokine receptors in italics denote those to which the corresponding chemokine acts as an 
antagonist 
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4.2.6.1.1   qRT-PCR validation of chemokines identified in microarray analysis 

To validate the over-expression of chemokine family members, qRT-PCR analysis was 

performed on RNA obtained from the initial 5 individuals and then on the independent 

set of 10 paired samples.  Figure 27 shows the results of these PCR assays for the total 

15 paired samples analysed.  It is clearly evident that following differentiation from 

monocytes in the presence of the AEC, the resultant MDDC displayed significantly 

elevated levels of mRNA for all targets analysed compared to those differentiated in 

medium alone (p<0.001 for all).   
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Figure 27: Chemokine gene expression in MDDC subsets.  
mRNA transcripts were measured by qRT-PCR in purified ctrl-MDDC and AEC-
MDDC following 5-day differentiation from monocytes.  Statistical analysis by 
Wilcoxon matched pairs test, data shown as mean±SEM normalised expression, 
***p<0.001. 
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4.2.6.2 Complement pathway analysis 

 

The complement family of genes consists of over 30 soluble and cell-surface associated 

molecules that form an integral part of the host innate anti-microbial defence system 

(37).  In addition to this role, complement also participates in the regulation of the 

adaptive immune response (692).  Complement activation leads to the release of 

bioactive molecules including the anaphylatoxins C3a and C5a as well as formation of 

the lytic membrane attack complex (C5-9).  Human MDDC have been shown to 

produce not only complement components but also inhibitors of these molecules as well 

as their specific receptors (693-696). Eight members of the complement family were 

enriched in the gene expression profiles of the AEC-MDDC compared to the control 

MDDC, as outlined in Table 11. 

 

Table 11: Complement family members over-expressed by AEC-MDDC compared 
to the ctrl-MDDC identified by microarray analysis. 

GENE SYMBOL NAME FOLD 
CHANGE 

C2 Complement component 2 3.03 

C1QB 
Complement component 1, q 
subcomponent, B chain 2.65 

C1R 
Complement component 1, r 
subcomponent 2.88 

C1S 
Complement component 1, s 
subcomponent 2.75 

C3AR1 Complement component 3a receptor 1 6.91 

CD59 
CD59 molecule, complement regulatory 
protein 2.30 

CFB Complement factor B 7.29 

SERPING1 
Serpin peptidase inhibitor, clade G (C1 
inhibitor), member 1, 19.15 

 
 

4.2.6.2.1  qRT-PCR validation of complement genes identified in microarray 

analysis 

To formally demonstrate the over-expression of a number of complement family 

members in the AEC-MDDC subset, four genes from the panel outlined in Table 4.2 

were selected for further analysis by highly sensitive qRT-PCR on reserved RNA 

samples from the 15 individuals.  As illustrated in Figure 28, compared to the ctrl-

MDDC, mRNA levels of the genes C1QB, C2, CD59 and SERPING1 were all 

significantly higher in the MDDC exposed to AEC during their differentiation period. 
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Figure 28: Complement family gene expression in MDDC subsets. 
mRNA transcripts were measured by qRT-PCR in purified ctrl-MDDC and AEC-
MDDC following 5-day differentiation from monocytes.  Statistical analysis by 
Wilcoxon matched pairs test, data shown as mean±SEM normalised expression, 
**p<0.01; ***p<0.001. 
 
 

4.2.7 Gene ontology analysis: “Immune response” genes 

 
Following a second analysis of the data set using the GOSTAT gene ontology tool 

(http://gostat.wehi.edu.au), the GO term ‘Immune Response’ was determined to be 

enriched in the data set (p=1.38e-28).  Of the 522 genes incorporated in this list, 62 were 

determined to be up-regulated in the AEC-MDDC.  A number of these 62 genes have 

already been identified and validated in previous sections, including chemokine genes 

(CCL2, CCL3, CCL4, CCL5, CCL8, CCL13, CCL18, CCL23, CCL24, CCL26, 

CXCL10, CXCL11; Section 4.4.1), complement genes (C1QB, C2, CD59, SERPING1; 

Section 4.4.2), type 1 IFN-inducible genes (OAS1, OAS2, IFITM2, IFI35, IFIH1, 

RSAD2; Section 4.2) and cytokines (IL-6, IL-10 Section 4.3).  Additionally, a set of 

surface markers was highlighted in this group.  Three of these, CD14, CD80 and TLR3, 

have already been validated (Sections 3.2 and 3.4).  Of the remainder, there was a 

predominant enrichment of Fc gamma receptor genes, namely FCGR1A, FCGR2A, 

FCGR2B, FCGR2C and FCGR3B, and it was decided to investigate this group further.  

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_cdi=18066&_plusSign=%2B&_targetURL=http%253A%252F%252Fgostat.wehi.edu.au�
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4.2.7.1 Validation of Fc gamma receptor genes 

The Fc gamma receptor (FcGR) family of genes code for receptors for the Fc portion of 

IgG antibodies that are displayed on conventional DC and MDDC (697).  These 

receptors not only act to enhance uptake of opsonised target cells (219) but also via their 

linkage to activating or inhibitory motifs, their ligation can trigger intracellular 

signaling pathways and modulate DC function (697, 698).  There is also evidence that 

uptake of exogenous antigen via FcRs by DC can facilitate cross-presentation of 

peptides to responder cells (699).  Examination of the 5 up-regulated FcGR genes in the 

microarray data set by more sensitive qRT-PCR revealed that four out of the five targets 

(FCGR1A, FCGR2A, FCGR2B and FCGR2C) had significantly higher mRNA 

transcripts in the pellets of the AEC-MDDC compared to the control subset.  In 

contrast, FCGR3B mRNA expression could not be detected in either MDDC subset for 

the 5 chipped individuals or the 10 independent samples (Figure 29). 
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Figure 29: FcγR gene expression in the MDDC subsets. 
mRNA transcripts were measured by qRT-PCR in purified ctrl-MDDC and AEC-
MDDC following 5-day differentiation from monocytes.  Statistical analysis by 
Wilcoxon matched pairs test, data shown as mean±SEM normalised expression, 
**p<0.01; ***p<0.001. 
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4.2.7.2 Validation of other surface receptor genes highlighted in the gene ontology 

analysis 

Under the umbrella gene ontology term “Immune Response” that was observed to be 

enriched in the microarray data set, a number of other surface markers appeared 

including SLAM, B7-H1 (CD274, PD-L1), B7-DC (CD273, PD-L2) and ICAM-1.  

Similarly to the FcG receptors, ligation of these proteins on the surface of DC can 

activate intracellular signalling pathways to modify DC behaviour (394, 555), but can 

also facilitate the interaction with other cells including T-cells and the modulation of 

their function (314, 394, 700).  qRT-PCR analysis of the 5 samples used in the 

microarray and 10 independent paired samples showed consistently higher mRNA 

levels in the AEC-MDDC subset compared to the ctrl-MDDC subset for all four targets 

examined (Figure 30A).  In addition, the local availability of antibodies for two of these 

markers, B7-H1 and ICAM-1, enabled flow cytometric analysis to confirm their 

increased protein expression on the surface of the AEC-MDDC (Figure 30B).   

 

Figure 30: Expression of SLAM, B7-H1, B7DC and ICAM-1 by the MDDC 
subsets. 

(A) mRNA transcripts were measured by qRT-PCR in purified ctrl-MDDC and AEC-
MDDC following 5-day differentiation from monocytes.  Statistical analysis by 
Wilcoxon matched pairs test, data shown as mean±SEM normalised expression, 
**p<0.01; ***p<0.001. (B) MDDC subsets were stained for surface expression of B7-
H1 and ICAM-1 using monoclonal antibodies. Black line, stained cells; shaded area, 
isotype control, representative histogram of 8 independent experiments. 
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4.2.8 CD200R1 

 
There has been much attention given to specific epithelial-associated factors that 

actively participate in homeostatic circuits operational in the pulmonary environment (1, 

701, 702).  The CD200/CD200R interaction is one such mechanism shown to regulate 

macrophage activity in the lungs and is particularly important not only in steady state 

conditions but also in the resolution phase of viral infection (703).  Given that both 

precursor blood monocytes and lung DC have also been shown to express constitutively 

high levels of CD200R (703, 704) and as they are in even closer contact with CD200-

expressing airway epithelial cells than alveolar macrophages (1, 705), the possibility 

exists that CD200:CD200R interactions also regulate DC function in the lung.  A few 

studies to date have provided some insight into the relevance of this potential 

interaction. Whilst one study using CD200R agonists showed no effects on DC 

responses to activation of MDDC by LPS or their T-cell stimulatory capacity (704), 

others showed that inclusion of CD200R agonists during the differentiation of bone 

marrow precursors into DC generated a tolerogenic APC population that drove the 

expansion of a suppressor subset of T-cells (706). This last study is in line with another 

demonstrating the induction of IDO expression in pDC by CD200R activation, 

contributing to the tolerogenic properties of this DC subset (374).  

 

On examination of the microarray data set, CD200R1 did not appear in the 1015 

differentially regulated genes determined by the 2-fold cut-off method, however it was 

identified in the wider list of genes determined to be statistically significantly higher in 

the AEC-MDDC subset by the moderated T-test.  To establish the validity of this 

difference, CD200R1 mRNA levels were measured in the pellets of the 5 chipped 

samples and the 10 independent samples via qRT-PCR. The combined results for the 15 

subjects are presented in Figure 31A, showing that CD200R1 transcription is indeed 

increased in the AEC-MDDC cells compared to the ctrl-MDDC.  Antibodies to 

CD200R1 were then used to confirm the presence of translated CD200R1 on the surface 

of the MDDC, and in parallel, CD200 antibodies were applied to a suspension of the 

16HBE 14o- cells to determine the level of expression in this cell line.  Representative 

histograms are shown below, illustrating negligible expression of CD200R1 detected on 

the control MDDC, whereas moderate amounts identified on those exposed to AEC 

during their differentiation (Figure 31B).  Reciprocally, staining of resting AEC with 
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anti-CD200 antibody revealed a moderate expression of this molecule above 

background levels on the surface of these cells (Figure 31C). 

 

 
 

Figure 31: Expression of CD200 and CD200R1 in AEC and MDDC. 
(A) CD200R1 mRNA levels in the 5 arrayed and 10 independent samples were assessed 
by qRT-PCR in the ctrl-MDDC and AEC-MDDC and normalised to the housekeeping 
gene EEF1A1. Statistical analysis by Wilcoxon matched pairs test, data shown as 
mean±SEM normalised expression. (B) MDDC subsets were stained for surface 
CD200R1 expression using an anti-CD200R1 antibody followed by a PE-conjugated 
anti-goat secondary IgG1 secondary antibody, blue line, stained cells; shaded area, 
isotype control.  (C) Resting AEC were stained for surface CD200 expression using an 
anti-CD200 antibody, blue line, stained cells; shaded area, isotype control.  Histograms 
representative of one of six independent experiments. 
 
 

4.2.8.1 Blocking of CD200/CD200R1 interactions during differentiation cultures 

 

To determine the influence of the potential interaction between CD200 on the AEC and 

CD200R1 expressed by the MDDC, it was decided to employ an antagonist antibody to 

one or other of the molecules to prevent their binding. Extensive searching revealed that 

only one such antibody was available that has neutralising activity.  This antibody, 
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produced by R&D, has been shown previously to inhibit up to 90% of 

CD200/CD200R1 binding in an in vitro ELISA assay but a large concentration was 

required (50μg/ml; R&D).  As the antibody was only available in 100μg aliquots, this 

meant that the number of functional blocking experiments was limited.  As a result, a 

concentration of 25μg/ml was selected and differentiation cultures were established as 

previously described, with the CD200R1 blocking antibody added at Day 0 and again at 

Day 3 when fresh media was added to the wells.  Also included were wells with an 

isotype control antibody added at the same concentration as the CD200R1.  For the 

three independent experiments performed, the presence of the blocking antibody did not 

influence the surface phenotype of the resultant AEC-MDDC (data not shown).  It was 

discovered later that the blocking antibody showed high affinity for binding to dead 

cells in the cultures and without an independent measure, it was difficult to determine 

the neutralising efficiency. The role of CD200-CD200R1 interactions in this system was 

not examined further due to time constraints. 

 
 

4.3 DISCUSSION 

 
 
AEC are known to produce a broad range of immunoregulatory molecules (1, 21, 448) 

and it is possible that a variety of their products may contribute to the changes in 

MDDC functions observed and reported in the previous chapter.  As an initial step 

towards elucidation of this process a genomics approach was applied, seeking to 

identify gene expression "signatures" in the MDDC which might be specifically 

associated with the presence of AEC during differentiation.  

 

Gene profiling using Affymetrix microarrays demonstrated a prominent type 1 IFN 

signature in the AEC-conditioned MDDC.   Consistent with this finding, parallel PCR 

analysis of the AEC co-cultured with MDDC demonstrated up-regulated levels of IFN-

α2 and IFN-β mRNA compared to resting AEC or AEC cultured with IL-4/GM-CSF 

alone.  It is well documented that type 1 IFNs form a crucial component of the anti-viral 

defence system in the lung (as reviewed in (675)) but due to their multifunctional 

nature, also have important effects on the growth, differentiation and responsiveness of 

many cell types (707-709).  Importantly, this family of cytokines has been shown to 
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direct the induction of adaptive immune responses via promotion of DC differentiation 

and activation (676, 710-712). 

 

AEC represent a significant source of type 1 IFN production in the lung during viral 

infection (713) and also at baseline (677) and a deficiency in production by AEC has 

been associated with increased risk for exacerbation of allergic asthma (714). In 

addition, studies using IFN-β knockout mice have demonstrated that in the absence of 

this type 1 IFN, there is an increased expansion of CD4+ Th2-cells and release of their 

associated cytokines IL-4, IL-5 and IL-13 as well as a marked increase in IgE-

producing cells (715). Moreover, administration of rIFN-α into sensitised animals 

prevented the aeroallergen-induced influx of eosinophils and antigen-induced CD4+ T-

cells in the airway (716) accompanying IL-5 production (717).   

 

From these results, it appears that the expression of type 1 IFNs by AEC is for the most 

part contingent upon the contact of these cells with monocytes, as there was little or no 

detectable signal when AEC were grown in isolation (Fig. 22); the mechanism for their 

contact-dependent induction is as yet unknown. Blocking of type 1 IFN signalling in 

this system by addition of a global type 1 IFN inhibitor partially reversed the boosting 

of CD80 and MHC II and cytokine responses to TLR ligands by AEC-MDDC, 

presumably due in part to the down-modulation of the enhanced levels of TLR3 and 

TLR4 (Fig. 23A-C).  In addition, blocking type 1 IFN attenuated the Th1-skewing 

activity of AEC-MDDC during antigen presentation (Fig. 23D). However, the absence 

of complete reversal of AEC conditioning when type 1 IFN signalling is blocked 

suggests that other AEC-derived mediators may contribute to this regulatory process. 

 

IL-6 is another pleiotropic cytokine that can have dramatic effects on immune cell 

function, and as noted in the results section a clear IL-6 signature was detected in the 

AEC-MDDC array data. The possibility of IL-6 as an additional mediator of AEC-

driven MDDC modification was particularly interesting in the context of the results of 

the previous report upon which this differentiation co-culture model was based (612).  

Notably, differentiation of monocytes with IL-4 and GM-CSF in the presence of 

fibroblasts or epithelial cells gave rise to cells that were morphologically and 

functionally representative of macrophages, a process that was driven by the contact-
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dependent expression of IL-6 by the stromal cells.  Thus, theirs and other studies (718, 

719) point to IL-6 as representing a potentially significant control factor in APC 

maturation. 

 

In the current model IL-6 protein was detected in the supernatants of the differentiation 

co-cultures, the presence of which was contingent upon the contact of monocytes and 

AEC.  However, in contrast to the previous reported studies there was no convincing 

evidence of a switch to a macrophage program of differentiation. Specifically, whilst 

the AEC-conditioned Day 5 cells retained some expression of CD14 which is 

characteristic of the macrophage phenotype (although also revealed to be representative 

of ex vivo human lung myeloid DC (145)), they did not display typical macrophage 

vacuolar morphology and demonstrated efficient capacity to stimulate allogeneic T-cells 

in an antigen-presentation assay, a function generally lacking in the macrophage 

population.   Other studies have revealed that an array of factors can interfere with IL-6 

signalling including IL-1β, LPS, TNF-α, CD40L and TGF-β1 (718, 720).  It is 

noteworthy here that TNF-α was identified in the supernatants of the monocyte-AEC 

co-cultures (data not shown).  In contrast, there is also evidence to suggest that type 1 

IFN signalling via its receptor complex can enhance IL-6 signalling in target cells (721).   

Unfortunately, restrictions on the starting number of freshly isolated human monocytes 

precluded more detailed examination of any additive effects of the simultaneous 

blocking of IL-6 and type 1 IFN in the differentiation cultures.   

 

Given the recent interest in the role of CD200:CD200R1 signalling in the modulation of 

macrophage homeostasis in the airways and the observation of constitutive CD200R1 

expression on lung DC (703, 704), surface levels of these molecules were examined on 

the AEC (CD200) and MDDC (CD200R1) following the observation of heightened 

CD200R1 transcript expression in the AEC-MDDC population from the microarray 

analysis.  Blocking studies were prompted following observation of low-level CD200 

and CD200R1 expression on the AEC and AEC-MDDC, respectively and were carried 

out with a commercially-available neutralising antibody.  Due to the low concentration 

of antibody supplied, extensive studies were not possible to determine the optimal 

concentration required to sufficiently block interactions and thus conclusions could not 

be drawn regarding the influence of the CD200:CD200R1 on MDDC conditioning by 

the AEC.  Due to time restraints, different approaches could not be addressed in this 

project but future experiments could possibly incorporate the use of the truncated form 
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of the CD200R molecule, recently characterised by Chen and colleagues as a natural 

antagonist for CD200 (722).   

 

It has previously been shown that the microenvironment can directly influence the 

pattern of chemokine expression by DC resulting in the appropriate recruitment of cells 

to peripheral sites depending on the specific requirements of the tissue (723).   From 

these results it appears that AEC may participate in the regulation of chemokine 

production by local DC populations during their differentiation within the airway 

mucosa.  A unique attribute of airway mucosal DC networks is their extremely high 

turnover rate in the steady state due to the continuous sampling of the local antigenic 

environment (149).  Many of the chemokines found to have high levels of baseline 

transcription in the AEC-MDDC play an active role in the recruitment of immature DC 

as well as monocytes and thus may participate as critical players in driving their own 

replacement.  It is noteworthy that at baseline, the recruitment of DC into the lung is 

highly dependent on CCR1and CCR5 expression (158), and as observed in Table 10, 

six out of the twelve up-regulated chemokines function as agonists for one or both of 

these receptors. This high baseline expression of a number of chemokine family 

members in the AEC-conditioned MDDC subset is in keeping with a recent study of 

murine lung DC subsets, that observed that CD11b+ DC express 16 different 

chemokine mRNA transcripts at baseline, including CCL3, CCL4, CCL5 and CXCL10 

(478).  

 

Notably, there appeared to be a preferential bias towards the selective up-regulation of 

chemokines that recruit Th1 cells (CCL3, CCL4, CCL5, CXCL10, CXCL11) by virtue 

of their specificity for the chemokine receptors CCR5 and CXCR3 preferentially 

expressed on this lymphoid subset (724-726).  Another study using ‘Th1-promoting 

DC’ showed constitutive production of CCL2, CCL3, CCL4 and CCL5 by these cells 

(723).  In contrast, the chemokines attributed in the literature to the chemotaxis of Th2 

effector T-cells (CCL1, CCL17, CCL21 and CCL22) (723, 727) were not differentially 

expressed between the MDDC subsets.  Upon qRT-PCR examination of two of these 

chemokines, CCL17 and CCL22 (which are known to be constitutively expressed by 

immature DC (728)), similar levels of mRNA were observed for both targets in ctrl-

MDDC and AEC-MDDC, with a slight trend for reduced expression in the latter subset 

(data not shown). In addition, a number of these up-regulated chemokines including 

CXCL10, CXCL11 and CCL18 can operate as natural antagonists of CCR3 that is 
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selectively expressed on a proportion of Th2 cells and thus can potentially interfere with 

the recruitment of this T-cell subset (729-731). It is pertinent to note here that another 

study showed that exposure of monocytes to type 1 IFNs during their differentiation to 

DC selectively up-regulates Th1-associated chemokines including CXCL10 (732), 

which given the results in Section 4.21, provides evidence of a potential mechanism by 

which the AEC-MDDC in the co-culture system attain this specific chemokine profile.   

Analysis of protein levels and differential recruitment of Th subsets in chemotaxis 

assays would be required to assess the significance of this apparent Th1 selectivity. 

 

The complement system provides a crucial component of anti-microbial host defence in 

the airways and notably, deficiencies of specific components of the complement 

pathway result in recurrent respiratory tract infections (733).  There is good evidence 

that DC can contribute to local complement production as the expression of 

complement proteins by DC has been demonstrated at baseline and in many cases is 

increased upon stimulation (694).  Complement activation occurs via three major 

pathways: the classical, lectin and alternative pathways, illustrated in Figure 32 (37, 

734).  The classical pathway is activated by immune complexes involving binding of 

C1q and its substrates C1r and C1s to the Fc regions of antibodies whereas the 

alternative pathway is activated when low constitutive activation of complement 

component C3 is amplified on microbial surfaces (37).  The lectin pathway is activated 

upon the recognition of specific PAMPs by lectin proteins including mannan-binding 

lectin (MBL), ficolin H and ficolin L (735, 736). Despite different modes of activation, 

each pathway culminates in the downstream activation of C3 which leads to the 

generation of the anaphylatoxins C3a and C5a and the formation of the lytic membrane 

attack complex (MAC).  There are a number of biological outcomes including direct 

microbial lysis by the MAC, membrane deposition of C3 leading to opsonisation, 

phagocytosis and clearance and recruitment and activation of granulocytes and other 

effector immune cells to control infection. The up-regulated basal mRNA expression of 

a number of components of the complement cascade by the AEC-MDDC including 

C1qb, C1r, C1s, C2 and CFB suggest that DC in the airways could contribute to the 

rapid local activation of a robust complement-mediated immune response in the face of 

microbial infection. 



 

 131 

 

Figure 32: Schematic overview of the complement system (adapted from (696)). 
The complement cascade is activated via three distinct pathways (classical, lectin and 
alternative) that all culminate in the activation of component C3 leading to a number of 
different anti-microbial processes (see text for details).  The circled complement 
components are those that were detected as enriched in the AEC-conditioned MDDC 
population. 
 

Despite the well-characterised innate antimicrobial role of the complement system, 

there is also good evidence that a number of complement proteins have other 

immunoregulatory functions in the adaptive immune system, in particular in the 

modulation of APC-T-cell interactions.  For example, DC are an important source of 

C1q (693, 694) that can regulate both DC and T-cell activity.   In its immobilized form 

when bound to microbial surfaces or extracellular matrix (737), C1q can enhance MHC 

and co-stimulator expression as well as IL-12, IL-10 and TNF-α secretion by DC, and 

promotes DC stimulation of T-cell production of IFN-γ (738, 739) as well as regulating 

IFN-γ production by interacting directly with T-cells (740).  In contrast, soluble C1q 

(sC1q), if present during the differentiation of monocytes to MDDC, leads to lower 

expression of co-stimulatory molecules and cytokine production and a reduced ability to 

stimulate T-cells (696).  Additionally, sC1q has been shown to induce monocyte 

differentiation into tolerogenic DC (739) and thus may play a role in maintenance of 
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homeostatic levels of T-cell activation in the absence of overt inflammation.  

Furthermore, the soluble form of the protein can mediate chemotaxis of monocytes and 

DC and may thus contribute to airway mucosal DC turnover in both steady state and 

during challenge (39). 

 

C3aR encodes the receptor for the anaphylatoxin C3a that mobilises leukocytes to 

peripheral tissue sites (741).  C3aR is expressed on DC and is normally down-regulated 

by IL-4 (742) although exposure to type 1 IFNs acts to retain its surface expression 

(743), which may account for the increased expression on the AEC-MDDC compared to 

the control subset (743).  Studies have shown that C3a ligation to C3aR on DC not only 

operates to stimulate their chemotaxis (743) but can also activate DC to boost their 

antigen uptake and processing abilities as well as their T-cell stimulatory capacity (744).  

There are inconsistent reports on the effect on DC cytokine production by C3aR 

engagement but a number have observed selective boosting of IL-12p70 production by 

these cells, potentially leading to a down-regulation of Th2 immunity which has 

important implications particularly in the context of allergic disease (744, 745).   

 

Whilst complement activation serves to provide robust anti-microbial defence, over-

expression can lead to severe immunopathology and thus it was pertinent to note that a 

number of complement inhibitory proteins were observed to be enriched in the AEC-

MDDC transcriptome.  CD59, also known as ‘protectin’, is a surface-expressed 

molecule that is present on host cells and prevents the formation of the lytic MAC, thus 

in this context may operate to protect the host DC from the effects of locally-produced 

complement following exposure to inhaled pathogens (746). A deficiency in this protein 

in a knockout murine model was shown to result in increased immunopathology during 

viral infection in the lungs (747).  SERPING1, a serine protease inhibitor, encodes a 

highly glycosylated protein that has been shown to have inhibitory effects on the early 

components of the classical and mannan-binding lectin pathways of complement 

activation (748).  Furthermore, expression of C1qb by DC can bind to apoptotic cells 

and facilitate their clearance, thus contributing to the overall resolution of an immune 

response following infection (749).  Thus, whilst airway DC may contribute to the local 

activation of complement pathways, it appears that they may also be equipped to ensure 

against collateral damage to host cells and tissue induced by these effector molecules.  
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B7-H1 (PD-L1) is constitutively expressed on lymphocytes, DC, macrophages and mast 

cells and a wide range of other non-hematopoeitic cells and is often up-regulated 

following activation (as reviewed in (361) whereas B7-DC (PD-L2) is inducibly 

expressed on DC and also on monocytes and macrophages by IL-4, GM-CSF and IFN-γ 

(750).  Both B7-H1 and B7-DC interact with a common receptor, PD-1, which can be 

expressed on T-cells, B-cells, NK cells, activated monocytes and DC and its 

engagement triggers bidirectional signaling pathways that can modulate cell function 

(361).  Ligation of PD-1 on T-cells by its ligands in general leads to an inhibition of T-

cell responses which is in part mediated by the association of PD-1 with an intracellular 

tyrosine inhibitory motif (ITIM) (751).  Recently, CD80 was identified as a second 

receptor for B7-H1 and detailed studies demonstrated that interaction of these two 

molecules also transmits an inhibitory signal into CD80-bearing T-cells (752).  There is 

also good evidence that engagement of PD-1 can induce reverse signaling into B7-H1 or 

B7-DC-expressing cells, although conflicting data exists to whether activatory (753) or 

inhibitory (754) pathways are triggered.  The up-regulated expression of both B7-H1 

and B7-DC on the AEC-MDDC generated in the experimental model used here is in 

keeping with observations that murine airway DC in intimate contact with the 

epithelium (the CD103+ DC subset) also express high levels of both of these molecules 

(12).  In another study, pDC isolated from murine lungs expressed high levels of B7-

H1, which the authors postulated contributes to their tolerogenic potential (370). The 

functional consequences of boosted B7-H1 and B7-DC expression on the AEC-MDDC 

are at this stage unknown, but it can be speculated that it may have a role in maintaining 

the fine balance between effective antimicrobial immune defense elicited by robust T-

cell responses versus avoidance of immune-mediated tissue damage. 

 

SLAM [(Signalling lymphocyte activation molecule), CD150, SLAMF1] is a self-

ligand receptor present on the surface of activated T and B lymhocytes, macrophages, 

and DC and is up-regulated during the course of an immune response on both DC and 

T-cells (755). Interestingly, this molecule also serves as the main receptor for measles 

virus and is therefore implicated in the pathogenesis of this disease (756).  There is 

evidence for multiple signaling pathways induced via SLAM/SLAM interactions that 

may affect DC functions in a complex, context-dependent manner.  For example, one 

study showed that SLAM engagement on DC during TLR stimulation boosts their 

production of IL-12 and promoted the production of IFN-γ in downstream T-cell 

responses, yet if this interaction took place simultaneously with CD40 signaling into the 
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DC, pro-inflammatory cytokine production including IL-12 was diminished (757).  In 

this context, SLAM signaling can potentially regulate an ongoing immune response by 

exerting an inhibitory effect on the DC.  A second study showed that SLAM/SLAM 

interactions on DC and T-cells contributed to the re-programming of a Th2-polarised 

immune response following DC activation (394).  Furthermore, engagement of SLAM 

by an agonistic mAb during allergen-specific expansion of highly polarized Th2 cell 

populations derived from skin biopsies of AD patients, resulted in the generation of 

stable populations of IFN-γ-producing cells and a stable Th0/Th1 response (758).  The 

latter two studies are indicative of the potential of SLAM interactions on DC and T-

cells to modulate T-memory responses away from Th2 responses.  In light of the data 

presented in the previous chapter showing attenuated Th2 responses and maintained or 

slightly boosted IFN-γ production, it is tempting to speculate that SLAM expression by 

the AEC-MDDC subset may contribute to this pattern of T-cell re-activation, however 

functional blocking experiments would be required to confirm this. 

 

ICAM-1 is a surface-bound molecule on DC that acts as an adhesion molecule to 

facilitate strong contacts between DC and surrounding tissue, and which is important 

during extravasation from the blood.  Demedts and colleagues reported a moderate to 

high display of ICAM-1 on the surface of both myeloid DC subtypes isolated from 

human lung digests suggestive that this molecule may be particularly relevant to 

establishing cell-to-cell contacts within the airways (145).  Additionally, via its ligation 

to LFA-1 expressed on T-cells, ICAM-1 plays an important role in establishing and 

promoting contacts between the two immune cells leading to robust T-cell activation 

(759, 760).  There is also good evidence that ICAM-1/LFA-1 interaction promotes Th1 

immunity, both during initial polarization of naïve T-cells (233, 314) but also in the 

reactivation of previously-programmed memory T-cells (394).  Thus, it can be 

postulated that, similarly to SLAM, the elevated expression of this molecule may 

contribute to the preferential retention of the Th1 component and reduction of the Th2 

component of the memory T-cell response upon activation by AEC-MDDC.  

Furthermore, Pichavant and colleagues demonstrated in their co-culture study that 

ICAM-1 ligation on their MDDC by its corresponding receptor on AEC contributed to 

the enhanced responsiveness of the MDC to bacterial stimulation, as neutralizing 

ICAM-1 antibody significantly reduced the expression of MHC and co-stimulatory 

molecules (555).  There is also the potential of ICAM-1 to be involved in the 

modulation of MDDC phenotype and function in this model system, however additional 
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blocking experiments are required to evaluate this possibility. ICAM-1 is also the 

receptor for the major subtypes of rhinovirus (761) so the capacity of AEC to augment 

ICAM-1 expression on DC, together with enhanced TLR3 and type I IFN expression, is 

likely to have important implications for host defence against this important human 

pathogen.  

 

Pulmonary DC have been shown to display a repertoire of molecules to facilitate the 

efficient sampling of a wide variety of airborne antigens and the IgG-Fc receptors are an 

important family of molecules in this respect (762, 763).  In fact, it has been estimated 

that the uptake of antigen bound to IgG antibodies via FcGRs is 100-fold more efficient 

than internalisation of non-complexed antigen (653).  Of the receptors for the Fc region 

of IgG antibodies, four were found to be up-regulated at the mRNA level in the AEC-

MDDC compared to the ctrl-MDDC population.  A fifth receptor, FCGRIIIB, displayed 

differential gene expression in the microarray experiments but independent analysis by 

qRT-PCR on 15 paired samples failed to detect mRNA for this gene in either subset. It 

could be predicted that if the boosted mRNA corresponds to increased levels of the 

FcGR molecules on the surface of DC differentiated in the context of AEC, this may 

facilitate the sampling activities of the DC thereby promoting their sentinel role. The 

documented role of FcGRs expression by APC in promoting cross-presentation of 

exogenously-acquired antigen would also be particularly important in the context of 

pulmonary viral infection (699).   Studies of DC isolated from human lung have 

reported moderate expression of FcGRI on these cells (763) although it is unclear 

whether they express FcGRII or FcGRIII molecules. A population of circulating human 

blood DC (762) as well as MDDC express FcGRIIa but not FcGRIII (220, 764) and 

thus it may be predicted that human lung DC would do the same.    

 

As well as their role in internalising exogenous antigen, ligation of FcGRs on the 

surface of DC can modulate their activity via the triggering of intracellular activatory or 

inhibitory motifs (697).  In this dataset, FCGRIA, FCGRIIA and FCGRIIC were three 

members of this family linked to activation motifs demonstrating higher levels of 

transcription in the AEC-MDDC.  Interestingly, these cells also displayed boosted 

levels of FCGRIIB, a marker associated with inhibition of cellular activation upon 

ligation has been shown specifically reduce DC phagocytosis and TNF-α production 

(220) and more broadly to augment mucosal tolerance and limit inflammation to 

innocuous antigen (765). Based on the literature, the co-expression of mRNA for both 
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activatory and inhibitory FcG receptors in the AEC-MDDC is unsurprising (220, 697) 

and it may be predicted that the balance of their surface expression could function as a 

control point for their own regulation in the airways.    

 

In summary, the results presented in this chapter provided two important sets of 

information regarding the influence of AEC on the differentiation of DC from their 

monocyte precursors: 

1. Type 1 IFN signalling and the secretion IL-6 were up-regulated only upon 

contact of AEC and the differentiating monocytes and blocking studies revealed 

that they may both contribute to aspects of the phenotype and function of the 

AEC-MDDC.  In contrast, IL-10, although boosted in the AEC-monocyte co-

cultures, did not appear to play a role in the MDDC conditioning observed.  

Expression of CD200R1 and its ligand CD200 by the AEC-MDDC and AEC, 

respectively, raised the possibility of an involvement of CD200R:CD200 

interaction in modulating the AEC-MDDC subset, however blocking 

experiments were inconclusive and further experiments are required to 

investigate this. 

2. A number of other genes and gene families were identified as being up-

regulated in the AEC-MDDC population compared to the control MDDC, that 

could facilitate a number of DC functions important in the airway mucosa 

including direct anti-microbial responses (complement, ICAM-1, SLAM), 

recruitment of DC, DC precursors and other immune effector cells (chemokines, 

complement), antigen uptake and processing (FcGRs) and interaction with T-

cells (ICAM-1, B7-H1, B7-DC, SLAM).  Additionally, many of these 

molecules, either soluble or surface-based, can modulate DC function directly or 

enhance the responsiveness of this population to mediators within the mucosal 

environment. 
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5 CHAPTER 5: T-CELL MICROARRAY STUDIES 
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5.1 INTRODUCTION 

 

The primary role of pulmonary DC is the priming of naïve T-cells within secondary 

lymphoid tissues in response to antigenic challenge.  Additionally, DC are the major 

APC subset involved in the reactivation of pre-primed memory T-cells in the periphery, 

allowing rapid response to previously encountered antigen.  In the lungs, following 

acquisition of antigen by airway mucosal DC, repeated cognate interactions occur 

between the DC and transiting antigen-specific memory T-cells within the mucosa, 

which can result in the in situ activation of the T-cells (1, 154, 432, 434, 766). 

 

Data from the previous results chapters suggest that DC differentiated in the presence of 

AEC generates an APC population that delivers more efficient Th1-stimulating signals 

to T-memory cells compared to DC generated under the direction of cytokines alone.  

That data focussed on the expression of a small number of genes representative of Th1 

(IFN-γ) and Th2 (IL-5, IL-9 and IL-13) responses measured at 48h after antigen 

exposure, a time window that permitted analysis of cytokine production at the protein 

level.  Given the preliminary nature of this data, it was decided to explore in more detail 

the nature of the AEC-induced changes in MDDC function during differentiation, in 

particular in relation to their T-memory cell activating properties using a genome-wide 

expression profiling approach. 

 

The experimental strategy involved microarray analysis of RNA from purified CD4+ T-

cells of atopic subjects isolated at 24h post-antigen stimulation under each of the three 

conditions: (1) PBMC alone; (2) PBMC with supplemented ctrl-MDDC; and (3) PBMC 

with supplemented AEC-conditioned MDDC.  The purpose of the microarray analysis 

was two-fold: 1) to confirm the earlier results relating to attenuated boosting of the Th2 

effector response in cultures supplemented with AEC-MDDC by looking at a broader 

array of Th1- and Th2-asscoiated genes; and 2) as a preliminary screen for identifying 

other differences in gene expression between the antigen-presentation cultures with 

control MDDC versus those with the AEC-conditioned MDDC.  Following analysis of 

the microarray data sets, more detailed analysis on reserved RNA samples from an 

independent set of atopic subjects was performed using the more precise and highly 

sensitive qRT-PCR technology.   



 

 139 

5.2 RESULTS 

 

5.2.1 Comparison of the ability of control MDDC and AEC-conditioned MDDC 

to stimulate CD4+ proliferation in recall responses 

 

Prior to microarray experiments, it was decided to determine if differences existed in 

the fundamental activation levels of responder T-cells to presentation of HDM antigen 

by the MDDC populations by examining cellular proliferation. To do this, the uptake of 

[3H]thymidine was measured following 5-day co-culture of each MDDC subset with 

positively selected autologous CD4+ T-cells with or without HDM antigen.  At a 1:10 

ratio of MDDC:CD4+ T-cells, no significant difference could be observed between the 

proliferative response of the responder CD4+ population following  antigen presentation 

by either MDDC subset (Fig. 33). Thus, the ability of the MDDC populations to engage 

CD4+ lymphocytes appeared to be equivalent.  A low level of cell turnover was 

observed in the control wells containing CD4+ T-cells only, which may relate to minor 

levels of contamination with APC from the original PBMC population. 
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Figure 33: Proliferation of CD4+ T-cells following antigen stimulation in CD4+ 
alone, CD4+ + autologous ctrl-MDDC or CD4+ + autologous AEC-MDDC. 
CD4+ T-cells were isolated from PBMC and added to triplicate wells at 2x105/well and 
were co-cultured with 2x104 autologous ctrl-MDDC or AEC-MDDC or medium alone.  
HDM (10ug/ml) was added to half of the wells and cultures were incubated for 5 days 
with [3H] thymidine addition for the final 16h of culture. [3H] thymidine uptake was 
measured and expressed as mean±SEM CPM values above baseline.  Statistical analysis 
by paired T-test on log transformed data, **p<0.01 CPM above baseline; ***p<0.001 
CPM above baseline, n=6. NB: Ctrl-MDDC and AEC-MDDC were cultured with and 
without HDM as controls, no proliferation observed (data not shown). 
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5.2.2 Selection of strategy for microarray study 

 

Detailed methodology for this chapter is provided in the General Methods Chapter 2.  A 

number of factors were considered in the design of the experiments performed in this 

section, and a brief discussion of the rationale for selection of specific methodologies 

follows. 

 

5.2.2.1 Ratio of MDDC to PBMC in co-cultures 

 

Autologous PBMCs were used as a source of responder CD4+ T-cells. These were 

isolated from fresh peripheral blood drawn on the day of each experiment and were 

cultured either alone or with supplemented ctrl-MDDC or AEC-MDDC at a 1:10 ratio 

(MDDC:PBMC).  This ratio has previously been deemed to be the optimal 

concentration for antigen-specific T-cell cytokine responses in cultures supplemented 

with MDDC by our laboratory (767) and others have used similar ratios in their studies 

(345).  

 

5.2.2.2  Duration of culture period 

 

Detailed kinetic analysis of allergen-stimulated PBMC cultured performed by others in 

our laboratory for the purpose of microarray studies have revealed that, in the case of 

the CD4+ Th2-transcriptome, there is a biphasic pattern of gene expression (768).  

Specifically, a subset of genes is synchronously transcribed at an early time point (6-

12h post-stimulation) followed by a second wave at later stages (24-48h).  Ultimately it 

would be desirable to assess gene expression of the CD4+ T-cells at a number of both 

early and late time points of the culture period.  However, the high cost of microarray 

technology, together with limitations in numbers of MDDC available, precluded this 

multi-time point approach.  As such, it was determined that the 24h point of culture 

would provide the best compromise to assess gene expression profiles of the responder 

CD4+ T-cells.   
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5.2.2.3  Purification of CD4+ population following antigen stimulation 

 

For isolation of CD4+ T-cells for microarray studies, a sequential protocol using CD8+ 

magnetic Dynabeads to remove CD8+ T-cells, followed by incubation of the negative 

fraction with CD4+ Dynabeads was employed to isolate the CD4+ T-cell population by 

positive selection.  This methodology had previously been optimised by others in our 

laboratory for isolation of CD4+ T-cells following antigen-stimulation of PBMCs and 

routinely yielded >98% purity (768).  Furthermore, it was determined that RNA 

extraction employing the Trizol reagent was not affected by the presence of the 

magnetic beads in the lysed cell fraction.  For these experiments, applying the protocol 

to cultures supplemented with MDDC obtained slightly less pure CD4+ T-cells 

(95.1±0.5%), with the major contaminants being HLA-DR+ cells, with no significant 

differences observed between cultures with control MDDC or AEC-MDDC.  MDDC 

show abundant expression of MHC Class II and co-stimulatory molecules (as described 

in Chapter 3), such that they are relatively ‘sticky’ and are likely to adhere strongly to 

responder T-cells. This feature is likely responsible for this small decrease in purity.  

Altering incubation times with the magnetic beads as well as increasing the number of 

washes of the positively selected CD4+ T-cells did not improve the overall purity of the 

target cells, and thus the microarray studies were completed bearing in mind the 

limitation of the technology. 

 

5.2.2.4  Preparation of RNA samples for hybridisation to Affymetrix microarrays 

 

From a starting population of 4x106 PBMC, the average number of purified CD4+ T-

cells was approximately 1.2x106 cells.  Following total RNA isolation from purified T-

cells using Trizol reagent followed by Qiagen Min-elute columns, RNA concentrations 

were measured and randomly selected samples were analysed to ensure RNA integrity 

utilising the Agilent Bioanalyser technology available in the Institute.  Across the 

samples, a number had total RNA concentrations lower than the minimum 1ug required 

for labelling for use with the Affymetrix U133 Plus2.0 microarray chips.  A number of 

options were considered to circumvent this problem, including pooling of samples.   A 

pooling strategy has its own inherent disadvantages, including the potential of an outlier 

to skew results (769).  As an alternative to pooling, a pre-amplification protocol can be 
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applied to linearly increase the amount of RNA starting material using T7-polymerase 

in vitro transcription (770).  Extensive studies have shown that pre-amplification may 

induce a 3`-bias in the samples based on the random hexamers used in the transcription 

reaction which can result in the occasional alteration of signal intensity. Despite this, 

there is generally good correlation in expression ratios between pre- and post-amplified 

samples and thus pre-amplification is routinely used where the amount of starting 

material is low (771).  It was decided in this study to use pre-amplification, given that 

any genes of interest identified in the microarray would be further validated using the 

highly sensitive qRT-PCR method.   

 

5.2.2.5 Selection of individuals for Affymetrix experiments 

 

From the biobank of 15 sets of individual samples collected, 5 were randomly selected 

for hybridisation on Affymetrix chips according to the generally accepted number of 

cases per group for biological comparisons (772, 773). The samples from the remaining 

10 individuals were used as an independent data set to validate any genes of interest 

identified following analysis of the arrayed samples.  For clarity, Figure 34 provides a 

schematic overview of the methodology employed to complete this section of the 

project. 
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Figure 34: Flowchart of methodology used in the microarray-based studies in this 
section. 
See text for details. 

 

5.2.3 Examination of the effects of AEC-MDDC on expression of Th1- and Th2-

associated genes in antigen-stimulated CD4+ T-cells. 

 

As outlined in the Introduction to this chapter and observed in the initial results outlined 

in Chapter 3, whilst both MDDC populations appeared to enhance the T-cell effector 

cytokine response to HDM stimulation in HDM-sensitised individuals, a relative 

attenuation of Th2-boosting by the AEC-conditioned MDDC was observed.  Given the 

importance of the outcome of T-cell-DC interactions in the airway mucosa following 

antigen exposure, it was decided that the observed qualitative differences in the Th 

effector responses warranted further more detailed examination.  In light of this, 

microarray technology offered a comprehensive insight into the totality of Th1 and Th2 

effector responses, beyond the well-recognised cytokine genes such as IL-4, IL-5, IL-13 

and IFN-γ.  
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Gene profiling studies from our laboratory (768) and others (774-776) have identified a 

subset of genes characteristically associated with Th1 and Th2 responses.  Using this 

information, initial studies of the microarray data in this set of experiments focussed on 

the comparison of the selected Th1- and Th2- associated gene transcripts in purified 

unstimulated and antigen-stimulated CD4+ T-cells from the three cultured populations. 

A brief synopsis of the known function for each gene analysed is presented in Table 12.   

 

Table 12: Function of Th1- and Th2-associated genes selected for analysis in 
microarray dataset. 

Gene symbol Gene name Function 
IL4 Interleukin-4 Drives Th2 differentiation (252, 272) and IgE 

switching (777) 
IL5 Interleukin-5 Stimulates B-cell growth and Ig secretion; 

mediates survival and activation of 
eosinophils (778, 779) 

IL9 Interleukin-9 Promotes proliferation and differentiation of 
mast cells; enhances B-cell Ig secretion, 
induces goblet cell hyperplasia (780) 

IL13 Interleukin-13 Activates STAT6 via JAK2 to promote 
GATA3 expression; promotes IgE class 
switching, activates and increases FcεR1 
expression on mast cells (781) 

IL-4R Interleukin-4 
receptor 

Transmits IL-4 signal into cells (782) 

DACT1 Dapper homologue 1 Blocks activation of JNK and β-catenin 
signalling pathways (783) 

MAL Myelin and 
lymphocyte protein 

Induced by ICOS signalling (784), Facilitates 
lipid raft-dependent protein trafficking which 
is central to T-cell activation (785) 

DPP4 Dipeptidylpeptidase 
IV 

Augments T-cell activation by interaction 
with adenosine deaminase on DC (786); 
augments IgE production and T-cell 
recruitment in rodent asthma model (787) 

NDFIP2 Nedd family 
interacting protein 2 

Interacts with Nedd4 and promotes NF-kB 
signalling (788, 789)  

RAB27B RAS-oncogene 
family member 27B 

Role in exocytosis of secretory granules (790) 

PLXDC1 Plexin domain 
containing 1 

Binds cortactin that activates Arp2/3 
complexes which initiates actin 
polymerisation, important in development of 
the immunological synapse (791, 792) 

CAMK2D Calcium/calmodulin-
dependent protein 
kinase-2D 

Specific 2D isoform function in T-cells 
unknown, part of kinase family activated by 
calcium/calmodulin signalling pathway, 
regulates the expression of several 
transcription factors incl. CREB, C/EBPβ and 
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AP1 (793) 
IL-17RB Interleukin-17 

receptor B 
Receptor for IL-17B and IL-17E (IL-25); IL-
25 drives IL-4, IL-5 and IL-13 production and 
development of allergy in murine models 
(794) 

GFI1 Growth factor-
independent 1 

Mediates stabilisation of the Th2-asscociated 
transcription factor GATA3 (795) 

   
IFNγ Interferon gamma Activates macrophages, neutrophils, NK cells 

and CTLs for host defence against 
intracellular pathogens (114) 

GZMB Granzyme-b Cytolytic serine protease associated with 
CD4+ and CD8+ CTLs (796) 

LT-α Lymphotoxin-alpha Cytotoxic molecule, can induce inflammatory 
adhesion molecule expression (797) 

CCL8 Chemokine (C-C 
motif) ligand 8 

Recruitment of monocytes, activated CD4+ 
and CD8+ T-cells, NK cells, eosinophils and 
basophils (798) 

IL-12Rβ2 Interleukin-12 
receptor subunit β2 

Forms part of the functional receptor for IL-
12, promotes T-bet and IFN-γ expression in 
T-cells (256) 

IDO Indoleamine-2,3-
dioxygenase 

Catabolises tryptophan, mediates T-cell 
suppression (799) 

STAT1 Signal transducer 
and activator of 
transcription 1 

Activates T-bet transcription in Th1 cells 
(800) 

IL-18RAP Interleukin-18 
receptor accessory 
protein 

Component of receptor for IL-18 that 
synergises with IL-12 to promote IFN-γ 
production receptors (260, 261). 

 

Initial studies focussed on the mean probe set signal intensity for each of the nominated 

Th1- and Th2- associated genes.  As shown in Figure 35, presentation of antigen to 

CD4+ T-cells from atopic subjects significantly increased the expression of Th2-

associated genes beyond baseline levels, including the Th2 effector cytokine genes IL-4, 

IL-5, IL-9 and IL-13 in CD4+ T-cells. Similarly, levels of Th1-associated genes (IFN-γ, 

CCL8, GZMB, LT-α, IL-12Rβ2, IL-18RAP, STAT1 and IDO) were boosted following 

antigen stimulation in all culture conditions (Figure 36).   
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Figure 35: Signal intensities of Th2 signature genes in the isolated CD4+ T-cell 
populations. 

Data is shown as mean±SEM signal intensities from the microarray data set derived 
from the 5 individuals. Analysis of differences between unstimulated (grey bars) and 
HDM-stimulated (black bars) signal intensities in CD4+ T-cells derived from the 3 
culture conditions performed by paired T-test following log transformation of the data, 
*p<0.05; **p<0.01; ***p<0.001. 
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Figure 36: Signal intensities of Th1 signature genes in the isolated CD4+ T-cell 
populations. 

Data is shown as mean±SEM signal intensities from the microarray data set derived 
from the 5 individuals. Analysis of differences between unstimulated (grey bars) and 
HDM-stimulated (black bars) signal intensities in CD4+ T-cells derived from the 3 
culture conditions performed by paired T-test following log transformation of the data, 
*p<0.05; **p<0.01; ***p<0.001. 
 
 

A second analysis of the microarray dataset was performed using the signal intensity 

ratios (ie HDM stimulated/unstimulated signal intensity) following log transformation, 
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taking into account the low expression intensity of a number of the genes examined.  

The results, presented in Figures 37, have been reconverted to linear fold change values 

to enhance visualisation of high and low signal intensities, but all statistics were 

performed on log transformed data.   Concerning the Th2 gene signature, the fold 

change values for IL-5, IL-9, IL-13, PLXDC1, NDFIP2, DPP4 and GFI1 in the CD4+ 

T-cells isolated from antigen- stimulated PBMC cultures supplemented with control 

MDDC were significantly higher than the fold change values of the CD4+ T-cells 

derived from unsupplemented PBMC (Fig. 37A).  In comparison, IL-9, IL-13, PLXDC1, 

NDFIP2 and GFI1 were also statistically higher in the CD4+ T-cells from PBMC 

cultures supplemented with AEC-conditioned MDDC compared to PBMC alone.  

While there was a general trend for the boosting effect in the Th2 genes of the CD4+ T-

cells of the PBMC/AEC-MDDC co-cultures to be lower than that of the PBMC/ctrl-

MDDC co-cultures this did not reach statistical significance.  Interestingly, IL-2, a gene 

that has been associated with both Th1 (801) and Th2 (802-804) immunity as well as 

tolerance (805), appeared to be significantly down-regulated in the CD4+ T-cells from 

both co-cultures compared to the PBMC monocultures.  The Th1 genes examined 

showed a similar trend for enhancement in the MDDC-supplemented co-cultures, with 

statistical significance being reached for IFN-γ and GZMB for those with ctrl-MDDC 

and IFN-γ, GZMB, CCL8 and IL-12Rβ2 for the AEC-MDDC co-cultures (Fig. 37B). 

Notably, the fold change of CCL8 for this population of lymphocytes is also 

significantly higher than that observed in the CD4+ T-cells from the ctrl-MDDC/PBMC 

co-cultures.  
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Figure 37: Fold change values of Th1/Th2-associated genes in purified CD4+ T-
cells following microarray analysis. 

CD4+ T-cells were purified from PBMC (white bars), PBMC+ctrl-MDDC (grey bars) 
and PBMC+AEC-MDDC (black bars) following 24h of HDM stimulation.   
Data shown as mean±SEM fold change for the 5 individuals analysed for genes 
associated in the literature with (A) Th2 and (B) Th1 gene transcriptomes. Statistical 
analysis by paired T-test following log transformation of the data.  *p<0.05 compared to 
CD4+ T-cells from PBMC monocultures; **p<0.01 compared to CD4+ T-cells from 
PBMC monocultures; ***p<0.001 compared to CD4+ T-cells from PBMC 
monocultures. 
 

Because these microarray experiments were performed in only five subjects, it was 

important to examine these responses by qRT-PCR in a larger number of subjects, as 

described in the following experiments.  The initial rounds of validations were 

completed on the 10 independent samples sets followed by confirmation in the original 

5 samples used in the microarray experiments.  Both sets of samples provided 

qualitatively similar results, and pooling the data from the 15 samples yielded more 
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power in the statistical analysis.  Hence, the qRT-PCR results displayed in this chapter 

are from the 15 sets of samples collected. 

 

5.2.3.1 qRT-PCR validation of selected Th1- and Th2-associated genes up-

regulated by antigen in CD4+T-cells from co-cultures of PBMC and 

MDDC and unsupplemented PBMC. 

 

Thus, qRT-PCR was employed to investigate gene expression in separate RNA samples 

reserved from an independent set of 10 subjects.   A number of genes were selected 

from the atopy module as described in Table 12, including NDFIP2 and IL-17RB which 

have been recently shown by others in my laboratory to be intimately associated with 

function of the Th2-effector population (Bosco A, McKenna KL, et al, manuscript 

submitted). 

 

The specificity of the qRT-PCR assays was confirmed by dissociation curve analysis 

(data not shown).  The data in Figure 38 illustrates the following in relation to Th2 

associated genes: 

(a) CD4+ T-cells from the ctrl-MDDC co-cultures showed significantly elevated 

expression of the traditionally-ascribed Th2-effector genes IL-4, IL-5, IL-9 and 

IL-13, as well as more novel Th2 genes such as NDFIP2, IL-17RB, CAMK2D, 

RAB27B, GFI1, PLXDC1 and IL-4R, compared to unsupplemented PBMC.  

There was a trend for higher DACT1 and MAL expression, compared to 

unsupplemented PBMC though this did not achieve statistical significance.  

(b) CD4+ T-cells from the AEC-MDDC co-cultures showed blunted expression of 

most Th2-related genes, relative to that seen with ctrl-MDDC co-cultures. This 

was most clearly evident in relation to IL-4, IL-5, IL-9, IL-17RB, GFI1, NDFIP2 

and PLXDC1.  It is also notable that only IL-5, IL-9, IL-13 and NDFIP2 mRNA 

were significantly greater in AEC-MDDC co-cultures than in PBMC 

monocultures.  For the eight other Th2-associated genes examined, mRNA 

expression in CD4+ T-cells was not statistically different in the AEC-MDDC 

co-cultures and the PBMC monocultures. 
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Figure 38: qRT-PCR analysis of Th2-associated gene expression above 
background in purified CD4+ T-cells. 
mRNA transcripts were measured in purified CD4+ T-cells from CD4+ T-cells from 
PBMC (white bars), PBMC+ctrl-MDDC (grey bars) and PBMC+AEC-MDDC (black 
bars) cultures following 24h of HDM stimulation, in an independent set of 10 samples.  
Statistical analysis by Wilcoxon matched pairs test, data shown as mean±SEM 
normalised expression, *p<0.05 compared to baseline mRNA levels, **p<0.01 
compared to baseline mRNA levels. 
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qRT-PCR analysis of the four selected Th1-associated genes showed that CD4+ T-cells 

from both the ctrl-MDDC co-cultures and the AEC-MDDC co-cultures significantly 

elevated expression of Th1-effector genes, relative to unsupplemented PBMC (see 

Figure 39) for three of the four targets. This was evident for the exemplary Th1 effector 

cytokines IFN-γ and LT-α, and for GZMB and CCL8, two other genes associated with 

classical Th1-skewed CD4+ T-cell responses (768). In relation to GZMB, transcription 

was significantly higher in CD4+ T-cells from AEC-MDDC co-cultures than in CD4+ 

T-cells from the ctrl-MDDC co-cultures. These differences were even more marked for 

CCL8 which was barely detectable in the ctrl-MDDC co-cultures, but strongly 

expressed in CD4+ T-cells from AEC-MDDC co-cultures . 
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Figure 39: qRT-PCR analysis of Th1-associated gene expression above 
background in purified CD4+ T-cells. 
mRNA transcripts were measured in purified CD4+ T-cells from CD4+ T-cells from 
PBMC (white bars), PBMC+ctrl-MDDC (grey bars) and PBMC+AEC-MDDC (black 
bars) cultures following 24h of HDM stimulation, in an independent set of 10 samples.  
Statistical analysis by Wilcoxon matched pairs test, data shown as mean±SEM 
normalised expression, *p<0.05 compared to baseline mRNA levels, **p<0.01 
compared to baseline mRNA levels. 
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5.2.3.2 Measurement of Th-effector cytokine proteins  

 
Supernatants from all samples were analysed using time-resolved fluorometry for the 

main Th1/Th2 signature cytokines, IFN-γ and IL-13/IL-5, respectively (Fig. 40). As 

observed in initial experiments in Chapter 3, and despite measurement at 24h instead of 

48h, supplementation of PBMC cultures with MDDC boosted HDM-specific T-cell 

cytokine responses resulting in the production of increased levels of all three cytokines 

measured, compared to PBMCs stimulated without MDDC. Also, the attenuated 

boosting of the Th2-signature cytokines, in particular IL-13, was observed in AEC-

MDDC co-cultures similarly to the original experiments.  It is noteworthy that only 7 

out of the 10 individuals displayed measurable IL-5 levels at this early time point, 

which may explain the lack of significant difference between the co-cultures that was 

observed at 48h in Chapter 3.  In contrast, significantly elevated concentrations of IFN-γ 

in AEC-MDDC-supplemented co-cultures compared to ctrl-MDDC-supplemented co-

cultures, which was not seen in the original experiments, was observed in these 24h 

supernatants.   
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Figure 40: Cytokine production in culture supernatants following stimulation with 
HDM for 24h. 
Cytokine protein secretion above background in wells containing PBMC, PBMC+ctrl-
MDDC and PBMC+AEC-MDDC was measured by TRF.  Statistical analysis by 
Wilcoxon matched pairs test, *p<0.05; **p<0.01; ***p<0.001. 
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5.2.4 Data mining for other differentially expressed genes in antigen-stimulated 

CD4+ T-cells  

 

Whilst the first section of this chapter focussed on the examination of the Th1/Th2 gene 

signature in CD4+ T-cells stimulated via the different MDDC populations, the 

microarray dataset also provided the opportunity to gain insight into other qualitative 

and quantitative differences that may exist beyond Th effector responses. To identify 

these differences between the CD4+ T-cell response profiles, background corrected 

gene expression levels (i.e. level in HDM-stimulated cells relative to baseline control 

(HDM/unstim.) on the log2 scale) for each group were analysed employing the 

Significance Analysis of Microarrays test (SAM or S.test). Differentially expressed 

genes were identified by comparing the S.test statistics (a variation of the t-test statistic) 

with their null distribution which is generated in a permutation-based manner. The 

significance level of a SAM analysis is dependent on the tuning parameter delta, and for 

each value of delta, the FDR was calculated as the 90th percentile of the number of false 

positive genes divided by the number of genes called significant. A value for delta was 

selected corresponding to a 90th percentile FDR < 0.01.  This method has been used 

successfully in other studies examining T-cell transcription profiles of different T-cell 

subsets (768, 806, 807).  For this analysis, three independent lists were created 

comprising the genes that were deemed to be significantly up- or down-regulated for 

each comparison of the populations of CD4+ T-cells isolated from the antigen 

presentation cultures: 1) PBMC vs PBMC+ctrl-MDDC; 2) PBMC vs PBMC+AEC-

MDDC; and 3) PBMC+ctrl-MDDC vs PBMC+AEC-MDDC.   

 

5.2.4.1 Differential expression of components of the regulatory T-cell gene 

signature 

Following SAM analysis of the data set, it became apparent that a number of genes 

differentially expressed between the CD4+ T-cell populations belonged to the 

regulatory T-cell (Treg) transcriptome that has been comprehensively compiled in 

previous studies by our laboratory (Bosco, A, McKenna, KL, et al., manuscript 

submitted) and others (808, 809).  Positive selection of the T-cell population from 

PBMC results in a heterogenous mix of cells including naïve and memory T-cells, 

NKT-cells and a lymphocyte population with regulatory T-cell function (810).  Other 

studies have estimated that the CD4+CD25high Treg population represents 
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approximately 1-8% of peripheral blood CD4+ T-cells (811, 812).  Based on this 

knowledge, it was unsurprising that components of the Treg cluster were highlighted in 

the SAM analysis. A number of Treg-associated genes in the CD4+ T-cells isolated 

from either culture containing supplemented MDDC had signal ratios (HDM/unstim.) 

significantly lower than those observed in antigen-stimulated CD4+ T-cells from 

unsupplemented PBMC, including ACSS2, ACOT7, CISH, FABP5, HDGFRP3, ICAM-

1, PTGER2, STX11 and TNFRSF4 (OX40) (Fig. 41A). CD4+ T-cells from AEC-

MDDC-containing co-cultures exhibited lower signal ratios than unsupplemented 

PBMC for two additional Treg genes, PMAIP1 and EPHX1.  

 

Interestingly, two other genes from the Treg signature were found to have higher fold 

change values in the MDDC-containing cultures compared to the unsupplemented 

PBMC, DUSP4 and MELK (Fig. 41B).  ITGB8, SATB1 and POU2AF1 were three other 

genes included in the Treg signature that were up-regulated in the AEC-MDDC-

containing co-cultures compared to PBMC monocultures, but were not statistically 

elevated in the ctrl-MDDC-containing co-cultures, whereas the reverse was true for 

GFI1.  POU2AF1, identified by Hill and colleagues as also being contained within the 

Treg signature (809), was not differentially expressed according to the analyses of the 

CD4+ T-cell transcriptome from the MDDC-supplemented co-cultures versus 

unsupplemented PBMC cultures, yet its fold change was found to be elevated in the 

AEC-MDDC co-culture-derived T-cells compared to those from the ctrl-MDDC co-

cultures.  It is noteworthy that this was the only Treg-associated gene that was 

statistically different between the CD4+ T-cell populations derived from the co-

cultures.   
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Figure 41: Fold change values of Treg-associated genes in purified CD4+ T-cells 
following microarray analysis. 
CD4+ T-cells were purified from PBMC (white bars), PBMC+ctrl-MDDC (grey bars) 
and PBMC+AEC-MDDC (black bars) following 24h of HDM stimulation.   
SAM analysis was performed on the microarray data to identify differentially expressed 
genes in stimulated cells versus unstimulated cells employing a moderated T-test (see 
Methods for details).  Genes with expression ratios that were statistically (A) down-
regulated and (B) up-regulated between CD4+ T-cell populations are displayed. Data 
shown as mean±SEM fold change for the 5 individuals analysed, *q<0.05 compared to 
CD4+ T-cells from PBMC monocultures; ***q<0.005 compared to CD4+ T-cells from 
PBMC monocultures. 
 

5.2.4.1.1 qRT-PCR validation of selected Treg-associated genes antigen-

stimulated CD4+T-cells from co-cultures of PBMC and MDDC and 

unsupplemented cultures of PBMC. 

 

To confirm the differential expression of elements of the Treg gene signature, a modest 

number of Treg-associated genes were selected for examination by qRT-PCR in the 

independent set of RNA samples. mRNA levels for CISH, PTGER2, GFI1 and 
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POU2AF1 were determined following their flagging in the initial analysis, as well as 

FOXP3, a transcription factor that has been shown to be central to Treg function (813, 

814).  The results of this analysis are presented in Figure 42 as delta expression levels 

(normalised HDM-unstim.).  Consistent with the SAM analysis, CISH and PTGER2 

showed significantly reduced levels of mRNA in the antigen-stimulated CD4+ T-cells 

from the ctrl-MDDC co-cultures and the AEC-MDDC co-culture relative to 

unsupplemented PBMC cultures.  FOXP3 expression was similar in CD4+ T-cells from 

all three culture conditions.  GFI1 expression was higher in co-cultures with ctrl-MDDC 

relative to unsupplemented PBMC and AEC-MDDC co-cultures.  Interestingly, 

POU2AF1 transcription showed a trend to be down-regulated following HDM 

stimulation in the CD4+ lymphocytes from unsupplemented PBMC and co-cultures 

containing ctrl-MDDC, but was enhanced above baseline levels in those cells derived 

from the AEC-MDDC co-cultures, resulting in a significantly higher fold change value. 
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Figure 42: qRT-PCR analysis of Treg-associated gene expression above 
background in purified CD4+ T-cells. 

mRNA transcripts were measured in purified CD4+ T-cells from CD4+ T-cells from 
PBMC (white bars), PBMC+ctrl-MDDC (grey bars) and PBMC+AEC-MDDC (black 
bars) cultures following 24h of HDM stimulation, in an independent set of 10 samples.  
Statistical analysis by Wilcoxon matched pairs test, data shown as mean±SEM 
normalised expression, *p<0.05 compared to baseline mRNA levels, **p<0.01 
compared to baseline mRNA levels. 
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5.2.4.2  Differential expression of metallothionein genes 

Gene ontology analysis of the microarray dataset was performed using the GOSTAT 

program that relies on a database compiled from multiple sources and generates an 

FDR-corrected p-value as a measure of overexpression of GO annotations in an 

analysed list of genes (815) (http://gostat.wehi.edu.au). The metallothionein (MT) gene 

family, encompassing 10 functional and 7 non-functional isoforms, was found to be 

over-represented in the CD4+ T-cell population derived from the AEC-MDDC-

supplemented co-cultures (p<0001).  MT gene transcription is known to be accelerated 

in response to a number of environmental stimuli including cytokines, heavy metals and 

stress-induced molecules (816-819) and their gene products can exert their effects both 

intra- and extra-cellularly.  Indeed, 5 of the functional MT isoforms (MT1G, MT2A, 

MT1H, MT1X and MT1F) and 1 non-functional isoform (MT1M) displayed significantly 

higher signal ratios in these T-cells compared to the other populations following SAM 

analysis (Fig. 43).   
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Figure 43: Fold change values of metallothionein genes in purified CD4+ T-cells 
following microarray analysis. 
CD4+ T-cells were purified from PBMC (white bars), PBMC+ctrl-MDDC (grey bars) 
and PBMC+AEC-MDDC (black bars) following 24h of HDM stimulation.   
SAM analysis was performed on the microarray data to identify differentially expressed 
genes in stimulated cells versus unstimulated cells employing a moderated T-test (see 
Methods for details). Data shown as mean±SEM fold change for the 5 individuals 
analysed, *q<0.05 compared to CD4+ T-cells from unsupplemented PBMC; 
***q<0.005 compared to CD4+ T-cells from unsupplemented PBMC. 
 

5.2.4.2.1  qRT-PCR analysis of MT isoforms in purified CD4+ T-cells 

Primers have been developed by others that can detect the mRNAs from each of the 

individual isoforms of the MT gene family (629, 630).  Subsequent analysis of protein 
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expression of the MT isoforms in a prostate epithelial cell line by mass spectrometry 

demonstrated that the mRNA primers used in real-time PCR analysis were specific for 

the isoform they were targeting (820).  Based on this information, these primers were 

used to validate the MT isoforms flagged as differentially expressed in the microarray 

data set.  The qRT-PCR data is illustrated in Figure 44, showing that 5 of the MT 

isoforms (MT1G, MT2A, MT1M, MT1H and MT1X) were up-regulated following 24h 

antigen stimulation in all of the isolated CD4+ populations.  However, the absolute 

expression over background levels was significantly higher in the CD4+ T-cells from 

the AEC-MDDC-supplemented co-cultures, consistent with the microarray data.  
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Figure 44: qRT-PCR analysis of metallothionein gene expression above 
background in purified CD4+ T-cells. 
mRNA transcripts were measured in purified CD4+ T-cells from CD4+ T-cells from 
PBMC (white bars), PBMC+ctrl-MDDC (grey bars) and PBMC+AEC-MDDC (black 
bars) cultures following 24h of HDM stimulation, in an independent set of 10 samples.  
Statistical analysis by Wilcoxon matched pairs test, data shown as mean±SEM 
normalised expression, *p<0.05 compared to baseline; **p<0.01 compared to baseline; 
***p<0.001 compared to baseline. 
 

5.2.4.3 Differential expression of chemokine genes 

Gene ontology analysis using GOSTAT also revealed significant overexpression of a 

number of genes encoding chemokines in the CD4+ T-cells derived from the AEC-

MDDC-containing co-cultures (p<0.001).  Activated T-cells represent an important 

source of chemokines that participate in the immune response by recruitment and/or 
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activation of additional T-cells as well as other leukocytes to the site of inflammation 

(807).  SAM analysis of this dataset revealed that four chemokines, namely CCL7, 

CCL8, CXCL1, and CXCL5 were significantly up-regulated in the CD4+ T-cells from 

the AEC-MDDC/PBMC co-cultures compared to the ctrl-MDDC/PBMC co-cultures, 

and CCL7 and CCL8 were also elevated compared to the T-cells from the PBMC 

monocultures (Fig. 45).  The analysis also flagged the CCL18 chemokine gene signal 

ratio as being down-regulated in the CD4+ T-cells from the AEC-MDDC/PBMC co-

cultures compared to the ctrl-MDDC/PBMC co-cultures.  
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Figure 45: Fold change values of chemokine genes in purified CD4+ T-cells 
following microarray analysis. 
CD4+ T-cells were purified from PBMC (white bars), PBMC+ctrl-MDDC (grey bars) 
and PBMC+AEC-MDDC (black bars) following 24h of HDM stimulation.  SAM 
analysis was performed on the microarray data to identify differentially expressed genes 
in stimulated cells versus unstimulated cells employing a moderated T-test (see 
Methods for details). Data shown as mean±SEM fold change for the 5 individuals 
analysed, *q<0.05 compared to CD4+ T-cells from unsupplemented PBMC. 
 

 

 

5.2.4.3.1 qRT-PCR analysis of selected chemokines in purified CD4+ T-cells 

qRT-PCR analysis of the chemokine genes highlighted in the microarray dataset was 

performed to confirm their differential expression.  For the chemokine genes shown to 

be over-expressed (Fig. 46A), the CD4+ T-cells from both MDDC co-cultures showed 

significantly higher net mRNA levels of CCL7 and CCL8 than the cells from the 

unsupplemented PBMC, although this was markedly higher in the co-cultures 
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containing the AEC-conditioned MDDC.  Following on from these observations, the 

transcription of CXCL1 and CXCL5 was significantly boosted for all conditions 

following antigen stimulation, although net mRNA expression in the HDM-stimulated 

CD4+ T-cells from the PBMC monocultures and AEC-MDDC/PBMC co-cultures was 

significantly elevated above those observed in the ctrl-MDDC/PBMC co-cultures.  In 

contrast, incubation of the AEC-MDDC/PBMC co-cultures with HDM for 24h 

decreased the net mRNA levels of CCL18 in the CD4+ T-cell population, whereas in 

those isolated from the other conditions, antigen stimulation had little effect 

(unsupplemented PBMC cultures) or slightly increased (ctrl-MDDC/PBMC co-cultures) 

CCL18 transcription (Fig. 46B). 
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Figure 46: qRT-PCR analysis of chemokine gene expression above background in 
purified CD4+ T-cells. 

mRNA transcripts were measured in purified CD4+ T-cells from CD4+ T-cells from 
PBMC (white bars), PBMC+ctrl-MDDC (grey bars) and PBMC+AEC-MDDC (black 
bars) cultures following 24h of HDM stimulation, in an independent set of 10 samples 
for chemokines that were shown to be (A) overexpressed and (B) underexpressed in the 
microarray analysis.  Statistical analysis by Wilcoxon test, data shown as mean±SEM 
normalised expression, *p<0.05 compared to baseline; **p<0.01 compared to baseline. 
 

5.3 DISCUSSION 

 

The majority of antigen-specific T-cell response studies utilise bulk peripheral blood 

mononuclear cell populations that rely on endogenous APC e.g. (624, 768).  Despite the 

usefulness of examining T-cell reactivity to antigen stimulation in the peripheral blood 

to obtain a broad overview of potential response profiles, it was reasoned that the final 
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pattern of gene expression induced in memory T-cells in tissues such as the airway 

mucosa is ultimately controlled by factors within the local tissue microenvironment.  

One such factor is the maturation/activation status of the local DC populations that are 

central to the reactivation of antigen-specific T-cells, and that are themselves 

conditioned by other elements in close proximity.  It has been suggested that MDDC 

may more accurately reflect tissue-based DC populations.  Despite previous arguments 

that the contribution of MDDC to steady state DC populations is minimal and that they 

are induced primarily in the context of inflammation (134, 137, 821, 822), there is 

evidence to the contrary from a recent study of murine lungs, indicating that monocytes 

differentiate into DC under both steady state and inflammatory conditions within the 

pulmonary environment (138).  Thus, at a fundamental level conventional IL-4/GM-

CSF-derived MDDC would most likely be more representative of a DC population in 

the airway mucosa than the endogenous APC subsets circulating in peripheral blood, 

however AEC-MDDC provide an additional layer of ‘authenticity’ as they also 

incorporate the influence of resident airway cells in control of the adaptive immune 

response via modulation of DC.   

 

In this study, supplementation of PBMC with MDDC resulted in boosted effector T-cell 

cytokine responses evidenced by enhanced levels of IFN-γ, IL-5 and IL-13 in the 

supernatants of the cultures at 24h, a similar result to previous findings at a later 48h 

time point as observed in the preliminary studies detailed in Chapter 3.  These results 

are in agreement with other studies from our laboratory that have utilised a similar 

approach and have observed a more robust recall T-cell response than seen in antigen-

stimulated PBMC cultures alone (767); (S. Yerkovich, manuscript submitted).  This 

finding was for the most part unsurprising given a) the efficient uptake and processing 

of antigen by the MDDC; b) the significant expression of MHC and co-stimulatory 

molecules on the MDDC surface; and c) the increased DC:T-cell ratio in the co-culture 

wells compared to PBMC alone, where DC represent <1% of the total population.  All 

of these factors would promote the delivery of a high doses of antigen to responder T-

cells, resulting in stronger antigen-specific effector responses.  Notably, no differences 

were observed in the levels of proliferation of CD4+ responder T-cells presented with 

recall antigen by either MDDC subset (Fig. 33), indicating that AEC-conditioning of 

MDDC did not alter their capacity to engage and re-activate T-memory cells.  Rather, 

the downstream effects of AEC exposure during MDDC differentiation on T-cell recall 

responses appeared to be qualitative in nature as evidenced by the differential regulation 



 

 163 

of four functionally-related sets of genes following microarray analysis: 1) Th1/Th2 –

associated genes; 2) Treg-associated genes; 3) metallothioneins; and 4) chemokines.  

These findings are discussed below. 

 

5.3.1 Modulation of the Th1/Th2 balance 

 
As the responder T-cells used in this study were derived from HDM-sensitised donors, 

it was predicted based on previous studies that they would display a well-defined Th2 

response to re-stimulation with the antigen to which they were sensitised (437, 768, 

823-825).  Indeed, examination of the gene expression profile of the CD4+ T-cells 

indicated that the transcription of Th2-associated genes including those encoding 

effector cytokines as well as genes relating to intracellular signalling processes were 

enhanced beyond unstimulated levels.  The microarray dataset showed up-regulation of 

a large number of genes in HDM-stimulated versus unstimulated cells. Further 

experiments using qRT-PCR were performed to (a) validate differences in gene 

expression seen with microarray using cells from an independent group of donors, and 

(b) to discern the extent of differences between control-MDDC and AEC-MDDC. 

 

Focussing on the comparison of ctrl-MDDC and AEC-MDDC, the boosting of the 

effector Th2 genes appeared to be partially attenuated in the CD4+ T-cells from co-

cultures containing AEC-MDDC , with significantly reduced mRNA levels of IL-4, IL-

5 and IL-9 and a trend for reduced IL-13, relative to ctrl-MDDC.  At the protein level, 

IL-13 concentrations were significantly diminished compared to those seen in ctrl-

MDDC/PBMC co-cultures, whereas IL-5 showed a similar downward trend but did not 

reach statistical significance.  It must be noted that supernatants were obtained at 24h 

instead of the 48h time point that has been deemed as optimal by others in our 

laboratory for measurement of antigen-specific cytokine expression at the protein level 

(624, 826). The restriction in MDDC numbers precluded the set up of parallel cultures 

for supernatant harvest at multiple points. Th2 cytokine synthesis is likely to vary with 

time, and this probably explains why significant attenuation of CD4+ IL-5 levels in the 

AEC-MDDC co-cultures was observed in the preliminary studies of Chapter 3, whereas 

there was only a non-significant trend in the experiments reported in this chapter.  

Nonetheless, there was certainly a widespread reduction in expression of many Th2 

cytokine genes in two independently-generated sets of experiments (see Figures 38,40 
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and Figure 11 of Chapter 3) showing that AEC-conditioning of MDDC has downstream 

inhibitory effects on the level of Th2 effector cytokine responses. 

 

To more comprehensively examine the Th2 gene signature in the CD4+ T-cells from 

the antigen-stimulated cultures, it was decided to select known Th2-associated genes 

other than the exemplary effector cytokines.  To this end, a panel of targets consisting of 

GFI1, RAB27B, DACT1, MAL, NDFIP2, IL-17RB, PLXDC1 and IL-4R were selected 

based on their identification in previous gene profiling studies of T-cell subsets by our 

laboratory (768) and others (774).  Four of the genes, GFI1, IL-17RB, PLXDC1 and 

NDFIP2 exhibited significantly lower mRNA expression in the CD4+ T-cells from the 

AEC-MDDC co-cultures, compared to those from the ctrl-MDDC co-cultures. GFI1 

encodes a protein that has been recently described to promote IL-4 signalling in 

activated Th cells via STAT6 (795, 827) and is critically involved in the stabilisation of 

the Th2-associated transcription factor GATA-3 (828).  IL-17RB forms the receptor for 

the cytokine IL-25, with IL-25 signalling associated with increased levels of Th2 

effector cytokine expression (829).  Thus, the reduced transcription of these two genes 

could significantly contribute to the attenuated Th2 effector cytokine production in the 

AEC-MDDC/PBMC co-cultures.  Whilst none of the other genes selected for analysis 

displayed significantly different expression in the independent sample set by qRT-PCR, 

two of the four (IL-4R and RAB27B) showed a trend for reduced expression that was 

consistent with the previous Th2-associated genes described.  It is known that a number 

of these genes demonstrate optimal expression at the mRNA level at time points closer 

to 12h post-stimulation (768) and thus earlier sampling may have yielded significant 

differences.  It is also noteworthy here that in a follow-up microarray study performed 

in our laboratory which employed cell sorting technology to distinguish central from 

effector memory CD4+ subsets in the peripheral blood of atopics, the majority of the 

Th2 genes that did not reach statistical significance in this study are associated with the 

central Th2-memory population (Bosco A, McKenna K et al, manuscript submitted).  In 

contrast, genes characteristic of the effector memory compartment including IL-4, IL-5, 

IL-9, IL-17RB and NDFIP2 did validate.  Based on this new data and the evidence of 

cognate interactions with transiting effector T-memory cells and DC in the airway 

mucosa (154) it could be hypothesised that the influence on effector gene function may 

have more relevance than that of genes connected to the central memory subset.  At this 

stage this argument in the context of this project is merely speculative and further 

functional studies are required to determine its validity. 
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Following examination of a representative sample of Th1-associated genes by 

microarray analysis, the expression levels of a number of these targets appeared to be 

similar to or in some cases enhanced (CCL8, GZMB, IL-12Rβ2) in the CD4+ T-cells 

from the AEC-MDDC/PBMC co-cultures compared to the gene profiles of the target 

cells from the ctrl-MDDC/PBMC co-cultures.  Indeed, CCL8 and GZMB validated upon 

qRT-PCR analysis of mRNA levels in the independent dataset. IFN-γ and LT-α, the two 

other genes examined by this more sensitive method showed consistently up-regulated 

expression in this population of T-cells, however the p-values comparing the mean net 

mRNA levels were above the 0.05 statistical cut-off.  In parallel, evaluation of protein 

levels of IFN-γ in the supernatants from the cultures were significantly higher in those 

harvested from the AEC-MDDC/PBMC co-cultures compared to the other cultures 

following HDM stimulation. Examination at the protein level of some of the other Th1-

associated genes demonstrating a trend for boosted expression at the genetic level 

would be required to confirm an enhancement of Th1 immunity conferred by AEC-

conditioning of airway DC. 

 

There is indisputable evidence from both human and animal models that the repertoire 

of effector mechanisms that an individual T-cell can execute is independent of the 

nature of the specific TCR expressed (830, 831). Instead, the host immune response can 

be oriented toward a response that is appropriate for the control of the inciting stimulus.  

In the context of a primary T-cell response to a novel antigen, the peptide-bearing DC 

plays an important role in determining the outcome of antigen presentation, via 

alterations in TCR engagement strength/duration and the variable expression of co-

stimulatory molecules and soluble factors (213).  Modulation of DC phenotype and 

function following ligation of PRRs by conserved pathogen-derived moieties is one 

example of how a downstream naïve T-cell response can be manipulated to achieve 

optimal host defence (832). 

 

T-memory populations, although originally thought to be terminally programmed, also 

retain a level of plasticity that allows for modulation of their effector cytokine response 

upon presentation with a recall antigen (379, 833).  For example, the use of different 

recall stimuli leads to the production of distinct cytokine profiles within a memory 

CD4+ T-cell population (833).  A number of studies have shown that manipulation of 

surface markers and cytokine expression of DC by ligation of PRRs can modulate the 
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polarity of the downstream response of memory T-cells (392, 834, 835). It has further 

been revealed that elements within the immunological synapse created upon 

engagement of the TCR by peptide-bearing MHC complexes represent critical control 

points of the adaptive immune response.  As mentioned in Chapter 4, a recent study 

demonstrated that activation of DC by cross-linking of B7-DC on their surface increases 

their expression of IL-12, IFN-γ and ICAM-1 that facilitates the reprogramming of pre-

sensitised Th2 cells to a Th1 phenotype (394). Another group showed that the presence 

of abundant IL-12 at the immunological synapse drives transcription of the repressed 

IL-12Rβ2 subunit of the IL-12 receptor in polarised Th2 cells, conferring increased 

sensitivity of the T-cells to this cytokine that is accompanied by increased expression 

and activity of the Th1-associated transcription factor T-bet (393).   

 

The observed attenuation of many aspects of the Th2-recall response by the AEC-

conditioned MDDC, together with enhanced Th1-associated immunity compared to 

conventional MDDC, suggests that the resident airway cells have conferred certain 

properties on the MDDC that enable them to modulate the Th2-enriched memory 

response to an important allergen.  Based on the findings presented in Chapters 3 and 4, 

there are a number of potential AEC-MDDC-associated candidates that could be 

considered.  Firstly, aligned with the study by Radhakrishnan and colleagues (394), 

following 5-day differentiation the AEC-MDDC expressed higher levels of IL-12 

(mRNA) [refer Fig 12A, Chapter 3] and ICAM-1 (mRNA and protein) [refer Fig. 

30A,B, Chapter 4] than the control MDDC, which would potentially bias towards 

expansion of IFN-γ+ T-effector cells with a corresponding dampening of the existing 

Th2 immunity. It is also noteworthy here that following AEC conditioning the MDDC 

subset also features enhanced surface levels of B7-DC (refer Fig. 30A, Chapter 4), 

which upon interaction with the corresponding PD-2 ligand expressed on activated T-

cells (836), may act to further potentiate this response, as observed in the 

Radhakrishnan study (394).  In contrast to that study where complete reversal of Th2 

phenotype towards Th1 immunity was observed, maintenance of an attenuated Th2 

component was seen upon interaction with the AEC-conditioned MDDC.  The previous 

authors demonstrated that B7-DC cross-liking antibody provides an activation signal 

into the DC several orders of magnitude higher than TLR signalling, therefore it could 

be postulated here that endogenous ligation of B7-DC by T-cells may promote this Th1 

bias but is not of adequate signal strength to effect a complete reversal in T-cell 

polarity.  
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As alluded to in the discussion of Chapter 3, the relative expression of two other B7-

family molecules, CD80 (B7.1) and CD86 (B7.2) may also play a role in the differential 

expression of Th1 and Th2 genes in the CD4+ T-cells stimulated with antigen in the 

presence of either AEC-MDDC or ctrl-MDDC.  Following differentiation of monocytes 

to MDDC in the presence of AEC, a significant boost of CD80 levels above those seen 

on ctrl-MDDC was observed, whereas CD86 levels were comparable (Figure 6, Chapter 

3).  A study by Hammad and colleagues observed that addition of the major HDM 

allergen Der P1 to MDDC derived from healthy donors induced the selective up-

regulation of CD80 but not CD86 whereas in contrast allergic donors demonstrated an 

exclusive increase in CD86 (345).  The increased CD80 production in healthy MDDC 

was associated with IL-12 over-production by these cells, leading to a higher ratio of 

IFN-γ+:IL-4 in pre-primed T-cells.  They further showed that in the allergic T-cell 

reactivation cultures, efficient blocking of IL-4 production was achieved preferentially 

by the addition of anti-CD86 neutralising antibodies.  Other in vivo observations, such 

as the higher expression of CD80 on DC recovered from patients with the Th1-mediated 

lung disease sarcoidosis provide support for an important in maintaining a Th1-driven 

immune response (661).  It would be of interest to examine the effects of pre-incubation 

of the MDDC subsets used in these experiments with either anti-CD80 or anti-CD86 

antibodies prior to antigen re-activation of responder T-cells to determine the extent of 

their involvement in moderation of the T-cell response, in terms of whether increased 

CD80 expression drives a Th1 response or whether it is simply reflective of the 

activation state of the cells. 

 

5.3.2 Modulation of Treg-associated genes 

 
Regulatory T-cells play a critical role in maintaining both immunological and 

physiological homeostasis in the airways. A number of studies have identified 

pulmonary DC as displaying susceptibility to regulation by Tregs (516, 517, 837).  

Tregs can exert their effects directly by down-regulation of co-stimulatory molecules on 

the DC (516), or indirectly via interference with cognate T-cell/APC interactions (838).  

During chronic antigen stimulation such as exposure to perennial allergen, a study 

conducted in our laboratory showed that exposed animals become refractory to 

sustained airway exposure which is mediated via the influx of Treg cells into the airway 

mucosa and their subsequent effects on local DC populations (837).  DC themselves can 
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direct the de novo generation of Treg populations as well as facilitate the maintenance 

of existing Treg cells. Via the release of TGF-β1, DC can induce CD4+CD25+FoxP3+ 

T-cells from circulating populations of CD4+CD25-FoxP3- cells that have potent 

immunosuppressive ability and are antigen-specific (358).   Furthermore, Kim and 

colleagues demonstrated that DC preserve FoxP3 expression in Tregs already 

expressing this signature marker which has shown to be vital for their suppressive 

function (362). In this way, DC may play a role in the regulation of the responses that 

they initiate.  If, however, DC suppression is disadvantageous to the host, for example, 

following exposure to a pathogen-derived antigen, inhibition of Treg suppression can be 

overcome by cytokines such as IL-6 released by the activated DC (216, 839). 

 

The reduced boosting of a number of Treg genes by both MDDC subsets suggests that 

these cells may be modulating certain aspects of the regulatory T-cell response 

compared to that present in PBMC populations activated with endogenous APC.  Genes 

identified in the Treg signature described by the comprehensive profiling study by Hill 

et al including ACSS2, ACOT7, CISH, PTGER2, FABP5, TNFRSF4 (OX40) and STX11 

were found to have lower fold change increases in stimulated MDDC-containing co-

cultures compared to PBMC alone.  Follow-up PCR on two of these genes, CISH and 

PTGER2, as well as the classical Treg marker FOXP3 revealed a pattern of attenuated 

boosting of these targets, where CISH and PTGER2 reached statistical significance. In 

contrast, a second collection of genes from the Treg transcriptome displayed fold 

change levels that were significantly higher in both MDDC co-cultures (DUSP4, 

MELK) or exclusively in AEC-MDDC/PBMC co-cultures (ITGB8, SATB1, PMAIP1, 

EPHX1, POU2AF1) or ctrl-MDDC/PBMC co-cultures (GFI1) compared to PBMC.  

GFI1 and POU2AF1 were both examined by PCR and their expression was indeed 

found to be different between the subsets of CD4+ T-cells. GFI1 mRNA boosting was 

significantly higher in the cells from ctrl-MDDC co-cultures and in the case of the latter 

gene, antigen stimulation suppressed POU2AF1 expression in monocultures of PBMC 

and co-cultures of ctrl-MDDC and PBMC but boosted expression in the AEC-MDDC-

containing co-cultures.   

 

Based on these contrasting sets of data, it is difficult to define the exact nature of the 

modulation of Treg function by the supplemented MDDC and this issue deserves more 

detailed attention in future studies. It is pertinent to note that a number of those genes 

identified in the microarray analysis included in the Treg transcriptional gene profile are 
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multifunctional and can also participate in gene pathways independent of Treg 

signalling.  For example, CISH and GFI1, whilst both appearing in the Treg signature 

are also members of the Th2 transcriptome and support Th2 function (768, 795, 840). 

Additionally, POU2AF1 is a transcriptional co-activator and in T-cells has been shown 

to act at the IFN-γ promoter site in concert with T-bet to stabilise IFN-γ production 

(841). Thus, although not originally part of the Th1 gene set targeted in the first part of 

this section, this gene may in fact contribute to the perceived bias towards Th1 

immunity by AEC-MDDC-driven reactivation of antigen-specific T-memory cells 

rather than play a major role in Treg activity.  To increase the understanding of the Treg 

population status, expansion of the genes analysed by qRT-PCR and their measurement 

at the protein level as a first approach would be useful.  Additionally, in vitro 

suppression assays would potentially provide more definitive evidence of any 

modulation in Treg function by either MDDC subset following antigen challenge.   

 

5.3.3 Modulation of metallothionein genes 

 

A second subset of genes to be identified as differentially expressed by gene ontology 

analysis of the microarray dataset encompassed a number of members of the 

metallothionein (MT) family, induced in a wide variety of cells by stimuli including 

pro-inflammatory cytokines, reactive oxygen species and heavy metals (816-819).  The 

six isoforms identified as yielding boosted expression above background following 

antigen stimulation in the CD4+ T-cells from AEC-MDDC/PBMC co-cultures (MT1M, 

MT2A, MT1H, MT1G, MT1F, MT1X) were all shown to exhibit higher mRNA levels by 

qRT-PCR follow-up studies. The role of MTs as anti-oxidants has been well described 

and they appear to be important in the protection of host cells against potentially 

damaging reactive oxygen species in the local environment (816, 842, 843).  It is also 

noteworthy that engagement of the TCR during cognate interactions with DC induces 

rapid production of ROS in T-cells (844-847) and therefore intracellular MTs may serve 

to regulate the overall levels of oxidants produced upon activation of T-cells as part of a 

normal homeostatic process.  Outside the cell, ROS have been shown to directly 

promote Th2 immunity and MT could potentially subvert this influence on the T-cell 

response in conditions of oxidative stress (848).   
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There is also some evidence that exposure to exogenous MT during T-cell priming can 

lead to the expansion of an IL-10-producing T-cell population with regulatory function 

(849).  In the context of T-cell reactivation in the airway mucosa, the boost in MT 

transcription in responding T-cells may serve a number of purposes.  For instance, if 

secreted into the environment they may aid in the protection of host tissue against 

damage induced by ROS produced in anti-microbial responses by other effector cells 

such as neutrophils, whilst at the same time subverting the promotion of Th2 immunity 

that may counteract a robust Th1-driven response against an infectious agent.  

Interestingly, a recent in vivo study showed that MT-deficient mice were more 

susceptible to Th2-driven allergic inflammation in the lung, an outcome that was in part 

related to the higher levels of ROS upon allergen challenge in the knockout mice, 

suggesting that MT have an important role in determining the nature of the T-cell 

response in the airways (850). 

 

5.3.4 Modulation of select chemokine genes 

 
A recent microarray study of gene expression profiles of CD3+, CD4+ and CD8+ T-

cells found an increased transcription of a number of chemokine genes upon anti-

CD3/anti-CD28 stimulation in all subsets examined, suggesting that the production of 

chemokines by T-cells is a normal feature of their activation (807).  A similar result was 

found following the stimulation of peripheral CD4+ T-cells from healthy adults with the 

M. tb antigen, purified protein derivative (PPD) (768).  The strong up-regulation of 

these genes is likely to participate in the recruitment of additional T-cells as well as 

other leukocytes to the sites of antigen challenge.  In this study, detailed analysis of the 

microarray dataset revealed the boosted expression in CD4+ T-cells from AEC-MDDC-

containing co-cultures of a specific array of four chemokines, CCL7 (MCP3), CCL8 

(MCP2), CXCL1 and CXCL5 over and above the levels observed in the ctrl-MDDC co-

cultures and this was subsequently confirmed by qRT-PCR analysis.  The significance 

of differential expression of these chemokines by this subset of T-cells at this stage 

remains unknown, although it is possible to speculate as to their role based on what is 

already known in the literature. 

 

CCL7 (MCP3) and CCL8 (MCP2) are members of the monocyte chemotactic protein 

chemokine subset and as a result they display high sequence homology and are often 

co-expressed (van Damme, 1992).  CCL7 and CCL8 efficiently mediate the recruitment 
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of monocytes via ligation of CCR1 and CCR2 that are constitutively expressed on these 

cells (798).  Besides monocytes, CCL7 and CCL8 are able to attract and in some 

circumstances activate a large panel of leukocytes including NK cells, activated T-

lymphocytes, eosinophils, basophils and DC (798, 851, 852).  There are reports in the 

literature of the association of high expression of these chemokines, particularly CCL7, 

with Th2-mediated allergic diseases such as asthma and rhinitis (853) but levels are also 

consistently increased in Th1-driven lung diseases including M. tb infection and 

sarcoidosis (854) and in other autoimmune diseases including multiple sclerosis (855).  

These observations suggest that production of CCL7 and CCL8 may contribute to the 

amplification of an overall immune response without showing a bias towards either Th1 

or Th2 immunity.  There is also good evidence that these chemokines may play 

important roles in host anti-viral defence, enhancing the recruitment and anti-viral 

cytotoxicity of CD8+ CTLs and NK cells and in some instances, prevention of viral 

entry into cells by binding to viral co-receptors (856). 

 

CXCL1 and CXCL5 form part of the CXC chemokine family that contains a glycine-

leucine-arginine (ELR) motif.  These chemokines selectively target neutrophil 

recruitment and activation at sites of infection or inflammation via their interaction with 

the receptor CXCR2 (454, 857, 858). Their expression is observed early in antigen-

specific T-cell activation in the lung, leading to rapid recruitment of neutrophils to the 

site of antigen exposure (859).  CXCL5 was observed at high levels in resting T-cells in 

another study, and the authors surmised that it may have a role in steady-state 

homeostasis of the recirculating memory T-cell populations (807).  Whilst neutrophils 

are associated with early allergic responses to allergens in the lung environment, in 

another context they appear to contribute to host anti-viral defense, as large numbers of 

this cell type are observed in the airways of RSV- and RV-infected infants (860, 861).  

Furthermore, like CCL7 and CCL8, these two CXC chemokines were significantly up-

regulated in the CD4+ T-cell transcription profile following stimulation with the PPD 

antigen (768), suggesting that they form an integral part of T-cell defense against other 

intracellular pathogens. 

 

CCL18, unlike the other chemokines described above, showed a negative fold change in 

transcription following HDM stimulation.  It must be noted however that baseline 

mRNA levels in unstimulated CD4+ T-cells from AEC-MDDC-containing cultures 

were several fold higher than the other two cultured groups and post-stimulation levels, 
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although decreased from baseline, remained significantly elevated beyond levels 

observed in the corresponding samples isolated from PBMC monocultures and ctrl-

MDDC/PBMC co-cultures (data not shown).  Despite the identity of the receptor for 

this chemokine remaining unknown, CCL18 drives the chemotaxis of T- and B-cells 

with a stronger affinity for naïve lymphocytes (862) and has also been shown to 

participate in the recruitment of immature MDDC (863).  High expression levels of this 

chemokine in resting CD4+ populations are consistent with the microarray study of 

Wang and colleagues mentioned previously, suggesting it may be important in the 

steady-state homeostasis of peripheral T-cell populations (807).   

 

In summary, the salient findings of the expression profiling and follow-up analysis of 

CD4+ T-cells activated by the either MDDC subset are as follows: (1) both ctrl-MDDC 

and AEC-MDDC induce similar levels of CD4+ T-cell proliferation; (2) both MDDC 

subsets in general boost antigen-specific effector cytokine production beyond levels 

seen in unsupplemented PBMC cultures; (3) AEC-MDDC activation provides more 

Th1-stimulatory signals resulting in higher levels of IFN-γ protein as well as enhanced 

mRNA of other Th1-associated genes compared to ctrl-MDDC activated CD4+ T-cells; 

(4) in parallel, an attenuation of Th2-asscociated mRNA boosting for 7 of the 12 

selected targets as well as IL-13 protein is observed in AEC-MDDC supplemented 

cultures compared to ctrl-MDDC supplemented cultures; (5) the fold change over 

background of a number of regulatory T-cell genes is lower in antigen-stimulated 

cultures with supplemented MDDC compared to unsupplemented PBMC, whereas the 

reverse is true for a second subset of Treg-associated genes; and (6) a number of 

members of two other gene families, the chemokines and the metallothioneins, are 

overexpressed in the CD4+ T-cells from AEC-MDDC supplemented cultures compared 

to those with ctrl-MDDC.  Thus, these results confirmed the original findings of 

modulation of Th1/Th2 memory cell activation by AEC-conditioned MDDC observed 

in the original experiments, and provided further insight into other differences that exist 

between the activated CD4+ populations.  The significance of these results will be 

further discussed in Chapter 6. 
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6 CHAPTER 6: GENERAL DISCUSSION 
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Allergic inflammation is a process whereby an atopic individual demonstrates an 

exaggerated response to an allergen characterized by the production of allergen-specific 

IgE antibodies and a profile of Th2-dominated cytokines from memory T-cells (426).  It 

has been widely demonstrated that this form of immunity underlies the induction of a 

number of acute and chronic inflammatory disorders, such as atopic asthma, atopic 

dermatitis, eczema and rhinitis.   These diseases affect up to 30% of the population of 

developed nations and prevalence rates are increasing, representing a major burden both 

to the individual and the community as a whole (864, 865).  In Australia, current 

surveys estimate that between 14-16% of children, or 600 000 children under the age of 

15 years, have asthma and it remains as one of the dominant reasons for admission to 

hospital emergency departments for this demographic (866-868). However, the 

sensitisation rate to aeroallergens that are known triggers of asthmatic inflammation is 

much higher than the number of individuals developing clinical disease (641), 

indicating that a number of factors are involved in determining disease expression. 

 

A number of elegant studies performed in animal models suggest that pulmonary DC 

populations play a central role in the pathogenesis of atopic asthma (1, 431, 433, 643). 

This population of cells controls both the local triggering of allergen-specific Th-

memory cells, and also orchestrates innate and adaptive immune defence against 

infectious agents (2, 306, 353). Resident DC in the mucosa are required to maintain 

efficient surveillance for incoming pathogens, functioning as both an early warning 

system for triggering first-line innate defences via TLR-mediated cytokine/chemokine 

secretion, and as the source of processed antigen required for priming of pathogen-

specific Th1-polarised adaptive immunity. This fine balance between retention of 

efficient pathogen surveillance capability within locally differentiating airway DC 

populations, together with concomitant attenuation of their T-cell activation properties, 

represents a critical control point in relation to susceptibility to respiratory inflammatory 

diseases such as asthma. Moreover, as DC are exquisitely sensitive to signals derived 

from the tissue micro-environment, it seems likely that tissue-derived signals will have 

a key influence on DC function, both within the airway epithelium, and afterwards 

when DC have migrated to regional lymph nodes (523).  

 

The above observations point to an obvious requirement to gain a more complete 

understanding of the complex immunobiology of pulmonary DC. However, there are 
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considerable practical difficulties associated with studies of lung DC function in 

humans.  As a result, there is a need to develop appropriate models of DC interaction 

with other components of the airway mucosa, in order to increase understanding of the 

role of DC in asthma pathogenesis. Epithelial cell/DC interactions may regulate 

inflammation within the airway epithelium, and have downstream effects on allergen 

specific T-cell responses due to the intimate contact of these two cell populations within 

the mucosa (1, 644, 869), and the known capacity of AEC to express a vast array of 

soluble and surface-based immunomodulatory mediators attributed to AEC (21).  As 

such, this thesis invoked the use of an optimised in vitro co-culture model of 

differentiating DC and AEC to study this specific cellular interaction. 

 

The rapid and continuous recruitment of DC precursors is a hallmark of the airway 

mucosa in steady-state conditions (149) and this influx is significantly increased in the 

face of infectious or inflammatory stimuli (158, 159, 161, 436).  It has been recently 

shown in both resting and inflammatory states that monocytes constitute one of the 

major DC precursors involved in the replenishment of pulmonary DC populations 

(138).  In atopic asthmatics, a characteristic feature of the cytokine milieu of the airway 

mucosa is the presence of GM-CSF and IL-4 from a variety of cell types (429, 613, 616, 

652). Hence, the present in vitro model was developed to test the hypothesis that AEC 

may modulate DC differentiation from monocyte precursors derived from atopic 

individuals in this Th2 cytokine enriched environment, modelling (within the limits of 

practicality) the point at which steady-state conditions are interrupted by typical allergy-

associated inflammatory events. 

 

Examination of the morphology and surface phenotype of MDDC derived from 

monocytes in the presence of AEC consistently revealed a relatively homogenous 

population of cells with dendritiform morphology displaying enhanced levels of MHC 

Class II as well as CD40 and CD80, compared to control MDDC cultured in IL-4 and 

GM-CSF alone (Fig. 6).   Additionally, these cells retained a low to moderate level of 

CD14 expression on their surface, which in the conventional view of DC differentiation 

is generally absent from DC by the time they reach their mature stage (2).  The surface 

profile of the AEC-conditioned MDDC in this study is generally consistent with low 

levels of CD14 and moderate to high levels of MHC Class II and co-stimulatory 

molecules observed on the surface of myeloid DC obtained from surgically resected and 
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digested human lung specimens (145, 763).  As was also consistent with the Cochand 

study on ex vivo human lung DC (763), the AEC-MDDC generated here exhibited 

efficient antigen uptake and processing abilities as measured in standard in vitro assays 

(Fig. 10).  Concomitantly, the AEC-MDDC displayed proficient ability to reactivate 

autologous memory T-cells with HDM antigen at comparable levels to the control 

MDDC population (Fig. 33), although levels of the effector cytokines IL-4, IL-5, IL-9 

and IL-13 as well as a number of other Th2-associated genes including IL-17RB, 

NDFIP2, GFI1 and PLXDC1 were selectively diminished in the CD4+ T-cells activated 

by the former subset (Figs. 11, 38, 40).  The data collected in the initial characterisation 

of the AEC-MDDC in Chapter 3 and further analysis of their gene expression profiles 

by microarray suggest a number of DC-associated factors could be involved in directing 

a potential bias against Th2 immunity within the T-cell recall response.  These include 

increased expression of IL-12 subunit mRNA (Fig. 12) and the enhanced levels of 

surface MHC Class II, CD80 (Fig. 6), ICAM-1 and SLAM (Fig. 30). 

 

As local DC are active participants in host defence against infectious stimuli entering 

the airways, it was important to determine the extent of any modulatory effects of AEC 

on the MDDC response to recognition of conserved pathogen-associated molecules.  

Using the well-characterised TLR-agonists Poly I:C and LPS that signal through TLR3 

and TLR4, respectively, it was determined that AEC-MDDC showed enhanced IL-

12p70, IL-6, TNF-α and IL-10 cytokine responses to both stimuli (Fig. 8), which were 

in parallel to boosted levels of TLR3 and TLR4 mRNA (Fig. 12) and surface CD14 

expression (Fig. 6), which is a co-receptor for both TLRs targeted (655, 656). Another 

possibility to account for the apparent enhanced sensitivity of the AEC-MDDC to 

microbial stimulation is modulation of the TLR response at the intracellular signaling 

level as has been observed in other studies (870). Interestingly, a number of downstream 

TLR signaling gene transcripts were flagged in the microarrays as being significantly 

increased at baseline in the AEC-MDDC compared to control MDDC including 

MyD88, NF-κB2, TRAM and IRF8 (data not shown), but further investigation of these 

differences was beyond the scope of this study.  Priming with IFN-γ prior to the 

addition of LPS resulted in a further boosting in cytokine responses (particularly IL-

12p70) by the AEC-MDDC that was not mirrored by the control MDDC population 

(Fig. 8).  This was not associated with a difference in IFN-γ receptor gene expression in 
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the MDDC (data not shown) and accordingly may involve control at the level of 

receptor translocation to the cell surface or downstream signaling.  

 

Further analysis of the MDDC obtained during in vitro co-culture with or without AEC 

revealed the selective up-regulation of a number of other facets of the DC microbial 

surveillance system in those cells exposed to AEC.  For instance, baseline mRNA levels 

of a number of chemokines responsible for recruiting innate cells such as neutrophils, 

NK cells and Th1 cells as well as DC themselves and their precursor monocytes, were 

boosted in AEC-MDDC and it could be predicted that this would translate into rapid 

and efficient release of these proteins upon microbial encounter (Fig. 27).  Additionally, 

higher constitutive levels of mRNA encoding a number of complement components in 

the AEC-MDDC (Fig. 28) could potentially provide an available local source of these 

proteins, thus contributing to robust antimicrobial defence of the airways (733, 871). 

Furthermore, the AEC-conditioned MDDC subset expressed elevated mRNA for four 

Fc gamma receptors (Fig. 29) that may act to promote the sentinel role of the airway 

DC, enabling efficient sampling of IgG-opsonised microbes and facilitating cross-

presentation of exogenously-acquired antigen which could be particularly important in 

the context of respiratory viral infection (699).   

 

The sensitisation to aeroallergens and the predominance of Th2 immunity in the lungs 

has long been known to be a major risk factor for asthma development (872, 873).  

However, other data have shown a separate link between virus exposure and 

initiation/persistence of allergic airways inflammation (874, 875l, 876, 877).  Recent 

prospective birth cohort studies have assessed the role of both atopic sensitisation and 

viral infection in asthma aetiology (482-486).  Overall, these comprehensive studies 

found that whilst both variables are independently associated with risk for persistent 

asthma, in combination they pose the greatest threat to disease development in children 

and moreover interactions between host responses to viruses and aeroallergens represent 

the most common triggers for acute severe asthma attacks requiring hospitalisation 

(878, 879). 

 

Severe and/or repeated respiratory viral infections in the lower respiratory tract in 

infancy and early childhood poses increased risk to asthma development in a number of 

ways, including adverse effects on lung development (880) and a skewing towards Th2-
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polarised immunity (881-884). The exact mechanism by which viruses can promote 

Th2-biased immunity has been unclear, although recently Grayson and colleagues 

demonstrated that high levels of type 1 IFNs produced in severe viral infection can up-

regulate levels of FcεRIα on the surface of pulmonary mDC, leading to their triggering 

by IgE bound to viral antigen.  This results in the release of the Th2-attracting 

chemokine CCL28, resulting in the influx of large numbers of pro-allergic Th2 cells 

into the airways, triggering local acute inflammation (487).  Moreover, in addition to 

boosting DC numbers, increased FcεRIα expression on the surface of DC enhances 

their APC functions, as studies have demonstrated that ligation of IgE-bound antigen to 

its receptor markedly increases the rate of antigen uptake and subsequent processing to 

recruited Th2 cells, thus driving allergic inflammation further (489, 885-887).  A recent 

review by Sly and colleagues provides an elegant summary of the interactions between 

viral infection and pre-existing atopy in the development of persistent asthma (888) 

(Figure 47). 

 

 
 

Figure 47: Interactions between viral infection and pre-existing atopy in the 
development of persistent asthma (888). 
See text for details, figure reprinted with permission from authors. 
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Similarly to asthma development, respiratory viral infections account for the majority of 

asthma exacerbations in both children and adults, with rhinovirus accounting for up to 

4/5 of these cases (485, 889, 890). AEC are the primary site of viral infection and 

replication and they are induced to release a variety of cytokines and chemokines 

including type I, II and III IFNs, IL-6, IL-8, TNF-α, GM-CSF, CXCL5, CCL5, and 

CCL11 that attract inflammatory cells into the airways that participate in asthma 

exacerbations (891-893).  Moreover, epithelial cell damage induced by respiratory viral 

infections can expose the subepithelial nerve endings to enhanced triggering by 

particulates or pro-inflammatory mediators, leading to their release of neuropeptides 

such as nerve growth factor (NGF) and substance P (SP) that can induce 

bronchoconstriction (894-896).   

 

Whilst asthmatics and non-asthmatics acquire a comparable number of infections, the 

former group often have increased symptom scores with progression of infection to the 

lower respiratory tract (890). One prospective cohort study of 263 children at high risk 

of atopy followed from birth to one year of age found that the majority reported 2-5 

episodes of acute respiratory infection in the first year of life with one-third of these 

cases progressing to the lower respiratory tract, whilst the majority were eliminated 

rapidly in the upper airways (485).  As outlined previously, airway mucosal DC 

represent a major participant in host defence against respiratory viral infection, 

orchestrating both innate and adaptive anti-viral immunity. The results of this study 

suggest that in the context of an atopic airway where there is an abundance of Th2-

related mediators, healthy AEC promote the development in locally maturing DC of an 

arsenal of anti-microbial defences that can be rapidly employed in response to 

encounter with inhaled pathogens and in particular viruses.  In this way, the efficient 

functioning of this population of DC is likely to facilitate the containment of the 

infection to the upper respiratory tract, thereby subverting a potential threat to both the 

initial development and acute exacerbation of asthmatic disease.  Moreover, in the 

process, AEC conditioning of DC could have downstream implications on T-cell 

responses, reducing the capacity for expression of potentially damaging pro-allergic 

Th2 immunity. 

 

Microarray analysis of the global gene expression profiles of AEC-conditioned and 

control MDDC subsets revealed a predominant type 1 IFN signature in the former 

population (Figs. 19, 20). Additionally, the results of functional studies where type 1 
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IFN signalling was blocked during MDDC differentiation suggested that AEC release 

of this family of cytokines may be involved in the observed modulation of DC function 

(Fig. 23).  Type 1 IFNs form a crucial component of anti-viral defences in the lung 

(675) and AEC represent a critical source of these cytokines during viral infection 

(713).  In addition to active infection, there is some evidence of expression of low-level 

type 1 IFN by AEC at baseline (677). This concept of type 1 IFN signalling in the 

absence of infection is not a novel one, as their production has been observed in other 

systems in steady-state contexts both in vitro and in vivo including bone marrow, 

peritoneal and spleen cells (897, 898).  It has been postulated that a weak constitutive 

IFN-α/β signal, via a positive feedback loop, may be important in providing a 

foundation level of intracellular signalling molecules required for type 1 IFN 

transcription such that when the cell encounters a virus, the production of anti-viral 

IFN-α/β will be rapid and efficient (899, 900).  This theory could be applicable here 

also, with type 1 IFNs priming the DC for swift induction of their own production.   

Moreover, the data presented herein predict that low-level constitutive production of 

type 1 IFNs by AEC may selectively target other facets of local DC biology thereby 

maintaining them in the ideal functional phenotype to achieve the balance between tight 

control of potentially damaging Th2 immunity to aeroallergens and the maintenance of 

the capacity for rapid mobilisation of innate and Th1-polarised adaptive immune 

defences against pathogens. At this point, it is pertinent to acknowledge the important 

findings of Sebastian Johnston’s group showing that asthmatic individuals display a 

deficiency in AEC-derived type I and the associated type III IFN family members (714, 

901).  Perhaps this deficiency is not only relevant during viral infection, but also in the 

regulation of nearby airway DC in pathogen-free conditions similar to those in the 

model used here.  Thus, it would be interesting to determine if the co-culture of 

differentiating monocytes and AEC from asthmatics resulted in spontaneous type I IFN 

production similar to that observed in this model, and if so, whether the levels would be 

sufficient to induce MDDC modifications observed herein. 

 

At this stage, the mechanisms underlying the spontaneous type 1 IFN production by the 

AEC in the co-culture model used in this study are unclear, although it should be noted 

that other growth factors and cytokines, including IL-6 (which was also shown to be 

present in the co-cultures; Fig. 24A) can induce weak IFN-α and IFN-β production in 

cultured cells (899).  Importantly also, it could be predicted that there would be 

regulatory mechanisms in place to ensure that the low constitutive type 1 IFN 
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production by AEC did not exceed a certain threshold such that unnecessary immune 

responses be activated in the absence of infection. Indeed, the transcription factor IRF2 

has been shown to negatively regulate spontaneous type 1 IFN signalling  (902, 903) 

and may also have a role in this system, although time restrictions precluded the 

completion of these experiments. Tight regulation of type 1 IFN production is 

particularly relevant in the context of the Grayson report, where high-level production 

of type 1 IFNs by virally-infected AEC can result in the marked enrichment of local 

Th2 immunity via superinduction of high-affinity IgE receptor (FcεRIα) on airway DC 

(487).  Up-regulation of this receptor does not occur in AEC-MDDC in this system 

(data not shown) despite the presence of a type 1 IFN signature in the MDDC, which 

indicates that the levels of type 1 IFN stimulation provided by non-infected AEC are 

below the critical threshold required for FcεRIa induction.  On this note, it would be 

interesting to examine the regulation of DC differentiation by virally-stimulated AEC to 

determine qualitative or quantitative differences that may exist in this process in 

pathogen-free versus infection contexts.  Moreover, other stimuli known to induce 

allergic inflammation in the airways including common aeroallergens (e.g., HDM, grass 

pollens) (904, 905) and ambient particulates (349) could be applied to the AEC and 

their subsequent modulation of airway DC differentiation compared to an infection 

setting to determine whether similar regulatory pathways are activated.  Precedents for 

this suggestion have been set by studies showing direct stimulatory effects of a number 

of allergens on AEC, including their activation by protease-containing allergens such as 

HDM following triggering of protease-activated receptors (PARS) on the AEC surface 

(906-909). 

 

As only a partial reversal of phenotype and function was observed with the blocking of 

type 1 IFN signalling in the co-cultures of AEC and the differentiating monocytes, it 

would appear that other mediators may be involved in the observed modulation of the 

AEC-MDDC.  Antibody neutralisation of the enhanced levels of IL-6 in these co-

cultures selectively attenuated the up-regulation of CD40 and the retention of CD14 on 

the surface of the AEC-MDDC (Fig. 25A).  Additionally, there was a trend for the 

reversal of Th2-cytokine attenuation upon presentation of recall antigen to T-cells by 

the AEC-MDDC where the IL-6 signalling was blocked during their differentiation 

(Fig. 25C) although no effect was seen on the response of these MDDC to innate stimuli 

(Fig. 25B), suggesting that type 1 IFNs and IL-6 may play overlapping as well as 

independent roles in the modulation of airway DC by AEC.  The CD200:CD200R 
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interaction between these two cell types is potentially another mechanism by which 

AEC imprint the differentiating MDDC, given the differential expression of the receptor 

in the AEC-MDDC and its ligand on the AEC (Fig. 31A, B) and the recent literature 

documenting CD200R1 expression on pulmonary DC (703, 704), however the lack of 

availability of suitable reagents to block this binding in our model precluded its further 

study at this time.  The investigation of other soluble and surface-based mediators that 

play a role in this conditioning process in the context of allergic airways disease is 

obviously warranted given the findings of this project and others that have investigated 

alternative contexts as mentioned previously (555, 558-560).  One possible approach to 

this is to employ the same microarray technology used herein to examine the global 

gene expression profiles of the AEC following co-culture with the differentiating 

monocytes versus resting AEC and AEC exposed to IL-4 and GM-CSF alone, to 

identify any other pathways that might be switched on in the mesenchymal cells by the 

interaction with the MDDC.  The notion of airway DC directly influencing AEC 

function has been recognised previously, for example in the induction of epithelial 

chemokines and cytokines following the binding of CD40 on their surface by CD40L 

on adjacent activated DC (910). Thus, such a study would provide information not only 

on the feed-forward effects of AEC on differentiating DC as was the focus of this study, 

but would also help to elucidate the extent of any reverse conditioning that may occur. 

 

Another interesting observation pertaining to the AEC conditioning of MDDC in the 

system used here was the up-regulation of a number of regulatory components 

associated with this sentinel population in addition to the enhancement of their anti-

microbial machinery.  Specifically, the boosting of these components in airway DC 

could potentially serve two main purposes: 1) to protect the DC and surrounding 

tissue/cells from collateral damage due to potent antimicrobial compounds; and 2) to 

dampen antimicrobial responses following the resolution of infection.  For example, the 

complement component CD59 protects host cells from MAC-associated lysis (746), 

whereas SERPING1 and C1q can operate to inhibit complement activation and facilitate 

apoptotic cell clearance required to switch off an immune response (748, 749) and all 

three molecules had enhanced mRNA expression in the AEC-MDDC (Fig. 28).  

Furthermore, the surface-based B7 family members B7-H1 and B7-DC that were 

boosted on the AEC-MDDC surface have been associated with inhibition of T-cell 

responses (751, 752) and could therefore participate in the dampening of active T-cell 

immunity to microbes (Fig. 30A, B).  It would therefore be interesting to examine the 
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expression kinetics of these two molecules over the course of an infection, to see if their 

levels are increased further.  

 

It is noteworthy that the reactivation of allergen-specific memory T-cells by the AEC-

conditioned retained a Th2 component of the response instead of complete 

repolarisation towards Th1 immunity (Figs. 11A, 40).  Whilst it can be argued that a 

bias towards Th1 responses is important in arming the immune system for defence 

against infection, it is known that an appropriate level of Th2 immunity can avoid 

collateral damage of the lung tissue by the type 1-induced inflammation and in effect 

preserve lung integrity (911). Furthermore, Tregs are known to be important in 

regulating lung homeostasis, particularly by influencing DC function (516, 517, 837), 

and it was pertinent to note that there were a number of signature Treg genes (809) 

exclusively up-regulated in the AEC-MDDC-activated subset of T-cells compared to 

the control group (Fig. 42B), indicating that induction of a regulatory population may 

counterbalance a robust effector response induced in response to a pathogen.  As stated 

earlier however, functional Treg suppression assays would be required to confirm this.  

Finally, enhanced mRNA expression of a number of the metallothionein genes in T-

cells activated by the AEC-conditioned MDDC (Fig. 44) may be associated with 

enhanced protection of these cells and surrounding tissue from the toxic effects of 

reactive oxygen species produced in the local environment during the course of active 

host immunity against invading microbes.  The microarray dataset suggests that the 

AEC-MDDC themselves also display enhanced transcription of these genes as well 

(data not shown) but this was not followed up in this study. 

 

Overall, the results presented in this study suggest that immunological homeostasis 

within the airway mucosa is regulated to a significant extent by secretion of factors 

including type 1 IFNs and IL-6 by resting AEC, resulting in downstream effects on the 

local differentiation of incoming monocytic precursors that replenish the rapidly turning 

over populations of airway mucosal DC.  The scenario of particular interest in this study 

is the airway mucosal microenvironment in atopy which is enriched in cytokines such as 

GM-CSF and IL-4, and in which the maintenance of immunological homeostasis 

requires that local mucosal DC achieve tight control of potentially damaging Th2 

immunity to aeroallergens while maintaining capacity for rapid mobilisation of innate 

and Th1-polarised adaptive immune defences against pathogens.  Our data suggest that 

low-level constitutive production of type 1 IFNs by AEC at baseline are central to 
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maintaining local DC in the ideal functional phenotype to achieve this balance.  

Illustrated in Figure 48 is a summary of the key phenotypic and functional attributes of 

the in vitro-derived AEC-conditioned MDDC obtained in this model. 

 

Figure 48: A model for the conditioning of airway mucosal DC by resident AEC in 
the context of an atopic airway. 
See text for details. 

 

In discussing the potential implications of this in vitro model of AEC conditioning of 

locally differentiating DC precursor populations, it is also essential to acknowledge its 

limitations.  The most obvious drawback of the study is that a cell line was used to 

model the epithelial component and accordingly it will be important that the key 

findings presented here are subsequently followed up in models incorporating primary 

AEC.  In this regard, the greatest challenge that needs to be overcome is that which was 

addressed in the preliminary experiments in Chapter 2, that is, to find an optimal 

medium that supports the generation of DC from monocytes and maintains native AEC 

morphology and function without introducing artefacts into the system. In particular, 

glucocorticoids are a fundamental component of the complex media used for in vitro 

culture of primary AEC, supporting the growth and differentiation of these cells.  

However, there is good evidence that glucocorticoids consistently inhibit epithelial cell 
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expression of genes of inflammation (e.g., chemokines, cytokines, and enzymes) and in 

contrast can enhance expression of innate immune effectors such as complement 

receptors, acute-phase proteins, surfactants and anti-microbial proteins (as reviewed in 

(912)). Similarly, retinoic acid is an additional factor that is commonly used for 

culturing primary AEC which also exerts independent effects on AEC and DC function 

(590, 591, 913-916). Therefore, besides their independent effects on DC function as 

described earlier (592, 593), glucocorticoids may also alter the native functions of the 

AEC and as a result may not be fully representative of the in vivo situation.  

 

Following the optimisation of a viable protocol for the in vitro co-culture of primary 

AEC and differentiating monocytes, follow-up studies should also involve the parallel 

use of primary AEC samples from subjects with atopic asthma versus those without, 

particularly in view of recent findings outlined previously suggesting that impaired 

production of type 1 IFNs by AEC may be an important component of the high-asthma-

risk phenotype (714, 901).  Studies could also extend further to examine AEC 

regulation of local airway DC differentiation in the context of other chronic lung 

conditions such as cystic fibrosis or chronic obstructive pulmonary disease (COPD).  It 

is also pertinent to note that the cohort of samples used in these experiments was 

restricted to a relatively small number of adult Caucasians from a Westernised 

population.  As it is generally agreed that genetic background has an important role in 

susceptibility to diseases such as asthma (917), the possibility exists that diversity 

between individuals from different genetic backgrounds may translate into alterations in 

the DC-modulating capacity of AEC.  There is published evidence that ancestral 

background plays a role in the gene expression responses of the airway epithelium, with 

differences in the gene profiles in those of African heritage compared with those of 

European descent, and specific single nucleotide polymorphisms dictating differences in 

airway epithelial gene expression (as reviewed in (918)).  Thus, follow-up studies in 

larger populations of mixed ethnicity would be required to validate the findings 

presented here. 

 

Along with the further work required to validate this model using primary AEC in the 

context of lung disease and infection as well as in different ethnic populations, it would 

be highly relevant to examine any age-related differences that may influence the extent 

of the interactions of airway DC and the epithelium.  Aging has adverse effects on the 

functioning of both DC (919) and AEC (920), and of particular interest in reference to 
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the data presented here are the results of one study reporting an age-related decline in 

the production of type I and type II IFNs in human whole blood cultures (921). 

Likewise, immaturity of the immune system in neonates and young infants and in 

particular the deficient functioning of APC populations including DC has been reported 

(922-924) and in the context of the lung this DC deficiency has been attributed to the 

hyporesponsiveness of signals in the local microenvironment (925).  Moreover, highly 

active growth and remodelling of the airways and in particular the epithelium occurs 

during the period of birth to two years of age and as such the cytokine milieu is likely to 

be very different in the airways of infants versus older children and adults (481, 926-

929).  Interestingly, the 16HBE 14o- cell line used in this study was derived from a 1-

year old heart/lung transplant patient (602) whereas the BEAS-2B cells were from a 

normal adult male (604), however the regulation of monocyte-to-DC differentiation 

appeared very similar for both AEC lines, at least at the phenotypic level (Fig. 3.3).  

The use of primary AEC and their autologous monocytes from children and older adults 

in this in vitro model would enable an appreciation of the interaction between these two 

cell types over the developmental range. 

 

The model used in this project and those employed by others in the study of AEC 

effects on DC phenotype and function have relied on the use of monocytes or 

monocyte-derived DC as a representative of airway DC or their precursors (555, 558-

560, 594).  However, there is also evidence that circulating CD1c+ mDC1 or pDC are 

additional sources of replenishment of airway DC populations (930-932).  Therefore, it 

would be relevant to examine the extent of AEC conditioning on these two cellular 

subsets in both steady state and infectious settings, although as has often been the case 

in the study of DC, their extremely low numbers in the blood would preclude any 

extensive studies being undertaken. 

 

Finally, although the majority of the literature and indeed this study has focussed on the 

functioning of CD4+ T-cells and their contribution to asthma pathogenesis, little 

attention has been paid to the role of CD8+ T-cells in allergic airways inflammation, 

despite recent findings suggesting they may be major contributors to Th2 cytokine 

production (933) and are linked to asthma deaths (934).   These cells are present in 

similar numbers to their CD4+ counterparts in the lung (935) and furthermore, they are 

capable of producing both IL-4 and IL-5 spontaneously and production is increased in 

CD8+ T-cells from asthmatic patients at comparable levels to CD4+ T-cells (933).  
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Thus, examination of the re-activation of CD8+ T-cells by AEC-conditioned DC would 

also be of particular relevance.  Moreover, CD8+ T-cells are also especially relevant in 

relation to adaptive immunity against viral infections.  In addition, the generation of a 

triple-co-culture model involving the interaction of the MDDC and autologous T-cells 

in the presence of the AEC (as occurs in situ in the airways (154)) may provide a further 

level of ‘authenticity’ to this in vitro system. 
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8.1 APPENDIX 1: BUFFERS 

 

8.1.1 Coating buffer (for use in TRF Assays, Chapter 2.10) 

1.59g Na2CO3 

2.93g NaHCO3 

Make up to 1L in distilled water, pH to 9.6 

Store aliquots at -20oC 

 

8.1.2 Wash buffer (10x, for use in TRF assays, Chapter 2.10) 

60.55g TRIS (MW121.1) 

90.0g NaCl 

5.0g NaAz 

Make up to 1L with distilled water, pH to 7.8 with NaOH pellets 

For working stock: take 200ml, make up to 2L in distilled water and add 0.1ml Tween-

20 

 

8.1.3 Blocking buffer (10x, for use in TRF assays, Chapter 2.10) 

6.055g TRIS (MW 121.1) 

9.0g NaCl 

0.5g NaAz 

Make up to 1L with distilled water, pH to 7.4 

Add 5.0g BSA and dissolve 

Store aliquots at -20oC 

 

8.1.4 Fluorescence buffer (for use in flow cytometry staining, Chapter 2.5/2.6) 

8.1.4.1 Phosphate Buffered Saline (PBS) 

40.0g NaCl 

1.0g KCl 

5.75g Na2HPO4 

1.0g KH2PO4 
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Make up to 5L in distilled water, pH to 7.2 

 

8.1.4.2 Fluorescence Buffer 

25.0g BSA 

5.0g NaN3 

Make up to 5L in PBS (see above), filter through pleated filter paper into Winchester 

bottles, store at 4oC 

 

8.2 APPENDIX 2: QUALITY CONTROL REPORTS OF MICROARRAY 
DATA SETS 

 

8.2.1 MDDC comparison – U133 Plus 2.0 microarrays, Chapter 4.2 

 

Sample type Scaling 
factor 

Present 
call (%) 

Back-
ground 

Noise 
(Raw Q) 

GAPDH 
3`- 5` 

ACTIN 
3`- 5` 

S1 Ctrl-MDDC 4.421 44.4 34.51 1.110 1.32 1.27 
S1 AEC-MDDC 3.541 46.2 36.39 1.220 1.11 1.21 
S2 Ctrl-MDDC 3.557 45.7 39.34 1.360 1.16 1.15 
S2 AEC-MDDC 4.225 45.6 34.07 1.100 1.14 1.18 
S3 Ctrl-MDDC 4.281 44.1 36.92 1.360 1.11 1.22 
S3 AEC-MDDC 4.062 45.7 34.30 1.220 1.11 1.24 
S4 Ctrl-MDDC 10.847 40.7 31.86 0.920 1.06 1.04 
S4 AEC-MDDC 10.133 41.1 32.43 0.910 1.01 1.03 
S5 Ctrl-MDDC 10.972 40.3 31.23 0.890 1.23 1.07 
S5 AEC-MDDC 12.260 40.5 31.04 0.940 1.25 1.03 
Mean 6.830 43.430 34.209 1.103 1.150 1.144 
SD 3.681 2.480 2.711 0.183 0.093 0.094 
Description: Viable CD11c+ MDDC populations from 5 individual subjects (S1-S5) 
were purified by cell sorting following 5-day differentiation culture in the presence or 
absence of AEC (AEC-MDDC and Ctrl-MDDC, respectively).  Samples were analysed 
individually by microarray. 
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8.2.2 CD4+ T-cell comparison - U133 Plus 2.0 microarrays, Chapter 5.2 

 
Sample type Scaling 

factor 
Present 

call  
(%) 

Back-
ground 

Noise 
(Raw Q) 

GAPDH 
3`- 5` 

ACTIN 
3`- 5` 

S1 PBMC 
Unstim. 

3.920 46.2 53.04 1.850 2.85 13.5 

S1 PBMC+Ctrl-
MDDC Unstim. 

3.704 47.7 43.74 1.680 3.21 12.96 

S1 PBMC+AEC-
MDDC Unstim. 

3.877 46.8 43.55 1.680 3.06 16.77 

S1 PBMC HDM 4.368 46.6 43.10 1.630 2.97 15.47 
S1 PBMC+Ctrl-
MDDC HDM 

4.024 46.3 45.01 1.690 3.19 17.28 

S1 PBMC+AEC-
MDDC HDM 

3.496 47.7 47.34 1.770 3.02 13.10 

S2 PBMC 
Unstim. 

3.627 48.6 45.32 1.660 3.55 14.14 

S2 PBMC+Ctrl-
MDDC Unstim. 

4.034 46.6 51.88 1.910 3.29 12.48 

S2 PBMC+AEC-
MDDC Unstim. 

3.830 47.2 48.45 1.770 3.06 12.47 

S2 PBMC HDM 4.072 45.5 52.69 2.00 3.23 12.36 
S2 PBMC+Ctrl-
MDDC HDM 

3.837 46.3 55.31 1.940 2.56 11.13 

S2 PBMC+AEC-
MDDC HDM 

3.776 47.8 44.00 1.660 3.04 10.29 

S3 PBMC 
Unstim. 

4.059 48.3 41.67 1.540 3.03 14.57 

S3 PBMC+Ctrl-
MDDC Unstim. 

4.608 47.9 44.45 1.690 3.27 11.63 

S3 PBMC+AEC-
MDDC Unstim. 

4.738 46.6 44.95 1.710 3.18 11.05 

S3 PBMC HDM 3.868 47.4 51.17 1.810 2.94 11.50 
S3 PBMC+Ctrl-
MDDC HDM 

5.002 47.0 40.17 1.470 2.97 11.42 

S3 PBMC+AEC-
MDDC HDM 

6.337 45.0 16.07 1.690 3.31 18.8 

S4 PBMC 
Unstim. 

6.257 45.6 45.64 1.060 2.86 16.14 

S4 PBMC+Ctrl-
MDDC Unstim. 

6.334 47.3 36.71 1.390 2.95 11.38 

S4 PBMC+AEC-
MDDC Unstim. 

3.652 49.1 44.23 1.610 2.46 10.11 

S4 PBMC HDM 4.597 45.6 53.74 1.860 2.65 10.75 
S4 PBMC+Ctrl-
MDDC HDM 

5.915 46.6 36.50 1.410 2.63 11.62 

S4 PBMC+AEC- 5.452 44.9 49.2 1.920 2.41 10.48 
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MDDC HDM 
S5 PBMC 
Unstim. 

5.168 47.5 38.79 1.420 2.70 15.66 

S5 PBMC+Ctrl-
MDDC Unstim. 

6.140 45.8 38.16 1.420 3.09 16.79 

S5 PBMC+AEC-
MDDC Unstim. 

5.280 46.7 38.93 1.430 2.88 13.83 

S5 PBMC HDM 5.714 45.6 37.31 1.430 2.99 12.34 
S5 PBMC+Ctrl-
MDDC HDM 

5.727 45.6 43.004 1.730 3.00 13.99 

S5 PBMC+AEC-
MDDC HDM 

3.859 48.6 42.88 1.600 2.50 10.67 

Mean 4.642 46.813 43.900 1.648 2.962* 13.156* 
SD 0.948 1.106 7.433 0.206 0.275 2.356 
Description: PBMC were cultured alone or with Ctrl-MDDC or AEC-MDDC at a 1:10 
ratio in the presence (HDM) or absence (Unstim.) of HDM (10ug/ml) for 24 h.  CD4+ 
T-cells were isolated by magnetic bead selection and samples from 5 subjects were 
analysed individually by microarray. 
 
* The extra amplification step required for the samples in this set of experiments is 
likely to account for the elevated GAPDH and Actin 3`-5` ratios, as pre-amplification 
increases the frequency of short transcripts in solution and unavoidably introduce some 
3’ bias into the population of labelled transcripts. (Wilson et al, 
http://bioinformatics.picr.man.ac.uk). 
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