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Inflammatory responses underpin many diseases in the skin, lung and upper airways.  
This study aimed to develop an explant model to allow ex vivo study of responses in 
these different tissues.  Human skin (n= 120), lung (n=92) and nasal tissue (n=72) were 
obtained from surgery with patients’ consent.  Tissue was chopped into explants and 
stimulated with inflammatory stimuli, then cytokine release measured. 
   
Lung, skin and nasal tissue explants respond to stimulation with lipopolysaccharide 
(LPS) and anti-IgE by releasing a similar panel of cytokines.  Pro-inflammatory 
cytokine TNF-α appears to be released first and may control release of other cytokines 
such as IL-1β, IL-6, IL-8 and IL-10.  Whilst the kinetics of cytokine release from the 
different tissues are comparable, the magnitude is much higher from the lung; maximal 
TNF-α release from the lung is 79±13pg/mg tissue, from nasal tissue it reaches 
39±11pg/mg tissue, but only 3.5±0.8pg/mg tissue is released from the skin.  We have 
demonstrated similar numbers of macrophages in lung, skin and nasal tissue but there 
are significant differences in the numbers of mast cells, eosinophils and neutrophils.  
Furthermore we have shown that fewer cells migrate out of the skin during culture than 
the lung or nasal tissue, which may be pivotal in defining the level of responsiveness. 
   
We have shown that heat-killed S.aureus can also induce cytokine release from lung, 
skin and nasal tissue explants, although this response may be mediated by the cell wall 
component peptidoglycan (PGN), as similar responses to non-pathogenic S.epidermidis 
were seen in the skin.  Staphylococcal enterotoxins (SEs) A and B were also shown to 
induce cytokine release, although this occurred on a slower timescale and a distinct 
panel of cytokines were released.   Of particular interest, SEB induced release of Th2 
cytokines IL-5 and IL-13 from the lung, but only IL-5 from the nasal tissue and skin; 
this may have implications for the role of the bacteria in allergic priming in different 
tissues or could indicate prior exposure to S.aureus in some patients. 
   
The corticosteroid dexamethasone downregulated LPS-, anti-IgE- and PGN-induced 
cytokine release from lung and nasal tissue explants, but failed to inhibit PGN-induced 
cytokine release from the skin, indicating the presence of distinct mechanisms in 
different tissues.  Dexamethasone may increase expression of Toll-like receptor (TLR) 
2 in keratinocytes, allowing PGN to continue to induce cytokine release, but this does 
not appear to occur in the other tissues.  Immunosuppressive drugs cyclosporin A and 
methotrexate failed to downregulate TLR-mediated cytokine release in the skin.  
However, there appeared to be suppression of the T cell-mediated response, indicating 
that these drugs have distinct mechanisms of action to the corticosteroids. 
 
In summary, we have demonstrated development of an ex vivo model to study 
inflammatory responses in human lung, skin and nasal tissue and we have demonstrated 
differences in responses to stimuli and anti-inflammatory drugs in the different tissues. 
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Chapter 1: Introduction 

 1 

Inflammation 

Inflammation is the result of a complex interaction between numerous inflammatory 

cells in response to injury or infection (Beutler et al, 2003, Sebban and Courtis, 2006), 

leading to the release of various chemical mediators via the innate and acquired immune 

systems.  The purpose of inflammation is to destroy and remove harmful invading 

stimuli and initiate repair, but when inflammation become exaggerated, uncontrolled or 

directed against self-antigens, inflammatory disease results (Suzuki et al, 2008).   

 

Many diseases in human tissues are the result of inflammation and inflammatory 

disorders can have a number of causes; some may have an allergic basis whilst others 

may be caused by microbial infection and some may simply result from genetic 

predisposition.  For example, eczema and psoriasis are inflammatory skin diseases 

(Hanifin, 2009, Gotlieb, 1990) and in the lung asthma and chronic obstructive 

pulmonary disease (COPD) are also characterised as inflammatory processes (Lozewicz 

et al, 1988, Riise et al, 1995).  In the upper airways allergic rhinitis and nasal polyposis 

are the result of inflammation (Igarashi et al, 1995, Lamblin et al, 1999), whilst in the 

central nervous system diseases such as multiple sclerosis have an inflammatory basis 

(Matusevicius et al, 1996) and in the circulatory system cardiovascular disease is 

inflammatory (Eppihimer, 1998).  Inflammatory diseases are defined by a common 

pathogenic process; there is abnormal accumulation of inflammatory cells, which 

release cytokines and enzymes that cause local tissue damage, hyperproliferation or 

fibrosis (Andreakos et al, 2004).  In order to gain a greater understanding of 

inflammatory responses, we wanted to investigate factors that may control the 

magnitude of these reactions and how inflammation varies in different human tissues. 

 

The Innate and Acquired Immune Systems 

The immune system relies on being able to detect structural features on invading 

organisms to help distinguish them from the host and to enable the clearance of 

invading organisms with minimal damage to the host (Chaplin, 2006).  This ability of 

the immune system to distinguish self from non-self is crucial for ‘self-tolerance’ and 

malfunction of this mechanism is the basis of autoimmune disease, where immune 

responses are mounted against the host’s own proteins (Swanborg, 1976). 

 

The innate immune system is an organism’s first line of defence against the outside 
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world; it is a well-conserved, non-specific system encoded by the host’s genes (Chaplin, 

2006), which does not require prior exposure to a pathogen or antigen and its response 

is not strengthened by subsequent exposure (Suzuki et al, 2008).  The innate immune 

system consists of all defence mechanisms built into the host’s genome, including 

epithelial barriers and ciliary clearance mechanisms, phagocytosis and pathogen killing 

mechanisms, soluble proteins such as complement, antimicrobial peptides, cytokines 

and enzymes, along with the innate pattern recognition receptors.  These innate 

receptors are expressed on numerous cells, such as dendritic cells, epithelial cells and 

neutrophils, allowing a rapid response to be generated on invasion (Beutler et al, 2003, 

Chaplin, 2006, Pivarcsi et al, 2003).  

 

Vertebrates have also developed a more specific acquired immune response, where 

lymphocytes express a wide range of T cell receptors (TCRs), which detect specific 

antigens on allergens or invading pathogens.  Once an antigen has been presented to a T 

cell which expresses the correct TCR to recognise that antigen, along with co-

stimulatory molecules, this T cell undergoes clonal expansion so all daughter cells also 

express the correct TCR to respond to the antigen (Alam and Gorska, 2003).  The 

acquired immune system only stores a small number of cells with the ability to 

specifically recognise each antigen, stored as the ‘immune memory’.  On re-exposure to 

the antigen, the response will not be instantaneous; the antigen-specific cells must 

undergo clonal expansion and so the innate immune system is still employed to assist in 

immediate host defence (Chaplin, 2006), although once the daughter cells have 

expanded the adaptive immune response is far more specific and effective. 

 

T cells are the main effector cells of the adaptive immune system.  The function of T 

cells is to bind either infected cells (class I) or the complex of antigen and self-structure 

presented by an antigen-presenting cell (APC) after phagocytosis (class II) via their 

major histocompatability complex (MHC) (Chaplin, 2006).  Cluster of differentiation 

(CD)8+ (cytotoxic) T cells kill infected cells, whilst CD4+ (helper) T cells regulate 

immune responses against antigens.  During the normal process of antigen presentation, 

an APC takes up and processes an allergen, which it then presents as a small peptide 

fragment encompassed in its MHC peptide-binding groove to a T cell bearing the 

correct TCR to respond to this antigen, along with appropriate co-stimulatory 

molecules.  T cells then activate B cells by again presenting the peptide fragment via 
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their TCR along with appropriate co-stimulatory molecules, to induce antibody 

production and priming of other immune cells such as mast cells.  The activated T cells 

undergo clonal expansion in order to produce numerous daughter cells with antigen 

specificity (Alam and Gorska, 2003). 

 

There are however some cases where non-specific T cell activation can occur and the 

acquired immune system becomes excessively activated; some bacteria can release 

‘superantigens’ which bind to numerous TCRs and can activate around 20% of the T 

cell population (Chaplin, 2006), compared to around 1 in 105 or 106 T cells activated by 

conventional allergens, initiating release of huge quantities of cytokines and leading to 

conditions such as toxic shock syndrome (Proft and Fraser, 2003).  The superantigen is 

able to bind the APC MHC outside the peptide-binding groove and it is able to non-

specifically bind to the TCR, allowing a much greater proportion of T cells to be 

activated (Fleischer, 1991).  It is not however clear why it would be beneficial for 

bacteria to have this ability to cause excessive immune cell activation, other than 

possibly to induce damage to tissue integrity, which could act to facilitate colonisation. 

 

Allergic Inflammation 

Another case where the acquired immune system can cause undesirable effects is in the 

case of allergy; the immune system is sensitised to recognise common allergens found 

in the environment and patients undergo an immune response whenever this allergen is 

encountered. 

 

Atopy refers to when a patient has high levels of serum immunoglobulin (Ig)E and is 

predisposed to the development of allergic disease.  Mast cells are the main effector 

cells in the elicitation of IgE-mediated allergic responses (Mekori and Metcalfe, 2000); 

they are known to phagocytose particles, process and present antigens to CD4+ T cells 

and release cytokines and vasoactive substances such as histamine.  Mast cell precursors 

circulate in the blood and as they migrate to their target tissues they gain functional and 

morphological characteristics which are dependent on their environment (Mekori and 

Metcalfe, 2000).  Mast cells are generally found at sites in close proximity to the body’s 

barriers, such as in the lung parenchyma and in the skin (Marone et al, 2003). 

 

When a patient is exposed to a common environmental allergen such as 
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Dermatophagoides pteronyssinus (DerP1), the house dust mite antigen, allergic priming 

can occur.  Environmental allergens are in principle inert so should not initiate dendritic 

cell maturation, so there must be another signal which initiates allergic priming in these 

individuals.  LPS (lipopolysaccharide) is thought to play a role in allergic priming; 

when LPS is present in low concentrations, allergic priming is enhanced (Eisenbarth et 

al, 2002).  The concentration of allergen may also be important; a low allergen 

concentration is required to sensitise individuals and the correct T helper type 2 (Th2) 

co-stimulatory molecules such as OX40 (CD134) must be present, ideally paired with 

decreased Th1-initiating signals such as CD40 and interleukin (IL)-12 (Eisenbarth et al, 

2003).  When Th2 cells are activated by allergen, chemokines induce migration of naive 

CD4+ T cells to the regional lymph nodes, and IL-4 is produced which leads to Th2 

differentiation of naive CD4+ T cells.  Under these conditions, sensitisation to new 

allergens can occur (Hayashi et al, 2005); this is known as phenotype spread and is the 

mechanism by which sensitisation to multiple allergens is initiated. 

 
 

 

 

 

Once an allergen is detected, it is processed by an APC such as a Langerhans’ cell, 

which then migrates to the lymph nodes and presents the antigen, generally a small 

Figure 1.1- The allergic cascade  The allergen breaches the epithelial barrier and is taken up by an APC, 
where it undergoes phagocytosis.  A fragment of the allergen is presented to a naive T helper cell, which 
then undergoes clonal expansion and stimulates B cells to produce allergen-specific IgE.  The IgE 
molecules bind to FcεRI receptors on the surface of mast cells and these cross-link on re-exposure to the 
allergen, leading to mast cell degranulation and the allergic response. Adapted from Izquierdo et al, 2003  
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peptide fragment, to a naive T cell via MHCII.  The T cell undergoes expansion and 

stimulates B cells to produce antigen-specific IgE molecules which can then bind to 

high affinity IgE receptors (FcεRI) on the surface of mast cells; these mast cells are now 

primed for an allergic inflammatory response.  On subsequent exposure, the allergen 

cross-links these IgE molecules and the allergic cascade is initiated (see figure 1.1).   

 

Mast cell activation leads to the release of various mediators which contribute to both 

the early vascular response and the late response which involves recruitment of 

leukocytes to the site of allergic inflammation via the expression of adhesion molecules 

(Kambayashi and Koretzky, 2007, Mekori and Metcalfe, 2000, White, 1999).  We can 

model this situation in vitro by stimulating cells with anti-IgE, which crosslinks IgE 

molecules on the surface of mast cells and basophils and causes them to be activated to 

initiate an immune cascade.  The result is the release of a range of mediators such as 

histamine, leukotrienes and proteases, as well as cytokines (Miller et al, 2001). 

 

The clinical manifestations of allergy depend on the target tissue (White, 1999).  

Allergic inflammation can cause disease in many different tissues of the body and it is 

common for patients to have allergy affecting more than one tissue.  For example, there 

is considerable overlap between asthma and allergic rhinitis.  Up to 90% of patients 

with allergic asthma and 80% of non-allergic asthmatics also suffer from rhinitis, whilst 

up to 40% of allergic rhinitis patients suffer from asthma (Bachert et al, 2004, Hens et 

al, 2008, Passalacqua and Ciprandi, 2008) and these are also commonly linked to atopic 

dermatitis.  These linked atopic diseases are often caused by the same allergen; for 

example, an individual can become sensitised to house dust mite and the allergy 

originally manifests itself as atopic dermatitis, but later develops into allergic rhinitis or 

asthma, known as the ‘atopic march’ (Burgess et al, 2009, Pucci and Incorvaia, 2008).   

 

It is possible that a barrier defect in the skin could allow systemic sensitisation to 

allergen and allergic disease can occur later in other tissues upon allergen exposure at 

that other site.  An example of this is the condition sometimes referred to as 

‘thunderstorm-induced asthma’, where a patient who suffers from allergic rhinitis can 

have an asthmatic reaction when pollen granules become broken down in a 

thunderstorm to a size which can reach the lower airways (Bachert et al, 2004).  This 

suggests that allergy is a systemic condition, with symptoms occurring locally upon 
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allergen challenge.  Allergy is typically treated to reduce local symptoms but it is a 

systemic disease and so effective therapies should treat it as such (Marshall, 2000). 

 

Bacterial Recognition: the Toll-like Receptors 

The body’s ability to recognise foreign pathogens is mediated through the innate 

immune system via Toll-like receptors (TLRs), which are able to recognise pathogen-

associated molecular patterns (PAMPs), common structural features of microbes.  The 

main function of the TLRs is to signal that the body’s barriers have been breached 

(Chaplin, 2006).  There are currently 10 known TLRs in humans which each recognise 

motifs on different groups of organisms.  TLRs are mainly found on dendritic cells, 

monocytes and macrophages, but are also expressed on neutrophils, eosinophils, mast 

cells, epithelial cells and keratinocytes (Armstrong et al, 2004, Fransson et al, 2007, 

Kollisch et al, 2005, Niebuhr et al, 2009, Pons et al, 2006, Supajatura et al, 2002). 

 

 
 

 

 

Figure 1.2- LPS recognition and activation of TLR4  Firstly, LPS binding protein (LBP) recognises 
and binds LPS on the surface of Gram negative (G-ve) bacteria causing its dissociation from the 
bacterium.  LPS is then shuttled to the co-stimulatory molecule CD14 by LBP, which transfers the LPS 
to MD-2 which is associated with TLR4.  Upon LPS binding to MD-2, rearrangement of TLR4 occurs 
and the intracellular Toll/IL-1 receptor (TIR) domains are moved together, allowing activation and 
recruitment of adapter proteins such as MyD88.  Adapted from Jerala, 2007 
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Bacterial species can be categorised as Gram-positive or Gram-negative; examples of 

Gram-positive bacteria are Staphylococcus aureus and Streptococcus pneumoniae, 

whilst Escherichia Coli and Haemophilus influenzae are Gram-negative. Both Gram-

positive and Gram-negative bacteria contain peptidoglycan (PGN) in their cell walls, 

although Gram-positive bacteria tend to have a much thicker PGN layer than Gram-

negative bacteria.  LPS, bacterial endotoxin, absent in Gram-positive bacteria, but is 

found in the outer membrane of Gram-negative bacteria and is one of the most potent 

inducers of generalised immune responses (Beutler et al, 2003).  TLR4, the best 

characterised of the TLRs, is present on many immune cells and specifically recognises 

LPS.  A schematic representation of LPS recognition and TLR4 activation is shown in 

figure 1.2.   

 

LPS is firstly bound by a chaperone protein, LPS-binding protein (LBP), which 

transfers the LPS to the co-stimulatory molecule CD14 which is known to have a role in 

activation of many of the TLRs (Jerala, 2007).  CD14 then transfers the LPS monomer 

to MD-2, which is the key endotoxin receptor, only found in higher vertebrates 

(Shimazu et al, 1999).  It is the formation of this CD14-dependent LPS:MD-2:TLR4 

complex which is the final event in extracellular LPS recognition (Da Silva Correia et 

al, 2001).  Conformational changes in the receptor-ligand complex then occur, which 

results in intracellular signalling cascades and translocation of transcription factors such 

as nuclear factor (NF)-κB to the nucleus (Jerala, 2007). 

 

Activation of TLRs causes leukocyte recruitment, production of antimicrobials, blood 

vessel relaxation and activation of acquired immunity (Beutler et al, 2003). The 

signalling cascades which occur on receptor activation are highly conserved; all TLRs 

except TLR3 are thought to recruit cytoplasmic protein MyD88 to transmit intracellular 

signals, the same mechanism employed by the IL-1 receptor (Beutler et al, 2003, 

Chaplin, 2006, McInturff et al, 2005, Suzuki et al, 2008).  Ultimately, activation of all 

TLRs leads to activation and nuclear translocation of NFκB (see figure 1.3).   

 

The immediate-early response transcription factor NFκB is one of the most important 

cellular factors in the regulation of host innate antimicrobial responses, with roles in the 

induction, maintenance and resolution of inflammation (Strieter et al, 2002).  
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Regulatory molecule IκB is usually bound to NFκB which keeps it inactive, but upon 

IκB phosphorylation, free NFκB can translocate to the nucleus and bind DNA to exert 

its action on genes involved in the regulation of inflammation, including many cytokine 

genes (Naumann, 2000, Sebban and Courtis, 2006).  TLR signalling is thought to be one 

of the most important mechanisms in the induction of release of pro-inflammatory 

cytokines tumour necrosis factor (TNF)-α and IL-1 (Andreakos et al, 2004). 

 

 
 

 

 

 

 

TLR4 is, however, the only TLR which requires extracellular chaperones (LBP and 

CD14) and a sensing protein (MD-2) for activation.  MD-2 has been shown to be 

required for full responsiveness of mast cells to LPS; MD-2 knockout was shown to 

impair the LPS-induced release of cytokines such as TNF-α, IL-1β, IL-6 and IL-13 

(Ushio et al, 2004).  CD14 is also essential for the binding of LPS to TLR4, whereas all 

of the other TLRs are able to bind their ligands directly.  The presence of CD14 can 

however increase sensitivity of TLR2 to its agonists (Iwaki et al, 2002, Jerala, 2007, 

Figure 1.3- Activation of membrane Toll-like receptors  Binding of the appropriate ligand to the 
TLR causes receptor activation.  Activation triggers the TLR to recruit myeloid differentiation protein 
(MyD)88, which interacts with the TLR via its toll/IL-1 receptor (TIR) domain.  MyD88 engages the 
serine-threonine kinase IL-1 receptor-associated kinase (IRAK) through its death domain and signal 
transduction factors such as TNF receptor-associated factor (TRAF)-6 carry the activation signal 
through a series of phosphorylations.  Phosphorylation of IкB releases NFкB which translocates to the 
nucleus and activates transcription of immune response genes. Adapted from Akira and Takeda, 2004 
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Yoshimura et al, 1999), although CD14 cannot recognise the ligands on its own. Whilst 

Gram-positive bacteria do not contain any LPS-like substances, it is thought that TLR2 

is involved in the recognition of Gram-positive bacterial ligands in a similar fashion to 

the recognition of LPS by TLR4 (Yoshimura et al, 1999). 

 

PGN is an important structural component of the bacterial cell wall, present in all 

bacterial organisms.  PGN activates TLR2 on the surface of inflammatory cells, which 

results in production of pro-inflammatory cytokines and NFκB expression (Iwaki et al, 

2002).  TLR2 acts as a pattern recognition receptor for diverse bacterial products from 

many different species (Kim et al, 2002, Lien et al, 1999).  TLR2 does not tend to act 

alone; in general it forms heterodimers with other TLRs including TLR1 and 6, which 

produces a diverse range of responses.   

 

Stimulation of blood cells with PGN enhances the proinflammatory response to LPS 

(Hadley et al, 2005), which suggests that the stimuli act synergistically to exacerbate the 

inflammatory response and that a Gram-positive infection could prime for a more 

serious infection with Gram-negative bacteria.  It has been hypothesised that the first 

response cytokines influence the expression and functionality of TLRs; treatment of 

airway epithelial cells with TNF-α has been shown to upregulate TLR2 mRNA and 

protein (Hermoso et al, 2004, Winder et al, 2009) and similar results have also been 

obtained with keratinocytes (Pivarcsi et al, 2003, Shibata et al, 2009).  The purpose of 

increasing TLR expression under these conditions is probably to amplify innate 

responses in infection or inflammation (Winder et al, 2009). 

 

Other than TLR2 and TLR4, there are numerous TLRs involved in the innate 

recognition of various different bacterial and viral ligands. The properties of these other 

TLRs are outlined in table 1.1.  TLRs are involved in the development of many 

pathological conditions including infectious diseases, tissue damage, autoimmune and 

neurodegenerative diseases and cancer (Chen et al, 2007).  The activation state of TLR4 

may predict the onset of asthma, where low concentrations of LPS promote 

development but high concentrations are protective (Eisenbarth et al, 2002).  

Furthermore, the involvement of TLR2 in the pathogenesis of asthma and acne has been 

described (Chen et al, 2007).  There are also reports of decreased expression of TLR2 

on T cells, monocytes and macrophages in atopic dermatitis, which could be in part 
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responsible for the increase in Gram positive bacterial infection seen in the disease 

(Mandron et al, 2008, Mrabet-Dahbi et al, 2008, Niebuhr et al, 2009, Simon et al, 

2007).  In COPD, however, it is thought that TLR2 expression is upregulated (Pons et 

al, 2006).  TLR4 expression has also been reported to be altered in COPD, although the 

level of expression depended on the disease severity; mild COPD patients showed 

increased TLR4 whilst severe cases had decreased levels of the receptor (MacRedmond 

et al, 2007, Pons et al, 2006). 

 

Toll-like 
receptor 

Ligand Origin Cellular 
localisation 

Reference 

TLR1 Surface 
lipoproteins 

Bacteria/ 
Mycobacteria 

Surface Takeuchi et al, 
2002 

TLR3 Double 
stranded RNA 

Viruses Intracellular Alexopoulou et 
al, 2001 

TLR5 Flagellin Bacteria Surface Hayashi et al, 
2001 

TLR6 Surface 
lipoproteins 

Mycoplasma Surface Takeuchi et al, 
2001 

TLR7 Single stranded 
RNA 

Viruses Intracellular Heil et al, 2004 

TLR8 Single stranded 
RNA 

Viruses Intracellular Heil et al, 2004 

TLR9 Unmethylated 
CpG DNA 

Bacteria/ 
Viruses 

Intracellular Hemmi et al, 
2000 

TLR10 
 

Unknown Unknown Surface Chuang and 
Ulevitch, 2001 

 

 

Most of the TLRs induce a Th1-type response on activation, although TLR2 is thought 

to be involved in the induction of Th2 responses (Redecke et al, 2004) and TLR4 can 

have anti-inflammatory roles when activated via the MyD88-independent pathway 

(Chaplin, 2006).  CpG DNA, which activates TLR9, can be used as an adjuvant to 

decrease allergic inflammatory responses (Redecke et al, 2004) by skewing T cell 

polarisation towards a Th1 rather than Th2 phenotype. 

 

The Th1-Th2 story 

Inflammation is historically thought of as falling into two distinct categories, Th1 and 

the Th2-type responses.  The nature, duration and intensity of an immune response can 

be determined by the Th1/Th2 balance.  Polarisation of naive CD4+ T helper cells 

Table 1.1- Properties of toll-like receptors 1, 3, 5, 6, 7, 8, 9 and 10   
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depends on the environment in which they are activated and which mediators are 

present.  Th1 cytokines IFNγ, IL-12 and TNF-α promote stimulation of natural killer 

(NK) cells, whilst Th2 cytokines IL-4, IL-5, IL-10 and IL-13 promote IgE production 

and B cell isotype switching (Barczyk et al, 2006, Heufler et al, 1996, Marshall, 2000).  

Furthermore, the Th1 cytokine IFNγ can slow growth of Th2 cells, whilst IL-10 can slow 

the growth of Th1 cells; defective production of IFNγ is thought to play a role in the 

pathogenesis of Th2 dominated disorders such as hyper-IgE syndrome (Del Prete, 

1992).  CD8+ T cells are also able to proliferate in response to stimulation by their local 

cytokine environment.  Where CD4+ cells polarise to Th1 or Th2 cells, cytotoxic CD8+ 

T cells polarise to Tc1 or Tc2 cells in response to the same cytokines; like Th1 cells, Tc1 

cells produce IFNγ whilst Tc2 cells produce IL-4 and IL-5 (Barczyk et al, 2006). 

 

Th1 responses were historically thought of as responses to invasion by pathogens, with 

infiltration of neutrophils as the main inflammatory cells, whilst Th2 responses were 

considered eosinophilic allergic reactions.  These different types of responses were 

thought of as being seen in completely different circumstances and inflammatory 

diseases were thought of as exclusively either Th1 or Th2.  However, more recent 

research has shown that most responses actually involve a mixture of cells and 

mediators from each category (Barczyk et al, 2006, Keller et al, 2005, Loughlin et al, 

2010, Siwiec et al, 2009, Zhu et al, 2009).  Furthermore, whilst mice have clear Th1/Th2 

polarisation, the distinction between Th1 and Th2 is much less clear in humans, 

particularly in the absence of disease, so adaptive immunity may be more complex than 

previously appreciated (Barczyk et al, 2006, Del Prete, 1992). 

 

Although typically thought of as mediators of allergic inflammation, mast cells may 

also be important cells in controlling Th1 responses; the response seen may depend on 

the type of bacterial ligand which the mast cell is exposed to.  Studies have shown that 

challenging mast cells with LPS and activating TLR4 does not initiate degranulation, 

but activates NFκB, leads to release of TNF-α, IL-1β, IL-6 and IL-13 and causes 

recruitment of neutrophils (Supajatura et al, 2002).  However, stimulation of TLR2 on 

mast cells by PGN causes degranulation to a similar degree as anti-IgE, and release of 

IL-4, IL-5, IL-6, IL-13 and TNF-α are seen along with NFκB activation (Supajatura et 

al, 2002).  Hence, recognition of Gram negative bacteria by mast cells results in a Th1-
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type adaptive response, whilst Gram positive bacteria prime cells for a Th2 response. 

 

Many different types of inflammatory disorders are thought to be linked to one another; 

acquisition of one inflammatory disease could prime the patient to develop a second 

disease of completely distinct pathophysiology.  For example, allergic rhinitis is thought 

to be linked to development of sinusitis.  Blair and colleagues (2001) have shown how 

stimulation of allergic mice with ovalbumin increases nasal colonisation with 

Streptococcus pneumoniae, the predominant pathogen in the pathogenesis of sinusitis.  

There are many theories on how allergic rhinitis could prime for sinusitis, and these 

mechanisms could also be applicable in different tissues; allergic inflammation could 

cause nasal congestion which would facilitate colonisation by bacteria, or the mediators 

released could weaken the epithelial barrier to allow invasion.  Immune cells present at 

the site of allergic inflammation have been primed for a Th2 response, meaning that 

there will be a lack of IFNγ and Th1 cells to respond to the invading bacteria, 

increasing the likelihood of infection (Ciprandi and Passalacqua, 2008). 

 

Exposure early in childhood to bacteria or viruses is thought to be related to acquisition 

of allergic disease.  The ‘hygiene hypothesis’ suggests that infants who have significant 

contact with micro-organisms will be protected from development of allergic disease 

(Strachan, 1989).  The reasoning behind this hypothesis is that bacterial infection will 

cause a Th1 response and hence Th2 polarisation of naive T cells will be reduced, 

supposedly decreasing prevalence of allergic disease.  This would help explain why 

allergy prevalence has increased in recent years along with the standard of living and 

increased levels of vaccination and hygiene (Garn and Renz, 2007).  An inverse 

relationship has been shown between LPS concentration in the mattress and 

development of allergy (Braun-Fahrlander et al, 1999) and in vivo studies have shown 

decreased allergen sensitisation when the allergen is applied along with bacterial 

components (Delayre-Orthez et al, 2004, Gerhold et al, 2003).  Furthermore, bacterial 

agonists of TLR9 are able to induce a Th1 environment and inhibit chemokine 

production, which prevents homing of naive CD4+ T cells to the regional lymph nodes 

and hence prevents Th2 polarisation and phenotype spread (Hayashi et al, 2005). 

 

The hygiene hypothesis does not account for the fact that some infections may promote 

asthma and allergy; for example, viral respiratory tract infections can stimulate airway 
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hyperreactivity and also promote an immune response to common environmental 

allergens (Schroder et al, 2008).  Cohort studies have shown that exposure to 

Staphylococcus aureus in the home is related to an increased prevalence of allergic 

disease (Leung et al, 2008), so in this case the bacteria may prime the patient to develop 

an allergic phenotype.  Infection with Mycoplasma pneumoniae and Chlamydia 

pneumoniae is also thought to increase asthma prevalence (Johnston and Martin, 2005, 

Schroder et al, 2008).  The TLRs may be involved in this phenomenon; as previously 

described, most of the TLRs initiate a Th1 response, but some may also be involved in 

Th2 priming, particularly TLR2 (Eisenbarth et al, 2002, Redecke et al, 2005).  In fact, 

although Gram-negative bacteria are thought to be recognised predominantly by TLR4, 

there is evidence that TLR2 has a pivotal role in recognition of C.pneumoniae and 

TLR4 is only involved to a small extent (Prebeck et al, 2001), which may explain its 

role in the induction of allergy and asthma.   

 

 
 

 

Infection with common pathogens creates an inflammatory environment which may aid 

the development of allergy.  Infection of mice with C.pneumoniae has been shown to 

enhance allergic sensitisation (Schroder et al, 2008).  However, this enhancement was 

only seen when mice were infected with a relatively low concentration of the bacteria; 

high doses caused Th1 skewing and protected from the development of allergy, which is 

Figure 1.4- Overview of Th1/Th2 polarisation 
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consistent with data suggesting that low concentrations of LPS promote allergy due to 

Th2 skewing, but high concentrations are protective due to stimulation of T regulatory 

cells (Eisenbarth et al, 2003).  This information suggests that the control of 

inflammatory disease may be more complex than previously thought (see figure 1.4). 

 

The Role of Immune Cells 

Diverse cell types are able to produce and secrete mediators which are involved in the 

control of both local and systemic inflammation (Suzuki et al, 2008).  The type and 

number of inflammatory cells present in the tissue may determine the nature and 

severity of an inflammatory response in that location.  Inflammatory responses can be 

mediated by both structural cells within the tissue, as well as cells of a haematopoietic 

origin, some of which will already reside in the tissue and some of which will be 

recruited as part of the acute inflammatory response (Zaas and Schwartz, 2005). 

 

Epithelial cells and endothelial cells primarily function as barriers to protect tissues 

from the external environment and fibroblasts are thought of mainly as structural cells 

(Bals and Hiemstra, 2004).  However, these cells are able to mount their own 

inflammatory response by secreting a range of cytokines and other mediators in 

response to inflammatory stimuli (Bals and Hiemstra, 2004, Naumann, 2000, Suzuki et 

al, 2008).  Presence of inflammatory cytokines leads to upregulation of expression of 

adhesion molecules on endothelial cells, which results in infiltration of immune cells 

such as monocytes and macrophages from the blood (Gould, 2001, White, 1999). 

 

Mast cells reside in most tissues where pathogens are likely to be encountered and they 

express a diverse range of receptors to enable them to respond to invasion 

(Kirschenbaum et al, 2008, Mekori and Metcalfe, 2000).  Mast cells are extremely 

diverse phenotypically and cells in different locations tend to express the appropriate 

receptors to allow them to respond efficiently to immune stimulation in that area.  For 

example, peritoneal mast cells have been shown to express high levels of TLR4 in order 

to respond to Gram negative infection, whilst TLR2 is highly expressed on skin mast 

cells to combat the frequent challenge from Gram positive bacteria in this location 

(Supajatura et al, 2002).  Mast cells contain various preformed molecules, such as 

histamine and cytokines, which are released upon activation (Mekori and Metcalfe, 

2000).  During mast cell development and maturation, they are exposed to various 
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bacterial ligands which can influence their behaviour. For example, exposure to LPS is 

thought to increase the levels of proteases stored within the mast cell and decrease 

expression of FcεRI; these changes prime mast cells to participate most efficiently in 

the innate response to Gram negative bacterial infection (Kirschenbaum et al, 2008). 

 

Macrophages and neutrophils have primary roles in immunosurveillance, moving 

through the tissue to detect foreign antigens, and mast cells have also been described as 

having roles in bacterial phagocytosis (Arock et al, 1998).  When invading pathogens 

are detected, these cells can phagocytose and kill them, then dendritic cells are involved 

in presenting the antigens derived from these pathogens to T-cells in the development of 

specific acquired immunity.  Eosinophils are primarily involved in allergic 

inflammatory responses, but also defend the body from parasites.  During allergic 

inflammation, eosinophils release their granule contents including major basic protein, 

eosinophil peroxidase, eosinophil cationic protein and eosinophil neurotoxin, along with 

lipid mediators and growth factors which control the response (Suzuki et al, 2008). 

 

Migration of cells through the tissue during the inflammatory response can have 

irreversible effects on the tissue, known as remodelling.  Neutrophils are known to leave 

behind proteolytic enzymes such as elastase and matrix metalloproteases (MMPs), 

which they use to move through the tissue, causing severe structural damage (Suzuki et 

al, 2008).  Tissue remodelling is likely to decrease the integrity of the tissue and 

increase the severity of the next inflammatory event. 

 

The Role of Cytokines 

Cytokines are soluble, low molecular weight extracellular signalling molecules that 

control the amplitude and duration of immune and inflammatory responses; they 

interact with receptors on target cells and activate intracellular pathways which regulate 

transcription of specific genes, affecting the ultimate cellular response (Lordan and 

Hellewell, 2001).  Cytokines have overlapping functions, with each part of the 

inflammatory response commonly being mediated by more than one cytokine, which 

may have synergistic or antagonistic effects (Chung, 2001, Ollier, 2004).  Changes in 

the cytokine environment are associated with inflammatory disease; this may be due to 

polymorphisms in cytokine genes, or may be an environmental effect (Ollier, 2004).  As 

the cytokines form a network and rarely act alone, it is difficult to identify specific 
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events which could initiate disease.  Cytokines thought to play important roles in the 

early stages of inflammation include TNF-α, IL-1β, IL-6 and IL-10, all of which are 

elevated in generalised inflammatory responses (Suzuki et al, 2008) and many can be 

detected following LPS stimulation of human lung tissue (Hackett et al, 2008). 

 

TNF-α is in general thought to contribute significantly to most inflammatory reactions; 

it is the first cytokine to be released from mast cells, for example, and goes on to 

upregulate production of other inflammatory cytokines such as IL-6 and IL-8 (Hackett 

et al, 2008).  TNF-α is a pro-inflammatory cytokine, released from mast cells during 

degranulation but also produced by macrophages, T cells, B cells, monocytes, 

neutrophils, eosinophils, fibroblasts, keratinocytes, epithelial and endothelial cells under 

inflammatory conditions (Suzuki et al, 2008).  TNF-α and other pro-inflammatory 

cytokines are potent stimuli for production of other cytokines and chemokines (Lordan 

and Hellewell, 2001); TNF-α is thought to upregulate the transcription factor NFκB 

which switches on transcription of a number of genes including other pro-inflammatory 

cytokines, leading to upregulation of the inflammatory response (Chung, 2001). 

 

The anti-inflammatory cytokine IL-10 is produced by epithelial cells, eosinophils, T 

cells, B cells, macrophages and monocytes (Suzuki et al, 2008).  IL-10 exerts its anti-

inflammatory action by inhibiting antigen presentation and cytokine production by 

monocytes and macrophages, ultimately reducing T cell activation and immunoglobulin 

production by B cells, suppressing inflammatory responses (Lordan and Hellewell, 

2001, Royer et al, 2001, Suzuki et al, 2008).  Inhibition of IL-10 using a neutralising 

antibody elevates levels of pro-inflammatory mediators such as TNF-α, IL-6 and IL-8 

(Hackett et al, 2008), supporting its role as a suppressive anti-inflammatory cytokine. 

 

A link between TNF-α and IL-10 release has been described in mouse models; IL-10 

released by macrophages was shown to act in an inhibitory feedback loop on TNF-α 

production by mast cells (Wanidworanun and Strober, 1993).  A similar finding was 

recently described in humans by Hackett and colleagues (2008); stimulation of human 

lung tissue with LPS induced TNF-α release, later followed by IL-10.  Pre-incubation 

of tissue with a neutralising TNF-α antibody attenuated the release of IL-10 and, 

furthermore, pre-incubation of tissue with a neutralising IL-10 antibody augmented 
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release of TNF-α, suggesting that anti-inflammatory IL-10 acts as a negative regulator 

and controls the release of inflammatory cytokines (Hackett et al, 2008).  Without this 

negative feedback mechanism in place TNF-α would be able to continue to upregulate 

its own production and would accumulate in harmful levels.  It is likely that this balance 

between pro- and anti-inflammatory cytokines exists in normal tissue, but in 

inflammatory disease the balance may move towards production of inflammatory 

cytokines such as TNF-α and away from production of anti-inflammatory IL-10. 

 

IL-1, another pro-inflammatory cytokine, is produced by epithelial and endothelial cells, 

fibroblasts, monocytes, neutrophils, mast cells, macrophages and dendritic cells (Suzuki 

et al, 2008).  It is a known pyrogen and induces production of other pro-inflammatory 

cytokines such as IL-6, IL-8 and TNF-α (Chung, 2001).  IL-1 and TNF-α are thought to 

have a synergistic relationship where production of one cytokine enhances production 

of the other; they have similar roles in inflammation as they both lead to secretion of 

other cytokines and induce fibroblast proliferation.  Intranasal application of 

recombinant IL-1β was shown by Cardell and colleagues (2008) to increase expression 

of the IL-1 and TNF receptors in the mouse airways, supporting a synergistic 

relationship of the two mediators.   

 

Both isoforms of IL-1 (α and β) are involved in immune and inflammatory responses, 

as well as defence from microbial invasion.  Release of IL-1 from the skin’s epidermis 

results in cytokine and chemokine production by keratinocytes and decreased adhesion 

molecule expression on Langerhans’ cells, resulting in their migration to the draining 

lymph nodes (Murphy et al, 2000).  IL-1 receptor antagonist (RA) is secreted by many 

cells including immune cells, epithelial cells and keratinocytes and acts as a naturally 

occurring inhibitor by binding to the IL-1 receptor without inducing a response; IL-1 

can therefore be present in relatively high concentrations without evidence of 

inflammation, but an imbalance in IL-1 to IL-1RA levels may have deleterious effects 

and exacerbate inflammatory disease (Gruaz-Chatellard et al, 1991, Perrier et al, 2006). 

 

Pro-inflammatory IL-6, released from epithelial and endothelial cells, monocytes, 

macrophages, dendritic cells, neutrophils, keratinocytes, eosinophils, mast cells and 

fibroblasts, causes activation of haematopoietic stem cells, differentiation of T and B 



Chapter 1: Introduction 

 18 

cells and is a co-stimulatory factor for immune cells (Lordan and Hellewell, 2001, 

Suzuki et al, 2008).  Release of IL-6 from airway epithelial cells causes increased 

production of neutrophil elastase, leading to damage and remodelling in the tissue 

(Linden, 2006) and in addition, IL-6 can induce increased IgE production, which causes 

exacerbation of allergic responses (White, 1999).  IL-6 is also thought to stimulate the 

hypothalamic-pituitary-adrenal (HPA) axis, which is under the negative control of 

glucocorticoids.  The sex steroids oestrogen and progesterone are also involved in 

regulating the effects of IL-6, but as their production decreases during ageing, an 

increase in chronic inflammatory diseases such as rheumatoid arthritis and psoriasis is 

seen (Vanden Berghe et al, 2000), so IL-6 may have a role in chronic inflammation. 

 

The chemokines are 8-10kDa glycoproteins which serve the purpose of recruitment and 

activation of immune cells during inflammatory responses (Strieter et al, 2002).  IL-8 is 

a member of the CXC chemokine family, released from macrophages, keratinocytes, 

eosinophils, T cells, mast cells, epithelial and endothelial cells, fibroblasts and 

neutrophils (Suzuki et al, 2008).  One of the main triggers for IL-8 release from cells is 

bacterial infection (Chung, 2001).  IL-8 is involved in neutrophil activation and 

differentiation, and it promotes chemotaxis of eosinophils, mast cells, basophils and T 

cells (Chung, 2001, Lordan and Hellewell, 2001, Royer et al, 2001). 

 

Determining the sequence in which molecules are released from the tissue in an 

inflammatory response allows us to define the important mediators in the reaction, 

which could then be targeted to prevent progression.  

 

Inflammation in the Lung 

Asthma and COPD are both examples of disease caused by inflammatory processes in 

the lung (Lozewicz et al, 1988, Riise et al, 1995).  Both diseases are increasing in 

prevalence in the Western world and there is a need for improved therapies to tackle the 

disorders (Tirimanna et al, 1996).  Distinct patterns of cytokines are released in different 

inflammatory airway diseases; for example, asthma is characterised by production of 

IL-4, IL-5 and IL-13, thought of as an allergic type Th2 response, whereas inflammatory 

cytokines TNF-α and IL-8 are thought to predominate in COPD (Doherty, 2004).   
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Around 30,000 people die per year in the UK from COPD (British Thoracic Society, 

2006); it is the fourth leading cause of death worldwide and the World Health 

Organisation predicts this to increase to the third leading cause by 2030.  The 

prevalence of COPD is increasing, generally attributed to increased cigarette smoking 

and environmental pollution; the causes of COPD are mostly environmental, but 

genetics are however likely to play a role considering only 15% of smokers are affected 

by the condition (Barnes, 2000).  COPD consists of airflow obstruction that is not fully 

reversible and chronic inflammation in the airways and parenchyma (Barczyk et al, 

2006); it encompasses chronic bronchitis (chronic overproduction of mucus in the 

bronchial tree, with periods of infection and excessive expectoration), emphysema 

(destruction of airway parenchyma and loss of elastic recoil) and bronchiolitis (fibrosis 

and inflammation of small airways).  An accelerated decline in lung function is seen due 

to amplification of the normal pulmonary response to irritants; inflammatory cells 

(especially neutrophils) may be activated by cigarette smoke, leading to increased 

release of cytokines, oxidants and proteases.  In addition patients may have defective 

anti-inflammatory or anti-proteinase mechanisms (Barnes, 2000).   

 

Neutrophils, alveolar macrophages, and more recently CD8+ T cells are thought to 

predominate in the pathogenesis of COPD (Barczyk et al, 2006).  Many cytokines are 

thought to play a role in the inflammation, damage and repair processes that occur; IL-

6, IL-1β, TNF-α and IL-8 have all been shown to be upregulated in sputum, especially 

during exacerbations (Chung, 2001).  Circulating T cells of COPD patients are 

abnormally activated and produce pro-inflammatory cytokines likely to be involved in 

disease; CD8+ T cells tend to produce higher levels of both IFNγ and IL-4, whilst 

CD4+ T cells produce less of the anti-inflammatory cytokine IL-10 (Zhu et al, 2009).   

 

COPD was historically thought of as a simple Th1 disease, but recent evidence suggests 

that this may not be clear-cut and that there may be a role for the allergic phenotype in 

COPD; although there are increased CD8+ T cells in the COPD lung, a significant 

proportion of these have been shown to have Tc2 polarisation, initiated by a Th2 

environment (Barczyk et al, 2006).  Reports have suggested that there is eosinophilia of 

the COPD lung during exacerbation and this has also been reported in chronic 

bronchitis (Barczyk et al, 2006, Riise et al, 1995); it may be these Tc2 CD8+ cells which 
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regulate eosinophilia through secretion of cytokines and chemokines.  However, there is 

a discrepancy in views about the Th1/Th2 polarisation in COPD, which may be due to 

the wide range of severity of disease.  Much of the data examining T cell profiles has 

been obtained using bronchoalveolar lavage (BAL) samples, although due to the 

emphysematous nature of the lung in severe COPD, BAL samples have a low recovery 

rate; therefore, most information will have been obtained from patients with mild 

COPD, which may have a completely different T cell profile to severe disease (Barczyk 

et al, 2006). 

 

Asthma is thought to affect 21% of children and 15% of adults in the UK (British 

Thoracic Society, 2006); it causes 1500 deaths per year in the UK (British Lung 

Foundation, 2005) and it is one of the most common causes of hospitalisation in 

children, accounting for 3% of paediatric admissions in 2004 (Linzer, 2007).  Asthma is 

defined as a chronic reversible inflammatory disorder of the bronchi which consists of 

recurrent episodes of bronchospasm to a certain trigger, resolved by bronchodilators 

(Komai et al, 2003).  

 

Approximately 80% of asthma cases have an allergic basis (Chetta et al, 1997, Nieves et 

al, 2005).  The initiation of asthma occurs when IgE antibodies to common inhalant 

allergens become bound to the surface of mucosal mast cells.  When this allergen is 

inhaled, mast cells are activated and the allergic cascade initiated (Kambayashi and 

Koretzky, 2007).  Histamine, released from mast cells, controls many features of the 

acute early phase response, but many of the chronic features of asthma are, however, 

mediated by eosinophils; bronchoconstriction, mucus plugging and oedema in the 

airway walls, mostly mediated by eosinophils, all contribute to the decreased airflow 

seen in the asthmatic response (Linzer, 2007).  Repeated allergen challenge has been 

shown by Komai and colleagues (2003) to increase airway hyperresponsiveness in mice 

to acetylcholine, BAL eosinophilia, allergen-specific IgE and IL-13 but to decrease 

IFNγ; these features were all shown to be controlled by CD4+, not CD8+ T cells, 

suggesting that these cells have a key role in disease pathogenesis (Komai et al, 2003).  

 

Whilst asthma is typically thought of as a Th2 disorder, there is evidence that Th1 cells 

also play a role in disease.  Siwiec and colleagues (2009) have recently detected more 

Th1 than Th2 cells in the peripheral blood of asthmatics, with atopy having no effect on 
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this result.  A positive correlation was also seen between the number of Th1 cells and 

the percentage of cells expressing TLR4, with the opposite results for Th2 cell numbers.  

Therefore T cell polarisation in asthma may be dependent on previous exposure to 

bacterial ligands such as LPS.  Polarisation may also vary with disease severity as a Th1 

phenotype is more typical of severe than mild asthma.  Asthma severity correlates well 

with the degree of inflammation in the lungs; however, bronchial hyperresponsiveness 

and airway remodelling also contribute to severity so must be considered (Passalacqua 

and Ciprandi, 2008).  It is this airway remodelling which causes the irreversible features 

of asthma and can dramatically increase disease severity (Komai et al, 2003).  In the late 

phase asthmatic response, extracellular protein deposition, smooth muscle and goblet 

cell hypertrophy and hyperplasia occur (Aikawa et al, 1992, Dekkers et al, 2009, 

Dunnill et al, 1969, Hoshino et al, 1998, Komai et al, 2003, Linzer, 2007), which all 

contribute to remodelling of the airways. 

 

CD4+ T cells, particularly Th2 cells, are thought to play a key role in the process of 

airway remodelling; Komai and colleagues showed that in mice, collagen deposition, 

goblet cell hyperplasia and transforming growth factor (TGF)-β release upon allergen 

challenge were CD4-dependent.  Both eosinophils and fibroblasts are elevated in 

asthma; the number of fibroblasts was shown by Hoshino and colleagues (1998) to 

correlate with subepithelial thickness, and it is thought that the eosinophils could be the 

cells responsible for stimulating the fibroblasts to undergo proliferation by release of 

TGFβ, a key mediator of fibrosis.  Other groups believe that subepithelial fibrosis in 

asthma is caused by Th1/Th2 imbalance; Komai and colleagues (2003) have shown that 

whilst IL-13 promotes release of TGFβ, its release is inhibited by IFNγ.  Another 

important feature of airway remodelling is increased smooth muscle thickness, which 

may contribute to the increased bronchial hyperresponsiveness (Dekkers et al, 2009).  It 

is likely that a positive feedback loop exists, in which increased smooth muscle 

thickness increases responsiveness of the airways and bronchoconstriction, which 

stimulates smooth muscle proliferation (Dekkers et al, 2009). 

 

In asthma, the epithelial barrier is disrupted, causing airway hyperresponsiveness and 

inflammation.  Damaged epithelial cells release growth factors such as TGFβ, which 

may contribute to remodelling (Holgate et al, 2003).  The increased activity of inducible 
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nitric oxide synthase (iNOS) in asthma increases production of nitric oxide, which may 

have a role in airway hyperresponsiveness, epithelial damage, mucus secretion and 

inflammation (Schuiling et al, 1998).  Furthermore, during epithelial shedding sensory 

nerves, which mediate bronchoconstriction, become exposed, which makes them more 

susceptible to stimulation.  C-fibres can be stimulated by cold air, or by other stimuli 

such as histamine, increasing airway sensitivity (Spina et al, 1998).   

 

Acute airway dehydration may also have a role in the asthma phenotype; asthmatic 

patients were shown by Loughlin and colleagues (2010) to have increased airway 

dehydration, as measured by percent of solids in the sputum.  The level of dehydration 

correlated with numbers or neutrophils and Th1 markers.  It is feasible that stimuli such 

as viral infection, pollutants or exercise could induce airway dehydration, which in turn 

could increase hyperresponsiveness and decrease mucociliary clearance.  However, as 

there was no correlation between the level of dehydration and number of eosinophils or 

Th2 markers, dehydration is more likely a feature of severe asthma or acute 

exacerbation, where a more Th1-skewed T cell population is seen, rather than 

mild/moderate atopic asthma (Loughlin et al, 2010).   

 

Asthma is thought to be related to allergic inflammatory conditions in other tissues, 

such as allergic rhinitis; around 60% of asthma sufferers reported allergic rhinitis in an 

epidemiological study, although the World Health Organisation estimate suggests that 

co-morbidity occurs in around 80% of asthma patients (Bugiani et al, 2005). 

 

Inflammation in the Upper Airways 

As in the lung, different inflammatory diseases of the upper airways can have distinct 

pathophysiology; for example allergic rhinitis is mediated by a Th2 phenotype, whilst 

sinusitis is not generally thought of as allergic and polyps can occur both with atopy and 

without.  These different inflammatory conditions are however thought to be linked; 

sinusitis commonly occurs with nasal polyps and there is evidence that allergic rhinitis 

may influence development of sinusitis.  Patients with allergic rhinitis are also 6 times 

more likely to develop nasal polyps (Blair et al, 2001, Munoz del Castillo et al, 2009). 

 

In chronic rhinosinusitis (CRS), the mucous membranes of the nose and sinuses show 

goblet cell hyperplasia, subepithelial oedema and mononuclear cell infiltration (Bachert 
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et al, 2004); this leads to symptoms such as headache, discharge and nasal blockage 

(Braunstahl and Fokkens, 2003).  CRS could be caused by systemic host factors such as 

allergy, immunodeficiency, genetics, mucociliary dysfunction or endocrine dysfunction. 

Alternatively, environmental factors such as micro-organisms, noxious chemicals, 

medication or trauma/surgery could be important, but a complex mixture of factors is 

likely to initiate disease (Yu and Dong, 2009).  Whilst allergen sensitisation is more 

common in patients with CRS than controls (Vagic et al, 2008), the role of allergy in 

disease pathogenesis remains unclear.  Colonisation of the sinus mucosa with bacteria is 

found in approximately 75% of sinusitis patients, regardless of the presence of asthma 

or allergy.  However, whilst in the asthmatic sinusitis patients mast cell activation 

correlated with eosinophil numbers and activation as well as levels of IgE, this was not 

the case in non-asthmatic patients where levels of neutrophil activation correlated with 

IgE levels (Vagic et al, 2008).  

 

Despite the suggested role of neutrophils in non-atopic sinusitis, there are no reported 

differences in neutrophil numbers in sinus lavage fluid in controls and sinusitis patients; 

there are however increased eosinophils and macrophages and elevated eosinophil 

cationic protein (ECP) levels in patients.  Furthermore, allergic CRS patients have 

elevated mast cells and lymphocytes compared to non-allergic patients (Demoly et al, 

1994) and more cells expressing Th2 cytokines than normal controls (Al Ghamdi et al, 

1997).  Asthmatic sinusitis patients had higher IgE levels in the sinus mucosa than non-

asthmatic sinusitis patients, although the non-asthmatics still had elevated IgE compared 

to normal controls (Vagic et al, 2008).  Treatment of both allergic and non-allergic 

sinusitis patients with fluticasone for 4-6 weeks before surgery resulted in significantly 

fewer T cells, eosinophils and mast cells in ethmoid mucosa samples and less IL-5 

mRNA, with reduced IL-4 in allergic patients only (Kondo et al, 1999).  Despite these 

differences, there is no difference in presentation of sinusitis in allergic and non-allergic 

patients (Bachert et al, 2004); hence the type of inflammation in sinusitis may depend 

partially on atopic state but common pathogenic mechanisms are likely to exist. 

 

Nasal polyps result from inflammation in the paranasal sinus mucosa, but their 

pathogenesis is not yet fully understood (Lamblin et al, 1999, Shin et al, 2000).  Polyps 

are oedematous, swollen pseudocyst formations filled with albumin, typically with 

subepithelial eosinophilia, which cause nasal obstruction and loss of smell (Bachert et 
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al, 2000, Bachert et al, 2004).  For many years nasal polyps have been thought of as a 

form of allergic inflammation, but it is now clear that polyps can occur in both atopic 

and non-atopic individuals.  Furthermore, there is thought to be little difference in 

phenotype in atopic and non-atopic patients; in both groups of patients polyps are 

thought to be highly eosinophilic, with no differences in levels of IL-2, IL-4, IL-6 or 

IFNγ between groups (Scavuzzo et al, 2005).   

 

There are mixed reports on the prevalence of atopy in patients with nasal polyps.  

Munoz del Castillo and colleagues (2009) showed that 63% of patients with nasal 

polyps had a positive skin prick test reaction to at least 1 allergen, compared to 31% of 

controls.  However, 49% of the polyp patients were asthmatic, compared to only 2.1% 

of controls, which may confound results (Munoz del Castillo et al, 2009).  Tuncer and 

colleagues (2003) however demonstrated the presence of allergy in only 18% of patients 

with nasal polyps and Drake-Lee (1984) showed that specific IgE to mixed grass or 

DerP1 was only elevated in 14% of patients.  Total IgE in the tissue is however thought 

to be elevated; this local increase may be important in the pathogenesis of nasal 

polyposis, or may aggravate disease.  There certainly seems to be a complicated link 

between nasal polyps, IgE and allergy (Bachert et al, 2001, Scavuzzo et al, 2005). 

 

The link between CRS and nasal polyposis is not well understood. Most symptoms 

occur in both conditions, but patients with nasal polyps have more pronounced nasal 

obstruction and loss of smell, whilst CRS patients suffer from headache and postnasal 

drip.  Whilst CRS tends to show a Th1 phenotype with increased IFNγ and TGFβ, nasal 

polyps tend to have Th2 polarisation with high levels of IL-5 and IgE and increased 

numbers of eosinophils (Munoz del Castillo et al, 2009, Niederfuhr et al, 2008, Van 

Zele et al, 2006), except when they occur without atopy in which case there may be Th1 

polarisation (Munoz del Castillo et al, 2009).  It has been suggested that the T cell 

polarisation in all nasal polyp cases represents a mixed Th1/Th2 phenotype, with cells 

producing both IL-5 and IFNγ (Sanchez-Segura et al, 1998).  Some groups have 

suggested that S.aureus carriage is elevated in nasal polyps, but in a recent study by 

Niederfuhr and colleagues (2008), the difference in S.aureus carrier status between 

disease groups was not significant.  However, most of the genes which were increased 
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in the S.aureus positive CRS patients with polyps were antigen processing genes, 

supporting a role for the bacteria in promoting allergic priming (Niederfuhr et al, 2008). 

 

Corticosteroids such as fluticasone are commonly used to control polyp growth and 

inflammation; they are, however, only partially successful as they require long periods 

of use and some patients show progression despite treatment (Holmberg et al, 1997, 

Tuncer et al, 2003, Valera et al, 2008), necessitating surgery.  In fact, even though nasal 

symptoms were reduced in most patients, only 12% of patients showed complete 

remission of polyps after treatment with oral prednisolone and topical fluticasone in a 

study by Tuncer and colleagues (2003), with similar results of topical budesonide in a 

study by Valera and colleagues (2008), so whilst steroids can delay the necessity for 

surgery, surgical intervention is still eventually required in most patients.  After surgical 

removal of polyps, levels of IL-5, TNF-α and eosinophils in the nasal lavage fluid are 

decreased (Bolard et al, 2001), suggesting that eosinophils play a key role in the 

pathogenesis of nasal polyps.  Epithelial cells, fibroblasts, macrophages, T cells and 

mast cells are also abundant and are important sources of cytokines in nasal polyps 

(Hirschberg et al, 2003, Scavuzzo et al, 2005).  There is a strong association between 

aspirin intolerant asthma and nasal polyps, which is likely to be due to the eosinophilia 

involved in both diseases (Kowalski et al, 2002).  However, nasal polyps also frequently 

occur in patients with cystic fibrosis, and in these cases neutrophils are thought to be the 

key inflammatory cells (Bachert et al, 2004, Hamajima et al, 2007, Van Zele et al, 

2006).  Allergic fungal sinusitis is an IgE response to fungal infection and is also linked 

with polyp formation, although the mechanism of this is unclear (Van Zele et al, 2006).  

Thus, it is clear that inflammation plays a key role in the aetiology of nasal polyposis 

but the type of inflammation seen may well be variable between different patients. 

 

Inflammation in the Skin 

The skin is the largest organ in the body and has a critical role as a barrier to protect the 

body from harsh external conditions and maintain homeostasis.  20% of adults in the 

UK have skin disease requiring medical attention (Rea et al, 1976); most of these skin 

disorders are caused by some form of inflammation. 

 

Mast cells are highly abundant immune cells in the skin (Caulfield et al, 1990).  

Degranulation of mast cells can be induced by immunologic stimulation via both IgE- 
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and non-IgE-dependent mechanisms; this leads to an early phase inflammatory response 

where increased levels of inflammatory mediators such as histamine and pro-

inflammatory cytokines such as TNF-α are seen (Gibbs et al, 2001).  Injured 

keratinocytes in the skin are also able to release various pro-inflammatory cytokines 

such as IL-1 and TNF-α, which recruit other immune cells to the site of the reaction to 

maintain an inflammatory cascade (Spiekstra et al, 2005). 

 

Psoriasis is a chronic, non-infectious inflammatory skin disease, which affects 2 to 3% 

of the population (Langley et al, 2005, Stern et al, 2004).  Psoriatic lesions contain 

keratinocytes which have undergone excessive growth and differentiation due to 

stimulation by the cellular immune system, leading to an exaggerated and uncontrolled 

healing response (Gaspari, 2006, Lowes et al, 2007).  The result of this 

hyperproliferation is that patients have scaly, raised plaques on the skin surface.  It is 

thought that intralesional CD8+ T cells provide the trigger for keratinocytes to 

hyperproliferate but the mechanism for this has not yet been determined (Gaspari, 

2008).  Furthermore, the risk factors for development of psoriasis have not been fully 

elucidated, although smoking is thought to increase disease prevalence (Bo et al, 2008).   

 

The disease can be, remarkably, fully reversible with appropriate therapy.  Anti-

metabolites such as methotrexate have shown potential for therapy due to their 

reduction of proliferation (Gaspari, 2006).  Furthermore, anti-TNF-α therapy has also 

been shown to be efficient (Gottlieb et al, 2005), thus supporting a role for TNF-α in 

disease pathogenesis.  Psoriasis is thought of as a Th1 disease and hence lesions show 

raised levels of IL-12, TNF-α and IL-8 (Nickoloff et al, 2007), which all contribute to 

the infiltration of immune cells, particularly neutrophils, which are rarely present in 

normal skin (Keller et al, 2005).  As well as keratinocytes, CD4+ T cells are thought to 

be important in the production of IL-8 to attract neutrophils in psoriatic skin.  However, 

mixed T cell polarisation profiles were seen between psoriasis patients, indicating that 

psoriasis may not be a simple Th1 disorder (Keller et al, 2005).  

 

Atopic dermatitis is a common inflammatory skin disorder consisting of eczematous 

skin lesions, which begins at infancy and runs a course of remission and exacerbation.  

The Th2 cytokine IL-4 is thought to control the cutaneous inflammation (Breuer et al, 

2001), but the pathogenesis is not totally understood.  In younger children with atopic 
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dermatitis there is evidence for reduced levels of Th1 chemokines compared to age-

matched controls (Narbutt et al, 2009).  It is therefore feasible that Th1/Th2 imbalance 

could be involved in the pathogenesis of atopic dermatitis.  Symptoms can be provoked 

by various factors, ranging from hormones to seasonal factors, irritants, infection and 

allergy.  Typical treatments for atopic inflammation are generally used, such as topical 

corticosteroids and antihistamines, although these treatments are not always effective at 

providing long-term symptomatic relief.   

 

In atopic dermatitis, the barrier function of skin is generally thought to be compromised.  

Keratinocytes may have an intrinsic defect in disease, which favours passage of 

microbes and allergens through the skin; this defect is thought to be in the filaggrin 

gene (Kim et al, 2006, Incorvaia et al, 2008).  Filaggrin is one of the final proteins to be 

incorporated into the cornified envelope of the epidermis and by extensive cross-linking 

it forms part of a scaffold for the attachment of lipids to the extracellular surface, 

forming a barrier against the external environment (O’Regan et al, 2008, Rice et al, 

2008).  Furthermore, degradation of filaggrin in the stratum corneum releases amino 

acids which contribute to the hydration and pH balance of the skin; this alteration in pH 

level of the skin by filaggrin dysfunction could elevate bacterial colonisation by 

immunomodulating bacteria such as S.aureus (O’Regan et al 2008).  18 to 48% of 

eczema sufferers carry filaggrin null mutations, which may also predispose the patient 

to asthma (Incorvaia et al, 2008, Weidinger et al, 2008).  However, filaggrin is not 

thought to be expressed in the respiratory or bronchial mucosa and so the increased risk 

of asthma is likely due to the effects of increased transcutaneous sensitisation (O’Regan 

et al, 2008).  In addition to loss-of-function mutations in filaggrin itself, mutations in 

the proteases which release active filaggrin from its precursor profilaggrin, such as 

serine protease inhibitor Kazal (SPINK)-5, could also modify the risk of eczema, 

asthma and elevated IgE (O’Regan et al, 2008). 

 

Infection by both viruses and bacteria such as S.aureus can lead to exacerbation of skin 

lesions by release of pro-inflammatory mediators such as IL-1 and TNF-α from mast 

cells and keratinocytes, causing pruritis and scratching (Breuer et al, 2001, Kim et al, 

2006, Rossi and Monasterolo, 2004).  80 to 100% of atopic dermatitis patients have skin 

colonisation by S.aureus, compared to 5 to 10% of controls (Breuer et al, 2000), 

suggesting that the bacteria may play a role in pathogenesis or maintenance of disease.  
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Campbell and Kemp (1997) have shown that peripheral blood mononuclear cells 

(PBMCs) from children with atopic dermatitis show increased proliferation in response 

to stimulation with S.aureus compared to the non-atopic dermatitis group, suggesting 

previous exposure or increased susceptibility.  This group of patients also produced 

increased levels of IL-4 and decreased IFNγ upon stimulation, demonstrating the ability 

of the bacteria to induce a Th2 environment in these patients.  However, stimulation of 

these cells with T cell mitogen phytohaemagglutinin (PHA) also induced release of Th2 

cytokines, indicating that the Th2 phenotype was already present in these patients and 

was simply exacerbated by stimulation with S.aureus (Campbell and Kemp, 1997). 

 

It has recently been shown by Niebuhr and colleagues (2009) that macrophages from 

atopic dermatitis patients, although elevated in numbers, have impaired expression of 

TLR2; this could contribute to the increased susceptibility to colonisation by Gram 

positive bacteria seen in atopic dermatitis.  Furthermore, the increased levels of IL-4 

seen in disease may induce increased synthesis of fibronectin by fibroblasts, also 

contributing to enhanced bacterial adherence and colonisation (Lin et al, 2007).  

Exposure to bacterial superantigens has been shown to induce T cell expression of the 

skin-selective homing marker cutaneous lymphocyte-associated antigen (CLA) and to 

decrease expression of the gut homing marker β7 integrin (Leung et al, 1995), 

supporting their role in generation of inflammatory disease of the skin. 

 

Links between Infection and Inflammation 

Enterotoxins produced by bacteria such as S.aureus may provide the link between 

infection and inflammation in many tissues.  S.aureus is often found as part of the 

normal microflora of the upper respiratory tract and intestinal tract and can be carried 

on the skin without causing harm to the host (Bachert et al, 2002, Rossi and 

Monasterolo, 2004).  However, under appropriate conditions, enterotoxins derived from 

S.aureus can modify disease (Semic-Jusufagic et al, 2007) and there is evidence for an 

association between S.aureus colonisation and allergic inflammatory disease. 

 

The presence of a high concentration of Th2 cytokines IL-4 and IL-13 has been shown 

to decrease levels of antimicrobial peptides such as human beta defensin (HBD) 2, 

usually upregulated in inflammation as part of the host defence mechanism (Ong et al, 
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2002, Quinn and Cole, 2007).  Atopic dermatitis lesions and atopic airways are 

characterised by a Th2 phenotype, which causes downregulation of antimicrobial 

peptides so may be involved in the facilitation of colonisation by S.aureus.  Exposure to 

bacteria such as S.aureus is also thought to delay the expression of TLR2 (Quinn and 

Cole, 2007), which would cause delay in the innate response to infection.  However, 

treatment of normal HaCaT cells with S.aureus increases release of proinflammatory 

cytokines along with increasing expression of HBD-2 (Cho et al, 2009), so the presence 

of Th2 cytokines along with the bacteria is likely to be an important factor.   

 

The presence of high concentrations of IL-4 has also been shown to upregulate the 

expression of fibronectin and fibrinogen (Cho et al, 2001) utilised by S.aureus to adhere 

to the host, so an upregulation of the ligand also acts to increase bacterial adherence 

(Cho et al, 2001, Lin et al, 2007).  The ability of mast cells to internalise S.aureus has 

been recently shown by Rocha-de-Souza and colleagues (2008).  Once internalised, 

bacteria can evade phagocytosis and survive until conditions for escape and infection 

are desirable, as a mechanism of avoiding the innate immune response.  Infection 

caused increased expression of TLR2 and CD48 on cord blood-derived mast cells, 

which mediated this internalisation.  It is already widely accepted that mast cells have 

increased expression of FcεRI on their surface in allergic patients, but it is possible that 

they also have elevated expression of TLR2 and CD48 which would facilitate the 

increased colonisation of S.aureus seen in allergic disease (Rocha-de-Souza et al, 2008). 

 
 

 

Figure 1.5- Activation of T cells by superantigen  During normal antigen presentation, the antigen is 
presented to the T cell between the peptide binding groove of the MHCII and the variable region of the 
TCR.  Superantigens are able to activate T cells in a non-specific manner by binding the MHCII outside 
the peptide binding groove to the Vβ region of the TCR. Modified from Saloga and Knop, 1999 
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Toxins derived from bacteria such as S.aureus can act both as conventional allergens 

via IgE-mediated mechanisms and superantigens via non-IgE mediated mechanisms 

(Bachert et al, 2002, Breuer et al, 2001).  Superantigens are able to initiate polyclonal 

activation of naive αβ T cells by linking the β chain of the TCR to MHCII on an APC 

outside the peptide-binding groove, without prior antigen processing (Fleischer, 1991) 

(see figure 1.5).  APCs then release cytokines (Saloga and Knop, 1999) and T cells 

undergo polyclonal expansion and produce pro-inflammatory cytokines (Bachert et al, 

2002, Semic-Jusufagic et al, 2007); production of IL-1α, IL-1β and TNF-α mRNA has 

been detected in skin after toxin stimulation (Matsunaga et al, 1996).  As well as 

activating T cells, superantigens can also induce IgE synthesis in B cells and increase 

eosinophil activity, along with priming keratinocytes and Langerhans’ cells in the skin 

to act as accessory cells in the polyclonal T cell response (Breuer et al, 2001, Suh et al, 

2004).  There is also evidence that staphylococcal enterotoxins (SEs) may be able to 

activate other receptors such as TLR2 (Busam et al, 1992, Mandron et al, 2008).  SEs 

may therefore have a role in promoting an allergic phenotype, so the pathophysiology of 

nasal polyposis or allergic rhinitis may be related to that of asthma or atopic dermatitis. 

 

Many superantigen-triggered chronic inflammatory diseases such as atopic dermatitis 

and nasal polyposis are treated with steroids.  Corticosteroids, the frontline treatment of 

inflammatory disease, have been shown to downregulate S.aureus colonisation and 

subsequent mediator production in both the skin and the airways of the majority of 

patients (Fragaki et al, 2006, Guzik et al, 2005).  However, around 30% of atopic 

dermatitis cases show no symptomatic improvement with steroids and so require 

antibiotic treatment; these patients are those with the highest IgE titres and the strongest 

Th2 environments and therefore the more severe bacterial adherence (Guzik et al, 2005).   

 

Research by Hauk and colleagues (2000) has shown that superantigens can render 

individuals resistant to the actions of corticosteroids; normal PBMCs incubated with 

SEB show an increase in the dominant negative β-isoform of the glucocorticoid 

receptor (GR) (Rossi and Monasterolo, 2004).  There is good evidence for the use of 

topical steroids for nasal polyps in some cases, but steroid resistance is reasonably 

common (Bachert et al, 2005), which may be due to the effects of S.aureus.  Fakhri and 
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colleagues (2004) have previously shown that SEB induces upregulation of GRβ in 

atopic nasal tissue explants, contributing to steroid resistance; this leads to poor disease 

management so new therapies to treat superantigen-induced inflammation are required.  

 

Treatment for Inflammatory Disorders 

There are various treatments for inflammatory disorders available on the market.  

Whilst some treatments have been proven to be extremely effective at combating the 

inflammatory reaction, others have a much lower efficacy or undesirable side effects.   

Many treatments for diseases of specific tissues are aimed at providing symptomatic 

relief for the patient (such as bronchodilators for asthma and COPD or anti-pruritic 

creams for skin disease); these treatments are, however, just temporary measures and 

long-term solutions or ‘cures’ for inflammatory disease must target the underlying 

inflammation to prevent progression and irreversible tissue damage.  Treatments for 

allergic disease tend to focus on reducing the local symptoms, but allergy tends to be 

caused by a systemic defect and hence long-term improvements will only be seen by 

treating the disease systemically and not just using topical treatments (Marshall, 2000). 

 

The most common therapies used for treating inflammation to date are the 

corticosteroids, synthetic glucocorticoids.  Glucocorticoids are 21 carbon steroid 

hormones.  Cortisol is a naturally occurring glucocorticoid which was first used 

medically in 1948 to treat rheumatoid arthritis (Schacke et al, 2002).  The potency of a 

glucocorticoid depends on its rate of absorption, the concentration that reaches the 

target tissue, its affinity for the steroid receptor, as well as its rate of metabolism and 

clearance; taking all of these factors into consideration it is not surprising that there is a 

huge range in plasma half lives of steroids, from 80 minutes (cortisol) to 270 minutes 

(dexamethasone) (Schacke et al, 2002).  Due to their hormonal and lipophilic nature, 

glucocorticoids can pass freely through the cell membrane (De Bosscher et al, 2000).  

When a corticosteroid diffuses across a cell membrane, it encounters the GR and can 

exert anti-inflammatory actions using various mechanisms, which will be discussed in 

detail in chapter 5 (see figure 5.1 for schematic diagram). 

 

Corticosteroids have little effect on the cytokine networks that cause remodelling and 

irreversible tissue damage, and long-term systemic use (for example, in approximately 

10% of asthmatics), can lead to side effects such as Cushing’s syndrome, diabetes, 
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osteoporosis, impaired wound healing and thinning of the skin (Saklatvala, 2002, 

Schake et al, 2002).  Most of these side effects are caused by DNA binding (Barnes, 

2000), but there are many anti-inflammatory mechanisms of glucocorticoids which do 

not involve DNA binding (Schake et al, 2002).  Separation of the action of the drug 

from this particular mechanism of action would reduce side effects; for example 

specific NFкB inhibitors would probably have similar inhibitory profiles but with the 

advantage of reduced systemic side-effects.   

 

As well as systemic delivery, steroids are also available for topical delivery, such as 

inhaler, nasal spray or cream, which treats local symptoms and reduces systemic side-

effects.  For example, topical fluticasone nasal spray is widely used in the treatment of 

allergic and non-allergic rhinitis, sinusitis and nasal polyposis and is generally 

successful in reducing the number of activated eosinophils and T cells (Hamilos et al, 

1999, Holmberg et al, 1997, Kondo et al, 1999, Lozewicz et al, 1992).  Inhaled 

corticosteroids (ICS) are also commonly used for the treatment of asthma; it has been 

widely shown that ICS decrease airway inflammation and the associated 

hyperresponsiveness, which is enhanced by the addition of β2 adrenoceptor agonists in 

the treatment regime (Kaur et al, 2008).  However, these drugs may not be effective in 

treating exacerbations of asthma or COPD, as it has been shown that they only reduce 

exacerbation rate by 40% in asthma, and even less in COPD (Edwards et al, 2007). 

 

The corticosteroids provide a generalised treatment for inflammation, but other 

treatments that have specific targets within individual conditions may be more effective.  

Furthermore, steroid insensitivity is becoming more common, for example in many 

cases of nasal polyps (Tuncer et al, 2003, Valera et al, 2008), indicating that there is an 

unmet therapeutic need.  The mechanism of this steroid resistance is thought to be 

expression of the dominant negative isoform of GR, GRβ, which binds the GR but is 

transcriptionally inactive (Bamberger et al, 1995, Oakley et al, 1999).  There is 

considerable evidence of increased GRβ expression in diseases which show steroid 

resistance, such as asthma and nasal polyposis (Hamid et al, 1999, Hamilos et al, 1999).  

In addition, whilst steroids have historically been used in COPD treatment, evidence is 

emerging that they may in fact exacerbate inflammation by elevating the number of 

neutrophils, the main effector cells of the disease (Cox, 1995, Meagher et al, 1996).  
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When inflammation has an allergic basis, such as asthma or allergic rhinitis, 

antihistamines have been shown to be effective in some cases; studies have shown a 

significant decrease in asthma symptoms and nasal polyposis after local H1 

antihistamine treatment, and long-term use may reduce disease progression (Akdis and 

Simons, 2006, Kowalski et al, 2005, Marshall, 2000).  Antihistamines appear to have 

higher efficacy in patients where more than one allergic disease co-exist (Bachert et al, 

2005, Marone et al, 2003) but are not effective in all cases, and many first generation 

antihistamines cause undesirable side-effects such as drowsiness at therapeutic 

concentrations (Marshall, 2000).  Because the function of antihistamines is to prevent 

the actions of histamine, they are generally only effective against the early phase 

response, as this is the part mediated by histamine, whereas the late phase is primarily 

mediated by cellular infiltration (Marshall, 2000).   

 

Cyclosporin A (CsA) and methotrexate (MTX) are immunosuppressive drugs that are 

commonly used in dermatology, primarily for the treatment of psoriasis but also in 

severe atopic dermatitis (Akhavan and Rudikoff, 2008).  CsA was originally isolated 

from a fungus found in soil and is traditionally used to prevent organ rejection.  CsA 

functions as an inhibitor of calcineurin phosphatase, usually responsible for T cell 

activation via production of IL-2 (Warren and Griffiths, 2008).  MTX is a less toxic 

derivative of the anti-leukaemia drug aminopterin, given weekly in low doses to control 

symptoms of severe psoriasis and atopic dermatitis (Bateman et al, 2007, Cronstein et 

al, 1993, Warren and Griffiths, 2008).  MTX is a structural analogue of folic acid and 

interferes with purine and pyrimidine synthesis, preventing cell proliferation, although 

research suggests that its anti-inflammatory effects are mediated primarily by elevated 

adenosine levels (Chan and Cronstein, 2002, Cronstein et al, 1993, Linden, 2005).  

 

Bronchodilators such as the β adrenoceptor agonists are commonly used for 

symptomatic relief of respiratory disease such as asthma and the mechanism of action is 

believed to be the relaxation of airway smooth muscle to facilitate airflow.  However, 

there is evidence that both salbutamol and salmeterol can also prevent release of 

histamine and TNFα from mast cells, indicating that these drugs may also have anti-

inflammatory actions (Bissonnette and Befus, 1997).  The most effective therapies 
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should combine mediator blockers such as antihistamines and anti-leukotrienes with 

anti-inflammatories to combat both the early and late phase responses (White, 1999); 

newer generation antihistamines such as desloratadine have been shown to not only 

block the H1 histamine receptors to downregulate the early allergic response, but also to 

decrease inflammation in a non-specific manner (Marshall, 2000), so there is potential 

for this class of drugs to provide therapeutic benefit.  Early treatment with systemic 

agents may act to prevent the atopic march and reduce development of further allergic 

disease. 

 

We have developed an explant model to study inflammation in human lung tissue 

explants and we wished to adapt the model for use in other human tissues.  In humans, 

the skin and nasal passage as well as the lung are common sites of inflammation.  

However, these tissues have different structures and resident cellular populations and so 

inflammatory responses in these different tissues are likely to be distinct.  Inflammatory 

diseases in different tissues are however thought to be linked in some cases; for 

example, allergy can manifest as inflammation in the skin, lung and nasal passage with 

a common cause and mechanism.  We therefore wanted to determine whether 

experimentally induced inflammatory responses were similar or distinct in different 

human tissues. 

 

Responses of the tissue to various inflammatory stimuli in vitro can be used to study the 

release of inflammatory molecules, activation of inflammatory cells and tissue damage.  

We can then investigate ways to modulate the response to potentially provide 

therapeutic benefit.  We are interested in determining some of the tissue-specific events 

that occur in inflammatory responses.  This should lead to a better understanding of 

inflammatory disorders and how they can be specifically targeted, with the potential to 

lead to new models to test disease-modifying drugs. 

 

Aims and Hypotheses 

• Hypothesis 1- The cytokine profiles of different human tissues are distinct 

• Aims: 

1. To measure release of TNF-α, IL-1β, IL-6, IL-8 and IL-10 from human 

lung, skin and nasal tissue explants by enzyme-linked immunosorbent 

assay (ELISA) following stimulation with LPS and anti-IgE 
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2. To compare the kinetics of cytokine release from lung, skin and nasal 

tissue explants up to 48 hours 

 

• Hypothesis 2- The cellular profiles of skin, lung and nasal tissue explants are 

distinct and stimuli have varying abilities to diffuse through the tissues 

• Aims: 

1. To stain sections immunohistochemically and enumerate the 

macrophages, mast cells, neutrophils and eosinophils present within 

fixed lung, skin and nasal tissue explants 

2. To investigate whether cell counts can predict the level of TNF-α release 

upon stimulation with LPS and anti-IgE 

3. To determine to what extent anti-IgE can diffuse into stimulated explants 

of lung, skin and nasal tissue using immunofluorescence 

 

• Hypothesis 3- Human skin explants are unable to respond to stimulation 

through the intact epidermis 

• Aims: 

1. To adapt the skin explant model to make it more physiologically relevant 

using the Franz diffusion chamber model, stimulating the skin with LPS 

on the epidermal side and measuring TNF-α, IL-1β, IL-6, IL-8 and IL-10 

release through the dermis 

2. To investigate the effects of barrier disruption and barrier evasion on 

cytokine release from LPS-stimulated skin in diffusion chambers  

 

• Hypothesis 4- S.aureus can generate cytokine release from human skin, lung 

and nasal tissue explants 

• Aims: 

1. To stimulate skin, lung and nasal tissue explants with heat-killed 

S.aureus and measure release of TNF-α, IL-1β, IL-6, IL-8 and IL-10 

2. To compare the response to S.aureus with some of its components, 

namely PGN, SEA and SEB. 
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3. To investigate the ability of staphylococcal stimuli to induce release of 

Th2 cytokines IL-5 and IL-13 from human lung, skin and nasal tissue 

explants 

 

• Hypothesis 5- Dexamethasone inhibits experimentally-induced cytokine release 

from human lung, skin and nasal tissue explants 

• Aims: 

1.  To determine the ability of dexamethasone to downregulate LPS-, anti-IgE- 

and PGN-induced release of TNF-α and IL-10 from human lung, skin and 

nasal tissue explants 

2. To compare the potency of dexamethasone in lung, skin and nasal tissue by 

determining IC50 values 

 

• Hypothesis 6- Cyclosporin A and methotrexate inhibit experimentally-induced 

cytokine release from human skin explants 

• Aims: 

1. To determine the ability of cyclosporin A and methotrexate to downregulate 

Toll-like receptor-mediated release of TNF-α and IL-10 from human skin 

explants, stimulating tissue with LPS and PGN 

2. To determine the ability of cyclosporin A and methotrexate to downregulate 

T cell-mediated release of TNF-α and IL-10 from human skin explants, 

stimulating tissue with PHA 
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2.1 Chemicals and Reagents 
2.1.1 Materials 

Diaminobenzedine (DAB) chromagen kit was purchased from BioGenex (Longfield, 

UK).  Nitrocellulose membrane was purchased from Bio-Rad (Hemel Hempstead, UK).  

Coverslips, microscope slides and pertex mounting medium were purchased from Cell 

Path (Newtown, UK).  Pronase was purchased from Dako (Ely, UK).  Acetone, citric 

acid, glycine, Mayer’s haematoxylin, methanol, NaCl, Na2HPO4, KCl, KH2PO4, tris, 

tween 20 and xylene were purchased from Fisher Scientific (Loughborough, UK).  

Hoechst 33342 and TO-PRO3 iodide were purchased from Invitrogen (Paisley, UK).  

HCl was purchased from Merck Chemicals (Nottingham, UK).  RPMI-1640 culture 

medium and fetal calf serum (FCS) were purchased from PAA Laboratories (Yeovil, 

UK).  Photo developer and fixer were purchased from Photosol (Basildon, UK).  

Bicinchonic acid (BCA) protein assay reagents A and B and super signal 

electrochemiluminescence (ECL) substrate system were purchased from Pierce (Perbio 

Science UK Ltd, Cramlington UK).  Lactate dehydrogenase (LDH) was purchased from 

Roche Applied Science (Burgess Hill, UK).  O-Rings were purchased from RS Online 

(Southampton, UK).  Tissue Tek optimum cutting temperature (OCT) compound was 

purchased from Sakura Finetek (Thatcham, UK).  Aminopropyltriethoxysilane 

(APES), anti-IgE, bovine serum albumin (BSA), broad spectrum protease inhibitor 

cocktail (PIC) (containing 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF), 

transepoxy-succinyl-L-leucyl-amino (4-guanidino) butane (E-64), bestatin, leupeptin, 

aprotinin and sodium EDTA), cycloheximide (CHX), cyclosporin A (CsA), 

dexamethasone, dimethyl sulfoxide (DMSO), Dulbecco’s modified eagle’s medium 

(DMEM), gentamicin, goat immunoglobulin G (IgG), human serum, human serum 

albumin (HSA), Kodak x-ray film, lipopolysaccharide (LPS), methotrexate (MTX), 

Na2CO3, NaHCO3, paraformaldehyde (PFA), penicillin-streptomycin, peptidoglycan 

(PGN) from S.aureus, phytohaemagglutinin (PHA), poly-L-lysine (PLL), 

staphylococcal enterotoxin A (SEA), staphylococcal enterotoxin B (SEB), 

tetramethylbenzidine (TMB) and trypan blue were purchased from Sigma-Aldrich 

(Poole, UK).  10% neutral-buffered formalin was purchased from Surgipath 

(Peterborough, UK).  Avidin/Biotin blocking kit, Vectashield mounting medium and 

Vectastain Elite ABC standard kit were purchased from Vector Laboratories 

(Peterborough, UK). 
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2.1.2 Antibodies 

Monoclonal mouse anti-human mast cell tryptase (clone AA1) and polyclonal rabbit 

anti-human Toll-like receptor (TLR) 2 and 4 antibodies were purchased from Abcam 

(Cambridge, UK).  Fluorescein isothiocyanate (FITC) conjugated polyclonal goat anti-

human IgE antibody was purchased from Antibodies Online (Aachen, Germany).  

Polyclonal rabbit anti-human cluster of differentiation (CD)-3, monoclonal mouse anti-

human CD68 (clone PGM-1), monoclonal mouse anti-human neutrophil elastase (clone 

NPS7), horseradish peroxidase (HRP)-conjugated goat anti rabbit immunoglobulins, 

biotinylated swine anti-rabbit immunoglobulins (F(ab’)2 fragment), biotinylated rabbit 

anti-mouse immunoglobulins (F(ab’)2 fragment) antibodies and rabbit immunoglobulins 

isotype control were purchased from Dako (Ely, UK).  Monoclonal mouse anti-human 

EG2 (clone ECP) was purchased from Diagnostics Development (Uppsala, Sweden).  

Alexa fluor 568-conjugated rabbit anti-goat immunoglobulins antibody was purchased 

from Invitrogen (Paisley, UK).  Monoclonal mouse anti-human tumour necrosis factor 

(TNF)-α (clone 6401, IgG1) and interleukin (IL)-10 (clone 25209, IgG2B) antibodies and 

respective isotype controls were purchased from R&D Systems (Abingdon, UK). 

 

2.1.3 Buffers and Solutions 

The following buffers were used for tissue culture: Phosphate buffered saline (PBS) 

contained 0.1M NaCl, 2.7mM KCl, 1.8mM KH2PO4 and 10mM Na2HPO4, RPMI 1640 

was supplemented with 50 units penicillin, 0.05mg streptomycin and 0.1mg gentamicin 

per ml. 

 

The following buffers were used for enzyme-linked immunosorbent assay (ELISA): 

Assay buffer for Biosource ELISAs contained 0.5% BSA in PBS, Assay buffer for 

R&D Systems ELISAs contained 1% BSA in PBS, Coating buffer for Biosource 

ELISAs contained 0.1mM NaHCO3 and 0.1mM Na2CO3 at pH 9.4, Wash buffer 

contained 0.1% Tween 20 in PBS. 

 

The following buffers were used for immunohistochemistry: Blocking solution 

contained 20% FCS and 1% BSA in DMEM, Citrate buffer contained 10mM citric 

acid at pH 6.0, Tris buffered saline (TBS) contained 0.13M NaCl, 5mM Tris and 4mM 

HCl, pH adjusted to 7.6. 
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The following buffers were used for immunofluorescence: Blocking solution contained 

10% FCS and 1% BSA in PBS. 

 

The following buffers were used for dot blot: Blocking solution contained 5% BSA and 

0.1% Tween 20 in PBS, Towbins contained 25mM Tris, 190nM glycine and 20% 

methanol. 

 

2.2 Preparation of Human Tissue Samples 
2.2.1 Preparation of Human Lung Tissue Explants 

Human lung tissue was obtained under ethical permission from Southampton General 

Hospital, Southampton University Hospitals NHS Trust, from patients undergoing lung 

resection, bullous repair or lung volume reduction surgery.  Clinical data were collected 

about the patient’s lung function, smoking history, corticosteroid use and history of 

allergic disease (shown in table 2.2.1).  The lung tissue was finely chopped with scissors 

into fragments and washed several times with PBS, before storage overnight in a tissue 

culture flask in RPMI-1640 at 37°C in 5% CO2 to stabilise the tissue.  Some lung tissue 

was fixed for 48 hours in 10% neutral-buffered formalin and embedded in paraffin 

blocks for immunohistochemistry. 

 

2.2.2 Preparation of Human Skin Explants 

Human skin was obtained under ethical permission from Princess Anne Hospital, 

Southampton University Hospitals NHS Trust, from patients undergoing mastectomy.  

The subcutaneous fat was removed using scissors and the skin was finely chopped with 

a scalpel into fragments containing both dermal and epidermal tissue and washed 

several times with PBS.  For diffusion chamber experiments, 10mm biopsies were cut to 

be mounted on diffusion chambers and 6mm biopsies were cut for parallel biopsy 

experiments.  Skin fragments were stored overnight in a tissue culture flask in RPMI-

1640 at 37°C in 5% CO2 to stabilise the tissue.  Some skin was fixed for 48 hours in 

10% neutral-buffered formalin and embedded in paraffin blocks for 

immunohistochemistry. 
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2.2.3 Preparation of Human Nasal Tissue Explants 

Human nasal tissue was obtained under ethical permission from Southampton General 

Hospital, Southampton University Hospitals NHS Trust, from patients undergoing 

endoscopic sinus surgery.  Clinical data were collected about the patient’s smoking 

history, medication and history of allergic disease (shown in table 2.2.1).  The tissue 

was finely chopped with scissors into fragments and washed several times with PBS, 

before storage overnight in a tissue culture flask in RPMI-1640 at 37°C in 5% CO2 to 

stabilise the tissue.  Some nasal tissue was fixed for 48 hours in 10% neutral-buffered 

formalin and embedded in paraffin blocks for immunohistochemistry. 

 

  Nasal Tissue  
 Skin Polyp Turbinate Lung 

No of subjects 120 39 33 92 (73 cancer (79%),          
19 non-cancer (21%)) 

Age (years) 63±1 50±2 42±2 62±2 

Gender 120f (100%)    
0m (0%) 

11f (28%)       
28m (72%) 

20f (61%)           
13m (39%) 

34f (37%)             
58m (63%) 

Lung function 
(FEV

1
/FVC) - - - 0.66±0.02               

(28 unknown) 

Smoking status - 
8 current (21%)                   

16 ex (41%)                          
15 non (38%) 

10 current (30%)                
12 ex (36%)                         

11 non (33%) 

30 current (33%)                 
39 ex (42%)                         

16 non (17%)                        
7 unknown (8%) 

Current steroids - 27 (69%) 7 (21%) 16 (17%) 

Allergy/asthma - 22 allergy (56%), 
25 asthma (64%) 

24 allergy (73%),     
9 asthma (27%) 

22 allergy (24%),       
9 asthma (10%) 

Table 2.2.1- Patient characteristics  Human skin, nasal tissue and lung samples were collected.  The age 
and gender of all patients were recorded and the smoking history, medication and allergic status of the 
patients who donated lung or nasal tissue were noted, along with lung function of lung patients. 
 

2.3 Experimental Methods- Tissue Culture 
2.3.1 LPS and Anti-IgE Dose-Response Curves 

RPMI buffer was added to each well of a 24-well plate and approximately five 

fragments of tissue were added to each well.  The tissue was stimulated with a range of 

concentrations of LPS (0.1 to 1000ng/ml) and anti-IgE (0.1 to 1000µg/ml) as shown in 

figure 2.3.1.  A goat IgG isotype control and buffer control were included.  The plate 

was then incubated for 24 hours at 37ºC in 5% CO2.  After 24 hours, tissue was 

carefully removed from the wells and blotted on paper towel, then transferred to 

previously weighed tubes.  Supernatants were aliquoted and all samples stored at -70°C 

until required for analysis. 
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Figure 2.3.1- Experimental set-up RPMI buffer was added to each well of a 24-well plate and 
approximately five explants added. Tissue was pre-incubated with drugs, inhibitors or buffer then 
stimulated for 2, 6, 24 or 48 hours. Tissue was then  weighed and supernatant aliquoted and frozen. 
 

2.3.2 LPS and Anti-IgE Kinetics 

Following dose-response experiments, concentrations of anti-IgE and LPS which 

induced sub-maximal release of TNF-α were selected for use in kinetics experiments.  

Tissue was stimulated with 100µg/ml anti-IgE, 100ng/ml LPS or buffer control and 

incubated for various lengths of time (2, 6, 24 or 48 hours).  Tissue was removed from 

the wells and weighed and supernatants were stored at -70ºC until analysis. 

 

2.3.3 Fluorescent Anti-IgE Experiments 

To determine the ability of anti-IgE to penetrate the tissue, explants were stimulated in 

the usual manner with 10µg/ml FITC conjugated anti-IgE or buffer alone for 24 hours.  

Tissue was then removed and snap frozen in liquid nitrogen for use in 

immunofluorescence.  Tissue was also stimulated with unlabelled anti-IgE (100µg/ml) 

or buffer alone for 24 hours and snap frozen in liquid nitrogen.  Supernatants were 

aliquoted and stored at -70°C until analysis. 

 

2.3.4 Cells vs Tissue Experiments 

To investigate the ability of cells which migrate out of the tissue explants to respond to 

stimulation, explants were incubated in RPMI alone at 37°C in 5% CO2 for 24 hours, 

then transferred to fresh media.  The wells which previously contained the tissue (now 

only containing cells which have migrated out of the tissue), and the wells now 

containing the tissue were stimulated in parallel with 100ng/ml LPS, 100µg/ml anti-IgE 
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or buffer control for 24 hours.  After this time, tissue was removed and weighed and the 

supernatant was centrifuged at 800rpm for 5 minutes at 4°C.  Supernatants were then 

aliquoted for cytokine quantification and viable cells in all wells were quantified, as 

determined by Trypan blue exclusion.  

 

2.3.5 Human Serum Experiments 

To determine the effect of serum concentration in the media on cytokine release, skin 

fragments were stimulated with buffer control or 100ng/ml LPS in the presence of 

various concentrations of human serum (0.5, 1 or 5%) or buffer control for 24 hours.  

Tissue was removed and weighed and supernatants aliquoted and frozen until analysis. 

 

2.3.6 Cycloheximide Experiments 

To determine the effects of blocking synthesis of new proteins, skin fragments were 

incubated with 100µg/ml CHX or buffer control for 1 hour prior to stimulation with 

100ng/ml LPS, 100µg/ml anti-IgE, 100µg/ml PGN, 5x107 CFU/ml heat-killed 

Staphylococcus aureus or buffer alone for 24 hours before harvesting as described in 

section 2.3.1. 

 

2.3.7 Neutralising TNF-α  and IL-10 Experiments 

To determine the role of TNF-α and IL-10 in the production of other cytokines, 

neutralising antibodies were utilised to prevent their effects.  Human skin explants were 

pre-incubated for 1 hour with 1µg/ml neutralising TNF-α or IL-10 antibody, or isotype 

control (mouse IgG1 or IgG2B respectively), prior to stimulation with 100ng/ml LPS or 

buffer control for 24 hours. Cytokine release was determined by ELISA.  

 

2.3.8 Diffusion Chambers 

Franz diffusion chambers were utilised to assess the inflammatory response in the skin 

induced by addition of an inflammatory stimulus to the intact epidermis, measuring 

mediator release through the dermis into the culture medium.  Diffusion chambers were 

manufactured by Mr Lee Mulholland, University of Southampton School of Chemistry.  

1ml RPMI was added to the lower chamber, then 10mm skin biopsies were mounted on 

chambers in between polytetrafluoroethylene (PTFE)-coated rings and O-rings, secured 

with springs (see figure 2.3.2).  50µl of 1mg/ml PGN, 1µg/ml LPS or buffer control was 
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added to the epidermis and incubated at 37ºC in 5% CO2 for 24 hours.  6mm skin 

biopsies were placed in 24 well plates and stimulated in the same manner as explants, 

with 100ng/ml LPS or 100µg/ml PGN, for comparison. 

 

To assess the role of the skin’s barrier in the inflammatory response, barrier disruption 

techniques were performed on skin biopsies.  Some samples were incubated overnight 

in RPMI at 37°C in 5% CO2, some scraped with a scalpel blade to remove the stratum 

corneum and others repeatedly (x20) tape stripped to disrupt the epidermal barrier.  To 

each of these samples, along with control samples, 50µl of 1µg/ml LPS of buffer control 

was added to the epidermis and chambers incubated at 37ºC for 24 hours.  The effect of 

stimulating the dermal side of the skin with LPS was also assessed by adding 100ng/ml 

LPS to the lower chamber rather than stimulating the epidermis.  After 24 hours, the 

tissue was removed and trimmed to leave only the exposed area before storage of tissue 

and supernatants at -70 ºC until analysis. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.3.2- Diffusion chambers  RPMI was added to the lower chamber and a 10mm skin biopsy was 
mounted in the diffusion chamber between PTFE-coated rings and O-rings, secured with springs.  The 
stimulus was added to the upper chamber and the chamber incubated for 24 hours at 37°C in 5% CO2.  
The supernatant in the lower chamber was aliquoted and frozen until analysis. 
 

2.3.9 Heat-killed Bacteria Experiments 

Clinically isolated S.aureus and S.epidermidis cultures were kindly provided by Dr 

Myron Christodoulides.  Colonies were grown on agar plates and quantified, before 

heat-treating.  Bacteria were treated at 56ºC for 1 hour and 45 minutes and confirmed as 
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>99.9% killed.  After viable counts were taken, bacteria were aliquotted and stored at -

70ºC.  RPMI was added to a 24-well plate and approximately five fragments of tissue 

were added to each well, as previously described in section 2.3.1.  Tissue was 

stimulated with various concentrations of S.aureus (5x104, 5x105, 5x106 or 5x107 heat-

killed colony-forming units (CFU)/ml), S.epidermidis (103, 104, 105, 106 or 5x107 heat-

killed CFU/ml), 100ng/ml LPS or buffer alone and incubated for 2, 6, 24 or 48 hours.  

After incubation, tissue was removed and weighed and supernatants were stored at -70 

ºC until ELISA. 

 

2.3.10 Staphylococcal Cell Wall and Toxin Experiments 

Tissue was added to 24 well plates as previously described and stimulated with a range 

of concentrations of PGN (0.1 to 100µg/ml) to approximately match the concentrations 

of S.aureus used.  SEA and SEB were used at 1 to 1000ng/ml and 100ng/ml LPS was 

included as a positive control.  The plate was then incubated for 24 hours at 37ºC in 5% 

CO2. Doses of PGN (10µg/ml), LPS, SEA and SEB (all 100ng/ml) which give 

submaximal responses were selected and experiments carried out to determine whether 

any synergistic effects between PGN and staphylococcal toxins exist; skin fragments 

were added to a culture plate and stimulated with PGN, LPS, SEA, SEB or buffer alone.  

Some wells were stimulated with PGN and the other stimuli (LPS, SEA, SEB) together 

and incubated for 24 hours at 37°C in 5% CO2.  To examine the kinetics of the response 

to the staphylococcal stimuli, tissue explants were also stimulated with 10µg/ml PGN, 

100ng/ml SEA or SEB or buffer alone for 2, 6, 24 or 48 hours.  Tissue was then 

removed and weighed, supernatants aliquoted and stored at -70°C until analysis. 

 

2.3.11 Drug Experiments 

Tissue explants were pre-incubated with 0.1, 1, 10, 100 or 1000nM dexamethasone or 

buffer alone for 16 hours prior to stimulation with 100µg/ml anti-IgE, 100µg/ml PGN, 

100ng/ml LPS or buffer control for 24 hours.  Some tissue samples were incubated 

overnight with 1µM dexamethasone, fixed in 10% neutral buffered formalin and 

embedded in paraffin for immunohistochemistry.  Skin explants were also pre-incubated 

with 10, 100 or 1000ng/ml CsA or MTX, or 0.1% DMSO as a vehicle control, for 1 

hour prior to stimulation with 100ng/ml LPS, 100µg/ml PGN or 10µg/ml PHA for 24 

hours at 37°C in 5% CO2. 
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2.4 Analysis of Cytokine Release 
2.4.1 Interleukin-1β  and 13 ELISAs 

IL-1β and IL-13 levels were measured using commercially available ELISA kits from 

R&D Systems (Abingdon, UK). 96-well microtitre plates were coated with coating 

antibody for 16 hours at room temperature.  Plates were washed and blocked with 1% 

BSA in PBS for 2 hours at room temperature.  100µl of sample or standard was added to 

appropriate wells and plates were incubated at room temperature for two hours with 

continual agitation.  They were then washed four times with 0.1% PBS-Tween and 

blotted on paper towel.  100µl of anti-IL-1β or IL-13 detection antibody was added to 

the plate and incubated for two hours at room temperature with continual agitation.  The 

plate was washed and 100µl of streptavidin-HRP conjugate added and incubated for 20 

minutes.  The plates were washed again and 100µl of HRP substrate, TMB, was added 

to each well.  The reaction between TMB and HRP was terminated using 1M HCl.  The 

optical density of plates was then read at 450nm using a plate reader.  Cytokine 

concentration was determined by comparing optical density readings with the standard 

curve.  The limit of detection of IL-1β was 0.47pg/ml and IL-13 was 0.85pg/ml. 

 

2.4.2 Tumour Necrosis Factor-α, Interleukin-5, 6, 8 and 10 ELISAs 

For the TNF-α, IL-6, 8 and 10 ELISAs, Biosource (Invitrogen, Paisley, UK) kits were 

used.  96-well plates were coated with the appropriate capture antibody and incubated 

for 16 hours at 4ºC.  The plates were washed and blocked for two hours with 0.5% BSA 

in PBS at room temperature.  After washing, 100µl of sample or standard was added to 

each well, along with 50µl of the appropriate mouse anti-human detection antibody.  

This was incubated for two hours with continual agitation, then washed and 100µl of the 

streptavidin-HRP was added.  This was washed after 30 minutes and then 100µl of 

TMB was added.  50µl of 1M HCl was used to terminate the reaction and plates were 

read at 450nm.  Cytokine concentration was determined by comparing optical density 

readings with the standard curve. The limit of detection of TNF-α was 0.45pg/ml, IL-10 

was 0.64pg/ml, IL-5 was 0.97pg/ml, IL-6 was 0.52pg/ml and IL-8 was 0.99pg/ml. 
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2.5 Protein Assays 
2.5.1 Lactate Dehydrogenase Assay 

Cell death was quantified using a commercially available cytotoxicity detection kit from 

Roche (West Sussex, UK).  Samples were added to the plate at a 1:10 dilution in 0.1% 

PBS Tween and an LDH standard curve was also included, made up in 10% RPMI.  

The dye and catalyst solutions provided in the kit were mixed according to the 

instructions and 50µl was added to each well.  Plates were read at 492nm.  The limit of 

detection of LDH was 0.41ng/ml. 

 

2.5.2 Bicinchonic Acid Assay 

Total protein level of supernatants was quantified using a commercially available BCA 

protein assay from Pierce (Perbioscience UK Ltd, Cramlington, UK).  Samples were 

diluted 1:50 in distilled water and 100µl of the BCA protein assay substrate, made up 

according to manufacturers instructions, added.  Optical density was determined at 

540nm using a plate reader and samples were compared to a standard curve of HSA.  

The limit of detection of protein was 1.23µg/ml. 

 

2.6 Immunostaining 
2.6.1 Immunohistochemistry for Inflammatory Cells 

Tissue samples were fixed for 48 hours in 10% neutral-buffered formalin and embedded 

in paraffin.  4µm sections were cut from paraffin blocks using a Leica RM2135 paraffin 

microtome, floated out on a water bath and picked up on APES-coated slides.  Sections 

were dried at 37°C for at least 24 hours prior to use.  Sections were deparaffinised in 

xylene (2x10 minutes) and rehydrated through graded alcohols to 70%.  Endogenous 

peroxidases were inhibited with 0.5% hydrogen peroxide in methanol for 10 minutes.  

Slides were then washed in TBS for 3x2 minutes.  At this stage, the appropriate antigen 

retrieval procedures were performed.  The mast cell tryptase antibody required 

microwave citrate antigen retrieval, so these slides were microwaved on medium power 

in citrate buffer for 25 minutes.  The EG2, CD68 and neutrophil elastase antibodies 

required pronase pre-treatment; these slides were covered in 0.5mg/ml pronase for 10 

minutes at room temperature.  All slides were then washed in TBS before the protocol 

was resumed.  Avidin and non-reactive biotin solutions were then added for 20 minutes 

each, with a washing step in between.  The slides were washed again and blocking 
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solution was applied for 20 minutes.  Slides were then drained and primary antibodies 

applied at appropriate dilutions (mast cell tryptase 375ng/ml, EG2 2µg/ml, CD68 

400µg/ml and neutrophil elastase 350µg/ml) and slides incubated at 4°C overnight.  

 

The following day, slides were washed in TBS (3x5 minutes), drained and the 

secondary antibody (biotinylated rabbit anti-mouse immunoglobulins (F(ab’)2 fragment, 

1.8µg/ml) applied for 30 minutes.  After another wash step, avidin biotin-peroxidase 

complexes were added according to manufacturer’s instructions and incubated for 30 

minutes, followed by further washing.  The chromagen DAB was then added for 5 

minutes, then slides were rinsed in TBS and washed in running tap water for 5 minutes.  

Sections were counterstained with Mayer’s haematoxylin and blued in running tap 

water for a further 5 minutes.  Slides were then dehydrated through graded alcohols, 

cleared in xylene and mounted in pertex mounting media.  Positive cells were quantified 

on x40 magnification and results expressed as positive cells/mm2.  

 

2.6.2 Immunohistochemistry for Toll-Like Receptor 2 and 4 

A similar procedure to that detailed in section 2.6.1 was utilised to examine the 

expression of TLR-2 and 4 in tissue and the effect of dexamethasone on this expression.  

The required antigen retrieval procedure for all slides was microwave citrate, which was 

carried out as previously described in section 2.6.1.  Primary antibodies were polyclonal 

rabbit anti-human TLR2, utilised at 1µg/ml, and TLR4 at 1.33µg/ml, with matching 

rabbit immunoglobulin isotype controls.  A polyclonal rabbit-anti human CD3 antibody 

at a concentration of 3µg/ml was included as a positive control.  The secondary 

antibody for all slides was a biotinylated swine anti-rabbit immunoglobulins (F(ab’)2 

fragment) antibody, used at a concentration of 2.4µg/ml.  For lung, nasal tissue and the 

dermis of the skin, positive cells were quantified on a magnification of x40 and 

expressed as positive cells/mm2.  Due to the diffuse, punctate nature of the TLR staining 

in the skin’s epidermis, epidermal percentage staining was calculated using Zeiss 

KS400 image analysis software. 

 

2.6.3 Immunofluorescence 

Tissue was snap-frozen in liquid nitrogen and embedded in Tissue Tek OCT.  10µm 

sections were cut from the centre of the biopsies using a Leica CM 1950 cryostat and 
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mounted on PLL-coated slides.  When tissue was treated with FITC anti-IgE, sections 

were fixed in 4% PFA in PBS for 10 minutes and washed in PBS (3x2 minutes).  Nuclei 

were then stained with 1µM TOPRO-3 for 10 minutes and slides were washed and 

mounted in Vectashield, then stored at 4°C until imaging.  Sections were imaged using 

two-channel microscopy on a Zeiss confocal laser microscope on x40 magnification.  

When tissue was treated with unlabelled anti-IgE, sections were firstly fixed in ice-cold 

acetone for 10 minutes at -20°C.  Next, slides were washed in PBS to remove the OCT 

then dried.  Sections were blocked for 1 hour in 20% FCS and 1% BSA in PBS at room 

temperature, then washed in PBS and allowed to dry.  The secondary antibody, Alexa 

fluor 568-conjugated rabbit anti goat IgG at a concentration of 4µg/ml, was then added 

for 1 hour.  After a further wash step nuclei were counterstained with 10µg/ml Hoechst 

33342 for 10 minutes, then slides washed and mounted in Vectashield.  Sections were 

viewed using a fluorescent microscope on x20 magnification. 

 

2.7 Immunoblotting 
2.7.1 Preparation of Tissue Homogenates 

Fragments of tissue were finely chopped using scissors and a scalpel blade, then 1ml of 

ice cold PIC in 1% PBS Tween was added. Samples were homogenised on ice using a 

Soniprep 150 sonicator set at an amplitude of 6 microns for 12 cycles of 10 seconds 

followed by 20 seconds rest, repeated 3 times with chopping between cycles.  Samples 

were then centrifuged at 14,000rpm for 15mins at 4°C.  Total protein level of 

supernatants was quantified using the commercially available BCA assay (see section 

2.5.2) and samples were then stored at -70°C until analysis by dot blot. 

 

2.7.2 Dot Blots 

Previously homogenised, paired skin samples treated with 1µM dexamethasone or 

buffer control were analysed for TLR2 expression.  Nitrocellulose membrane was 

briefly soaked in Towbins buffer and then 10µg of protein of homogenised samples 

were added under vacuum.  The membrane was blocked in 5% BSA in 0.1% PBS-

Tween at 4°C for 16 hours, then washed in 0.1% PBS-Tween (3x15 minutes).  

Polyclonal rabbit-anti human TLR2 antibody at a concentration of 0.5µg/ml was then 

added to the membrane and incubated at room temperature for 2 hours with continual 

agitation.  After further washing, 150ng/ml polyclonal goat anti-rabbit immunoglobulins 
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antibody was added and the membrane incubated for 2 hours at room temperature.  

After a final washing step, the signal was detected using the ECL detection system; 

equal volumes of both ECL reagents were added to the membrane and x-ray film was 

exposed to the membrane.  The film was developed under red light until a signal 

appeared, then rinsed in tap water and fixed.  Densitometry software (ScanAnalysis) 

was used to quantify intensity of the signal as a measure of the level of TLR2 

expression.  

 

2.8 Statistical Analysis of Results 
Results were analysed with InStat® (GraphPad software inc, La Jolla, CA, USA) using 

appropriate non-parametric statistical tests.  Paired tests were used as appropriate, for 

example in all cases where the response of stimulated tissue was being compared to its 

own control. Where 2 treatments were being compared (i.e. 1 stimulus, 1 control), the 

Wilcoxon signed rank test was utilised. In cases where more than 1 stimulus or multiple 

doses were being compared to a single control, the Friedman test (non-parametric 

ANOVA) was utilised, with Dunn’s multiple comparisons test applied to significant 

populations.  Where 2 groups of unpaired samples (such as males and females) were 

compared, the Mann Whitney test was utilised, but where more than 2 groups were 

compared (such as non-, ex- and current smokers), the Kruskal Wallis test with Dunn’s 

multiple comparisons test was performed.  P<0.05 was considered to be statistically 

significant. 
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3.1 Introduction 

The function of inflammation is to destroy and remove harmful invading stimuli and 

initiate repair, but when inflammatory responses become exaggerated, uncontrolled or 

directed against self-antigens, chronic inflammatory disease results (Suzuki et al, 2008).  

Many diseases in human tissues are the result of inflammation.  For example, eczema 

and psoriasis are inflammatory skin diseases (Hanifin, 2009, Gotlieb, 1990), in the lung 

asthma and chronic obstructive pulmonary disease (COPD) are characterised as having 

an inflammatory component (Lozewicz et al, 1988, Riise et al, 1995) and in the upper 

airways allergic rhinitis and nasal polyposis are the result of inflammation (Igarashi et 

al, 1995, Lamblin et al, 1999). 

 

The skin, lung and nasal epithelia form different barriers against the outside world, with 

different cells and distinct structures.  However, inflammatory responses underpin many 

diseases in all three tissues and some of these are thought to be linked, or at least have 

similar mechanisms.  For example, during the atopic march patients become sensitised 

to a common environmental allergen and develop allergy, which frequently manifests 

initially as atopic dermatitis.  The allergic phenotype then tends to spread to the lung 

(asthma) or upper airways (allergic rhinitis) over time (Pucci and Incorvaia, 2008), so in 

this case inflammatory conditions in different tissues clearly have a common 

mechanism.  A causal association between childhood eczema and asthma has been 

documented; it is widely accepted that mutations in the filaggrin gene predispose to 

development of eczema, but associations of asthma or allergic rhinitis with filaggrin 

null mutations have also been documented, only in the presence of eczema.  The barrier 

defect caused by the skin mutation is thought to allow allergen sensitisation and upon 

allergen re-exposure in other tissues, allergic disease can occur (Burgess et al, 2009). 

 

It is common for patients to suffer from diseases in both the upper and lower airways, 

which has led to the ‘one airway’ hypothesis.  Most people who suffer from asthma also 

have rhinitis (Bachert et al, 2004, Hens et al, 2008, Passalacqua and Ciprandi, 2008), 

which suggests that there may be similarities between the bronchial and nasal mucosae; 

both have pseudostratified epithelium with columnar, ciliated cells resting on the 

basement membrane.  In the submucosa, both tissues have blood vessels, mucus glands, 

structural cells, inflammatory cells and nerves.  The main structural differences are that 
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the nasal mucosa contains more blood vessels than the bronchial mucosa, whilst smooth 

muscle is only found from the trachea to the bronchioles.  Similar inflammatory 

responses are thought to have a role in the pathogenesis of both asthma and rhinitis; the 

same inflammatory cells, Th2 cytokines, chemokines and adhesion molecules are 

thought to be important in both diseases.  Both sites are exposed to a similar noxious 

environment, so it is feasible that a similar inflammatory response to the same stimulus 

would occur further down the airways (Bachert et al, 2004, Hens et al, 2008).  In mild 

asthma, eosinophil counts are increased in the lung, but a similar number are present in 

the nasal mucosa even when there is no evidence of rhinitis (Hens et al, 2008).  Hence 

allergy may be a systemic disease and may manifest itself as allergic disease in 

whichever location the allergen challenges.  Other factors could however also be 

involved; for example, nasal obstruction due to allergic rhinitis could lead to the patient 

breathing through their mouth more, increasing the risk of allergen challenge to the 

lower airways and onset of asthma, or pulmonary aspiration of the nasal contents could 

occur, spreading the condition to the lower airways (Bachert et al, 2004). 

 

Whilst it is generally accepted that atopy is the link between disease in the upper and 

lower airways, there is evidence that rhinitis is also a risk factor for non-allergic asthma 

and sinonasal symptoms have been reported in COPD; along with asthmatics, COPD 

patients also reported more nasal obstruction, nasal discharge and headache than their 

control group.  Higher nasal endoscopy scores, based on secretion, congestion and 

polyps, were also found in all patient groups.  Similarly to asthmatics, nasal secretions 

of COPD patients had elevated eotaxin, granulocyte macrophage colony stimulating 

factor (GM-CSF) and interferon (IFN)-γ (Hens et al, 2008).  COPD prevalence has also 

been recently linked with the autoimmune skin disease psoriasis.  Many of the same 

inflammatory mediators, including C-reactive protein (CRP), tumour necrosis factor 

(TNF)-α, interleukin (IL)-6 and IL-8 have been shown to be elevated in both diseases.  

COPD was diagnosed in 5.7% of psoriatics, but only 3.6% of controls and a correlation 

was still apparent after correcting for age, sex, smoking, obesity and socio-economic 

status, although there is no evidence for the order of causality (Dreiher et al, 2008). 

 

The human lung explant model was initially described by Orange and colleagues (1971) 

and it has been used extensively by our group to investigate the dynamics of 
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inflammatory responses in the lung (Hackett et al, 2008).  The explant model allows 

simple ex vivo study of responses in the tissue with cell-cell and cell-matrix interactions 

intact.  The timecourse of the response can be examined and modifying drugs can be 

added to determine their efficacy or study their mechanism.  Cell lines allow study of 

the role of specific cells, but the explant model is advantageous as it shows how the 

tissue responds as a whole, with a range of resident cells and the matrix interacting 

similarly to how they would in vivo and so it is more physiologically relevant.  

However, as this is an ex vivo model, there is no blood supply and, as such, the 

responses seen are mediated by the cells residing within the tissue with no infiltration of 

cells from the blood.  This chapter aims to determine similarities and differences in 

inflammatory responses in the lung, skin and upper airways by adapting the human lung 

explant model for use in the investigation of inflammation in the skin and nasal tissue. 

 

3.2 Methods 

Human skin was collected from 83 patients undergoing mastectomy and patients’ ages 

were recorded.  Nasal tissue was obtained from 51 patients undergoing nasal or sinus 

surgery, 31 having polyps removed and 20 having turbinate reduction; information on 

patients’ age, gender, smoking history, medication and allergic status was collected.  

Human lung tissue from the normal margin was obtained from 63 patients undergoing 

carcinoma resection (n=57), bullous repair (n=5) or lobectomy for bronchiectasis (n=1).  

Patients’ age, gender, lung function, smoking history, medication and allergic status 

were recorded, as shown in table 3.1.  Tissue was processed as described in chapter 2.2. 

   Nasal Tissue  

 Skin Polyp Turbinate Lung 

No of subjects 83 31 20 63 (57 cancer (90%),                                     
6 non-cancer (10%)) 

Age (years) 63±1 50±2 42±3 64±2 

Gender 83f (100%) 
0m (0%) 

8f (26%)             
23m (74%) 

13f (65%)             
7m (35%) 

23f (37%)             
40m (63%) 

Lung function 
(FEV

1
/FVC) - - - 0.67±0.01                                       

(17 unknown) 

Smoking status - 
7 current (23%)                    

10 ex (32%)                        
14 non (45%) 

7 current (35%)                     
7 ex (35%)                             

6 non (30%) 

 21 current (33%)                                                     
27 ex (43%)                                                     
9 non (14%)                                                

6 unknown (10%) 

Current steroids - 22 (71%) 3 (15%) 12 (19%) 

Allergy/asthma - 17 allergy (55%), 
20 asthma (65%) 

13 allergy (65%),     
5 asthma (25%) 

11 allergy (17%),       
6 asthma (10%) 

 

 
Table 3.1- Patient characteristics  Human skin, nasal tissue and lung samples were collected.  The age 
and gender of all patients were recorded and the smoking history, medication and allergic status of the 
patients who donated lung or nasal tissue were noted, along with lung function of lung patients. 
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3.3 Results 

The initial experiments carried out aimed to compare inflammatory responses to known 

inflammatory stimuli in the lung, skin and nasal tissue.  Dose-response experiments 

with lipopolysaccharide (LPS) and anti-immunoglobulin (Ig)-E were performed as 

described in section 2.3.1 and results are shown in figure 3.1.  Y axes have been 

formatted to demonstrate the magnitude of the responses. 

 

TNF-α release from unstimulated explants was minimal (1.8±0.8pg/mg lung tissue, 

0.07±0.02pg/mg skin and 2.1±1.1pg/mg nasal tissue).  Stimulation of lung and skin 

explants with LPS induced significant levels of TNF-α release from 1ng/ml and anti-

IgE induced significant levels of TNF-α release from 100µg/ml.  Release of TNF-α 

from nasal tissue reached significance from 100ng/ml LPS and 1000µg/ml anti-IgE.  

Maximal TNF-α release was, however, distinct in different tissues. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Concentrations of LPS and anti-IgE which generated sub-maximal release of cytokines 

from all tissues were selected for subsequent experiments.  Tissue explants were 
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Figure 3.1- LPS and anti-IgE-induced dose-
dependent release of TNF-α from the lung, 
skin and nasal tissue  Human lung (a, black 
shapes), skin (b, white shapes) and nasal tissue (c, 
grey shapes) explants were stimulated with 1000 
to 0.1ng/ml LPS  (triangles) or 1000 to 0.1µg/ml 
anti-IgE (squares) for 24 hours.  TNF-α release 
was measured by ELISA and compared to release 
from unstimulated tissue.  Results were expressed 
as mean ± SEM (n=18 lung and skin, n=10 nasal 
tissue).  P<0.0001 (paired Friedman test of all 
doses compared to control) for all tissues, * 
indicates P<0.05 compared to control using 
Dunn’s multiple comparisons test 

a) Lung 

c) Nasal Tissue 

b) Skin 
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incubated with the selected concentrations (100ng/ml LPS and 100µg/ml anti-IgE) for 

24 hours.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in figure 3.2, lung, skin and nasal tissue explants respond to stimulation with 

LPS and anti-IgE by releasing the pro-inflammatory cytokine TNF-α and the anti-

** 
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Figure 3.2- Effect of stimulation on release of TNF-α and IL-10 from lung, skin and nasal tissue 
Human lung (a and b), skin (c and d) and nasal tissue (e and f) explants were stimulated with 
100ng/ml LPS or 100µg/ml Anti-IgE for 24 hours.  Levels of TNF-α (a, c and e) and IL-10 (b, d and 
f) released were measured by ELISA and compared to release from unstimulated tissue.  Results were 
expressed as mean+SEM (n=49 lung, 36 skin, 42 nasal tissue).  Paired Friedman test results all 
P<0.0001, ** indicates P<0.01 compared to control using Dunn’s multiple comparisons test 

TNF-alpha IL-10 

a) b) 

Lung 

c) d) 

Skin 
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Nasal tissue 
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inflammatory cytokine IL-10.  The patterns of release of TNF-α are very similar in the 

skin, lung and nasal tissue; all release negligible amounts under control conditions, 

significantly increased by stimulation with both LPS and anti-IgE (P<0.01).  In general, 

LPS appears to be around 2000-3000 more potent in terms of TNF-α release than anti-

IgE, whilst there is a 1000-fold difference in potency of the IL-10 responses, again with 

statistical significance reached in all three tissues with both LPS and anti-IgE (P<0.01 

compared to control).  Whilst the patterns appear similar, again the responses are of 

distinct magnitude in different tissues; the mean LPS-induced release of TNF-α from 

the lung is 130±23pg/mg tissue, whilst nasal tissue releases 19±5pg/mg tissue and 

maximal release from skin is only 2.8±0.6pg/mg tissue. 
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Figure 3.3- Effect of stimulation on release of IL-1β , IL-6 and IL-8 from lung, skin and nasal 
tissue  Human lung (a, d and g), skin (b, e and h) and nasal tissue (c, f and i) explants were stimulated 
with 100ng/ml LPS or 100µg/ml anti-IgE for 24 hours.  Levels of IL-1β (a, b and c), IL-6 (d, e and f) 
and IL-8 (g, h and i) released were measured by ELISA and compared to release from unstimulated 
tissue.  Raw data was plotted as dot plots to demonstrate inter-patient variability (n=13 lung, 22 skin, 17 
nasal tissue).  Friedman test results comparing control, LPS and anti-IgE for each patient a) P=0.001 b) 
P<0.0001 c) P=0.0034 d) P=0.37 e) P=0.001 f) P=0.0183 g) P=0.018 h) P<0.0001 i) P=0.64, * indicates 
P<0.05, ** P<0.01 compared to control using Dunn’s multiple comparisons test on significant data sets 
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d) e) f) 
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Release of other pro-inflammatory cytokines (IL-1β, IL-6 and IL-8) in response to LPS 

and anti-IgE was also measured, as outlined in figure 3.3.  IL-1β release from all three 

tissues was similar; it was significantly increased (P<0.01) by both stimuli, except the 

trend for anti-IgE induced IL-1β release from the nasal tissue did not reach significance.  

There is a degree of spontaneous release of IL-6 and IL-8 from all three tissues, which 

is in some cases extremely variable between patients as can be seen in figure 3.3d-i.  

Because of inter-patient variability, the trend for increased IL-6 release from the lung 

does not reach significance, as shown in figure 3.3d, although LPS-induced release of 

IL-8 is statistically significant (P<0.05).  LPS-induced release of IL-6 and IL-8 from the 

skin is significantly higher than control (P<0.01), whilst anti-IgE-induced IL-6 is 

increased (P<0.05) but there is no effect on IL-8.  Stimulation of nasal tissue explants 

with LPS significantly (P<0.05) increases IL-6 and there is a trend for increased anti-

IgE-induced IL-6 release, but no significant differences in IL-8 release are shown. 

 

To determine whether either stimulus influenced tissue viability, lactate dehydrogenase 

(LDH) assays were performed.  As shown in figure 3.4, there are no significant 

differences in LPS- or anti-IgE-induced cytotoxicity in human lung, skin or nasal tissue 

explants compared to control tissue.  LDH release appears to be elevated from nasal 

tissue compared to lung or skin, as shown in figure 3.4c compared to 3.4a and b. 

 

 

 

 

 

 

 

 

  

 

The lung explant model has been useful for examining the kinetics of cytokine release 

after stimulation of the tissue.  The next set of experiments, carried out as described in 

section 2.3.2, aimed to determine whether we can detect a temporal sequence in which 

cytokines are released from the skin and nasal tissue following the application of a 

Figure 3.4- Effect of stimulation on release of LDH from lung, skin and nasal tissue  Human lung 
(a), skin (b) and nasal tissue (c) was stimulated with 100ng/ml LPS or 100µg/ml Anti-IgE for 24 hours.  
LDH release was measured by LDH assay and compared to unstimulated tissue.  Data are expressed as 
mean+SEM (n=12 lung, 15 skin, 9 nasal tissue).  Friedman test results a) P=0.06 b) P=0.11 c) P=0.55  

a) Lung c) Nasal tissue b) Skin 
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stimulus.  As shown in figures 3.5a, c and e, release of TNF-α follows similar kinetics 

in the lung, skin and nasal tissue; upon LPS stimulation, all three tissues show a sharp 

increase in TNF-α release between 2 and 6 hours.  In the lung this continues to rise to a 

maximum at 24 hours, after which a slight decrease in TNF-α release is seen.  In the 

skin, the plateau is reached at 6 hours whilst the TNF-α release from nasal tissue 

continues to increase over the observed 48 hour period.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5- Kinetics of release of TNF-α and IL-10 from the lung, skin and nasal tissue  Human 
lung (a and b), skin (c and d) and nasal tissue (e and f) explants were stimulated with 100ng/ml LPS 
(triangles) or 100µg/ml Anti-IgE (squares) for 2, 6, 24 or 48 hours.  Levels of TNF-α (a, c and e) and 
IL-10 (b, d and f) released were measured by ELISA and compared to release from unstimulated 
tissue (circles).  Results were expressed as mean+SEM (n=14 lung, 21 skin, 22 nasal tissue) 
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Stimulation of lung explants with anti-IgE produces a comparable pattern to stimulation 

with LPS, with a sharp increase to 6 hours followed by a more gradual increase to a 

maximum at 24 hours, followed by a plateau, with a similar pattern seen in the skin.  In 

the nasal tissue a similar pattern is seen, but anti-IgE is far less potent at inducing TNF-

α release in comparison to LPS.  As shown in figure 3.5b, d and f, IL-10 is also released 

from human lung, skin and nasal tissue in response to LPS and anti-IgE.  IL-10 does 

however appear to be released slightly later than TNF-α; whilst there is a reasonable 

increase in IL-10 release between 2 and 6 hours this is not as steep as the release of 

TNF-α.  IL-10 reaches its maximum at 24 hours after stimulation, except after 

stimulation of skin explants with LPS, where IL-10 release appears to be still gradually 

increasing at 48 hours (see figure 3.5d).  IL-10 release is significant from 6 hours after 

stimulation with both stimuli in all three tissues (P<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6- Comparison of kinetics of TNF-α  release from lung, skin and nasal tissue  TNF-α data 
from figure 3.5 has been reworked to allow direct comparison of results in the different tissues.  Human 
lung (circles), skin (squares) and nasal tissue (triangles) explants were stimulated  (filled shapes) with 
100ng/ml LPS (a and c) or 100µg/ml Anti-IgE (b and d) or buffer alone (open shapes) for 2, 6, 24 or 48 
hours.  Levels of TNF-α were measured by ELISA.  Results were expressed as (a and b) mean+SEM of 
raw TNF-α release and (c and d) % maximal TNF-α release, error bars omitted for clarity. ‘Maximal’ 
TNF-α release for each patient was determined as the highest level of TNF-α release over the 48 hour 
experiment and other cytokine results plotted as a % of this value (n=14 lung, 21 skin, 22 nasal tissue) 
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The kinetics of cytokine release appear similar, but are of different magnitude in the 

different tissues; after LPS stimulation the mean maximum level of TNF-α released 

from the lung is 79pg/mg tissue, whereas 39pg/mg tissue is released from nasal tissue 

and only 3.5pg/mg tissue is released from the skin.  After stimulation with anti-IgE, the 

maximal level of TNF-α release is 56pg/mg tissue from the lung, 3.8pg/mg tissue from 

nasal tissue and only 1.1pg/mg tissue from the skin.  When plotted on the same scale, 

the LPS-induced TNF-α release from the skin is barely detectable against that from the 

lung and nasal tissue (fig 3.6a) and anti-IgE-induced TNF-α release from the lung 

masks the response in the other tissues (fig 3.6b), but when the same data is plotted as 

percentage of maximal release (fig 3.6c and d) the graphs are almost superimposable. 

 

As we have shown that lung, skin and nasal tissue can all respond to stimulation with 

LPS and anti-IgE by releasing similar cytokines, over a similar timecourse, it is likely 

that they have similar cellular profiles.  However, we have also shown that the cytokine 

responses in the lung tend to be greater than those in the nasal tissue and skin, so 

therefore it is likely that the lung has a higher density of inflammatory cells present.  

The next set of experiments aimed to characterise the cellular profiles of human lung, 

skin and nasal tissue explants, as described in section 2.6.1. 

 

As shown in figure 3.7, macrophages, mast cells, eosinophils and neutrophils in lung, 

nasal tissue and skin explants were enumerated and represented as positive cells per 

mm2 of tissue.  Figure 3.7a shows that there is no significant difference in the number of 

macrophages between the three tissues.  There are, however, significantly more mast 

cells in lung than skin (P<0.05) as shown in figure 3.7b.  Figure 3.7c shows that there 

are significantly more eosinophils in lung than skin (P<0.05) and in nasal tissue than 

skin (P<0.01).  Finally, as shown in figure 3.7d, there are significantly more neutrophils 

in lung tissue than nasal tissue (P<0.05) or skin (P<0.01).   

 

The numbers of inflammatory cells within the tissue may be influenced by a range of 

confounding factors.  For example, one patient who donated lung tissue had moderate-

severe COPD, suffered from asthma and was a current smoker; it was this patient who 

had the highest number of macrophages, mast cells and eosinophils in their tissue and 

the third highest number of neutrophils.  In general, the patients who were current 
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smokers tended to have more macrophages than ex-smokers and neutrophil and 

macrophage counts seemed to increase with COPD severity.  Eosinophil and mast cell 

counts are highest in the patient with reported asthma, but smoking or COPD does not 

seem to influence these cell counts.  There were no reports of allergy in the patients 

from whom we collected lung tissue; however these patients do not tend to be allergy 

tested routinely before their operation, so some patients may have unreported atopy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Of the patients who donated nasal tissue, the patient who had the highest number of 

mast cells, eosinophils and neutrophils within the tissue and the second highest number 

Figure 3.7- Inflammatory cell numbers in lung, nasal tissue and skin  4µm sections of paraffin-
embedded lung, nasal tissue and skin (n=8 of each) were stained with monoclonal antibodies to a) 
CD68, b) mast cell tryptase, c) EG2 or d) neutrophil elastase.  Positive stained cells were enumerated 
and the area of sections was calculated.  Results are expressed as positive cells/mm2.  P values as 
determined by Kruskal-Wallis test a) P=0.25, b) P=0.045, c) P=0.0021, d) P=0.0006, * indicates 
P<0.05 ** P<0.01 determined by Dunn’s multiple comparisons test 

* 

* 
** * 

** 

d) Neutrophils 

a) Macrophages b) Mast cells 

c) Eosinophils 
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of macrophages had nasal polyps, allergy and asthma.  Another patient had similar 

characteristics but only had moderate numbers of inflammatory cells; the main 

difference between these patients was that the first was a non-smoker whilst the second 

was a current smoker.  Three of the samples were from turbinates, the other five from 

polyps; the number of eosinophils appeared higher in the polyps, but other cell numbers 

generally appear similar.  Unfortunately, we do not have any patient characteristics for 

the skin samples, but to our knowledge all samples were from phenotypically normal 

skin which may explain why there is less inter-patient variability in cell counts. 

  

 

            
  

            
  

            
  

            
 Figure 3.8- Inflammatory cells in lung, nasal tissue and skin  Representative images from cell 

staining.  4µm sections of paraffin-embedded lung (a, d, g and j), nasal tissue (b, e, h and k) and skin 
(c, f, i and l) were stained with monoclonal antibodies to (a, b and c) CD68, (d, e and f) mast cell 
tryptase, (g, h and i) EG2 or (j, k and l) neutrophil elastase.  Images were captured on x40 
magnification.  Scale bar represents 50µm 

Neutrophils 

Eosinophils 

Mast cells 

Macrophages 
Lung Nasal tissue Skin 

l) k) j) 

i) h) g) 
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Representative images of cellular staining in the different tissues are shown in figure 

3.8.  Most of the cells stained in the lung appear to have similar distributions throughout 

the parenchyma.  Furthermore, most inflammatory cells also have similar distributions 

in the nasal tissue, with most cells evenly distributed throughout the submucosa and few 

cells in the epithelium.  It was, however, noted that most mast cells seemed to be 

located towards the tissue surface rather than a long way from the epithelium.  In the 

skin, most infiltrating inflammatory cells appeared to be located in the dermis rather 

than the epidermis, although as was seen in the nasal tissue, most of the mast cells 

stained were located in the upper dermis, in close proximity to the epidermis. 

 

As shown in figures 3.7 and 3.8, there appear to be some differences in inflammatory 

cell numbers in lung, skin and nasal tissue.  More inflammatory cells per mm2 of lung 

tissue than skin could explain the increased level of cytokine release from the lung 

tissue upon stimulation.  Figure 3.9 shows linear regression to investigate whether the 

number of mast cells in the tissue can predict level of anti-IgE-induced TNF-α release.   

 

 
  
 

 

However, as shown in figure 3.9a, b and c, the number of mast cells in the tissue does 

not appear to predict the amount of TNF-α released upon anti-IgE stimulation of lung, 

a) Lung c) Skin b) Nasal tissue 

P=0.93 P=0.62 P=0.73 

P=0.06 

d) 
Figure 3.9- Linear regression of mast cell 
numbers and anti-IgE-induced TNF-α  release in 
lung, nasal tissue and skin  Sections of paraffin-
embedded lung, nasal tissue and skin (n=8 of each) 
were stained with a monoclonal antibody to mast 
cell tryptase and cells were enumerated.  Fragments 
of tissue were also incubated with 100µg/ml anti-
IgE for 24 hours and TNF-α release measured by 
ELISA.  The ability of mast cell numbers to predict 
TNF-α release from a) lung, b) nasal tissue, c) skin 
and d) all tissues together was determined using 
linear regression.  Red line represents best fit line, 
dotted line represents 95% confidence interval 
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nasal tissue or skin.  When the data from all tissues is plotted together, as in figure 3.9d, 

a pattern begins to emerge and the regression line almost reaches significance (P=0.06), 

but it is apparent that there are 2 or possibly even 3 separate populations on the same 

graph and it simply portrays information which we have already established; there are 

more mast cells in the lung and the lung also releases more TNF-α.  Multiple regression 

was also carried out to establish whether there is a relationship between the numbers of 

different cells in the lung, nasal tissue and skin explants and the level of LPS-induced 

TNF-α release from these tissues.  There were however no significant results, indicating 

that cell numbers alone cannot predict cytokine release. 

 

Since inflammatory cell counts alone cannot predict the level of cytokine release from 

tissue, it was hypothesised that the stimuli may have distinct abilities to penetrate the 

different tissues and reach their target cells.  Anti-IgE was utilised to test this theory, 

due to its large molecular weight and the ability to label antibodies.  Fluorescein 

isothiocyanate (FITC)-conjugated anti-IgE was added to tissue as described in section 

2.3.3 and its location after 24 hours detected as described in section 2.6.3. 

  

 

 

 

 

 

Figure 3.10- FITC-conjugated anti-IgE stimulation of lung, 
skin and nasal tissue  Lung (b and c, n=2, red lines), skin (d and 
e, n=4, blue lines) and nasal tissue (f to i, n=4, green lines) 
explants were incubated with 10µg/ml FITC-anti-IgE (green) or 
buffer alone for 24 hours and TNF-α release measured by ELISA 
(a) P=0.002, Wilcoxon matched pairs test.  Tissue was snap 
frozen in liquid nitrogen.  10µm frozen sections were cut through 
the centre of fragments and nuclei counterstained with TOPRO-3 
(red). Sections were imaged using two-channel microscopy on a 
Zeiss confocal laser microscope on x40 magnification.  
Representative images from control (b, d, f and h) and treated (c, 
e, g and i) tissue are shown.  Scale bar represents 50µm 

a) 

b) c) 

Lung Treated Untreated 
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As shown in figure 3.10a, FITC-conjugated anti-IgE, like unlabelled anti-IgE, is able to 

increase TNF-α release from human lung, skin and nasal tissue explants (P=0.002).  

Confocal microscopy was utilised to image the tissue samples which had been treated 

with FITC anti-IgE (c, e, g and i) compared to buffer alone (b, d, f and h).  As shown in 

figures 3.10b to e, there does not appear to be any difference in FITC staining in the 

untreated and treated lung and skin samples.  However, as shown in figures 3.10f to i, 

there appears to be more green staining in the nasal tissue treated with FITC anti-IgE 

than buffer alone.  As expected, most of the staining is located around the edges of the 

tissue or around degraded sections.  However, this information does not explain the 

differences in cytokine results, as it would suggest that anti-IgE can diffuse into nasal 

tissue, but not lung and skin, in which case we would expect to see a much higher 

cytokine readout after stimulation of nasal tissue with anti-IgE, which is not the case. 

 

We hypothesised that the FITC label on the anti-IgE in the lung and skin could have 

been bleached, despite storage in the dark after snap freezing.  Therefore we carried out 

the same experiment using unlabelled anti-IgE and an Alexa fluor 568-labelled 

secondary antibody as an alternative, to eliminate the chances of bleaching, as described 

in section 2.6.3.  The results of this experiment are shown in figure 3.11.  There does 

not however appear to be a difference in Alexa fluor 568 (red) staining in the treated or 

untreated explants of lung, skin or nasal tissue.  There appears to be a small section of 

positive staining on the epidermis of the treated skin section which cannot be seen on 

the untreated section, although this may represent non-specific binding. 

 

The results of this experiment suggest that anti-IgE cannot enter the lung, skin or nasal 

tissue.  We have however clearly shown that all three tissues can to some degree 

respond to stimulation with anti-IgE by releasing cytokines.  We therefore examined the 

ability of the cells which migrate out of the tissue during culture to respond to anti-IgE 

and LPS, to examine their role in the cytokine responses.  Tissue explants were left in 

culture medium for 24 hours to allow any migratory cells to move out into the media, 

then the tissue was placed into new media and these wells (‘tissue’), along with the 

wells containing migratory cells (‘cells’), were stimulated as described in section 2.3.4. 
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As shown in figure 3.12, the migratory cells alone appear to still be able to respond to 

stimulation, particularly with anti-IgE; in fact the cells appear to be able to respond 

equally well as the tissue to anti-IgE stimulation in terms of release of TNF-α and IL-

10.  There is also no difference in cytotoxicity, determined by measurement of LDH 

release.  Interestingly, the level of cytokine release again appears to be lower from the 

Figure 3.11- Immunofluorescent imaging of anti-IgE stimulated lung, skin and nasal tissue  
Fragments of lung (a and b), skin (c and d) and nasal tissue (e and f) were stimulated with 100µg/ml 
anti-IgE (b, d and f) or buffer control (a, c and e) for 24 hours.  Tissue was snap frozen in liquid 
nitrogen.  10µm frozen sections were cut through the centre of fragments, an Alexa fluor 568-
conjugated secondary antibody added to detect the anti-IgE (red) and nuclei were counterstained with 
Hoechst 33342 (blue).  Sections were imaged using a fluorescent microscope on x20 magnification 

d) c) 

Skin 

Nasal tissue 

f) e) 

a) b) 

Lung Treated Untreated 
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skin, both cells and tissue, than lung and nasal tissue.  The number of live cells which 

had migrated out of the tissue over the 24 hour period was determined by trypan blue 

exclusion after harvesting and there were more cells present in the wells from lung and 

nasal tissue than skin.  In the lung wells there were 1240±112 cells, in the nasal tissue 

wells there were 1614±241 cells, whilst in the skin there were only 123±20 cells; this 

could be an important factor in determining the degree of cytokine release upon 

stimulation, along with the number of inflammatory cells within the tissue. 

 

 

 

 

 
 

Figure 3.12- Cytokine response of migratory cells compared to tissue  Fragments of lung (a to c), 
skin (d to f) and nasal tissue (g to i) were incubated in RPMI for 24 hours then transferred to fresh 
media.  Cells (white bars) and tissue (grey bars) were then stimulated in parallel with 100ng/ml LPS, 
100µg/ml anti-IgE or buffer control for 24 hours.  Levels of TNF-α (a, d and g) and IL-10 (b, e and 
h) released were measured by ELISA and LDH release (c, f and i) was measured by LDH assay.  
Results were expressed as mean+SEM (n=3 of each tissue) 

a) 

i) h) g) 

f) e) d) 

c) b) 
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Another reason for the decreased cytokine release from the skin was predicted to be 

suboptimal culture conditions.  Many protocols for culture of human skin utilise serum-

supplemented media, whilst we have used serum-free media.  The next set of 

experiments aimed to determine whether supplementing the media with human serum 

affects cytokine release following inflammatory stimulation.  It was predicted that 

supplementing the culture media with protein-rich human serum could protect against 

cell death or increase recovery of released cytokines.  However, figure 3.13 shows that 

supplementing the culture media with human serum, as described in section 2.3.5, has 

no significant effect on the detection of TNF-α after LPS stimulation.  Furthermore, 

there is no significant change in cytotoxicity when the culture media is supplemented, 

so this is unlikely to be the cause of the lower level of cytokine detection in the skin. 

 

 

 

 

 

 

 

 

 

 

 

 

The rest of this chapter focuses on the dynamics of cytokine release in the human skin 

explant model.  To increase understanding of the inflammatory process, it is important 

to determine whether the mediators detected have been newly synthesised or simply 

released from storage within cells.  Cycloheximide (CHX) is a protein synthesis 

inhibitor and as such prevents translation of new proteins; any mediators detected after 

incubation with CHX must therefore be preformed and released from stores within cells.  

Figure 3.14 shows the effects of pre-incubation of human skin with 100µg/ml of the 

protein synthesis inhibitor before stimulation with either LPS or anti-IgE (see section 

2.3.6 for method) on the release of TNF-α, IL-10, IL-1β, IL-6, IL-8 and LDH. 

 

Figure 3.13- Effect of serum concentration on cytokine release from the skin  Human skin 
fragments were stimulated with100ng/ml LPS (grey bars) or buffer control (white bars) for 24 hours 
in the presence of 0, 0.5, 1 or 5% human serum.  Levels of TNF-α released were measured by ELISA 
(a) and LDH release was measured by LDH assay (b).  Results were expressed as mean+SEM (n=7).  
P values (Friedman test) a) P=0.18 control, P=0.28 LPS b) P=0.22 control, P=0.73 LPS 

a) TNF-α b) LDH 
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Figure 3.14a shows that pre-incubation of unstimulated skin explants with CHX alone 

causes a slight increase in TNF-α.  However, CHX reduces LPS and anti-IgE-induced 

TNF-α almost to control levels (P<0.05 compared to stimulus alone).  CHX also 

significantly reduced release of the anti-inflammatory cytokine IL-10 under control and 

stimulated conditions (P<0.05 compared to no CHX), suggesting that the IL-10 in the 

supernatant is predominantly newly synthesised, even under control conditions.  In 

contrast, CHX has no significant effects on IL-1β release, as shown in figure 3.14c, 

suggesting that IL-1β may be preformed within the skin and protein synthesis is not 

required.  On the contrary, as shown in figures 3.14d and e, both IL-6 and IL-8 are 

significantly reduced by CHX (P<0.05) under both control and stimulated conditions, 

indicating that there is constitutive production of these cytokines.  There is however no 

change in cytotoxicity with CHX pre-treatment, as shown in figure 3.14f. 

 

In this chapter we have previously shown that TNF-α is released early in the cytokine 

cascade following stimulation of tissue with LPS.  We therefore hypothesised that TNF-

* * * * * * 

f) LDH e) IL-8 d) IL-6 

Figure 3.14- Effect of inhibition of protein synthesis on cytokine release from the skin  Human 
skin fragments were incubated with 100µg/ml cycloheximide (grey bars) or buffer control (white 
bars) for 1 hour prior to stimulation with100ng/ml LPS, 100µg/ml Anti-IgE or buffer alone for 24 
hours.  Levels of a) TNF-α, b) IL-10, c) IL-1β, d) IL-6 and e) IL-8 released were measured by 
ELISA.  LDH release (f) was measured by LDH assay.  Results were expressed as mean+SEM * 
indicates P<0.05 compared to control determined by Wilcoxon matched pairs test (n=10) 

* 
* 

* 
* * * 

a) TNF-α c) IL-1β b) IL-10 
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α may play a role in controlling the release of other cytokines from tissue, as previously 

demonstrated in our group using the lung explant model (Hackett et al, 2008).  We also 

hypothesised that IL-10 may play a role in decreasing release of pro-inflammatory 

cytokines.  Therefore, as described in section 2.3.7, neutralising antibodies to TNF-α 

and IL-10 were added to the skin explants 1 hour prior to stimulation with LPS.  As 

shown in figure 3.15, the neutralising TNF-α antibody significantly reduced LPS-

induced IL-10 release from skin explants, however it had no significant effect on IL-1β, 

IL-6 or IL-8 release.  Unexpectedly, the neutralising IL-10 antibody did not affect 

detection of any of the other cytokines.  Matched isotype controls were also used for 

both antibodies but these had no significant effects compared to buffer alone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has shown development of a model to study inflammatory responses in 

submerged human skin explants.  However, whilst lung tissue does not require specific 

** 
** 

* 

* 

Figure 3.15- The role of TNF-α  and IL-10 in cytokine release from the skin  Human skin fragments 
(n=20) were incubated with 1µg/ml neutralising TNF-α or IL-10 antibody or buffer alone for 1 hour prior to 
stimulation with100ng/ml LPS (grey bars) or buffer alone (white bars) for 24 hours.  Levels of a) TNF-α, b) 
IL-10, c) IL-1β, d) IL-6 and e) IL-8 released were measured by ELISA.  Results were expressed as 
mean+SEM.  P values from Friedman test a) P=0.018 control, P<0.0001 LPS b) P=0.0006 control, P<0.0001 
LPS c) P=0.62 control, P=0.64 LPS d) P=0.45 control, P=0.82 LPS e) P=0.29 control, P=0.70 LPS * 
indicates P<0.05 * P<0.01 compared to no antibody, determined by Dunn’s multiple comparisons test 

a) TNF-α 

e) IL-8 d) IL-6 c) IL-1β 

b) IL-10 
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spatial arrangement skin has polarity; it is always found on the body’s surface, at an air-

liquid interface, with the epidermis at the surface and dermis underneath.  In addition, 

inflammatory responses in the skin are generally caused by an external stimulus.   

 

 

 

 

 

 
 
 

 

Figure 3.16- Cytokine release from skin explants, biopsies in culture and mounted on 
diffusion chambers  Human skin fragments and 6mm biopsies in culture or 10mm biopsies 
mounted on Franz diffusion chambers were stimulated with 100ng/ml LPS (white bars), 100µg/ml 
PGN (dark grey bars) or buffer alone (light grey bars) for 24 hours.  Levels of  a) TNF-α, b) IL-10, 
c) IL-1β, d) IL-6 and e) IL-8 released were measured by ELISA.  LDH release (f) was measured by 
LDH assay.  Results were expressed as mean+SEM (n=5).  P values from Friedman tests <0.05 for 
explants and biopsy for all cytokines, not LDH.  P values for chambers all ≥0.29. * indicates 
P<0.05 compared to control for significant data sets (Dunn’s multiple comparisons test) 

* 
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* 
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* 
* e) IL-8 

a) TNF-α b) IL-10 

c) IL-1β d) IL-6 

f) LDH 
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Hence, there is a need to develop a physiologically relevant model where skin polarity 

is maintained and stimuli are applied to the intact epidermis, with mediator release 

through the dermis measured.  Figure 3.16 shows a comparison of cytokine release from 

explants, a single 6mm punch biopsy and from a 6mm stimulated area on a 10mm 

biopsy mounted on a Franz diffusion chamber (see section 2.3.8 for method and 

diagram). 

 

As shown in figures 3.16a and b, both LPS and peptidoglycan (PGN) cause TNF-α and 

IL-10 release from the explants, as seen in previous experiments (P<0.05 for LPS).  A 

single submerged biopsy exerts a similar effect to stimulation of explants, but cytokine 

levels are lower than explant values.  However, there does not appear to be any 

difference in TNF-α or IL-10 release from skin mounted on diffusion chambers when 

stimulated with LPS or PGN compared to control.  In figures 3.16c and d, the results for 

IL-1β and IL-6 can be seen.  Again, in explants and biopsies LPS and PGN (P<0.05 for 

PGN) induce more cytokine release than control tissue, although there is no difference 

in stimulated cytokine release from diffusion chambers.  IL-8 also shows similar results, 

as portrayed in figure 3.16e, with the LPS responses reaching significance.   

 

As seen in figure 3.16, most of the cytokine readouts from diffusion chambers are far 

lower than those from explants or biopsies, and there were no changes in cytokine levels 

upon stimulation.  However, the levels of IL-1β measured in the supernatant from 

diffusion chambers were consistently high, of a similar level to the LPS-induced release 

of IL-1β from explants, which is a distinct response from the other cytokines.  It was 

however noted that the LDH release in the supernatant from diffusion chambers was 

consistently higher than from the explants or biopsies; it is therefore possible that this 

increased IL-1β is merely an injury response and may not be relevant. 

 

The skin is one of the body’s main defence barriers against the outside world.  It is 

therefore feasible that stimulation of the intact skin with a stimulus such as LPS on the 

epidermal side should not induce a cytokine response, as the barrier is serving its 

purpose.  However, in skin diseases such as atopic dermatitis where there is barrier 

dysfunction, external stimuli are known to induce a significant proportion of the 
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inflammation seen.  Therefore, we wanted to determine the effects of barrier disruption 

on LPS-induced cytokine release in human skin mounted on Franz diffusion chambers. 

 

As described in section 2.3.8, skin was barrier disrupted by scraping the epidermis with 

a scalpel blade, tape stripping or incubating in humid conditions overnight, then 

stimulated with LPS or buffer alone.  However, as shown in figure 3.17, disrupting the 

barrier in a variety of ways had minimal effects on release of TNF-α or IL-10. 

 

 

 

 

 
 

 

 

The only statistically significant difference between any of the levels of stimulated 

cytokine release compared to control was reduced release of IL-10 from biopsies 

incubated overnight in humid conditions when stimulated with LPS compared to 

control, although the scientific significance of this result is unclear.  It is likely that the 

injury response of the skin will still be masking any effects which may have occurred.  

The final experiment in this chapter aims to determine the effects of stimulating the skin 

from the dermal side, rather than on the epidermis, as described in section 2.3.8.  This 

setup should evade the skin’s epidermal barrier and allow the stimulus to reach its target 

cells with greater ease, in order to increase the signal-to-noise ratio.  As shown in figure 

3.18a and b, stimulating skin on the dermal side rather than the epidermal side with LPS 

significantly increases release of TNF-α and IL-10 into the supernatant.  As shown in 

figure 3.18c, a similar trend occurs with release of IL-1β, although this does not reach 

statistical significance.  There is also a trend for increased release of IL-6 and IL-8 

* 

Figure 3.17- Effect of barrier disruption on cytokine release from human skin  10mm skin 
biopsies were barrier disrupted by either scraping the epidermis with a scalpel blade, repeated tape 
stripping or by overnight incubation in culture media.  Pairs of biopsies were mounted on Franz 
diffusion chambers and stimulated with 100ng/ml LPS (grey bars) or buffer alone (white bars) for 24 
hours.  Levels of  a) TNF-α and b) IL-10 released were measured by ELISA.  Results were expressed 
as mean+SEM (n=8). * indicates P<0.05 compared to control using Wilcoxon matched pairs test 

a) TNF-α b) IL-10 
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when skin is stimulated on the dermal side, although again these do not reach 

significance (figures 3.18d and e).  These differences do not appear to be caused by 

cytotoxicity, as shown by the results of the LDH assay in figure 3.18f. 

 

 

 
The dot plots of cytokine release in these figures clearly demonstrate the inter-patient 

variability of responses; whilst variability between patients is always seen even using 

the explant model, it seems to be more pronounced using the diffusion chamber model, 

possibly due to the decreased signal-to-noise ratio which is likely due to the injury 

response of the skin.  This is likely to be the reason why many of the differences in 

cytokine release seen from the diffusion chambers do not reach significance. 
 

3.4 Discussion 

Inflammation forms the basis of disease in many different tissues, including the lung, 

skin and upper airways.  We have developed a model to study inflammatory responses 

in human skin and nasal tissue explants and compared the responses seen to those in 

human lung tissue.  The majority of recent research into inflammatory responses has 

* * 

Figure 3.18- Effect dermal stimulation on cytokine release  10mm skin biopsies (n=15) were 
mounted on Franz diffusion chambers and stimulated with 100ng/ml LPS on the epidermis or 
dermis, or with buffer alone for 24 hours.  Levels of  a) TNF-α, b) IL-10, c) IL-1β, d) IL-6 and e) 
IL-8 released were measured by ELISA.  LDH release (f) was measured by LDH assay.  Results 
are displayed in dot plots to demonstrate variability between patients.  P values from Friedman test 
a) P=0.03, b) P=0.03, c) P=0.28, d) P=0.28, e) P=0.08, f) P=0.36 (n.b. n=6 for LDH) * indicates 
P<0.05 determined using Dunn’s multiple comparisons test in significant data sets 

f) LDH e) IL-8 d) IL-6 

a) TNF-α c) IL-1β b) IL-10 
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been carried out using animal models or cell lines.  The human tissue explant model is 

advantageous over cell lines as it maintains the ability of cells to interact with each 

other and with their surrounding matrix as they would in vivo.  Furthermore, it is 

advantageous where possible to investigate inflammatory responses in humans rather 

than using animal models as responses in animals may be distinct and therefore may not 

relate to what happens physiologically in humans or in varying disease states. 

 

Firstly, we characterised the response of human lung, skin and nasal tissue to LPS, 

which is found in the outer wall of Gram-negative bacteria and is one of the most potent 

inducers of generalised immune responses (Beutler et al, 2003).  Stimulation with LPS 

mimics bacterial infection and causes general immune activation and as such provides a 

useful model of inflammation relevant to disease.  Bacterial infection is secondary to 

most inflammatory disorders in the lung (Thorley et al, 2007); it is known to exacerbate 

airways disease such as asthma (Freymuth et al, 1999) and COPD (Lieberman et al, 

2001) and bacterial colonisation of the skin is common in skin disease such as atopic 

dermatitis (Breuer et al, 2000) and acne vulgaris (Leyden et al, 1975), although Gram-

positive rather than Gram-negative bacteria are the more common cause of skin disease.  

Many commensal bacteria are known to colonise the upper airways, but bacterial 

colonisation is thought to be involved in the pathogenesis of nasal polyposis, allergic 

rhinitis and sinusitis (Brook and Frazier, 2005, Klemens et al, 2005, Power et al, 2005). 

 

Our results show that stimulation of tissues with LPS induces the release of a range of 

pro- and anti-inflammatory cytokines (see figures 3.1 to 3.3).  LPS induces a significant 

increase in TNF-α and IL-10 release from the lung, skin and nasal tissue and the release 

of IL-1β, IL-6 and IL-8 has also been demonstrated.  Similar results have been recently 

demonstrated in the lung explant model by Hackett and colleagues (2008).  

Furthermore, Thorley and colleagues (2007) have shown comparable levels of TNF-α 

and IL-1β release as we detected from alveolar macrophages, although the level of IL-6 

was lower than we have detected; whilst we measured approximately 30ng/ml IL-6 after 

24 hours, they report only 500pg/ml.  Alveolar type II cells, however, released less 

TNF-α and IL-1β than macrophages, whilst IL-6 and IL-8 release was 3 times higher 

(Thorley et al, 2007).  The release of IL-10 was not examined in this study by Thorley 

and colleagues, but Chanteux and colleagues (2007) demonstrated IL-10 release from 
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alveolar macrophages.  Erger and Casale (1998) have also shown that a range of 

inflammatory cells in the lung including neutrophils and mast cells can release IL-8 

upon stimulation with LPS.  Therefore, our results in the lung are supported by a 

number of studies which suggest that a range of cells could be involved in the 

production of different cytokines after LPS treatment. 

 

Few studies have examined LPS-induced cytokine release from the skin, but IL-6 and 

IL-8 release from dermal fibroblasts has been demonstrated by Perfetto and colleagues 

(2003) and subcutaneous injection of LPS into mouse skin has been shown to induce a 

range of cytokines including TNF-α and IL-8 (Harada et al, 1993, Yokoi et al, 2008).  

Nasal mucosa explants stimulated with LPS showed infiltration of inflammatory cells 

and increased T helper type 1 (Th1) cytokines and IL-10, but pro-inflammatory 

cytokines were not measured (Tulic et al, 2004).  Nasal epithelial cells and fibroblasts 

have also been shown to release IL-6 and IL-8 upon stimulation with LPS (Kenney et 

al, 1994, Xing et al, 1993).  LPS-induced release of a range of cytokines has been 

previously demonstrated in many different cells, including peripheral blood 

mononuclear cells (PBMCs, Simon et al, 2007), neutrophils (Schroder et al, 2008, 

Siewe et al, 2006), mast cells (Kirschenbaum et al, 2008) and macrophages (Aznar et al, 

1990, Chang et al, 2007, Siewe et al, 2006, Zhong et al, 1993).  In summary, many 

different cell types may be involved in LPS-induced cytokine release in our model, but 

macrophages appear to be particularly important.   

 

Whilst the effects of LPS in many different inflammatory cells have been examined, it 

is useful to observe the effects of stimulation in vivo and mouse models are usually the 

starting point for these experiments.  In a murine air pouch model, LPS-induced release 

of TNF-α was shown (Harmsen and Havell, 1990) and simultaneous ovalbumin (OVA) 

and LPS challenge increased IL-10 producing cluster of differentiation (CD)-4+ T cells 

(Den Haan et al, 2007).  Furthermore, LPS challenge in mice has been shown by Roers 

and colleagues (2004) to induce release of TNF-α in an IL-10-dependent manner; this 

negative control of TNF-α by IL-10 appears to occur in vitro as well as in vivo and may 

be an important anti-inflammatory mechanism. 
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These cellular and animal studies agree with our findings that LPS can induce release of 

inflammatory cytokines from different tissues.  Furthermore, Hoogerwerf and 

colleagues (2008) demonstrated the effect of LPS on the human lung in vivo; LPS 

caused upregulation of pro-inflammatory cytokines TNF-α, IL-1β and IL-6 in the 

bronchoalveolar lavage (BAL) fluid, along with IL-8 which induced neutrophil influx.  

Levels of IL-10 were, however, undetectable.  Ex vivo stimulation of macrophages 

induced the same range of cytokines, indicating their importance in the response 

(Hoogerwerf et al, 2008).  As a similar range of pro-inflammatory cytokines and 

chemokines have been reported after bronchial instillation of LPS as we have detected 

after ex vivo stimulation of lung tissue, this suggests that our explant model is 

physiologically relevant and can be used to predict in vivo responses in the lung.  

Furthermore, nasal instillation with LPS was shown by Sisgaard and colleagues (2000) 

to increase IL-6, IL-8, IL-1β and TNF-α in nasal lavage and Danuser and colleagues 

(2000) also reported upregulation of IL-6; this shows that the nasal tissue explant model 

may also show comparable responses to the in vivo situation. 

 

Allergy also has a role in disease in the lung, skin and upper airways (Pucci and 

Incorvaia, 2008).  The allergic reaction can be mimicked by stimulating tissue with anti-

IgE antibody.  Figures 3.1 to 3.3 show that anti-IgE is able to induce the same range of 

pro- and anti-inflammatory cytokines from the lung, skin and nasal tissue as LPS, 

although the response to anti-IgE occurs with far lower potency than the response to 

LPS.  Various studies have examined anti-IgE-induced TNF-α release from lung mast 

cells and in general maximal TNF-α release appears to be occur within 15 minutes of 

stimulation (Coward et al, 2002, Gibbs et al, 1997).  Our study showed anti-IgE-

induced TNF-α release from the lung increasing up to a maximum at 24 hours, where a 

plateau was seen.  It is therefore unlikely that the TNF-α measured in our lung explant 

model originates solely from mast cells, although mast cell-derived cytokines including 

TNF-α may initiate the response and lead to further release of TNF-α from 

neighbouring cells.  Various groups have also reported anti-IgE-induced TNF-α release 

from skin mast cells, and in some of these studies maximal release was much later than 

has been reported from lung mast cells, between 4 and 18 hours (Bissonnette and Befus, 

1997, Gibbs et al, 2001, Okayama et al, 1998); this is similar to the timescale of TNF-α 
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release we have seen from skin explants and may represent slow release of preformed 

cytokines, or new synthesis. 

 

Gibbs and colleagues (1997) could not detect anti-IgE-induced IL-6 release from lung 

mast cells; whilst we have seen a tendency for increased IL-6 upon stimulation of lung 

tissue, this trend does not reach significance, with the same pattern in skin and nasal 

tissue.  We also showed a trend for increased IL-8 upon anti-IgE stimulation of the lung 

which again did not reach significance, which was also reported by Erger and Casale 

(1998).  Anti-IgE-induced IL-8 did however reach significance in the skin; skin mast 

cells have been shown by Gibbs and colleagues (2001) to release IL-8 as well TNF-α, 

so they may be an important source of IL-8 in this response to anti-IgE.  Therefore, 

mast cells may be unable to release IL-6 upon anti-IgE stimulation, and lung mast cells 

may not release IL-8, so other cells may be responsible for any small increases seen.  

For example, alveolar macrophages express FcεRII, the low affinity IgE receptor, and 

can respond to anti-IgE by releasing TNF-α, IL-1β, IL-8 and IL-10 (Gosset et al, 1999).  

However, anti-IgE treatment of cord blood-derived mast cells has been shown to induce 

TNF-α, IL-6 and IL-8, so there may be tissue-specific heterogeneity (Kempuraj et al, 

2003).  Furthermore, the initial release of pro-inflammatory cytokines such as TNF-α 

from mast cells could stimulate other cells to produce IL-6 and IL-8, hence the release 

of some cytokines in response to anti-IgE may be an indirect effect. 

 

Whilst mast cells and basophils are believed to be the key mediators of allergic 

inflammatory responses, many other cells including eosinophils and monocytes have 

been shown to express FcεRI, especially in atopic subjects, so these cells may also play 

a key role in the tissue response to anti-IgE (Gounni et al, 1994, Maurer et al, 1994).  

Furthermore, other resident cells within the tissue may influence the response to IgE-

dependent challenge; Calderon and colleagues (1997) showed that nasal epithelial cells 

from allergic rhinitis patients released higher levels of TNF-α, IL-1β and IL-8 after the 

pollen season, but it is unclear whether these cells mediate the response or whether it is 

secondary to the response of other cells within the tissue. 

 

Figure 3.5 shows the kinetics of cytokine release from human lung, skin and nasal tissue 

explants stimulated with LPS and anti-IgE; these data can provide information about the 
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order in which mediators are released, which allows us to speculate as to which 

cytokines may be important in initiating or maintaining inflammatory responses.  Of all 

cytokines measured, TNF-α release upon LPS and anti-IgE stimulation appears to be 

earliest and release of IL-10 appears to follow a similar pattern, but is released slightly 

later.  Release of IL-1β, IL-6 and IL-8 was also measured and these cytokines all seem 

to be released over a similar time course, much later than TNF-α and IL-10. 

 

Whilst there are few whole tissue studies, various groups have examined the kinetics of 

cytokine release upon LPS stimulation of macrophages; Thorley and colleagues (2007) 

and Zhong and colleagues (1993) both showed early release of TNF-α, but whilst 

Zhong and colleagues showed later release of IL-6 and IL-8, as we have seen, Thorley 

and colleagues reported that IL-6 and IL-8 were released on a similar timescale to TNF-

α.  However, this release of IL-6 and IL-8 was shown to be dependent on TNF-α and 

IL-1β was shown to be released later, which supports our findings.  Chanteux and 

colleagues (2007) examined LPS-induced IL-10 release from macrophages and showed 

that this reached its maximum at 24 hours, in agreement with our results. 

 

Taken together, this information supports the hypothesis that TNF-α and IL-10 form a 

regulatory feedback loop in inflammatory responses.  It is possible that TNF-α is the 

first cytokine to be released upon inflammatory stimulation, which could initiate a 

cascade of release of other cytokines and chemokines.  Hackett and colleagues (2008) 

have carried out similar ex vivo studies with human lung tissue explants and 

demonstrated that the removal of the TNF-α response using a neutralising antibody 

prevented the subsequent release of IL-6, IL-8 and IL-10 following LPS stimulation.  

TNF-α was immunohistochemically co-localised to mast cells and macrophages in 

glycol methacrylate (GMA)-embedded tissue after 1 hour of LPS exposure, suggesting 

that these cells are likely to be the primary source of this pro-inflammatory cytokine.  

Furthermore, Coward and colleagues (2002) have shown that TNF-α release from lung 

mast cells contributes to upregulation of NFκB expression, supporting a role for TNF-α 

in the control of the inflammatory cascade.   

 

Different cytokines released into the media from the skin appear to have different 

origins.  TNF-α appears to be preformed and released from stores within cells at low 
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levels in unstimulated tissue.  Release of TNF-α from unstimulated tissue is however 

slightly augmented by protein synthesis inhibition but the reason for this is unclear, 

especially as there is no effect on cytotoxicity.  It is tempting to speculate that another 

mediator may regulate the release of TNF-α and inhibition of synthesis of this mediator 

could indirectly increase TNF-α levels.  Stimulated release of TNF-α is, however, 

significantly reduced when protein synthesis is inhibited, although not quite to control 

levels; this suggests that there is some TNF-α preformed and ready for release upon 

stimulation, but also when these stimuli are recognised by the immune system, signal 

transduction occurs, probably via NFκB, to generate further synthesis of TNF-α to 

maintain the inflammatory environment.   

 

In contrast, IL-10 appears to rely on new synthesis for its production; cycloheximide 

treatment reduces IL-10 release from both control and stimulated tissue.  This 

constitutive synthesis and secretion of IL-10 may function as a regulatory mechanism to 

control the release of pro-inflammatory mediators.  It may be the reduction in IL-10 

synthesis by cycloheximide that allows TNF-α release to increase under unstimulated 

conditions; constitutively produced IL-10 could somehow prevent release of prestored 

TNF-α, although the mechanism of this is currently unclear.  Conversely, IL-1β appears 

to be unaffected by inhibition of protein synthesis.  This suggests that IL-1β release 

from the skin is solely from preformed stores.  In contrast to IL-1β, IL-6 and IL-8 

release seems to rely heavily on new protein synthesis, even under control conditions.  

Therefore, different cytokines released from skin explants appear to have distinct 

sources, some such as IL-1β appear to already be stored within skin cells ready for 

release, whilst IL-6, IL-8 and IL-10 seem to rely heavily on new protein synthesis for 

their release even under control conditions and TNF-α seems to use a mixture of these 

two mechanisms. 

 

It is apparent that IL-1β and TNF-α release under inflammatory conditions occur via 

different mechanisms, but that both are pre-stored within the skin to some extent.  Our 

results suggest that low levels of TNF-α should be detectable in unstimulated skin.  

Kristensen and colleagues (1993) have shown TNF-α expression in the basal epidermis, 

but Nickoloff and colleagues (1991) were unable to detect any TNF-α in epidermal 

cells of normal skin, with only a few positive dermal cells; double staining indicated 
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that most of these positive cells were macrophages, with some lymphocytes, although 

surprisingly no mast cells containing TNF-α were detected.  However, as IL-1β appears 

to be released from storage and does not require protein synthesis, we would expect 

reasonably high levels of IL-1β to be detectable in unstimulated skin.  In support of this 

theory, Romero and colleagues (1989) detected intracellular IL-1β within normal skin.  

The most intense staining was the stratum corneum, with some staining in the squamous 

layer; this localisation in the upper epidermis allows for rapid release upon injury or 

challenge to the skin.  We would not expect to be able to detect significant levels of IL-

6, IL-8 or IL-10 stored preformed within the unstimulated skin and to our knowledge 

this has not been reported.  Ishizuka and colleagues (1999) have shown IL-10 in lung 

mast cells after anti-IgE treatment and Schroder and colleagues (2006) showed that 

neutrophils can store IL-8; we could however detect very few neutrophils in normal 

skin, so these are unlikely to be an important cellular source of IL-8 in skin.  There do 

not appear to be any reports of IL-6 storage within skin and, as discussed previously in 

this chapter, IL-6 tends to be released late in the cytokine cascade under the control of 

TNF-α, it is more likely that IL-6 is newly synthesised rather than pre-stored. 

 

Gathering information from this experiment and from previous kinetic experiments, 

along with previous work carried out using the lung explant model in our group 

(Hackett et al, 2008), we hypothesised that TNF-α and IL-10 may have regulatory roles 

in controlling the cytokine cascade in the skin.  TNF-α appears to be released first after 

stimulation, followed by IL-10 and subsequently by IL-1β, IL-6 and IL-8.  Furthermore, 

the fact that IL-10 release from unstimulated tissue is decreased by CHX treatment 

whilst TNF-α is increased supports a role for IL-10 in negative feedback control of 

TNF-α release.  It is also feasible that the reduced stimulated release of IL-6, IL-8 and 

IL-10 after CHX could relate to the reduction in TNF-α.  To investigate the roles of 

TNF-α and IL-10 in controlling the cytokine cascade we utilised neutralising antibodies 

against these cytokines.  The neutralising IL-10 antibody did not seem to have any 

effect on detection of TNF-α, which was perhaps unexpected, considering IL-10 is an 

anti-inflammatory cytokine believed to downregulate TNF-α release, so its inhibition 

would be expected to elevate TNF-α.  However, the neutralising TNF-α antibody 

significantly reduced LPS-induced IL-10, which supports a role for TNF-α in inducing 

IL-10 production in inflammatory responses.  However, neither the neutralising TNF-α 
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nor IL-10 antibodies had any effect upon detection of IL-1β, IL-6 or IL-8; this was an 

unexpected result as it was hypothesised following earlier results that TNF-α was the 

key acute phase cytokine, the release of which initiated the release of other pro-

inflammatory cytokines, with IL-10 thought to control this response via negative 

feedback.  

 

The control of this system may not be as simple as previously thought, and more 

complicated signalling mechanisms and transcription factors are likely to be involved in 

the intricate control of inflammation.  Interestingly, the control of TNF-α by IL-10 and 

vice versa has been demonstrated in various different models, along with the release of 

other pro-inflammatory cytokines such as IL-1β being under the control of TNF-α 

(Barsig et al, 1995, Roers et al, 2004, Sato et al, 2003).  However, we could only 

demonstrate the control of IL-10 release by TNF-α in the skin.  To our knowledge there 

are no other reports of the regulatory roles of TNF-α and IL-10 in LPS-induced skin 

inflammation, although TNF-α is believed to be important in inflammatory skin disease 

as anti-TNF-α antibodies have been shown to be effective treatments for psoriasis 

(Gaspari, 2006).  The control of the cytokine cascade may therefore be different in the 

skin than other tissues, which may be due to the distinct cellular profiles.  

Keratinocytes, for example, could have distinct responses upon stimulation with LPS, 

which could lead to the inflammatory response being controlled in a distinct manner. 

 

We have demonstrated that the kinetics of TNF-α release are remarkably similar in the 

different tissues, but they are of distinct magnitudes; this indicates that there are likely 

to be similar cells present in the tissues, but that the density of cells is likely to vary.  

We could detect no significant difference in the number of macrophages in the lung, 

nasal tissue or skin; although macrophages are an important source of TNF-α (Niebuhr 

et al, 2009), this information means that they are unlikely to be the only source of TNF-

α in the response to LPS, as in that case we might expect equal responses from each 

tissue.  There were, however, more mast cells in lung than nasal tissue or skin, which 

could begin to explain the reduced anti-IgE-induced TNF-α release from the skin.  

There were significantly fewer eosinophils in the skin than in either of the other tissues 

and lung tissue contained significantly more neutrophils than the other two tissues.  One 

of the possible reasons for the increased numbers of neutrophils detected in the lung 
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may be smoking status or COPD; many of the patients examined have a degree of 

airways obstruction along with a smoking history and these patients tended to have 

more neutrophils, although a larger sample size would be required to examine this in 

detail. 

 

Some other groups have examined the distribution and density of inflammatory cells in 

the skin, lung and nasal tissue.  Ying and colleagues (1998) reported similar cell 

numbers in the skin to those detected by us; they again showed the presence of mainly 

mast cells, around 70/mm2, with fewer macrophages, around 40/mm2 and they, like us, 

could not detect many eosinophils in unstimulated skin.  Macfarlane and colleagues 

(1999) also detected similar numbers of eosinophils and mast cells to us.  Neither group 

reported detection of neutrophils, which supports our low detection rates of these cells.  

Saetta and colleagues (1999) examined cellular infiltrate in the parenchyma; they 

showed similar numbers of the four cell types in control tissue, some of which were 

modified by smoking or COPD status, as we have reported.  Hamid and colleagues 

(1997) examined cellular infiltration in the small airways and detected similar numbers 

of macrophages and mast cells as we found in the parenchyma.  However, they reported 

substantially fewer neutrophils and eosinophils, although as they examined small 

airways rather parenchyma, cell counts may be altered (Hamid et al, 1997). 

 

Edinger and colleagues (2005) reported increased numbers of eosinophils in nasal 

polyps and nasal mucosa than bronchial mucosa; this supports the trend for increased 

nasal eosinophils compared to lung eosinophils which we have seen.  They also 

demonstrated the presence of more macrophages in the nasal than bronchial samples, 

which is again similar to the trend we found in our samples.  Finally, again supporting 

our results, mast cells were detected in all samples but with no differences between 

nasal and bronchial samples (Edinger et al, 2005).   

 

Eosinophilia is a common feature of nasal polyps, which is why a high number of 

eosinophils were detected in nasal tissue samples.  However, macrophages and mast 

cells are also thought to be abundant and important sources of inflammatory cytokines, 

whilst neutrophils are far less common except in polyps from patients with cystic 

fibrosis (Bachert et al, 2004, Bolard et al, 2001, Hamajima et al, 2007, Hirschberg et al, 
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2003, Scavuzzo et al, 2005, Van Zele et al, 2006).  Hao and colleagues (2006) examined 

inflammatory cell numbers in nasal polyps compared to turbinates from the same 

patients, and controls.  Increased eosinophils and neutrophils were seen in polyps 

compared to control turbinates, although matched turbinates showed similar cellular 

profiles indicating that polyps have diffuse mucosal involvement.  Our results are in 

general in agreement with this study, although whilst they have reported high levels of 

neutrophils we could detect few; this may be a discrepancy between patient populations, 

as Hao and colleagues sampled from a predominantly Asian population whereas our 

patients were mainly Caucasian.  Morinaka and Nakamura (2000) also examined cell 

numbers in polyp and turbinate and they described a similar number of neutrophils to 

us, but the number of EG2+ cells is far lower in their samples than ours.  Polzehl and 

colleagues (2006) examined the cellular infiltrate in mucosa samples of patients with 

nasal polyps; they reported 2-3 times the number of eosinophils as macrophages and 

approximately 10-fold less neutrophils than eosinophils, which matches our findings.   

 

In general, there were fewer inflammatory cells detected in the skin than in the other 

two tissues, which may begin to explain why cytokine release from the skin seems to be 

lower.  There may however be other important factors which have not been addressed, 

such as functionality of the cells in the different tissues.  As an example, in figures 3.8a-

c, representative staining of macrophages in lung, nasal tissue and skin is shown.  

Whilst there was no difference in cell counts, there may be distinct morphological 

properties of macrophages in different tissues; in the lung macrophages appear larger 

and more accessible to stimuli, whilst in the nasal tissue and skin macrophages are in 

the submucosa, entwined with other cells and matrix.  Furthermore, mast cells from 

different species or from different locations in the same organism may be functionally 

heterogeneous; in the general introduction we have already discussed how skin mast 

cells express more Toll-Like Receptor (TLR)-2, whilst peritoneal mast cells express 

more TLR4 in order to respond in the most appropriate way to their environment.  

These factors may be important in determining the nature of responses to stimulation. 

 

In order to assess whether the number of inflammatory cells can predict the TNF-α 

response, linear regression analysis was utilised.  However, we showed no association 

between the number of mast cells and the level of anti-IgE-induced TNF-α in the lung, 
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nasal tissue or skin.  Increasing the sample number may increase the relationship 

between mast cell numbers and anti-IgE-induced TNF-α release, but with the current 

number of samples there does not appear to be a relationship.  Furthermore, multiple 

regression analysis using all cell types quantified showed that no cell numbers could 

predict the LPS-induced release of TNF-α from any of the tissues either. 

 

As cell numbers alone do not appear to be able to predict TNF-α release, it was 

predicted that the stimuli could have different abilities to enter tissues and reach their 

target cells.  Figure 3.8 shows that skin and nasal tissue samples are more compact than 

lung parenchyma, in which airspaces should allow for simple diffusion of stimuli into 

and cytokines out of the tissue.  We therefore assessed the ability of anti-IgE to enter the 

different tissues.  No positive staining could be detected in treated lung or skin samples.  

Nonetheless, there appears to be increased fluorescence in two separate nasal tissue 

samples treated with FITC-anti-IgE, around the edges of the tissue and areas of less 

dense, degraded tissue, as would be expected.  This information suggests that anti-IgE is 

able to enter nasal tissue samples, but not lung or skin.  This does not, however, explain 

the higher levels of cytokine release from the lung than either of the other tissues, so we 

predicted that the FITC label could have been bleached despite storage of samples in the 

dark as soon as possible after snap freezing.  Therefore, the same experiment was 

carried out but using unlabelled anti-IgE and a labelled secondary antibody.  There was 

however no difference in positive staining between control and treated samples, even 

the nasal tissue which showed positive staining using the FITC method.  

 

Due to the apparent inability of anti-IgE to enter the tissue we assessed the ability of 

migratory cells to respond to stimulation, to determine whether these could have a role 

in initiating a cytokine response.  We have shown that the migratory cells can respond 

to stimulation in the absence of tissue; in fact, the cellular response to anti-IgE appears 

almost identical to the tissue response, although the cells have reduced capacity to 

respond to LPS.  This information indicates that many of the cells which migrate out of 

the tissue express FcεRI and can therefore respond to anti-IgE, whilst fewer cells 

express TLR4.  We have already discussed in detail the complex mechanism of LPS 

recognition and activation of TLR4; it is feasible that all required components for 

recognition, transfer and binding would be less likely to be closely available in a cell 
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suspension than when cell-cell and cell-matrix interactions within the tissue are intact.  

The live migratory cells in supernatants from different tissues were enumerated, and 

there were substantially fewer cells present in supernatants from the skin than lung and 

nasal tissue; if the migratory cells are important in initiating responses to stimuli, the 

decreased number migrating from the skin could explain the decreased cytokine 

response in this tissue.  It would be interesting to characterise the cells which have 

migrated out of the tissue, to further investigate their roles in the initiation of an 

inflammatory response in our model. 

 

Collating the information gained in this section of results, it would appear that a number 

of factors may be important in determining the magnitude of the cytokine response.  

Firstly, the number of inflammatory cells within the tissue may be important, although 

the morphology and intrinsic properties of the cells in different tissues may also be 

important.  Secondly, the ability of stimuli to enter and diffuse through the tissue may 

be a determinant; we have shown that anti-IgE can enter polyp tissue but not lung or 

skin, which could explain why polyp can release higher levels of cytokines than skin, 

but does not explain the ability of lung tissue to release high levels of TNF-α.  The 

ability of cytokines to diffuse out of the tissue once produced may also be of 

importance, although this has not been addressed.  Finally, the number of inflammatory 

cells which migrate out of the tissue into the supernatant during culture may be 

important; we have shown that these cells can respond to stimulation, in particular with 

anti-IgE, and that fewer cells migrate out of the skin, which could be a factor in 

determining why skin explants tend to release lower levels of cytokines. 

 

Another explanation for the increased cytokine release from the lung and nasal tissue 

compared to skin could be pre-existing disease.  The skin used is of ‘normal’ phenotype 

whilst most of the lung tissue is obtained from carcinoma resection surgery where the 

majority of patients have a smoking history and some suffer from COPD, which may 

cause increased responsiveness to inflammatory stimuli.  Furthermore the nasal tissue 

used generally has pre-existing inflammation; nasal polyps are caused by intrinsic 

inflammatory processes and are mainly removed due to the nasal obstruction they cause 

(Bolard et al, 2001).  Furthermore, many turbinate reductions are performed when 

sinusitis patients have inflamed turbinates, so this tissue may also have background 
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inflammation and be ‘primed’ for a substantial inflammatory response (Van Zele et al, 

2006).  Furthermore, atopic status could affect cytokine release following stimulation.  

Whilst anti-IgE is thought to have similar effects on mast cells from atopic and non-

atopic individuals, other cells including eosinophils may also express FcεRI in atopic 

individuals, which may increase their responsiveness to anti-IgE (Ying et al, 1998).   

 

There is discrepancy in the literature about whether epidermal keratinocytes, the cells 

involved in first line defence of the skin, express TLR4 and therefore whether they can 

respond to stimulation with LPS.  Baker and colleagues (2003) and Mempel and 

colleagues (2003) showed weak expression of TLR4 on keratinocytes, whilst Pivarcsi 

and colleagues (2003) showed strong expression throughout the epidermis.  Kollish and 

colleagues (2005) reported that no TLR4 expression could be detected on primary 

keratinocytes, only HaCaT cells.  However, whilst some groups examined TLR4 

expression in whole skin using immunohistochemistry, others used cultured 

keratinocytes, which may not truly represent the expression in fully mature, 

differentiated cells which reside within the skin.  If keratinocytes are not able to respond 

to stimulation with LPS, other cells are likely to be involved; we have demonstrated 

presence of numerous inflammatory cells in the skin, including macrophages which are 

known to express TLR4 (Niebuhr et al, 2009), so keratinocytes are not necessarily 

essential for the response.  MacRedmond and colleagues (2007) examined TLR4 

expression in the nasal epithelium of COPD patients, which correlated well with 

bronchial epithelial expression; they showed that patients with mild COPD have 

elevated TLR4 expression, whilst in severe cases TLR4 is downregulated.  Most of our 

patients who suffer from airway obstruction only have mild-moderate COPD; these 

patients could therefore show this increased TLR4 expression which could contribute to 

the increased responsiveness of the lung tissue to LPS stimulation.  Taken together, this 

information suggests that resident cells in the tissues may have different abilities to 

respond to stimulation, even where similar numbers are present in different tissues, 

which could contribute to differing levels of cytokine release. 

 

We finally determined the effects of stimulating skin at an air-liquid interface on the 

epidermal side, measuring mediator release through the dermis, in an attempt to make 

the skin explant more physiologically relevant.  We were however unable to produce a 
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comparative inflammatory response from skin mounted in Franz diffusion chambers 

compared to the explant model we have developed.  6mm biopsies responded to 

stimulation in a similar manner to explants but released slightly lower levels of 

cytokines, probably due to the increase in diffusion distance to the surrounding media.  

There was however no difference in cytokine release from diffusion chamber-mounted 

skin when stimulated with LPS or PGN compared to culture media alone.  However, 

whilst TNF-α, IL-10, IL-6 and IL-8 release from chamber-mounted skin was far lower 

than that from explants, IL-1β release from chamber-mounted skin was of a similar 

magnitude under all conditions, despite the fact that no response was seen upon 

stimulation.  This may be due to an injury response in the skin due to compression 

inside the chamber; the supernatant from the diffusion chambers contained substantially 

more LDH than the explants or biopsies, indicating increased cytotoxicity.  Mechanical 

trauma to the skin has previously been reported to induce release of pro-inflammatory 

cytokines such as TNF-α and IL-1, which then initiates upregulation of other cytokines 

and chemokines (Homey et al, 2006); this could begin to explain the high levels of 

cytokine release, especially IL-1β, from unstimulated skin in diffusion chambers. 

 

As the skin acts as a barrier to the outside environment, it was hypothesised that stimuli 

could not penetrate this barrier in this normal skin with its barrier function intact.  Many 

of the studies carried out to determine the effects of LPS on skin inflammation have 

adopted a subcutaneous injection model, where the skin’s barrier function is bypassed 

(Harada et al, 1993, Saloga et al, 1996, Yokoi et al, 2008); this does not however 

provide a physiological model of LPS-induced skin inflammation, as bacteria producing 

endotoxin would be present on the skin’s surface and would not be able to evade this 

barrier in intact skin.  Further experiments examined the effects of disrupting barrier 

function on the inflammatory response.  However, none of the applied methods of 

barrier disruption (scraping the epidermis, tape stripping or humidity treatment) had any 

effect upon TNF-α or IL-10 release from the chamber-mounted skin upon stimulation 

with LPS.  There are limited reports on the effects of stimulating barrier disrupted skin 

and measuring cytokines released, as most experimental work examines the sensitising 

potential of the skin once it has been barrier disrupted (Kondo et al, 1998).  
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We have shown a significant injury response in skin mounted in Franz diffusion 

chambers.  Therefore, any responses we may have seen in the barrier disrupted skin 

could have been masked due to the low signal-to-noise ratio.  In an attempt to increase 

the signal from the skin, we stimulated skin on the dermal side, which should allow the 

skin’s barrier to be evaded and the LPS should be able to reach its target cells with ease.  

We showed that TNF-α and IL-10 release is significantly increased where the skin is 

stimulated on the dermal (lower chamber) rather than epidermal (upper chamber) side.  

Whilst there was also a trend for increased measurement of IL-1β, IL-6 and IL-8, these 

cytokines did not reach significance.  We showed a huge amount of inter-patient 

variability in the levels of cytokines released, which is probably the reason that these 

other cytokines did not reach significance.  Again there is a problem with the signal-to-

noise ratio, likely due to the injury response in the skin again.  We may have begun to 

obtain some useful information regarding the effect of barrier removal on the ability of 

the skin to respond to stimulation, but this model may require some adaptations before 

it is a physiologically relevant model useful for predicting in vivo responses. 

 

3.5 Conclusions 

We have demonstrated that skin, lung and nasal tissue explants can respond to 

stimulation with LPS and anti-IgE by releasing a similar panel of pro- and anti-

inflammatory cytokines.  The timecourse of cytokine release from each tissue appears 

similar, with TNF-α released first, then IL-10, lastly followed by IL-1β, IL-6 and IL-8.  

We showed that release of different cytokines is controlled in distinct manners.  We 

hypothesised that TNF-α production could stimulate IL-6, IL-8 and IL-10, but that IL-

10 had negative feedback control of TNF-α release; however, we demonstrated that 

TNF-α initiates IL-10 release upon LPS stimulation but no other causal relationships 

could be elucidated so the cytokine cascade may be under more intricate control than 

currently appreciated.  Whilst the patterns of cytokine release from skin, lung and nasal 

tissue explants are similar, we showed that the magnitude is far higher from the lung 

than nasal tissue or skin; the reason for this is likely due to a complex mixture of 

factors, including number and functionality of inflammatory cells, the ability of stimuli, 

cytokines and cells to migrate through the tissue and pre-existing inflammatory disease.
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4.1 Introduction 

Staphylococcus aureus is often found as part of the normal microflora of the upper 

respiratory and intestinal tracts and can be carried on the skin without causing harm to 

the host (Bachert et al, 2002, Rossi and Monasterolo, 2004).  Nasal carriage of S.aureus 

occurs in around 30% of the population, whereas skin colonisation is much less 

common at around 5% (Noble et al, 1967).  S.aureus is however thought to be involved 

in the pathogenesis of various diseases; its pathogenicity is due to the various toxins, 

enzymes, adhesion molecules and immune-modulating proteins it produces (Fournier 

and Philpott, 2005, Semic-Jusufagic et al, 2007), as outlined in figure 4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Whilst S.aureus is a transient and opportunistic pathogen, Staphylococcus epidermidis 

is another member of the Staphylococci family which is found as part of the normal 

microflora of the skin and is thought of as generally non-pathogenic. Whilst S.aureus 

has a range of virulence factors, S.epidermidis is not thought to have the same capacity 

to cause inflammation (Nilsdotter-Augustinsson et al, 2004).  Keratinocytes have a key 

Figure 4.1- Structure and virulence factors of Staphylococcus aureus 
Modified from www.textbookofbacteriology.net 
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role in innate defence, producing antimicrobials and cytokines, whilst expressing many 

of the Toll-like receptors (TLRs) to detect invading organisms. S.aureus has a 

substantial effect on keratinocyte gene expression, increasing expression of 

antimicrobials and facilitating leukocyte migration.  Hence S.aureus cannot survive for 

long on the surface of normal skin, whilst S.epidermidis is able to remain on the skin for 

a longer period of time without its colonisation being prevented (Holland et al, 2009). 

 

Severe atopic dermatitis is associated with a high concentration of S.aureus detected in 

dust from the home (Leung et al, 2008), which suggests that environmental exposure to 

the bacteria may exacerbate disease in susceptible hosts.  S.aureus colonisation is 

extremely common on the skin of atopic dermatitis patients, with occurrence rates of 

around 90%, compared to around 5% in the general population (Breuer et al, 2000).  

Laboratory studies have shown that scraping the epidermis increases bacterial 

colonisation (Pivarcsi et al, 2003), which may partly explain the increased bacterial 

adherence in atopic dermatitis, where the epidermal barrier is disrupted.  The increased 

prevalence of S.aureus colonisation suggests the bacteria play a role in the pathogenesis 

of atopic dermatitis. Furthermore, antibiotics have been shown to induce symptomatic 

relief (Bachert et al, 2007), supporting the role of bacteria in disease maintenance.  

 

S.aureus is not only thought to be involved in the development of atopic dermatitis; 

there is also evidence for its role in diseases of the respiratory tract such as asthma, 

allergic rhinitis and nasal polyposis (Bachert et al, 2007, O’Brien et al, 2006, Rossi and 

Monasterolo, 2004, Suh et al, 2004).  It is thought that S.aureus enterotoxins may have 

a role in promoting an allergic phenotype, which may provide the link between 

infection and inflammation in many tissues.  Normal peripheral blood mononuclear 

cells (PBMCs) stimulated with staphylococcal enterotoxin (SE) B release T helper type 

2 (Th2) cytokines (Bachert et al, 2007, Campbell and Kemp, 2007), which provides the 

appropriate environment for the development of allergic disease.  Along with viral 

infection and air pollution, the SEs may also synergistically enhance the ability of 

allergens to cross the epithelial barrier and thus allow sensitisation (Bachert et al, 2004). 

 

SEs are able to act as ‘superantigens’ and activate around 20% of T cells, whereas 

conventional allergens only activate around 1 in 105 or 106 T cells (Proft and Fraser, 
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2003).  This generalised activation leads to release of Th2 cytokines such as interleukin 

(IL)-4, IL-5 and IL-13 and causes polyclonal immunoglobulin (Ig)E production, 

possibly to common environmental allergens (Hellings et al, 2006).  Th2 cytokines 

promote recruitment of eosinophils, key inflammatory cells in asthma and nasal 

polyposis (Bachert et al, 2001, Patou et al, 2008).   IgE to SEs is commonly detected in 

children with eczema and the level tends to correlate with disease severity (Breuer et al, 

2000, Semic-Jusufagic et al, 2007).  Patients with allergic airways disease and nasal 

polyposis also tend to have elevated IgE antibodies to SEs, which further supports the 

role of S.aureus in driving allergic inflammatory responses (Lee et al, 2005, Perez-Novo 

et al, 2004, Rossi and Monasterolo, 2004, Semic-Jusufagic et al, 2007, Suh et al, 2004).   

 

S.aureus may not only be associated with allergy but many other types of inflammatory 

disease; IgE to SEs has been found in 40% of COPD patients and is also elevated in 

smokers (Rohde et al, 2004).  Upregulated S.aureus colonisation has also been reported 

in perennial rhinitis (Bachert et al, 2007).  Furthermore, superantigens may contribute to 

the pathogenesis of autoimmune disease by activating subsets of T cells specific for 

self-antigen, thereby breaking self-tolerance; stimulation of experimental autoimmune 

encephalomyelitis (EAE) mice with SEB causes relapse (Proft and Fraser, 2003), and a 

similar mechanism could be involved in the pathogenesis of psoriasis.  Superantigen-

producing Streptococcus pyogenes lysates are able to induce keratinocyte proliferation 

(Saloga and Knop, 1999), so superantigens could have a role in the development or 

exacerbation of psoriasis.  This chapter aims firstly to characterise the response of 

human skin explants to heat-killed Staphylococcus aureus and its components, then to 

compare the responses seen in the skin to those in human lung and nasal tissue. 

 

4.2 Methods 

Human skin was collected from 77 patients undergoing mastectomy and patients’ ages 

recorded.  Nasal tissue was collected from 51 patients having nasal or sinus surgery, 31 

having nasal polyps removed and 20 having turbinate reduction; patients’ age, gender, 

smoking history, medication and allergic status were recorded.  Human lung tissue from 

the normal margin was obtained from 25 patients undergoing carcinoma resection 

(n=18), bullous repair (n=5) or lung volume reduction (n=2).  The patients’ age, gender, 
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lung function, smoking history, medication and allergic status were recorded.  This 

information is shown in table 4.1.  Tissue was processed as described in section 2.2. 

 

 

 

4.3 Results 

Initial dose-response experiments were performed to determine the ability of S.aureus 

to cause release of various cytokines from the skin, as described in section 2.3.9.  

 
 

 

  Nasal Tissue  

 Skin Polyp Turbinate Lung 

No of subjects 77 31 20 25 (18 cancer (72%),            
7 non-cancer (28%)) 

Age (years) 63±1 51±2 41±3 63±3 

Gender 77f (100%) 
0m (0%) 

8f (26%)           
23m (74%) 

13f (65%)            
7m (35%) 

9f (36%)               
16m (64%) 

Lung function 
(FEV

1
/FVC) - - - 0.61±0.04                 

(8 unknown) 

Smoking status - 
5 current (16%)                    

13 ex (42%)                          
13 non (42%) 

4 current (20%)                     
7 ex (35%)                             

9 non (45%) 

7 current (28%)                   
14 ex (56%)                          
2 non (8%)                           

2 unknown (8%) 

Current steroids - 23 (74%) 3 (15%) 6 (24%) 

Allergy/asthma - 18 allergy (58%), 
22 asthma (71%) 

12 allergy (60%),     
4 asthma (20%) 

6 allergy (24%),         
3 asthma (12%) 

Table 4.1- Patient characteristics  Human skin, nasal tissue and lung samples were collected.  The 
age and gender of all patients were recorded and the smoking history, medication and allergic status 
of the patients who donated lung or nasal tissue were noted, along with lung function of lung patients. 

* 

* 

* 

* 

* 

* 

* 
* 

* * * 
* 

a) TNF-α 

e) IL-8 d) IL-6 c) IL-1β 

b) IL-10 

Figure 4.2- S.aureus dose-response  Human skin fragments were stimulated with 5x104, 5x105, 5x106 or 
5x107CFU/ml heat-killed S.aureus for 24 hours.  a) TNF-α, b) IL-10, c) IL-1β, d) IL-6 and e) IL-8 release 
were measured by ELISA.  Results were expressed as mean+SEM.  P values as determined by Friedman 
test all P<0.0001 * indicates P<0.05 compared to control using Dunn’s multiple comparisons test (n=32) 
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Heat-killed S.aureus was able to stimulate tumour necrosis factor (TNF)-α, IL-1β, IL-6, 

IL-8 and IL-10 release in a dose-dependent manner, as shown in figure 4.2.  The lowest 

concentration of S.aureus which is able to generate significant levels of TNF-α and IL-

10 from the skin is 5x105 heat-killed colony-forming units (CFU)/ml (P<0.05 compared 

to control) and a further increase is seen at 5x106 and 5x107 heat-killed CFU/ml.  In the 

case of IL-1β, IL-6 and IL-8, statistical significance is not reached until 5x106 CFU/ml 

S.aureus.  5x107 CFU/ml S.aureus appears to generate submaximal release of most 

cytokines measured and is a physiologically relevant concentration for the skin to be 

colonised with, so this concentration was selected for use in subsequent experiments.  

 

As the explant model has been developed in the skin using lipopolysaccharide (LPS) as 

a positive control, the next experiment aimed to compare cytokine release after 

stimulation with S.aureus to LPS.  As described in section 2.3.9, skin explants were 

stimulated with 5x107 CFU/ml S.aureus or 100ng/ml LPS for 2, 6, 24 or 48 hours and 

levels of TNF-α, IL-1β, IL-6, IL-8 and IL-10 measured by enzyme linked 

immunosorbent assay (ELISA).  Results are displayed in figure 4.3.   

 

 
 

 

 

c) IL-1β e) IL-8 d) IL-6 

Figure 4.3- Comparison of kinetics with S.aureus and LPS  Human skin fragments were stimulated 
with 5x107 CFU/ml heat-killed S.aureus (squares), 100ng/ml LPS (triangles) or buffer alone (circles) 
for 2, 6, 24 or 48 hours.  TNF-α (a), IL-10 (b), IL-1β (c), IL-6 (d) and IL-8 (e) release were measured 
by ELISA.  Results were expressed as mean ± SEM (n=25) 

a) TNF-α b) IL-10 
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The kinetics of cytokine release from the skin after stimulation with LPS and S.aureus 

are remarkably similar; the release of TNF-α, IL-8 and IL-10 follow the same patterns 

when skin is stimulated with S.aureus rather than LPS.  The release of IL-1β and IL-6, 

however, appear almost identical after stimulation with LPS and S.aureus.  The 

S.aureus- and LPS- induced release of both TNF-α and IL-10 reaches statistical 

significance by 6 hours and is maximal by 24 hours before dropping slightly by 48 

hours.  IL-1β, IL-6 and IL-8 are all released slightly later than TNF-α and IL-10, not 

reaching statistical significance until 24 hours after stimulation. 

 

It is useful to study the kinetics of cytokine release after stimulation, as this helps to 

determine which mediators may be important in controlling the response.  Cytokine 

release can be plotted as percentage maximal release so all cytokines can be displayed 

on a comparable scale; figure 4.4 shows the kinetics of TNF-α, IL-10 and IL-8 release 

after stimulation of skin explants with 5x107 CFU/ml heat-killed S.aureus.  Results for 

IL-1β and IL-6 have been omitted for clarity, but as previously shown in figure 4.3, 

they follow a similar pattern so the IL-8 result is also representative of IL-1β and IL-6. 

 

 

 

 

 

 

 

 

 

 

 

As shown in figure 4.4, TNF-α appears to be released earliest of the cytokines 

measured, with a sharp increase from 2-6 hours and plateau reached at 24 hours.  IL-10 

also reaches its maximum at 24 hours but appears to be released later, only reaching 

30% of its maximum by 6 hours compared to 60% maximal TNF-α release by this time 

(P<0.05).  IL-8, however, seems to be released latest of all the cytokines measured; it 

does not even reach 10% of its maximal release by 6 hours, significantly lower than the 

Figure 4.4- Cascade of cytokines 
released following S.aureus stimulation  
Data from figure 4.3 has been reworked to 
express results as % maximal release of 
each cytokine.  Maximal release of each 
cytokine within 48 hours was considered as 
100% for each patient. IL-1β and IL-6 
have been omitted for clarity due to the 
similarity of their kinetics with IL-8 (n=25) 
Friedman test results 2 hours P=0.43, 6 
hours P<0.0001, 24 hours P=0.019, 48 
hours P<0.0001.  * indicates P<0.05, * 
P<0.01 determined by Dunn’s multiple 
comparisons test for significant time-points 

* 

** 
** 

** 
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percentage maximal release of TNF-α at this time point (P<0.01).  IL-8 then continues 

to rise over the measured 48 hour period and at 48 hours its percentage maximal release 

is significantly higher than that of both TNF-α and IL-10 (P<0.01), suggesting that it is 

released later than the other cytokines.  TNF-α may therefore have an important role in 

the inflammatory response to S.aureus as it is the earliest released mediator, and it may 

induce production of other cytokines later in the inflammatory cascade. 

 

S.epidermidis is another member of the Staphylococcus family, which is commonly 

thought of as non-pathogenic, in contrast to S.aureus which is believed to be associated 

with allergic disease.  The next experiment aimed to compare cytokine release from 

human skin explants following stimulation with the two staphylococci.  Figure 4.5 

shows dose-response curves to heat-killed S.aureus and S.epidermidis in skin explants, 

carried out as described in section 2.3.9.   

  

 

 

 
Figure 4.5- S.aureus and S.epidermidis dose-response  Human skin fragments were stimulated with 
5x104, 5x105, 5x106 or 5x107 heat-killed CFU/ml S.aureus (circles) or 103, 104, 105 or 106 CFU/ml 
S.epidermidis (triangles) for 24 hours.  TNF-α (a), IL-10 (b), IL-1β (c), IL-6 (d) and IL-8 (e) release were 
measured by ELISA.  Results were expressed as mean+SEM (n=15) 

e) IL-8 

a) TNF-α b) IL-10 

c) IL-1β d) IL-6 
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As shown in figure 4.5, the release of TNF-α, IL-10, IL-1β, IL-6 and IL-8 appear 

similar after stimulation of skin explants with both S.aureus and S.epidermidis; the 

dose-response curves for IL-10 are almost superimposable whereas S.epidermidis 

appears to have slightly higher efficacy and increased potency in inducing pro-

inflammatory cytokine release compared to S.aureus, which was unexpected.  The 

reason for this could be that the bacteria have been heat-killed and so cannot infect the 

tissue; the inflammatory response generated is therefore likely to be mainly due to a 

surface marker such as peptidoglycan (PGN), which is present on both staphylococci. 

 

Figure 4.6 compares cytokine release when skin explants are stimulated with S.aureus, 

S.epidermidis and PGN.  As described in section 2.3.10, 100µg/ml PGN was chosen as 

this is consistent with the amount that is likely to be present in 5x107 CFU/ml bacteria.  

As shown in figure 3.6, 100µg/ml PGN can generate comparable amounts of TNF-α, 

IL-1β, IL-6, IL-8 and IL-10 to 5x107 CFU/ml S.aureus and S.epidermidis, so it is likely 

that PGN plays a key role in the inflammatory response seen to the heat-killed 

staphylococci.  PGN stimulation generates approximately 0.9±0.1pg/mg tissue TNF-α, 

whilst S.epidermidis induces 1.3±0.2pg/mg tissue and S.aureus induces 1.5±0.3pg/mg 

tissue, but the difference between the stimuli is not significant.  Stimulation of skin with 

PGN causes release of 0.8±0.1pg/mg tissue IL-10, with S.epidermidis generating an 

almost identical value.  However, stimulation of skin explants with S.aureus causes 

significantly more IL-10, 1.6±0.3pg/mg tissue, to be released, which suggests that there 

might be something other than PGN present on or released from S.aureus that generates 

IL-10, which is not present on S.epidermidis.   

 

The release of both IL-6 and IL-8 follow similar patterns to TNF-α, with all 

staphylococcal stimuli inducing similar levels of cytokine release.  Conversely, IL-1β 

seems to follow a similar pattern to IL-10, with S.aureus generating more of the 

cytokine than S.epidermidis or PGN, so again there may be a component of S.aureus 

other than PGN involved in generation of IL-1β as well as IL-10, whilst most of the 

TNF-α, IL-6 and IL-8 seems to be induced by PGN alone. As shown in figure 4.6f, 

none of the stimuli has an effect on cytotoxicity, measured by lactate dehydrogenase 

(LDH) assay. 
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Figure 4.6- Staphylococcal stimuli comparison  Human skin fragments (n=16) were stimulated with 
5x107 CFU/ml heat-killed S.aureus or S.epidermidis, 100µg/ml PGN, 100ng/ml LPS or buffer control for 
24 hours.  Release of a) TNF-α, b) IL-10, c) IL-1β, d) IL-6 and e) IL-8 was measured by ELISA.  f) LDH 
release was measured by LDH assay.  Results were expressed as mean+SEM.  P<0.0001 for a-e, 
determined by Friedman test (f- P=0.26).  * indicates P<0.05 ** P<0.01 compared to control in significant 
populations (Dunn’s multiple comparisons test) 
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Figure 4.7 shows the results of dose-response experiments carried out with heat-killed 

S.aureus including PGN at concentrations which should be consistent with the S.aureus 

concentrations used in parallel.  With TNF-α, IL-10 and IL-1β (figures 4.7a-c), PGN 

dose-response curves seem to follow the S.aureus dose-response curves up to 5x106 

CFU/ml S.aureus (10µg/ml PGN), where PGN curves begin to plateau and S.aureus 

curves continue to rise.  The PGN-induced release of IL-6 and IL-8 does not, however, 

plateau at 10µg/ml and continues to rise to 100µg/ml, in parallel with the corresponding 

concentrations of S.aureus.  PGN induces a more traditional sigmoidal dose-response 

curve than S.aureus, at least with TNF-α, IL-10 and IL-1β release, which may be 

attributed to the fact that PGN is freely available to interact with TLR2 in a simple 

ligand-receptor interaction, whereas there may be multiple virulence factors on the 

S.aureus contributing to the cytokine generation by the heat-killed bacteria. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To further investigate the mechanisms underpinning the inflammatory response to 

S.aureus, experiments were carried out using the protein synthesis inhibitor 

Figure 4.7- S.aureus and PGN dose-response  Human skin fragments (n=16) were stimulated with 
5x104, 5x105, 5x106 or 5x107 CFU /ml heat-killed S.aureus (circles) or 0.1, 1, 10 or 100µg/ml PGN 
(squares) for 24 hours.  Release of a) TNF-α, b) IL-10, c) IL-1β, d) IL-6 and e) IL-8 was measured by 
ELISA.  Results were expressed as mean ± SEM 

e) IL-8 

b) IL-10 a) TNF-α 

c) IL-1β d) IL-6 
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cycloheximide (CHX) as described in section 2.3.6.  As shown in figure 4.8, pre-

incubation of unstimulated tissue with 100µg/ml CHX increased spontaneous release of 

TNF-α and IL-1β (P<0.05), whereas IL-6, IL-8 and IL-10 were decreased slightly 

although the difference was not statistically significant.  
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Figure 4.8- Effect of inhibition of protein synthesis on S.aureus-induced cytokine release from the skin  
Human skin fragments were incubated with 100µg/ml CHX (grey bars) or buffer control (white bars) for 1 
hour prior to stimulation with 5x107 CFU/ml heat-killed S.aureus, 100µg/ml PGN, 100ng/ml LPS or buffer 
alone for 24 hours.  Levels of a) TNF-α, b) IL-10, c) IL-1β, d) IL-6 and e) IL-8 released were measured by 
ELISA.  LDH release (f) was measured by LDH assay.  Results were expressed as mean+SEM * indicates 
P<0.05 compared to control, determined using Wilcoxon matched pairs test (n=13) 
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However, pre-incubation of tissue with 100µg/ml CHX reduced S.aureus-, PGN- and 

LPS-induced release of all cytokines (P<0.05 compared to stimulus alone); IL-10, IL-6 

and IL-8 were all reduced to control level when tissue was pre-incubated with CHX, 

whilst TNF-α and IL-1β were significantly reduced, although not completely to control 

level.  This information suggests that, as seen in the previous chapter with LPS and anti-

IgE, the S.aureus- and PGN-induced release of IL-6, IL-8 and IL-10 appears to rely 

heavily on new protein synthesis, whilst TNF-α and IL-1β seem to be at least partly 

preformed in the skin.  The increase in TNF-α, as seen in chapter 3, and also in this case 

IL-1β, from unstimulated tissue treated with CHX does not appear to be due to 

cytotoxicity; as shown in figure 4.8f there is no significant difference in LDH release 

with CHX pre-treatment.  Constitutive production of IL-10 could again be an intrinsic 

mechanism to prevent release of pro-inflammatory cytokines from stores. 

 

Heat-killed S.aureus appears able to induce higher levels of some cytokines than PGN, 

as previously described.  For example, figure 4.6b shows that S.aureus-induced release 

of IL-10 and IL-1β is significantly higher than that released after stimulation with PGN 

or S.epidermidis; this may be attributable to production of other virulence factors such 

as toxins.  Although the bacteria used in these experiments are heat-killed, they may 

still contain enterotoxins which are thought to play key roles in priming for allergic 

inflammatory disorders. The next set of experiments, carried out as described in section 

2.3.10, assessed the ability of SEs to generate cytokine production in the skin. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9- Effect of staphylococcal enterotoxins on cytokine production from the skin  Human 
skin fragments were stimulated with 100, 10, 1 or 0.1µg/ml PGN (circles) or 1000, 100, 10 or 1ng/ml 
Staphylococcal enterotoxin A (SEA, squares) or SEB (triangles) for 24 hours.  TNF-α (a) and IL-10 (b) 
release was measured by ELISA.  Results were expressed as mean; error bars have been omitted for 
clarity (n=11) 

a) TNF-α b) IL-10 



Chapter 4: The inflammatory response to Staphylococcus aureus 

 

 102 

As shown in figure 4.9, stimulation of skin with both SEA and SEB causes TNF-α and 

IL-10 release.  SEA does not appear to induce cytokine release in a dose-dependent 

manner; equal levels of TNF-α (approximately 0.4pg/mg tissue) and IL-10 

(approximately 1.6pg/mg tissue) are released from the skin after stimulation with 1, 10, 

100 and 1000ng/ml SEA (P<0.05 compared to control for all concentrations used).  

Stimulation of skin explants with SEB however seems to induce dose-dependent release 

of both cytokines, inducing similar amounts of TNF-α to that induced by PGN, 

reaching around 1pg/mg (P<0.05 compared to control for 10, 100 and 1000ng/ml SEB).  

SEB seems capable of inducing substantial amounts of IL-10 release from the skin 

(P<0.05 compared to control for all concentrations used); SEB-induced IL-10 is around 

6-fold higher than PGN-induced IL-10, which may contribute to the elevated IL-10 

release in response to S.aureus compared to PGN.  Since the dose-dependent effects of 

SEA and SEB on TNF-α and IL-10 release have been determined, a single 

concentration of SEB, 1µg/ml, was selected to stimulate skin explants in parallel with 

the concentrations of S.aureus (5x107 CFU/ml) and PGN (100µg/ml) utilised in 

previous experiments, to compare the effects on cytokines, as portrayed in figure 4.10. 
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a) TNF-α 

c) IL-1β 

b) IL-10 

e) IL-8 d) IL-6 

Figure 4.10- Effect of S.aureus, PGN and SEB on cytokine production from the skin  Human 
skin fragments (n=11) were stimulated with 5x107 CFU/ml S.aureus, 100µg/ml PGN, 1000ng/ml 
SEB or buffer control for 24 hours.  Release of a) TNF-α, b) IL-10, c) IL-1β, d) IL-6 and e) IL-8 was 
measured by ELISA.  Results were expressed as mean+SEM.  P values as determined by Friedman 
test- P<0.0001 for all cytokines except IL-6 (P=0.0007).  * indicates P<0.05 ** P<0.01 compared to 
control (Dunn’s multiple comparisons test) 
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As shown in figure 4.10, SEB has a similar capacity to induce TNF-α release as 

S.aureus and PGN.  Furthermore, whilst 100µg/ml PGN induces less IL-10 than 

S.aureus, 0.8pg/mg tissue compared to 1.9pg/mg tissue, SEB has the capacity to induce 

3pg/mg tissue IL-10.  IL-6 shows a similar pattern to TNF-α, where SEB has a similar 

capacity to induce IL-6 release as S.aureus and PGN.  Conversely, the increase in IL-8 

does not reach significance when skin explants are stimulated with SEB, as shown in 

figure 4.10e, whereas S.aureus and PGN both induce a significant increase.  This 

chapter has previously shown (see figure 4.6) that S.aureus can generate higher levels of 

IL-1β than cell wall component PGN and this is shown again here in figure 4.10c; 

S.aureus causes release of 1.4pg/mg tissue, compared to 0.7pg/mg tissue after 

stimulation with PGN.  However, SEB-induced IL-1β is not elevated above the level 

released from unstimulated tissue (0.15±0.05pg/mg tissue compared to 0.07±0.02pg/mg 

tissue).  Whilst the response to SEB may be responsible for the increased IL-10 release 

with S.aureus, the reason for the elevated IL-1β release is currently unclear. 

 

These results have so far shown that PGN can initiate release of inflammatory 

mediators, but that this is not the only component of S.aureus which can cause 

inflammation.  The SEs cause a distinct profile of cytokine release to PGN and LPS and 

potentially have an important role in allergic inflammatory responses.  It was 

hypothesised that as the SEs appear to induce cytokine release in a distinct manner to 

the cell wall component PGN; they may have synergistic effects when added together, 

as would occur during a physiological S.aureus infection.  As described in section 

2.3.10, some skin fragments were therefore stimulated in parallel with SEA or SEB and 

PGN and these responses compared to stimuli alone, as shown in figure 4.11.  

 

The cytokine response to PGN alone is represented by the white bar, with the response 

to the toxin or LPS alone represented by the light grey bars above.  The dark grey bars 

show the response to these stimuli added simultaneously, or the response to buffer 

alone.  There are, however, no significant differences in the level of TNF-α or IL-10 

generated when the stimuli are added separately and summed to when they are added 

simultaneously.  This indicates that, with the mediators we have measured at least, that 

the different components of S.aureus do not have synergistic effects. 
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As we have already discussed, the cytokine responses to SEA and SEB seem to have 

different properties to those of the other stimuli we have used to far.  Thus we next 

further investigated the properties of these cytokine responses by examining their 

kinetics.  Figure 4.12 shows the kinetics of TNF-α and IL-10 release in response of skin 

explants to stimulation with PGN, SEA and SEB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11- Synergistic effects of PGN and toxins on cytokine production from the skin  Human 
skin fragments (n=9) were stimulated with 10µg/ml PGN, 100ng/ml LPS, 100ng/ml SEA, 100ng/ml 
SEB or buffer control for 24 hours.  In addition, to some fragments LPS, SEA or SEB was added in 
combination with PGN.  Release of a) TNF-α and b) IL-10 was measured by ELISA.  Results are 
expressed as mean; in the compound bars the PGN response is represented by the white bar and the 
other stimulus the light grey bar.  There are no significant differences between summed responses to 
individual stimuli and responses to stimuli added together, determined by Wilcoxon matched pairs test 

a) TNF-α b) IL-10 
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a) TNF-α b) IL-10 

Figure 4.12- Kinetics of the response to PGN and SEs in skin  Human skin explants (n=9) were 
stimulated with 10µg/ml PGN (squares), 100ng/ml SEA (triangles), 100ng/ml SEB (diamonds) or buffer 
(circles) for 2, 6, 24 or 48 hours.  Release of a) TNF-α and b) IL-10 was measured by ELISA.  Results 
were expressed as mean±SEM.  P values as determined by Friedman test: a) 2 hours P=0.0127, 6-48 hours 
P<0.0001 b) 2 hours P=0.0056, 6 hours P=0.008, 24 hours P=0.0005, 48 hours P=0.0004 * indicates 
P<0.05 ** P<0.01 compared to control at significant time points (Dunn’s multiple comparisons test) 
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In agreement with previous experiments, TNF-α release in response to stimulation with 

PGN is higher than SEA- or SEB-induced release at 24 hours.  On the contrary, SEB-

induced IL-10 is higher than either SEA- or PGN-induced release.  The toxins appear to 

cause distinct kinetic responses to other stimuli which we have utilised such as LPS and 

PGN; the responses appear to begin later and still be increasing at 48 hours after 

stimulation, only reaching significance at 24 hours (6 hours for SEB-induced IL-10), 

whilst the PGN-induced TNF-α reaches significance at 6 hours and IL-10 at 2 hours.  In 

line with the timecourse of PGN-induced cytokine release, IL-1β, IL-6 and IL-8 are also 

released on a reasonably slow scale, still increasing at 48 hours (data not shown).  As 

previously demonstrated, IL-1β release in response to toxins was again very low; PGN 

induced a maximum of 0.8±0.2pg/mg tissue at 48 hours but SEB only induced 

0.13±0.08pg/mg tissue IL-1β.  SEB-induced IL-6 release was similar to the response to 

PGN (3618±974pg/mg tissue compared to 3188±970pg/mg tissue at 48 hours), whilst, 

as previously shown, SEB-induced IL-8 was far lower than that released by PGN 

stimulation (4804±875pg/mg tissue compared to 8374±1153pg/mg tissue at 48 hours). 

 

As S.aureus is thought to be associated with inflammation in the nasal passage and the 

lung as well as the skin, the ability of heat-killed S.aureus to induce release of cytokines 

in nasal and lung tissue fragments was also assessed.  The next set of experiments aims 

to determine whether S.aureus can generate release of inflammatory mediators from 

human lung tissue.  As S.aureus is thought to be involved in the generation of an 

allergic phenotype it may have a key role in asthma, or by colonising the airways it 

could be involved in exacerbations of COPD. 

 

As shown in figure 4.13, both S.aureus and PGN can initiate TNF-α and IL-10 release 

in a dose-dependent manner from human lung tissue explants.  PGN causes a steady 

increase in TNF-α release, which reaches a plateau of 55±12pg/mg tissue with 10µg/ml 

PGN, although S.aureus can induce 94±16pg/mg tissue TNF-α by a concentration of 

5x107 CFU/ml.  PGN-induced TNF-α is significantly higher than release from 

unstimulated lung tissue explants from 1µg/ml and S.aureus-induced TNF-α becomes 

significant at 5x106 CFU/ml (P<0.01).  Stimulation of human lung tissue with PGN also 

induces maximal release of IL-10 at 10µg/ml (P<0.01 compared to control); this 

concentration of PGN induces release of 18±3pg/mg tissue IL-10, which is comparable 



Chapter 4: The inflammatory response to Staphylococcus aureus 

 

 106 

to the maximum observed level of S.aureus-induced IL-10 release at 5x107 CFU/ml 

(19±3pg/mg tissue).  PGN-induced IL-10 just reaches significance at 0.1µg/ml 

(P<0.05), with a higher level of significance reached at 1µg/ml (P<0.01), whilst 

S.aureus-induced IL-10 release reaches significance at 5x106 CFU/ml (P<0.01). 

 

 

 

 

 
 
 

 

We next wanted to determine the effects of the SEs, SEA and SEB, on cytokine release 

from human lung explants.  We have previously shown that SEB in particular produces 

distinct cytokine profiles to the other stimuli we have used such as LPS and PGN in the 

skin, producing more IL-10, but less TNF-α and hardly any IL-1β.  As shown in figure 

4.14, again PGN induces TNF-α in a sigmoidal dose-dependent manner from the lung, 

reaching a plateau at 10µg/ml, whilst the IL-10 response increases drastically up to this 

concentration and then a lower response is seen after stimulation with 100µg/ml.  

 

Again, as seen in the skin, SEA does not appear to induce dose-dependent release of 

TNF-α or IL-10 from lung tissue; TNF-α release remains fairly constant at 

approximately 40pg/mg tissue, whilst the IL-10 release is around 8pg/mg tissue.  

However, it was demonstrated in the skin that the SEs induced far lower levels of TNF-

α than PGN, but higher levels of IL-10.  The opposite seems to occur in the lung; SEB-

induced TNF-α is higher than PGN-induced TNF-α, with the level induced by the 

lowest SEB concentration (1µg/ml) causing production of a comparable level of TNF-α 
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** 

Figure 4.13- S.aureus and PGN dose-response in the lung  Human lung tissue fragments (n=23) were 
stimulated with 5x104, 5x105, 5x106 or 5x107 CFU/ml heat-killed S.aureus (circles) or 0.1, 1, 10 or 
100µg/ml PGN (squares) for 24 hours.  Release of a) TNF-α and b) IL-10 was measured by ELISA.  
Results were expressed as mean+SEM P<0.0001 for both cytokines (Friedman test) * indicates P<0.05 ** 
P<0.01 compared to control 

a) TNF-α b) IL-10 
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to the maximal PGN-induced release.  On the contrary, SEB-induced release of IL-10 

seems similar, if not slightly lower than PGN-induced IL-10. 

 

 

 

 

 

 

 

 
The SEs appear to have different cytokine profiles when used to stimulate lung tissue 

compared to skin in terms of TNF-α and IL-10 release.  Lung tissue explants were then 

stimulated with 5x107 CFU/ml S.aureus, 100µg/ml PGN, 1µg/ml SEB or buffer alone 

for 24 hours, and the release of IL-1β, IL-6 and IL-8 measured in addition to TNF-α 

and IL-10; results are shown in figure 4.15. 

 

Again it can be seen that SEB has an increased capacity to induce TNF-α release than 

PGN, which is similar in magnitude to the response to S.aureus at 76pg/mg tissue.  The 

S.aureus- and SEB- induced release of IL-10 is also similar in magnitude (20pg/mg 

tissue with S.aureus and 18pg/mg tissue with SEB) and again this is higher than the 

response to PGN, which only induces 12pg/mg tissue.  As shown in figure 4.15c, 

S.aureus- and PGN- induced IL-1β release are of similar magnitude at around 32pg/mg 

tissue.  On the contrary, as seen in the skin, SEB-induced release of IL-1β is far lower, 

at approximately 10pg/mg tissue, only just reaching statistical significance (P<0.05).  

SEB has a similar capacity to induce IL-6 as S.aureus; both induce approaching 

3500pg/mg tissue.  PGN, on the other hand, induces more IL-6 (approximately 

6500pg/mg tissue).  IL-8 release induced by all three stimuli is, however, of a similar 

magnitude, all in the region of 13000 pg/mg tissue. 

Figure 4.14- Effect of SEs on cytokine production from the lung  Human lung tissue fragments were 
stimulated with 100, 10, 1 or 0.1µg/ml PGN (circles) or 1000, 100, 10 or 1ng/ml SEA (squares) or SEB 
(triangles) for 24 hours.  TNF-α (a) and IL-10 (b) release was measured by ELISA.  Results were 
expressed as mean; error bars have been omitted for clarity (n=19) 

a) TNF-α b) IL-10 
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As previously shown, the timecourse of the response to the SEs in human skin appears 

slower than the response to PGN.  The next experiment aimed to determine whether the 

same is true in the lung.  SEA-, SEB- and PGN-induced TNF-α and IL-10 release over 

48 hours can be seen in figure 4.16.  As expected, PGN-induced TNF-α release 

increases sharply from 2-6 hours and reaches its maximum of 45pg/mg tissue at 24 

hours.  IL-10 release follows a similar pattern but is released slightly more slowly 

before reaching a plateau of around 20pg/mg tissue at 24 hours.  PGN-induced release 

of both cytokines reaches statistical significance as early as 2 hours after stimulation. 

 

The release of TNF-α in response to SEA and SEB appears to occur slightly later than 

the PGN-induced release.  Although a sharp increase in TNF-α is seen from 2-6 hours 

with both SEs, there is still a slight increase between 24 and 48 hours, indicating that 

the response has not reached its maximum by 24 hours.  SEB-induced TNF-α reaches 

significance by 2 hours and SEA by 6 hours.  Toxin-induced IL-10 does however 

appear to be released later than PGN-induced IL-10; a steady increase is seen over the 

Figure 4.15- Effect of S.aureus, PGN and SEB on cytokine production from the lung  Human 
lung tissue fragments (n=19) were stimulated with 5x107 CFU/ml S.aureus, 100µg/ml PGN, 
1000ng/ml SEB or buffer control for 24 hours.  Release of a) TNF-α, b) IL-10, c) IL-1β, d) IL-6 and 
e) IL-8 was measured by ELISA.  Results were expressed as mean+SEM.  P values as determined by 
Friedman test- P<0.0001 for all cytokines except IL-6 (P=0.0005).  * indicates P<0.05 ** P<0.01 
compared to control (Dunn’s multiple comparisons test) 
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a) TNF-α 

e) IL-8 d) IL-6 c) IL-1β 

b) IL-10 
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entire 48 hour period, although whilst SEA-induced IL-10 does not reach significance 

until 48 hours, SEB induces significant levels of IL-10 at 6 hours.  It would therefore 

appear that the SEs, as well as inducing slightly different profiles of cytokines, may be 

activating mediator release earlier from the lung tissue than the skin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Colonisation of the nasal passage with S.aureus is thought to correlate with occurrence 

of nasal polyps and sensitisation to SEs is increased in patients with allergic rhinitis; the 

next set of experiments therefore aimed to assess the ability of heat-killed S.aureus to 

generate cytokine release from nasal tissue explants.  Tissue was prepared as described 

in section 2.2.3 and stimulated as described in section 2.3.9.  As shown in figure 4.17, 

S.aureus is able to generate dose-dependent release of both TNF-α and IL-10 from the 

nasal tissue, as previously shown in the skin and lung.  However, when nasal tissue is 

separated by type into polyp and turbinate, S.aureus actually has very little effect on the 

turbinate, particularly in terms of IL-10 release, but is able to cause significant cytokine 

release from nasal polyp.  5x106 and 5x107 CFU/ml S.aureus induces significant release 

of TNF-α from both polyp and turbinate, as shown in figure 4.17a.  However, only 

5x107 CFU/ml S.aureus induced a significant IL-10 response in polyp, not turbinate.  

 

 

Figure 4.16- Kinetics of the response to PGN and SEs in lung tissue  Human lung tissue fragments 
(n=14) were stimulated with 10µg/ml PGN (squares), 100ng/ml SEA (triangles), 100ng/ml SEB 
(diamonds) or buffer control (circles) for 2, 6, 24 or 48 hours.  Release of a) TNF-α and b) IL-10 was 
measured by ELISA.  Results were expressed as mean±SEM.  P values as determined by Friedman test: 
a) 2 hours P=0.0037, 6-48 hours P<0.0001 b) 2 hours P=0.0001, 6-48 hours P<0.0001.  PGN- and SEB-
induced TNF-α release are significant from 2 hours compared to control, whilst SEA reaches 
significance at 6 hours.  PGN-induced release of IL-10 is also significant at 2 hours, with SEB reaching 
significance at 6 hours and SEA at 48 hours (Dunn’s multiple comparisons test) 

a) TNF-α b) IL-10 
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Both TNF-α and IL-10 release is around 10-fold higher from polyps than turbinate.  

The S.aureus-induced release of IL-10 is significantly higher from polyp than turbinate 

at a concentration of 5x104 CFU/ml (P<0.05) and the TNF-α release from polyp is 

significantly higher than turbinate at 5x107 CFU/ml S.aureus (P<0.05).  Similar results 

were obtained with the pro-inflammatory cytokines IL-1β and IL-6, as well as the 

chemokine IL-8 (data not shown).  These results are supportive of the role of S.aureus 

in the pathogenesis of nasal polyposis and its involvement in inflammatory disease. 

 

The next experiment aimed to determine the effects of the SEs SEA and SEB on release 

of TNF-α and IL-10 from nasal tissue explants.  Explants were, as previously shown in 

the skin and lung, stimulated with a range of concentrations of PGN, SEA and SEB 

which should all relate approximately to the concentrations present in 5x104 to 5x107 

CFU/ml S.aureus.  PGN induces TNF-α release from nasal tissue explants in a similar 

manner to heat-killed S.aureus.  However, the IL-10 response seems more typical of 

that seen in the skin and lung, where the dose-dependent increase continues to 10µg/ml, 

after which a slight decrease is seen.  Similarly to the results obtained in the skin, SEA 

does not appear to have a significant effect upon TNF-α release from the nasal tissue.  

Conversely, SEB induces a similar level of TNF-α to PGN, with the maximal release 
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Figure 4.17- S.aureus dose response in nasal tissue  Nasal polyp (circles, n=19) and inferior turbinate 
(triangles, n=12) fragments were stimulated with 5x104, 5x105, 5x106 or 5x107 CFU /ml heat-killed 
S.aureus for 24 hours.  TNF-α (a) and IL-10 (b) release was measured by ELISA.  Results were expressed 
as mean+SEM.  Friedman test results P<0.0001 for both cytokines, ** indicates P<0.01 compared to 
control.  represents a significant difference (P<0.05) in cytokine release between polyp and turbinate at 
this concentration of S.aureus, as determined by Mann-Whitney test 

 
 

a) TNF-α b) IL-10 
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induced by both around 20pg/mg tissue.  The SEA-induced release of IL-10 follows an 

identical pattern to PGN-induced release, whilst SEB-induced IL-10 follows a similar 

pattern at lower concentrations, but the highest concentration used induces 13pg/mg 

tissue IL-10, whilst maximal SEA- or PGN-induced release is approximately 7pg/mg 

tissue.  The response of nasal tissue to SEs seems to follow a more similar pattern to the 

skin than the lung, but with less obvious differences in release of different cytokines. 

 

 

 

 

 

 

 

 

 

 

 

 

The release of other pro-inflammatory cytokines, IL-1β, IL-6 and IL-8 in response to 

the staphylococcal stimuli was then examined, as previously shown in the skin (figure 

4.10) and lung (figure 4.15).  Results are shown in figure 4.19.  As shown in figure 

4.19a, SEB has an equal or slightly increased capacity to induce TNF-α release from 

nasal tissue explants than S.aureus or PGN.  PGN does not appear able to induce 

significant levels of IL-10 from nasal tissue, although this is likely to be a 

concentration-dependent effect; as shown in figure 4.18, the IL-10 response to 10µg/ml 

PGN was greater than the response to 100µg/ml.  SEB clearly has an increased capacity 

to induce IL-10 release, as previously seen in the skin; 14±4pg/mg tissue IL-10 is 

released upon stimulation with SEB, whilst S.aureus induces 7±2pg/mg tissue and PGN 

only induces 4±2pg/mg tissue.  PGN can induce the highest level of IL-1β release of the 

three stimuli, at 15pg/mg tissue, whilst S.aureus and SEB induce 8 and 10pg/mg tissue 

respectively.  Similar levels of IL-6 and IL-8 are induced by all three stimuli, although 

S.aureus-induced IL-6 does not quite reach statistical significance. 

 

Figure 4.18- Effect of SEs on cytokine production from nasal tissue  Human nasal tissue fragments 
were stimulated with 100, 10, 1 or 0.1µg/ml PGN (circles) or 1000, 100, 10 or 1ng/ml SEA (squares) or 
SEB (triangles) for 24 hours.  TNF-α (a) and IL-10 (b) release was measured by ELISA.  Results were 
expressed as mean; error bars have been omitted for clarity (n=13) 

a) TNF-α b) IL-10 
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The next experiment aimed to examine the kinetics of the response of nasal tissue to 

stimulation with SEA and SEB compared to PGN.  Human nasal tissue explants were 

stimulated with 10µg/ml PGN, 100ng/ml SEA or SEB, or buffer alone for up to 48 

hours and release of TNF-α and IL-10 determined, as shown in figure 4.20.  PGN 

stimulation of nasal tissue explants results in similar patterns of both TNF-α and IL-10 

release; both reach statistical significance at 6 hours and continue to rise marginally up 

to 48 hours.  However, TNF-α is likely to be released slightly earlier than IL-10 as its 

increase is far sharper between 2 and 6 hours than the increase in IL-10. 

 

SEB appears to cause a remarkably similar pattern of TNF-α release to PGN from nasal 

tissue; TNF-α increases sharply to 6 hours and continues to rise to a maximum of 

28pg/mg tissue at 24 hours, where a plateau is reached.  SEA, on the other hand, 

induces less TNF-α release and does not reach its maximum within the observed 48 

hour period.  Despite this, along with SEB, the TNF-α release in response to SEA 
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Figure 4.19- Effect of S.aureus, PGN and SEB on cytokine production from nasal tissue  Human 
nasal tissue fragments (n=15) were stimulated with 5x107 CFU/ml S.aureus, 100µg/ml PGN, 1000ng/ml 
SEB or buffer control for 24 hours.  Release of a) TNF-α, b) IL-10, c) IL-1β, d) IL-6 and e) IL-8 was 
measured by ELISA.  Results were expressed as mean+SEM.  P values as determined by Friedman test- 
P<0.0001 for all cytokines except IL-1β (P=0.0005) and IL-6 (P=0.0042).  * indicates P<0.05 ** P<0.01 
compared to control (Dunn’s multiple comparisons test) 

a) TNF-α 

e) IL-8 d) IL-6 c) IL-1β 

b) IL-10 
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reaches significance at 6 hours.  SEA-induced release of IL-10 follows the exact pattern 

of PGN-induced IL-10 release up to 24 hours.  However, at this point its release 

continues to increase steeply up to 48 hours.  SEB, however, appears to act slightly 

faster than SEA; there is a sharp increase in SEB-induced IL-10 release from 6 to 24 

hours where the response begins to plateau at around 12pg/mg tissue, although there is 

still a slight increase to 48 hours.  Again all three stimuli reached significance at 6 hours 

after stimulation.  The patterns of cytokine release induced by the SEs, particularly 

SEB, appears to occur earlier in nasal tissue than was expected from previous results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Due to the hypothesised role of S.aureus and its enterotoxins in the promotion and 

maintenance of allergic disease, we next examined the release of Th2 cytokines IL-5 and 

IL-13, thought to have important roles in allergy, in response to stimulation with 

staphylococcal stimuli.  Figure 4.21 shows release of the Th2 cytokines after 24 hours’ 

challenge with S.aureus, PGN and SEB, comparing the responses in lung, skin and 

nasal tissue.  As shown in figure 4.21a, there is barely any change in IL-5 release from 

the skin upon stimulation with S.aureus or PGN.  There is however a small, but 

significant nonetheless, increase in IL-5 on exposure to SEB; an increase from 

0.06±0.03pg/mg tissue to 0.15±0.06pg/mg tissue is seen (P<0.01).  However, in both 

lung and nasal tissue significant increases in IL-5 are induced by both S.aureus and 

a) TNF-α b) IL-10 

Figure 4.20- Kinetics of the response to PGN and SEs in nasal tissue  Human nasal tissue fragments 
(n=19) were stimulated with 10µg/ml PGN (squares), 100ng/ml SEA (triangles), 100ng/ml SEB 
(diamonds) or buffer control (circles) for 2, 6, 24 or 48 hours.  Release of a) TNF-α and b) IL-10 was 
measured by ELISA.  Results were expressed as mean±SEM.  P values as determined by Friedman test: a) 
2 hours P=0.0712, 6-48 hours P<0.0001 b) 2 hours P=0.99, 6-48 hours P<0.0001.  PGN-, SEA- and SEB- 
induced release of both TNF-α and IL-10 reaches statistical significance at 6 hours (Dunn’s multiple 
comparisons test) 
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SEB (0.5pg/mg tissue with S.aureus and 2.1pg/mg with SEB tissue compared to 

0.06pg/mg tissue from control lung tissue, 0.6pg/mg tissue with S.aureus and 3.7pg/mg 

tissue with SEB compared to 0.13pg/mg tissue from control nasal tissue, P<0.01), but 

no significant increase is seen with PGN (0.2pg/mg tissue in the lung, 0.07pg/mg tissue 

in the nasal tissue).  As shown in figure 4.21b, there is no significant difference in the 

stimulated release of IL-13 from the skin and whilst there appear to be some small 

increases in IL-13 release from stimulated nasal tissue, none of these reach significance.  

Conversely, significant increases in IL-13 release from lung tissue were induced by both 

S.aureus and SEB (2.4pg/mg tissue with S.aureus, 4.8pg/mg tissue with SEB compared 

to 1.1pg/mg from unstimulated lung tissue, P<0.01), but PGN only marginally increased 

IL-13 release to 1.4pg/mg tissue, which did not reach statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The data shown in figure 4.21 suggests that S.aureus and SEB are capable of inducing 

the release of Th2 cytokines from different tissues in distinct manners; IL-5 appears to 

be released from both lung and nasal tissue, and IL-13 from only the lung tissue.  

However, these data were collected at a single timepoint of 24 hours, so single 

concentrations of PGN, SEA and SEB were selected for use in kinetics experiments, the 

TNF-α and IL-10 data from which has been shown earlier in this chapter.  Results are 

shown in figure 4.22; the left panel displays the IL-5 data and the right panel IL-13. 

** 

** 

** 

** ** 

** 

** 

Figure 4.21- Release of IL-5 and IL-13 from lung, skin and nasal tissue in response to 
Staphylococcal stimuli  Human lung (white bars, n=19), skin (light grey bars, n=11) and nasal tissue 
(dark grey bars, n=12) fragments were stimulated with 5x107 heat-killed CFU/ml S.aureus, 100µg/ml 
PGN, 1000ng/ml SEB or buffer control for 24 hours.  Release of a) IL-5 and b) IL-13 was measured by 
ELISA.  Results were expressed as mean+SEM.  P values as determined by Friedman test: a) lung 
P<0.0001, skin P=0.0014, nasal tissue P=0.0003 b) lung P<0.0001, skin P=0.08, nasal tissue P=0.19.  
** indicates P<0.01 compared to control in significant data sets (Dunn’s multiple comparisons test) 

a) IL-5 b) IL-13 
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** 

** 

** 

Figure 4.22- Kinetics of IL-5 and IL-13 release from the lung, skin and nasal tissue  Human lung 
(a and b, n=8), skin (c and d, n=6) and nasal tissue (e and f, n=9) fragments were stimulated with 
10µg/ml PGN (squares), 100ng/ml SEA (triangles), 100ng/ml SEB (diamonds) or buffer control 
(circles) for 2, 6, 24 or 48 hours.  Release of IL-5 (a, c and e) and IL-13 (b, d and f) was measured by 
ELISA.  Results are expressed as mean; error bars have been omitted for clarity.  Friedman test 
results a) 2 hours P=0.0184, 6 hours P=0.0213, 24 hours P=0.011, 48 hours P=0.0014 b) P≥0.1447 c) 
2-6 hours P≥0.5724, 24 hours P=0.0154, 48 hours P=0.0566 d) P≥0.3447 e) 2 hours P=0.0206, 6 
hours P=0.0429, 24 hours P=0.0049, 48 hours P=0.0015 f) 2-24 hours P≥0.0965, 48 hours P=0.0097, 
* indicates P<0.05 ** P<0.01 compared to control for significant time points 

 
 

a) 

f) e) 

d) c) 

b) 

IL-5 IL-13 Lung 

Nasal tissue 

Skin 
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Both IL-5 and IL-13 are significantly increased by treatment of lung tissue explants 

with SEB; both begin to increase after 6 hours and are still being produced at 48 hours.  

IL-5 reaches significance at 24 hours (P<0.01) and IL-13 at 48 hours (P<0.05).  SEA-

induced IL-13 also reaches significance at 48 hours, but IL-5 release is slightly lower 

and does not reach significance.  PGN, however, does not induce any significant IL-5 or 

IL-13 release, as expected from previous results.  Upon stimulation of skin with SEA, 

there is an increase in IL-5, which reaches a plateau at 24 hours; this response is 

however low and does not reach significance.  SEB-induced IL-5 occurs in a similar 

manner in the skin to that seen in lung tissue, where it begins to rise at 6 hours and 

steadily increases to 48 hours, although only the 24 hour timepoint reaches significance 

(P<0.05).  As shown in figure 4.22e, both SEA and SEB induce IL-5 release from nasal 

tissue; both toxins cause a similar pattern, with IL-5 release initiated at around 6 hours, 

continuing to 48 hours.  SEA-induced IL-5 reaches significance at 24 hours and SEB-

induced release at 48 hours (P<0.01).  However, although PGN-induced IL-5 appears to 

increase between 24 and 48 hours from nasal tissue, this does not reach statistical 

significance and PGN has no effect on IL-5 release from the skin.  Furthermore, none of 

the stimuli induce any significant IL-13 release from skin or nasal tissue. 

 

4.4 Discussion 

Heat-killed S.aureus can generate the release of cytokines from human skin in a dose-

dependent manner as shown in figure 4.2, demonstrating its ability to act as an 

inflammatory stimulus.  Furthermore, the magnitude of S.aureus-induced cytokine 

release appears to be similar to that induced by our positive control LPS, as shown in 

figure 4.3.  The ability of heat-killed S.aureus to generate cytokine release from human 

skin has not previously been determined, although various groups have described the 

effects of the bacteria on keratinocytes (Auferio et al, 2007, Sasaki et al, 2003) and skin 

equivalents (Holland et al, 2009) and most of these results are in agreement with ours.  

However, Cho and colleagues (2009) demonstrated that viable S.aureus induced TNF-

α, IL-1β, IL-6 and IL-8 mRNA from HaCaT cells, but heat-killed S.aureus could only 

induce IL-8, indicating that some of the pathogenicity of the bacteria may be lost in 

heat-killing (Cho et al, 2009).  A range of inflammatory cells have also been shown to 

respond to S.aureus, many of which could be involved in mediating the response to the 
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bacteria in the skin; these cells include mast cells (Arock et al, 1998), monocytes 

(Timmerman et al, 1993, Wang et al, 2000b) and macrophages (Busam et al, 1992). 

 

Both S.aureus and LPS induce TNF-α, IL-1β, IL-6, IL-8 and IL-10 release on a similar 

timescale.  Plotting all measured cytokines on the same scale, as portrayed in figure 4.4, 

suggests that TNF-α is the first mediator to be released after stimulation of skin 

explants with heat-killed S.aureus, reaching 60% maximal release by 6 hours of 

stimulation.  As previously shown with LPS and anti-IgE, S.aureus-induced TNF-α 

seems to be followed in quick succession by IL-10, whilst IL-8 is released later, along 

with IL-1β and IL-6.  These data suggest that TNF-α may be an important mediator in 

initiating the response to heat-killed S.aureus, whilst anti-inflammatory IL-10 may also 

regulate the release of IL-1β, IL-6 and IL-8.  We have already discussed the possible 

role of TNF-α and IL-10 as regulatory cytokines in the cascade induced by LPS in 

chapter 3; a similar system may exist in response to S.aureus.  In support of this 

hypothesis, Cartmell and colleagues (2003) showed that neutralisation of IL-10 in a 

murine air-pouch model increased the intensity of the response to S.aureus and elevated 

TNF-α, IL-1β and IL-6, whilst recombinant IL-10 decreased the response and 

downregulated IL-6.  Yao and colleagues (1997) examined the timecourse of cytokine 

release after S.aureus infection and showed that serum TNF-α and IL-1β peak at 4 

hours, whilst IL-6 increases later at 48 hours.  Although IL-1β release appears to be 

earlier than we have seen in our system, this is a murine in vivo model, which is likely 

to affect the immunological response; otherwise this is in agreement with our results. 

 

As shown in figure 4.5, non-pathogenic S.epidermidis can also generate dose-dependent 

release of TNF-α, IL-1β, IL-6, IL-8 and IL-10 which is similar in magnitude to that 

released in response to S.aureus.  The ability of S.epidermidis to induce cytokine release 

from human keratinocytes has been previously demonstrated by Sasaki and colleagues 

(2003), who showed comparable levels of IL-6 and IL-8 release in response to 

S.epidermidis as S.aureus from keratinocytes at early time points.  On the contrary, 

Holland and colleagues (2009) showed that S.aureus can generate increased cytokine 

release compared to S.epidermidis from a skin equivalent model, with greater effects on 

gene expression (Holland et al, 2009).  However, similar levels of TNF-α (Timmerman 

et al, 1993), IL-10 (Bialecka et al, 2005), IL-1β and IL-6 (Megyeri et al, 2002) 
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induction by both Staphylococci has been demonstrated in various inflammatory cells, 

which is in agreement with our findings in the skin. 

 

As we are using heat-killed bacteria, they will have lost their infectivity and may not be 

able to release their full range of virulence factors, hence they may have lost some of 

their usual inflammatory capacity.  The response seen to heat-killed bacteria may 

therefore be due to the innate ability of the tissue to recognise surface markers such as 

PGN, a major constituent of the bacterial cell wall which is present on both S.aureus 

and S.epidermidis.  PGN acts primarily through TLR2, which has been shown to be 

expressed on normal keratinocytes, especially in the basal layer and on some positive 

dermal cells in addition (Baker et al, 2003, Mempel et al, 2003).  However, there is also 

evidence that PGN can act through an intracellular receptor, Nod2, although 

phagocytosis is required for this receptor to be activated so it is likely that TLR2 is the 

key receptor activated upon stimulation with either purified PGN or heat-killed bacteria 

which are not readily phagocytosed (DeChatelet et al, 1974, Kapetanovic et al, 2007). 

 

Figures 4.6 and 4.7 show that PGN can initiate release of TNF-α, IL-10, IL-1β, IL-6 

and IL-8 from human skin explants to a similar degree as S.aureus and S.epidermidis.  

Certainly at low concentrations of bacteria, the response of skin explants to heat-killed 

staphylococci may be due to detection of PGN, which could explain why a similar panel 

of cytokines are released in response to S.aureus and non-pathogenic S.epidermidis.  

The response of various skin-derived cells to PGN has been previously examined; 

Aufiero and colleagues (2007) showed that S.aureus induced TNF-α release from 

keratinocytes, which did not require bacterial invasion indicating that surface molecules 

such as PGN are likely to be important.  Furthermore, Perfetto and colleagues (2003) 

showed that lipoteichoic acid (LTA), another staphylococcal surface component which 

also acts through TLR2, induced IL-6 and IL-8 release from human skin fibroblasts, 

whilst Xuan and colleagues (2009) demonstrated PGN-induced TNF-α and IL-10 

release from dendritic cells.  There are conflicting reports on the ability of mast cells to 

respond to PGN (Kirschenbaum et al, 2008, Supajatura et al, 2002), although Matsui 

and colleagues (2005 and 2007) demonstrated that percutaneous application of PGN to 

barrier disrupted mouse skin induces infiltration of both mast cells and eosinophils.  

These data support a role for PGN and S.aureus in inflammation and in the 



Chapter 4: The inflammatory response to Staphylococcus aureus 

 

 119 

pathogenesis of atopic dermatitis, although these studies have not been carried out in 

humans.  

 

Timmerman and colleagues (1993) demonstrated that TNF-α release induced by PGN 

from human monocytes was lower than that induced by the whole bacteria, in 

agreement with our results at these concentrations.  Wang and colleagues (2000b) also 

found that PGN induced lower TNF-α than S.aureus from monocytes, along with IL-

1β, but that IL-8 release was the same magnitude in response to both stimuli, which is 

again similar to our findings.  Intravenous PGN in pigs was shown by Ruud and 

colleagues (2007) to elevate TNF-α release and in a whole blood model in rats, Wang 

and colleagues (2000a, 2004) showed that PGN initially induced TNF-α and IL-10, 

which peak at 6 hours, then IL-6 which peaks after 24 hours.  The effects of stimulation 

through the skin were also examined, which generated similar responses although 1000-

fold higher PGN concentrations were required to induce comparable responses due to 

the large, insoluble nature of the compound.  The timecourse detected in this study is in 

agreement with the timecourse of the S.aureus response we have measured in the skin, 

again supporting the hypothesis that PGN is pivotal in the response to heat-killed 

S.aureus. 

 

We showed that TNF-α and IL-10 release in response to S.aureus and PGN occur via 

similar mechanisms to LPS-induced release; some TNF-α is released from storage but 

protein synthesis is required for full stimulated release, whilst IL-10 relies entirely on 

new synthesis, which may constitutively regulate TNF-α release.  Aufiero and 

colleagues (2007) have also shown that de novo protein synthesis was required for full 

TNF-α secretion following stimulation of keratinocytes with S.aureus.  As discussed in 

chapter 3, there are mixed reports of TNF-α storage within normal skin (Kristensen et 

al, 1993, Nickoloff et al, 1991); this again supports our results, as there may be some 

TNF-α present which can be released upon initial challenge to the skin, but further 

protein synthesis is required to release increased levels of the cytokine. 

 

We have also shown that unstimulated skin explants also release slightly elevated levels 

of IL-1β when incubated with cycloheximide, as shown for TNF-α, whilst there was 

significant inhibition of stimulated IL-1β release upon inhibition of protein synthesis; 
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this suggests that LPS- and staphylococcal-induced IL-1β is released from the skin via a 

similar mechanism, which may be similar to the mechanism of TNF-α release.  

However, in figure 3.14c, LPS-induced release of IL-1β was only shown to be slightly 

decreased by pre-incubation of skin explants with cycloheximide, not reaching 

statistical significance.  It is possible that the initial experiment could have been 

underpowered and increasing the number of replicates by 3 to match the second 

experiment could make it statistically significant.  However, anti-IgE-induced IL-1β 

was clearly unaffected by cycloheximide; therefore, IL-1β may be released from 

preformed stores upon anti-IgE treatment, whilst LPS, S.aureus and PGN may stimulate 

new IL-1β production in addition to inducing release from storage.  Romero and 

colleagues (1989) have reported detection of IL-1β in normal skin, so it is likely that at 

least some of the stimulated release is derived from these stores, although it is clear that 

de novo synthesis also has a role.  IL-6 and IL-8 are, again, significantly reduced by 

inhibition of protein synthesis, from stimulated or unstimulated skin.  In summary, this 

information suggests that all of the cytokines measured seem to be released in a similar 

manner when stimulated with S.aureus or PGN as with LPS, although anti-IgE-induced 

IL-1β may be differentially sourced. 

 

S.aureus is thought to release enterotoxins which exacerbate inflammatory responses.  

In the human skin explant model, SEA elevates TNF-α and IL-10 in a dose-independent 

manner, whilst SEB causes dose-dependent release of both cytokines; TNF-α release is 

similar in magnitude to that induced by PGN, whilst IL-10 is around 5-fold higher.  

Similarly to IL-10, S.aureus-induced IL-1β release was also double the response to 

PGN.  However, whilst SEB induces huge levels of IL-10 which may explain the 

increased response to S.aureus compared to PGN, SEB does not induce release of any 

detectable IL-1β; there must, therefore, be another component of S.aureus than PGN or 

SEB able to induce high levels of IL-1β release.  The kinetics of TNF-α and IL-10 

release in response to SEA and SEB were also examined; SEA- and SEB-induced 

cytokine release appears slower than PGN-induced release, still increasing at 48 hours.  

The likely explanation for this is that the stimuli are acting on different cells or via 

different receptors; PGN acts via TLR2 which is present on most inflammatory cells 

present in the skin, including keratinocytes, mast cells and macrophages.  The SEs, 

however, are thought to exert their main mechanisms of action by activation of T cells.  
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T cells typically respond more slowly as part of the acquired immune system, so it is 

likely that the T cell response, although it may be more long-lived, will be initiated at a 

slower rate than the TLR response which will just initiate activation of the innate 

immune system.  However, there is recent evidence that SEs can also act through TLR2, 

as well as major histocompatability complex (MHC)II (Mandron et al, 2008), so it is 

possible that the SEs may act through a combination of both receptors in order to induce 

cytokine release.  The SEs appear to have distinct effects on cytokine release from the 

skin to the other inflammatory stimuli studied so far. 

 

If the SEs have distinct roles in inflammatory responses to cell wall components such as 

PGN, we would expect these stimuli to have synergistic effects when added together.  

We have previously shown results suggesting that SEA and SEB act via distinct 

mechanisms to PGN; activation of multiple pathways simultaneously should increase 

the response.  Wang and colleagues (2001) have previously reported that stimulation 

with PGN and LPS together synergistically enhances TNF-α, but not IL-10, release 

from blood.  However, simultaneous addition of stimuli in our model had no significant 

effect on cytokine release compared to stimulation of skin explants with the stimuli 

separately and summation of the results.  There does, however, seem to be a trend for 

slightly elevated TNF-α and slightly reduced IL-10 when PGN and either SEA or SEB 

are added together compared to when their individual responses are summed; if this 

were a real effect it would promote a more pro-inflammatory environment and would 

suggest that a synergistic enhancement of the inflammatory response had occurred, in 

agreement with Wang and colleagues.  The differences are however minimal and do not 

reach statistical significance, suggesting that the experiment may be underpowered as it 

was only carried out 9 times. 

 

There are various reports in the literature of SEs, particularly SEB, being used as 

inflammatory stimuli in human skin.  For example, in a model similar to ours, 

Matsunaga and colleagues (1996) showed SEB-induced TNF-α release on the same 

timescale as we have detected, but again there was no IL-1β release.  In contrast, Cho 

and colleagues (2009) demonstrated that filtered S.aureus suspension, assumed to 

contain the full range of SEs, could induce mRNA for IL-1β, IL-6 and IL-8 but not 

TNF-α, although this experiment was carried out in HaCaT cells rather than whole skin 
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and protein levels were not examined.  Kim and colleagues (2006) showed that SEB and 

toxic shock syndrome toxin-1 (TSST-1) could induce both IL-1β and TNF-α release 

from primary human keratinocytes.  Conversely, SEA could only induce cytokine 

release in cells from atopic skin, which supports our results.  Mouse models have also 

been utilised to examine the effects of SEB on inflammatory responses in the skin, 

demonstrating that the toxin can induce features of atopic dermatitis mediated by T cells 

(Laouini et al, 2003, Saloga et al, 1996) and induce a similar panel of cytokines in vivo 

as we have seen in our ex vivo model (Huang and Koller, 1998, Yuan et al, 2000). 

 

There are numerous reports in the literature of the effects of SEs on human peripheral 

blood cells; the ability of both SEA and SEB to induce the release of a range of 

cytokines has been demonstrated (Bjork et al, 1992, Hermann et al, 2003).  

Furthermore, Hermann and colleagues have shown that SE-induced cytokine release 

was slow in comparison with the LPS response, with many cytokines not reaching a 

peak until 72 hours; this timescale is comparable to that detected in our skin explant 

model.  Whilst it is useful to determine the effects of stimuli on cells in the blood, in 

order to assess the effect that this stimulus would have on the skin it is important to 

determine the functionality of the mediators released in the skin.  Ardern-Jones and 

colleagues (2007) showed that stimulation of PBMCs with SEB induced release of IFN-

γ and IL-4; this IFN-γ was shown to promote MHCII and intercellular adhesion 

molecule (ICAM)-1 expression on keratinocytes, facilitating antigen presentation.  

Staphylococcal infection could therefore be a critical step in the amplification of the 

allergen-specific T cell response and the development or exacerbation of allergy. 

 

The most pronounced effects of all SEs in the skin were seen in cells from lesional skin 

(Kim et al, 2006), suggesting that keratinocytes present in lesions may be primed to 

respond to SEs and supporting a role for S.aureus and its toxins in the pathogenesis of 

atopic dermatitis.  Under normal conditions keratinocytes are not thought to express 

MHCII, the main receptor through which the SEs function; however, treatment of 

keratinocytes with IFNγ, a cytokine which is prevalent in atopic dermatitis lesions, is 

thought to upregulate MHCII, allowing cells to respond fully (Travers et al, 2001).  

Studies by Heaton and colleagues (2003) Konig and colleagues (1995) and Lehmann 

and colleagues (2004) also demonstrated that SEB induces significantly higher levels of 
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Th2 cytokines in PBMCs from atopic dermatitis patients than controls, whilst control 

cells showed a Th1 response.  Furthermore, Wehner and Neuber (2001) showed that 

peripheral blood basophils only from atopic dermatitis patients, not healthy controls, 

could release significant levels of allergic inflammatory mediators histamine and 

leukotriene C4 in response to a mixture of SEs.  These data indicate that atopic 

dermatitis patients may have a predisposition to respond more strongly to SEB or that 

they have previously been sensitised.  Hermann and colleagues (2003) noted that the 

level of inter-patient variability in cytokine release from whole blood in response to 

SEB was far greater than it was for LPS stimulation, which we have also noted in our 

study; this variability suggests a range of individual susceptibility between subjects or 

may indicate prior sensitisation of some subjects to SEs. 

 

The responses to S.aureus and PGN appear similar in magnitude in the lung, as seen in 

the skin, indicating that the cell wall may also be an important mediator of the 

inflammatory cascade in the lung.  SEB also generated TNF-α and IL-10 release from 

the lung; however, whilst a substantial increase in SEB- compared to PGN-induced IL-

10 from the skin was seen, this is not significant in the lung.  The kinetics of the IL-10 

response are, however, similar in lung and skin, but toxin-induced TNF-α may be 

released earlier from the lung.  The increased S.aureus- compared to PGN-induced IL-

1β identified in the skin is not seen in the lung, but the low IL-1β response to SEB is 

apparent in both tissues, although both just reach statistical significance.  There is 

limited literature on the effects of S.aureus on human lung tissue, although various 

groups have assessed the effects of stimulating isolated respiratory cells with SEs or 

examined their effects in mouse models.  Fragaki and colleagues (2006) showed that 

S.aureus virulence factors induce IL-6, IL-8 and TNF-α in cultured human airway 

epithelial cells within 2 hours of stimulation.  In addition, Desouza and colleagues 

(2006), Hellings and colleagues (2006) and Herz and colleagues (1999) have shown that 

intranasal or bronchial SEB in rodents resulted in infiltration of eosinophils, 

lymphocytes and neutrophils to the bronchoalveolar lavage (BAL) fluid and increased 

cytokines in the airway and the blood; this supports a role for SEB in lung disease. 

 

Whilst we could not demonstrate significant SEB-induced IL-8 release from the skin, in 

the lung a response similar in magnitude to the S.aureus and PGN responses was seen, 
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indicating that the SEs may play a role in neutrophilic lung disease such as severe 

asthma or COPD, as well as allergic lung inflammation.  Treatment of A549 cells with 

PGN has been shown to upregulate IL-8 (Cheon et al, 2008), along with PGN and LTA 

treatment in vivo (Hoogerwerf et al, 2008).  Inhalation of SEA by mice was shown by 

Muralimohan and colleagues (2008) to induce lung pathology similar to that seen in 

restrictive lung disease and, furthermore, IgE to SEs is thought to be upregulated in 

severe asthma and COPD (Bachert et al, 2007, Rohde et al, 2004).  Pons and colleagues 

(2006) have also shown that TLR2 is upregulated in monocytes from COPD patients, 

increasing their reactivity to PGN and S.aureus.  SEB exposure has been demonstrated 

to upregulate MHCII and TLR2 (Mandron et al, 2008), which could contribute to this 

TLR2 upregulation in COPD and implicates S.aureus in the pathogenesis of COPD. 

 

Patients with chronic rhinosinusitis (CRS) are thought to be colonised with bacteria 

such as S.aureus and S.epidermidis and these species are thought to be present 

throughout the inflamed sinuses in patients with nasal polyps (Brook and Frazier, 2005, 

Power et al, 2005).  Whilst there is a wealth of evidence implicating S.aureus in the 

pathogenesis of inflammatory disease of the upper airways, there is limited information 

on the effects of stimulating nasal tissue with S.aureus or its toxins in vitro, indicating a 

need for further research.  In nasal tissue, we showed a much greater response to 

S.aureus from nasal polyp than inferior turbinate; this supports the theory that S.aureus 

may have a role in pathogenesis of nasal polyposis as the polyp tissue may have been 

previously sensitised.  Alternatively, the increased response could be due to a higher 

number of inflammatory cells able to respond to S.aureus being present in the polyp 

tissue than turbinate.  A direct comparison of the number of inflammatory cells within 

different types of nasal tissue has not been carried out, although in general more cells 

were detected in polyps than turbinate samples.  Various groups have shown that polyp 

samples tend to have higher eosinophil counts than control tissue, but no differences in 

T cell numbers have been described (Hao et al, 2006, Morinaka and Nakamura, 2000).  

T cells have been shown to be key cells in the response to SEB (Hermann et al, 2003, 

Yuan et al, 2000), so this information suggests that polyps may be more responsive to 

stimulation with S.aureus and PGN, but as there are equal numbers of T cells in the two 

types of nasal tissue, both should be able to respond equally to SEB.  
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Similarly to the results in the lung, PGN and SEB induce similar levels of TNF-α 

release from nasal tissue explants, whilst SEA is not as effective.  The IL-10 response in 

the nasal tissue is similar to the response in the skin; at the highest concentration of 

stimuli, IL-10 release in response to SEB is approximately double that induced by 

S.aureus or PGN.  Whilst the kinetics of the response to SEA showed similar properties 

in the nasal tissue as previously shown in skin, with TNF-α and IL-10 still increasing at 

48 hours, SEB-induced TNF-α may occur earlier in the nasal tissue, reaching a plateau 

at 24 hours.  Furthermore there is a significant increase in IL-1β release on stimulation 

of nasal tissue with SEB, which was not seen in the skin or lung; nasal tissue explants 

therefore seem to be more responsive to the SEs, in particular SEB.  Some samples may 

have been obtained from patients who had already been exposed to S.aureus and 

developed antibodies to the SEs; for example 44% of patients with perennial allergic 

rhinitis were shown by Shiomori and colleagues (2000) to carry S.aureus, 54% of which 

produced SEB, whilst only 20% of controls were carriers; lymphocytes from these 

patients showed increased proliferation to SEB and produced more Th2 cytokines. 

 

In a similar model to ours, Patou and colleagues (2008) investigated cytokine release by 

nasal polyp and inferior turbinate explants stimulated with staphylococcal stimuli.  

Stimulation of both tissues with 500ng/ml SEB for 24 hours induced release of IFN-γ, 

IL-2, IL-4, IL-5, IL-10, IL-13 and TNF-α, although there was no detectable increase in 

transforming growth factor (TGF)-β.  The trend for IL-8 and IL-12 increase did not 

reach significance and an increase in IL-1β could only be detected in polyps and not 

inferior turbinate.  Our results for TNF-α, IL-10, IL-1β, IL-6 and IL-5 are in agreement 

with the results obtained by this group.  However, whilst Patou and colleagues could not 

demonstrate SEB-induced IL-8, we showed a significant increase; Xu and colleagues 

(2009) could, however, show SEB-induced IL-8 release from nasal polyp explants, in 

support of our results.  LTA did not appear to induce any increase in cytokine release.  

However, intranasal application of both PGN and LTA has been shown by Leemans and 

colleagues (2002) to induce infiltration of leukocytes into the airways along with 

causing upregulation of IL-6, although no increase in TNF-α was detected.   

 

Patou and colleagues (2008) reported that most cytokines showed higher levels of SEB-

induced release from nasal polyp tissue compared to inferior turbinate, but again no 
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differences in T cell numbers between groups were identified (Patou et al, 2008).  Xu 

and colleagues (2009) have also demonstrated higher levels of IL-6 release from nasal 

polyps compared to turbinates in response to SEB; this IL-6 release is thought to in turn 

increase Th1 and Th2 polarisation and decrease regulatory T cell activation.  Distinctly 

from patients with nasal polyps, CRS patients were shown by Damm and colleagues 

(2006) to release less IL-6 and IL-8 in response to SEB, indicating that these patients 

may have disturbed immune responses to S.aureus.  Whilst it is clear that nasal polyp 

and non-polypoid tissue respond differently to stimulation with S.aureus and its toxins, 

Sachse and colleagues (2008) have also determined the effects of S.epidermidis on 

cytokine release.  However, as expected, there was no difference in release of IL-6 or 

IL-8 from nasal epithelial cells to cells from polyps; this provides further evidence that 

S.aureus is involved in nasal polyposis and the increased responses seen in polyp tissue 

compared to turbinate were not non-specific responses to a general bacterial structure. 

 

We have shown that lung, skin and nasal tissue explants all respond in distinct manners 

to stimulation with S.aureus and its toxins by releasing different levels of Th2 cytokines.  

SEB was able to induce a small but significant increase in release of IL-5 from the skin 

and both S.aureus and SEB induced a significant increase in IL-5 release from nasal 

tissue.  Stimulation of the lung tissue explants with S.aureus and SEB, however, 

induced a significant increase in both IL-5 and IL-13 release.  As reported with other 

cytokines, SE-induced IL-5 and IL-13 release also occurs on a reasonably slow 

timescale, with release still increasing at 48 hours.  This is consistent with studies in 

whole blood by Hermann and colleagues (2003), who showed that SEB-induced release 

of IL-5 and IL-13 continued to 72 hours.  It is clear that PGN has no effect upon the 

release of Th2 cytokines from lung, skin or nasal tissue; it therefore seems unlikely that 

the bacterial cell wall can prime for allergic inflammation.  However, all three tissues 

showed at least a small IL-5 response to SEB.  S.aureus and SEB, as well as SEA in 

some cases, were able to induce significant IL-5 release from nasal tissue explants and 

lung, and IL-13 from just the lung tissue.  It would therefore seem that it is the SEs, 

particularly SEB, which are important in the stimulation of release of Th2 cytokines and 

it may be the toxins which initiate or exacerbate allergic inflammatory disease in vivo.   
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The tissue-specific effects of the SEs may be due to the cell types present or possibly 

even pre-exposure to the toxins; many patients with nasal polyps are thought to be 

sensitised to SEB (Suh et al, 2004), which could be the reason for the high level of IL-5 

detection in the nasal tissue group.  Patou and colleagues (2008) have shown that nasal 

polyp fragments respond to stimulation with SEB by releasing higher levels of IL-5 and 

IL-13 than inferior turbinate and Yu and Dong (2009) have shown that epithelial cells 

from nasal polyps release more IL-5 and granulocyte macrophage colony-stimulating 

factor (GM-CSF) than normal nasal epithelial cells in response to SEB; again this 

supports the theory that increased Th2 responses will be seen in tissues which are more 

likely to have had prior exposure to S.aureus. 

 

Campbell and Kemp (1997), Heaton and colleagues (2003) and Lehmann and 

colleagues (2004) have shown that stimulation of PBMCs with SEB induces a Th2 

response, although the effect is far greater in PBMCs from subjects with atopic 

dermatitis, who are likely to have already been exposed to the bacteria (Breuer et al, 

2000).   Furthermore, Hellings and colleagues (2006), Herz and colleagues (1999) and 

Laouini and colleagues (2003) showed that nasal or bronchial application of SEB in 

mice increased BAL Th2 cytokines, along with cellular infiltration, which would 

provide a suitable environment for allergic sensitisation. 

 

It is possible that the different tissue types contain varying numbers or distinct types of 

T cells.  Furthermore, different toxins are thought to act via distinct receptors and the 

cells with these correct receptors to respond could be differentially distributed; SEA and 

SEB are thought to bind distinct subsets of T cell receptor (TCR), activating separate 

cellular populations (Proft and Fraser, 2003).  T cell typing would be required to obtain 

further information on the types of cells present in each tissue, but it is likely that more 

T cells will be present in our lung and nasal tissue samples than the skin, mainly due to 

their pre-existing inflammation.  Hamid and colleagues (1992) examined T cell 

activation in different tissues after allergen challenge, but showed no difference in the 

percentage of activated T cells at each site, although the values in control tissue were 

not examined.  A reason for the decreased release of IL-5 from the skin compared to the 

lung and nasal tissue is likely to be related to the numbers of eosinophils present; as we 
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have shown in chapter 3, there are significantly less eosinophils present in our skin 

samples than the other tissues and eosinophils are an important source of IL-5. 

 

4.4 Conclusions 

We have shown that human skin explants can respond to stimulation with heat-killed 

S.aureus by releasing a range of pro- and anti-inflammatory cytokines; this response 

may be mediated predominantly by the cell wall component PGN.  Furthermore, SEs 

showed a distinct effect on cytokine release, inducing more IL-10 but less IL-1β than 

PGN or S.aureus on a slower timescale.  We have also shown that lung and nasal tissue 

explants can also respond to staphylococcal stimuli in a similar manner to the skin, 

although polyps tend to be more sensitive to S.aureus than turbinates, indicating that 

some of these patients may have had prior exposure to the bacteria or that there are 

more cells with the capacity to respond to S.aureus in polyp compared to turbinate. 

 

Furthermore, we demonstrated some tissue-specific effects of the staphylococcal 

stimuli.  The main differences were in the stimulated release of Th2 cytokines; whilst 

only a small IL-5 response is seen from the skin, substantial S.aureus- and SEB-induced 

IL-5 release was detected from nasal tissue and both IL-5 and IL-13 were released by 

the lung, whilst no Th2 cytokine release in response to PGN was detected; this suggests 

that S.aureus and SEB may have distinct roles in priming for allergic inflammation in 

different tissues, or again that some of our patients may have prior exposure or 

increased susceptibility.  Overall, this information supports a role for S.aureus in 

inflammatory disorders, hence stimulation of tissues with staphylococcal components 

may be a useful novel model for studying inflammatory disease. 
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5.1 Introduction 

Many treatments for inflammatory disease aim to provide symptomatic relief for the 

patient (such as bronchodilators for asthma and chronic obstructive pulmonary disease 

(COPD) or anti-pruritic creams for skin disease).  These treatments are however just 

temporary measures and long-term solutions or ‘cures’ for inflammatory disease must 

target the underlying inflammation to prevent progression and irreversible tissue 

damage.  There are various general anti-inflammatory treatments available, including 

the corticosteroids, phosphodiesterase inhibitors and kinase inhibitors (Barnes, 2001).  

The most common therapies used for treating non-specific inflammation to date are the 

corticosteroids and most patients with inflammation respond to them (Choi et al, 2006).  

Inflammation downregulates the production of glucocorticoids from the adrenal cortex, 

therefore treatment with corticosteroids reverses this effect by supplementing the 

endogenous glucocorticoids.  Glucocorticoids act by decreasing expression of 

inflammatory mediators; decreasing the molecular aspects of inflammation will, in turn, 

lead to a decrease in the cellular aspects (Newton and Holden, 2007). 

 

Glucocorticoids act by binding to the cytosolic glucocorticoid receptor (GR).  Under 

unstimulated conditions the GR is in a 300kDa complex with chaperone proteins such 

as heat-shock protein (hsp) 90.  Dissociation of chaperone proteins upon ligand binding 

exposes the nuclear translocation sequence on the receptor and the drug can then exert 

its anti-inflammatory effects in various ways (Bamberger et al, 1995, Barnes, 1998, 

Oakley et al, 1999) (see figure 5.1 for diagram).  The receptor-ligand complex can move 

to the nucleus, dimerise and bind glucocorticoid responsive elements (GREs) on DNA, 

possibly by non-specifically binding DNA sequences, searching for a high affinity GRE 

site (Barnes, 1998).  Coactivator or corepressor proteins are recruited and the chromatin 

structure is modified to facilitate or inhibit assembly of the basal transcription 

machinery (Rogatsky and Ivashkiv, 2006).  During positive GRE responses, histone and 

transcription factor acetylation causes opening of the chromatin structure around the 

promoter region, promoting transactivation.  In negative GRE responses, deacetylation 

of DNA in the promoter region by histone deacetylase (HDAC) causes tighter coiling of 

the chromatin structure, decreasing access of transcription factors to their binding sites 

(Barnes, 1998, Rhen and Cidlowski, 2005) and RNA polymerase II’s C-terminal kinase 

is lost, decreasing transcription of target genes (Newton and Holden, 2007). 
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Figure 5.1- Mechanism of action of corticosteroids Corticosteroids bind to the glucocorticoid receptor 
(GR) in the cytoplasm which leads to formation of the active monomer and release of heat-shock proteins 
(hsp).  GR dimerisation and nuclear translocation then occurs.  The dimer binds glucocorticoid-response 
elements (GREs) in the promoter region of glucocorticoid-responsive genes, causing transcription and 
translation of anti-inflammatory proteins.  Furthermore, steroids can inhibit the proinflammatory nuclear 
factor (NF)-κB pathway by interacting with the p65 subunit on NFκB binding elements on genes, 
preventing transcription, and by inducing upregulation of IκB gene expression.  The active monomer can 
also activate anti-inflammatory genes via non-genomic mechanisms.  Corticosteroids may modify 
expression of Toll-like receptors 2 and 4.  Modified from Rhen and Cidlowski, 2005 and Sternberg, 2006 
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During nuclear factor (NF)-κB activation, phosphorylation of its endogenous inhibitor, 

IκB, causes its ubiquitination and degradation, unmasking the nuclear localisation 

signal on NFκB; NFκB then binds NFκB elements on DNA and stimulates transcription 

of cytokines, chemokines and adhesion molecules, including cyclooxygenase (COX)-2 

(Rhen and Cidlowski, 2005).  Another mechanism of the corticosteroids is direct 

negative regulation of the inflammatory NFкB cascade by binding to these NFκB 

elements on genes, sometimes referred to as ‘tethering GRE sites’, preventing release of 

inflammatory mediators (Chinenov and Rogatsky, 2007, De Bosscher et al, 2000, Rhen 

and Cidlowski, 2005, Rogatsky and Ivashkiv, 2006).  Corticosteroid binding to NFкB 

and activator protein (AP)-1 sites occurs at much lower concentrations than GRE 

binding, so this may be the primary mechanism by which the release of pro-

inflammatory mediators is reduced (Rhen and Cidlowski, 2005).  

 

Steroids inhibit transcription of interleukin (IL)-1β, IL-2, IL-3, IL-4, IL-5, IL-6, tumour 

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

CSF), as well as chemokines.  Pro-inflammatory mediators such as IL-1β and IL-6 can 

be downregulated by GR binding to the simple negative GRE in the gene promoter 

(Almawi et al, 1996, Edwards et al, 2007, Ray et al, 1990, Rogatsky and Ivashkiv, 

2006, Zhang et al, 1997).  However, most cytokine genes do not have GREs so indirect 

inhibition is likely to be important, probably mediated through inhibition of responses 

of transcription factors such as NFкB and AP-1 (Barnes, 1998).  Corticosteroids can 

also induce IκB synthesis, which sequesters NFκB in the cytoplasm (Murphy et al, 

2000).  Furthermore, the endogenous glucocorticoid cortisol has also been shown to 

signal through membrane-associated receptors or second messengers, completely 

bypassing genomic control (Rhen and Cidlowski, 2005). 

 

Binding of steroids to most GREs has a positive effect on transcription, in general of 

genes for anti-inflammatory proteins such as lipocortin-1 or IL-10 (Barnes, 1998).  

However, the DNA-binding deficient steroid RU24858 was shown to be nearly as 

effective as dexamethasone at inducing anti-inflammatory genes, indicating that GRE 

systems may not be essential in the anti-inflammatory effects of corticosteroids 

(Chivers et al, 2006).  Furthermore it has been demonstrated that mitogen-activated 

protein kinase (MAPK)-phosphatase (MKP)-1 expression can be upregulated by active 
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monomers of glucocorticoid-GR, whereas DNA binding only occurs after dimerisation 

(Chivers et al, 2006, Newton and Holden, 2007).  Upregulation of anti-inflammatory 

proteins such as MKP-1 can indirectly mediate the drug’s anti-inflammatory effects; 

MKP-1 dephosphorylates and inactivates p38 MAPK, which may be involved in 

increasing expression of inflammatory transcription factors such as NFкB and AP-1 

(Newton and Holden, 2007).  COX-2, interferon (IFN)-γ, IL-1α, IL-1β and IL-6 mRNA 

are all inhibited by dexamethasone with MKP-1 dependence, whilst other cytokines 

such as TNF-α are unaffected by MKP-1 expression (Abraham et al, 2006).  Another 

anti-inflammatory mechanism of steroids is post-transcriptional mRNA destabilisation 

of pro-inflammatory genes, possibly mediated by increasing transcription of 

ribonucleases (Almawi et al, 1996, Barnes et al, 1998, Newton et al, 1998).   

 

Corticosteroids may have additive effects with other anti-inflammatory drugs.  

Glucocorticoids have been shown to upregulate expression of β2 adrenoceptors, which 

improves asthma symptoms and increases the efficacy of β agonist bronchodilators 

(Kalavantavanich and Schramm, 2000).  Furthermore, long-acting β adrenergic 

agonists, which are known as ‘steroid-sparing’, have been shown to increase GRE 

reporter activity and potentiate steroid-induced MKP-1 upregulation (Kaur et al, 2008).  

Whilst many of the anti-inflammatory effects of steroids are mediated by NFκB and 

AP-1 inhibition, most of the side effects are due to transactivation (Rhen and Cidlowski, 

2005).  To minimise the side effects caused by glucocorticoids, there is a need to search 

for ligands which induce transrepression but not transactivation.  Transactivation is 

however required for many of the anti-inflammatory effects of steroids, so compounds 

with less transactivation of steroid-inducible genes should have fewer side effects but 

may also have weakened anti-inflammatory properties (Newton and Holden, 2007). 

 

As previously discussed, the toll-like receptors (TLRs) are important pattern recognition 

receptors which mount a major part of the innate immune response against invading 

pathogens.  TLR activation by their ligands induces activation of signalling pathways 

such as NFκB and release of inflammatory mediators, as outlined in figure 1.3.  

Glucocorticoids act as negative regulators of NFκB, which prevents TLR responses 

(Chinenov and Rogatsky, 2007).  Glucocorticoids upregulate IκB via both binding to 

the GRE on the IκB gene to upregulate its production and by directly preventing 



Chapter 5: Modification of inflammation by anti-inflammatory drugs 

 

 133 

dissociation of IκB from its complex with NFκB (Saklatvala, 2002), which in turn 

sequesters NFκB in the cytoplasm and decreases its activation by TLRs.  Furthermore, 

glucocorticoids have been shown to upregulate suppressor of cytokine signalling 

(SOCS)-1, which directly interferes with TLR2 and 4 signalling by destroying the 

Toll/IL-1 receptor (TIR) domain (Chinenov and Rogatsky, 2007), preventing interaction 

of the receptor with adapter protein myeloid differentiation protein (MyD)-88. 

 

However, there have been reports of increased TLR2 expression after steroid exposure 

in airway epithelial cells (Hermoso et al, 2004, Homma et al, 2004), which would act to 

increase susceptibility to ligands acting through this receptor.  Furthermore, there are 

reports that steroid insensitivity is becoming more common.  For example, whilst 

steroids are commonly used to control polyp growth and inflammation, they are only 

partially successful as they require long periods of use and some patients show 

progression despite treatment (Holmberg et al, 1997, Tuncer et al, 2003, Valera et al, 

2008), indicating that there is an unmet therapeutic need.  The mechanism of this steroid 

resistance is thought to be alternative splicing of the glucocorticoid receptor pre-mRNA, 

which produces α and β isoforms depending on the splice variant at exon 9.  Both 

isoforms contain transactivation and DNA binding domains, but GRβ has a shortened C 

terminal end which renders it unable to bind steroids and be transcriptionally active, but 

makes it more able to dissociate from its chaperone proteins in order to bind target 

sequences (Oakley et al, 1999).  GRβ could form dominant negative non-DNA binding 

heterodimers with GRα, or could occupy the target sequences without causing 

activation (Bamberger et al, 1995, Oakley et al, 1999).  

 

There is considerable evidence of increased expression of GRβ in diseases which show 

steroid resistance (Hamid et al, 1999, Hamilos et al, 2001, Tuncer et al, 2003, Valera et 

al, 2008).  Airway and blood cells from patients with glucocorticoid insensitive asthma 

have increased levels of GRβ compared to glucocorticoid-sensitive asthma or controls, 

predominantly seen in T cells (Hamid et al, 1999).  Furthermore, GRβ expression has 

been shown to be increased in nasal polyps compared to control turbinate, in this case in 

T cells, macrophages and eosinophils (Hamilos et al, 2001) and the highest GRβ levels 

have been described in polyps which responded poorly to steroids (Valera et al, 2008).  
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There may, however, be other mechanisms of steroid resistance; IL-1β, TNF-α and IL-

6, all important pro-inflammatory cytokines, increase AP-1 and NFκB activation.  As 

previously discussed, these transcription factors can be bound by GRs, hence reducing 

the number of available receptors to respond to steroids, which could contribute to 

resistance (Barnes 1998, Valera et al, 2008).  NFκB may also upregulate GRβ in order 

to decrease GR responsiveness, or alternatively p38 MAPK activation may 

phosphorylate GR and hence prevent its nuclear translocation in a mechanism of 

indirect inhibition (Valera et al, 2003).  Furthermore, upregulation of transforming 

growth factor (TGF)-β may decrease nuclear translocation and DNA binding of GR, 

indicating that airway remodelling may participate in steroid resistance.  In addition, 

whilst steroids have historically been used in the treatment of COPD, evidence is 

emerging that they may in fact exacerbate inflammation by elevating the number of 

neutrophils, the main effector cells of the disease, probably by inhibition of neutrophil 

apoptosis (Barnes, 1998). 

 

Bronchodilators, such as β2 adrenergic receptor agonists and the muscarinic 

acetylcholine antagonists, are the mainstay treatments for acute exacerbations of asthma 

and COPD respectively; these drugs provide symptomatic relief and have a quick onset 

(Linzer et al, 2007).  Corticosteroids can also be combined with long-acting 

bronchodilators to allow long-term clinical improvements (Fragaki et al, 2006).  

Various other anti-inflammatory treatments are available to specifically target features 

of inflammation in different diseases at different stages of progression.  Treatments 

have been developed to target specific cells, such as mast cell stabilisers, or specific 

cytokines which have key roles in controlling the inflammatory response; for example, 

anti-TNF-α therapy has shown potential in psoriasis (Lowes et al, 2007) and anti-IL-5 

antibodies may be useful to control eosinophilic infiltration in nasal polyposis and 

asthma (Gevaert et al, 2006).  Antihistamines have a long history in the treatment of 

allergic inflammation and their efficacy has been demonstrated in allergic rhinitis, 

atopic dermatitis and some cases of nasal polyposis (Bachert et al, 2005, Barnes, 2001). 

 

Cyclosporin A (CsA) and methotrexate (MTX) are immunosuppressive drugs that are 

commonly used in dermatology, primarily for the treatment of psoriasis but also in 

severe atopic dermatitis (Akhavan and Rudikoff, 2008).  Both drugs have similar 
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efficacy in the treatment of moderate-to-severe psoriasis (Heydendael et al, 2003) and 

can be used in combination at lower doses, minimising the risk of side-effects (Aydin et 

al, 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2- Mechanism of action of cyclosporin A Cyclosporin A (CsA) enters the cytoplasm and 
forms a complex with cyclophilin; this complex binds and inactivates calcineurin.  Calcineurin is 
usually activated by calcium influx to the cell and upon activation it initiates dephosphorylation of 
nuclear factor of activated T cells (NFAT).  Dephosphorylation allows nuclear translocation of 
NFAT, where binding to the IL-2 gene promoter occurs and IL-2 release is increased.  Inhibition of 
calcineurin by CsA inhibits nuclear translocation of NFAT and hence T cells cannot produce 
sufficient IL-2 for their full activation.  Modified from Stepkowski, 2000 
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CsA, originally isolated from a fungus found in soil, is traditionally used to prevent 

organ rejection but its efficacy in the treatment of psoriasis has also been shown more 

recently.  CsA binds to its cytoplasmic receptor cyclophillin A on immunocompetent T 

cells; the combination of CsA and cyclophillin A inhibits calcineurin phosphatase, 

usually responsible for the dephosphorylation of substrates such as nuclear factor of 

activated T cells (NFAT), allowing nuclear translocation and T cell activation via 

production of IL-2 (Warren and Griffiths, 2008) (see figure 5.2).  Calcineurin is also 

present in keratinocytes and may be involved in the regulation of their differentiation 

and cause their hyperproliferation in psoriasis (Al-Daraji et al, 2002, Warren and 

Griffiths, 2008), which may partly explain the efficacy of CsA in psoriasis treatment. 

 

MTX, a less toxic derivative of the anti-leukaemia drug aminopterin, has been used in 

dermatology for 50 years (Warren and Griffiths, 2008).  MTX is given weekly in low 

doses (Cronstein et al, 1993) to control symptoms of severe psoriasis, although its 

efficacy in the treatment of severe atopic dermatitis has also been demonstrated 

(Bateman et al, 2007).  MTX is a structural analogue of folic acid and competitively 

inhibits dihydrofolate reductase, interfering with purine and pyrimidine synthesis and 

preventing cell proliferation (see figure 5.3).  MTX has the capacity to cause selective 

inhibition of 5-aminoimidazole-4-carboxamine ribonucleotide (AICAR) transformylase 

without inhibition of the enzymatic steps required for AICAR production; under cell 

injury conditions this leads to increased local adenosine release (Cronstein et al, 1993).  

Along with the elevation of adenosine, MTX can also decrease leukocyte accumulation 

in an air-pouch model of inflammation, partially reversed by injection of adenosine 

deaminase and completely reversed by an A2 receptor antagonist, suggesting that it is 

the elevated adenosine which mediates the anti-inflammatory actions (Cronstein et al, 

1993).  Other adenosine receptor antagonists such as caffeine have also been shown to 

reverse the anti-inflammatory effects of MTX (Chan and Cronstein, 2002).   

 

Adenosine has been shown to inhibit LPS-induced lung injury, demonstrating its anti-

inflammatory role (Reutershan et al, 2007, 2009).  MTX and a selective A2A receptor 

agonist cause anti-inflammatory effects by decreasing cell activation and cytokine 

release, but A1 and A2B have pro-inflammatory effects (Chan and Cronstein, 2002, 

Linden, 2005).  However, in allergen and exercise-induced asthma, as well as 
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worsening asthma, plasma adenosine levels have been shown to be elevated; in these 

cases, adenosine may be a mediator of bronchoconstriction and may modulate persistent 

airway inflammation via A1 or A2B receptors, with A2A receptors still able to induce the 

anti-inflammatory effects.  The cellular effects of adenosine may be concentration-

dependent or cell-specific (Huszar et al, 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At the doses used, MTX is unlikely to inhibit de novo synthesis of purines and 

pyrimidines to decrease proliferation of immune cells. In fact, the antiproliferative 

effects of the drug are usually considered adverse side effects and a reason to stop or 
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Figure 5.3- Mechanism of action of methotrexate  Methotrexate (MTX) is transported into the cell 
cytoplasm where it undergoes polyglutamation.  Polyglutamated MTX inhibits dihydrofolate reductase, 
preventing the synthesis of purines and pyrimidines along with methylation of DNA, RNA and proteins.  
Purine synthesis from adenosine is inhibited, leading to accumulation of adenosine.  MTX disrupts 
DNA replication and prevents T cell expansion.  Modified from Turesson and Matteson, 2006 
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reduce treatment (Cronstein et al, 1993).  The mechanism of action of MTX in psoriasis 

may involve folate-dependent inhibition of proliferation of activated T cells and 

adenosine-dependent inhibition of adhesion molecule expression (Warren and Griffiths, 

2008), although the mechanism of anti-inflammatory action is not completely clear. 

 

This chapter aims to assess the ability of the corticosteroid dexamethasone to 

downregulate experimentally-induced cytokine release from human lung, skin and nasal 

tissue explants.  Furthermore, the ability of immunosuppressive drugs CsA and MTX to 

modulate experimentally-induced cytokine release from skin explants will be assessed. 

 

5.2 Methods 

Human skin was collected from 34 patients undergoing mastectomy and patients’ ages 

were recorded.  Nasal tissue was collected from 26 patients undergoing nasal or sinus 

surgery, 17 having nasal polyps removed and 9 having turbinate reduction.  Patients’ 

age, gender, smoking history, medication and allergic status were recorded.  Human 

lung tissue from the normal margin was obtained from 44 patients undergoing 

carcinoma resection (n=32), bullous repair (n=10) or lobectomy for bronchiectasis 

(n=2).  Patients’ age, gender, lung function, smoking history, medication and allergic 

status were recorded.  Tissue was processed as previously described in section 2.2.2. 
  Nasal Tissue  

 Skin Polyp Turbinate Lung 

No of subjects 34 17 9 44 (32 cancer (73%),          
12 non-cancer (27%)) 

Age (years) 61±2 50±4 40±5 59±3 

Gender 34f (100%) 
0m (0%) 

7f (41%)           
10m (59%) 

6f (67%)               
3m (33%) 

19f (43%)             
25m (57%) 

Lung function 
(FEV

1
/FVC) - - - 0.69±0.02                  

(13 unknown) 

Smoking status - 
5 current (29%)                       

5 ex (29%)                              
7 non (41%) 

3 current (67%)                      
6 ex (33%) 

14 current (32%)                
17 ex (39%)                        

12 non (27%)                        
1 unknown (2%) 

Current steroids - 11 (65%) 2 (22%) 6 (14%) 

Allergy/asthma - 12 allergy (71%), 
12 asthma (71%) 

8 allergy (89%),      
3 asthma (33%) 

14 allergy (32%),       
4 asthma (9%) 

 

 

 

 

 

Table 5.1- Patient characteristics  Human skin, nasal tissue and lung samples were collected.  The 
age and gender of all patients were recorded and the smoking history, medication and allergic status 
of the patients who donated lung or nasal tissue were noted, along with lung function of lung patients. 
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5.3 Results 

Chapters 3 and 4 have shown the development of a model to study inflammatory 

responses in human skin and nasal tissue ex vivo, in comparison with lung tissue.  The 

aim of this chapter is to determine whether these responses can be modified or inhibited 

using known anti-inflammatory drugs.  Initial experiments were carried out to 

investigate the effects of a typical corticosteroid, dexamethasone, on inflammatory 

responses to lipopolysaccharide (LPS), anti-immunoglobulin (Ig)-E and peptidoglycan 

(PGN) in human skin, lung and nasal tissue explants, as described in section 2.3.11. 

 

Figure 5.4 shows the effect of dexamethasone on LPS-induced release of TNF-α (left 

panel) and IL-10 (right panel) from human lung, skin and nasal tissue explants.  The 

response to the stimulus alone, with no dexamethasone, is represented by the grey bar, 

with the cytokine release from unstimulated tissue is represented by the white bar.  As 

previously shown in chapter 3, treatment of lung, skin and nasal tissue explants with 

LPS induces significant increases in release of the pro-inflammatory cytokine TNF-α 

and the anti-inflammatory cytokine IL-10; this is again the case in this experiment.  The 

effect of increasing concentrations of dexamethasone on the release of TNF-α and IL-

10 from unstimulated explants is shown by the white circles.  As can be clearly seen in 

figure 5.4, dexamethasone alone has no effect upon release of either TNF-α or IL-10 

from unstimulated human lung or skin explants.  Furthermore, dexamethasone has no 

effect on TNF-α release from control nasal tissue explants, but a small decrease in IL-

10 release was seen with increasing concentration of dexamethasone, indicating that 

dexamethasone can inhibit the spontaneous production of IL-10 seen from nasal tissue. 

 

Furthermore, it can also be seen in figure 5.4 that dexamethasone is able to inhibit LPS-

induced release of TNF-α and IL-10 from all three tissues in a dose-dependent manner.  

In general, similar patterns of inhibition of the cytokines are seen, although the steroid 

appears to be more effective at inhibiting release of TNF-α than IL-10; whilst the 

inhibition curves follow the same pattern, the maximum percentage inhibition of TNF-α 

appears to be approximately 80-90%, only 60-70% inhibition of the IL-10 response 

occurs.  Nevertheless, it is the same concentration of dexamethasone, 10nM, which can 

induce a significant reduction in the release of both TNF-α and IL-10 (P<0.01).  
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Figure 5.4- Effect of dexamethasone on LPS-induced cytokine release from the lung, skin and nasal 
tissue  Human lung (n=44), skin (n=26) and nasal tissue (n=26) fragments were incubated with 0.1, 1, 10, 
100 and 1000nM dexamethasone (lines) or buffer control (bars) for 16 hours, prior to stimulation with 
100ng/ml LPS (grey, squares), or buffer control (white, circles) for 24 hours.  Levels of TNF-α (a, c and 
e) and IL-10 (b, d and f) released were measured by ELISA.  Results were expressed as mean+SEM.  P 
values (Friedman test) P<0.0001 for figures a-f, P=0.0008 for control figure f * indicates P<0.05 ** 
indicates P<0.01 compared to stimulus alone (Dunn’s multiple comparisons test) IC50 values are median 
of all subjects 
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Therefore, dexamethasone appears equally effective at reducing TNF-α and IL-10 

release stimulated by LPS, but the TNF-α response is inhibited more potently, as shown 

by the IC50 values.  The IC50 of a drug is the concentration required to induce a 50% 

reduction in the response, and calculation of this value allows comparison of drug 

potency.  As can be seen in figure 5.4, these values are higher for IL-10 than TNF-α, 

indicating that dexamethasone has an increased potency for the inhibition of TNF-α 

than IL-10.  There is approximately 10-fold difference in the median IC50 values in the 

lung (2.3nM for TNF-α compared to 28nM for IL-10), around 5-fold difference in the 

skin (5.4nM for TNF-α compared to 23nM for IL-10) and over 20-fold difference in the 

nasal tissue (2.3nM for TNF-α compared to 60nM for IL-10). 

 

We next wanted to determine whether dexamethasone has similar potency against anti-

IgE-induced cytokine release.  Similarly to the results for LPS stimulation, dose-

dependent inhibition of anti-IgE-induced cytokine release can be seen in figure 5.5.  

Anti-IgE alone (grey bars) induces a significant increase in the release of both TNF-α 

and IL-10 from lung, skin and nasal tissue compared to buffer alone.  Dexamethasone 

has no effect on release of either cytokine from unstimulated lung or skin explants, but 

there is apparent inhibition of spontaneous cytokine release from nasal tissue explants.  

Dexamethasone inhibits anti-IgE-induced release (grey triangles) of TNF-α from lung 

tissue explants in a similar manner to LPS-induced release.  The IC50 value for TNF-α is 

1.9nM, which is similar to the IC50 for LPS-induced TNF-α in the lung.  The IC50 for 

IL-10 is 77nM, which is around 40-fold higher than the IC50 for TNF-α.  However, the 

IC50 for anti-IgE-induced TNF-α release in the skin is 11.5nM, approximately double 

the IC50 for LPS-induced TNF-α (see table 5.2), indicating that dexamethasone is twice 

as effective against the LPS-induced response.  Furthermore, only approximately 70% 

inhibition of the response is induced, lower than the 90% inhibition of the LPS response 

previously seen.  The IL-10 response is only inhibited by approximately 30%, so we are 

unable to report an IC50 value.  The IC50 for anti-IgE-induced TNF-α in nasal tissue is 

again similar to the IC50 for LPS, 3.7nM compared to 2.3nM for LPS.  The median 

calculated IC50 for IL-10 was 10.6nM, far lower than the value for LPS.  However, 50% 

inhibition was only just reached (maximum inhibition was approximately 55%), at 

10nM, whilst 80% inhibition of the TNF-α response was attained by this concentration. 
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Figure 5.5- Effect of dexamethasone on anti-IgE-induced cytokine release from the lung, skin and 
nasal tissue  Human lung (n=23), skin (n=18) and nasal tissue (n=14) fragments were incubated with 0.1, 1, 
10, 100 and 1000nM dexamethasone (lines) or buffer control (bars) for 16 hours, prior to stimulation with 
100µg/ml anti-IgE (grey, triangles), or buffer control (white, circles) for 24 hours.  Levels of TNF-α (a, c 
and e) and IL-10 (b, d and f) released were measured by ELISA.  Results were expressed as mean+SEM.  P 
values (Friedman test) P<0.0001 all figures except d (P=0.0005) and f (P=0.0098), ** indicates P<0.01 
compared to stimulus alone (Dunn’s multiple comparisons test) IC50 values are median of all subjects 
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Finally, the ability of dexamethasone to inhibit PGN-induced release of TNF-α and IL-

10 was examined.  PGN induces significant increases in TNF-α and IL-10 compared to 

buffer alone and, as previously shown, dexamethasone has no effect on cytokine release 

from unstimulated skin or lung, but a small effect on release of IL-10 from nasal tissue.  

As shown in figure 5.6, dexamethasone can also inhibit PGN-induced cytokine release 

from human lung tissue explants, shown by the grey diamonds.  Approximately 80% 

inhibition of the release of TNF-α is induced, with an IC50 value of 7.7nM, indicating 

that the potency of dexamethasone against PGN-induced TNF-α release is slightly 

lower than LPS or anti-IgE.  PGN-induced IL-10 is only inhibited by around 50%, with 

an IC50 of 69nM which is approximately 10-fold higher than the TNF-α value. 

 

In contrast, as can be seen in figure 5.6c, dexamethasone has a much poorer inhibitory 

effect on PGN-induced TNF-α release from the skin; only 100nM reaches significance 

with approximately 55% inhibition.  The IL-10 response, on the other hand, is not 

inhibited by the steroid, as shown in figure 5.6d.  Whilst the PGN-induced release of 

TNF-α from nasal tissue is inhibited by 80%, the curve seems to be right-shifted 

compared to the inhibition curve for LPS-induced TNF-α; hence the IC50 value for PGN 

is 16nM, compared to 2.3nM for LPS.  Whilst only 55% inhibition of PGN-induced IL-

10 release was seen (see figure 5.6f), as previously seen with the anti-IgE response, the 

inhibition occurs relatively early and the median IC50 value calculated was 36nM. 

 

In general, similar patterns of inhibition by dexamethasone were seen with the different 

stimuli used.  The main exception to this is the skin; whilst dexamethasone was shown 

to have a reasonable ability to inhibit LPS-induced TNF-α and IL-10, this was reduced 

against anti-IgE-induced TNF-α release and the inhibition of IL-10 did not even reach 

50%.  Furthermore, the inhibition of PGN-induced TNF-α release only just reached 

50% with only a single concentration of dexamethasone inducing significant inhibition.  

There was no notable effect at all of dexamethasone on PGN-induced release of IL-10.  

The IC50 values from figures 5.4, 5.5 and 5.6 are summarised in table 5.2. 
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Figure 5.6- Effect of dexamethasone on PGN-induced cytokine release from the lung, skin and 
nasal tissue  Human lung (n=41), skin (n=15) and nasal tissue (n=26) fragments were incubated with 
0.1, 1, 10, 100 and 1000nM dexamethasone (lines) or buffer control (bars) for 16 hours, prior to 
stimulation with 100µg/ml PGN (grey, diamonds), or buffer control (white, circles) for 24 hours.  
Levels of TNF-α (a, c and e) and IL-10 (b, d and f) released were measured by ELISA.  Results were 
expressed as mean+SEM.  P values (Friedman test) P<0.0001 for all figures except c (P=0.0032), d 
(P=0.36) and f (P=0.002), P=0.0008 for control figure f * indicates P<0.05 ** indicates P<0.01 
compared to stimulus alone (Dunn’s multiple comparisons test) IC50 values are median of all subjects 
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As previously reported (Kis et al, 2006, Shibata et al, 2008), treatment of keratinocytes 

with corticosteroids may upregulate TLR2; this could begin to explain why 

dexamethasone is ineffective at inhibiting PGN-induced cytokine release in the skin.  

The next experiment aimed to compare the levels of TLR2 expression in the skin 

explants used in our experiments, either untreated explants or tissue which had been 

incubated with 1µM dexamethasone.  8 pairs of tissue samples used in the PGN 

experiments were homogenised as described in section 2.7.1 and dot blots performed as 

described in section 2.7.2.  A representative dot blot image is shown in figure 5.7a, with 

the full results showing TLR2 expression in paired samples in figure 5.7b.  As shown in 

figure 5.7a, in each of the 4 pairs of samples the right hand dot (dexamethasone-treated 

skin) appears more intense than the left hand dot (control tissue).  Densitometric 

analysis of these images was performed and results are shown in figure 5.7b.  In 7 out 

of 8 pairs an increase in TLR2 expression was seen (P<0.05); only in one sample was 

there a decrease in TLR2 expression after treatment with dexamethasone.  

a) TNF-α 

b) IL-10 

Table 5.2- IC50 values of dexamethasone in experimentally-induced cytokine release from lung, skin 
and nasal tissue  IC50 values of dexamethasone in the inhibition of release of a) TNF-α and b) IL-10, as 
shown in figures 5.4, 5.5 and 5.6, are summarised (median IC50values calculated from individual subjects) 
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We next carried out immunohistochemical analysis of paraffin-embedded tissue 

samples treated for 16 hours with dexamethasone to examine their expression of TLR2 

and TLR4 compared to control, as described in section 2.6.2.  As we have shown in 

figure 5.7, dexamethasone treatment appears to upregulate expression of TLR2 in the 

skin, so we would expect to see this difference reflected in the immunohistochemical 

staining.  Results are shown in figure 5.8. 

 

As shown in figure 5.8a and b, there is an apparent increase in expression of TLR2 in 

the skin upon treatment with dexamethasone (representative image of 5 samples).  The 

positive cells in the dermis were enumerated and expressed as positive cells per mm2.  

However, due to the diffuse punctate nature of the staining in the epidermis, positive 

cell counting was deemed an inappropriate method of analysis and instead a macro was 

utilised to measure percentage positive staining of the epidermis.  Figure 5.8c and d 

show the results of these analyses.   

 

HS050

HS051

HS052

HS053

C
o
n

D
ex

* 

Figure 5.7- Dot blot analysis of TLR2 expression in the skin and the effect of dexamethasone  Human 
skin explants (n=8) were incubated for 16 hours with 1µM dexamethasone of buffer.  TLR2 expression in 
the skin was determined by dot blot using a specific antibody to TLR2.  Densitometry was utilised to 
quantify TLR2 expression in control and dexamethasone-treated skin. a) dot blot of 4 paired samples, b) 
expression of TLR2 in paired samples, determined by densitometry.  Circles and dotted lines represent raw 
paired data, thick black line represents mean±SEM * indicates P<0.05 (Wilcoxon matched pairs test) 
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Figure 5.8- Immunohistochemical analysis of TLR2 and 4 expression in the skin and the effect of 
dexamethasone  Human skin explants (n=5) were incubated for 16 hours with 1µM dexamethasone of 
buffer alone.  Tissue was fixed and embedded in paraffin.  10µm sections were treated with specific 
antibodies to TLR2 (a-d) and 4 (e-h).  Positive cells in the dermis were enumerated (c and g) and image 
analysis software was utilised to determine the percentage of positive epidermal staining (d and h).  Results 
are expressed as both raw matched pairs (circles and dotted lines) and mean±SEM (thick black line).  
Representative TLR2 (a, b) and 4 (e, f) staining in matched pairs is shown (scale bar represents 50µm) 
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As shown in figure 5.8c, there is no difference in the number of TLR2-positive dermal 

cells; there are 108±31 TLR2-positive cells per mm2 in the control tissue and 101±22 in 

dexamethasone-treated; in 2 samples positive cell numbers increase, 2 decrease and 1 

remains approximately the same.  However, in the epidermis there appears to be a more 

substantial difference; although only 3 samples show increased TLR2 expression with 

dexamethasone treatment, these increases are larger than the decreases seen in the other 

2 samples (mean values 11±1% in control skin, 13±1% in dexamethasone-treated skin). 

 

The expression of TLR4 and the effect of dexamethasone was also examined, as shown 

in figures 5.8e-h.  Figures 5.8e and f show representative TLR4 staining in control and 

dexamethasone-treated skin and there does not appear to be any difference.  Positive 

staining was determined using the same analyses as for TLR2 and the results are 

displayed in figure 5.8g and h.  The mean number of TLR4 positive cells per mm2 in 

control tissue is 77±44 and in dexamethasone-treated 67±29.  In terms of epidermal 

percentage staining, control samples showed 12±2% whilst dexamethasone-treated 

samples had 12±3% positive staining, so there were no significant differences in TLR4 

expression in the skin.  We next wanted to determine whether similar effects on TLR 

expression were seen when lung tissue was treated with dexamethasone.   

 

We have previously shown that dexamethasone is capable of inhibiting PGN-induced 

TNF-α and IL-10 release from the lung, in contrast to the results obtained in the skin.  

Therefore, we would not expect to see the increase in TLR2 upon dexamethasone 

treatment which was seen in the skin.  As shown in the representative images of TLR2 

staining in the lung (see figure 5.9a and b), there appears to be reduced TLR2 staining 

in the dexamethasone-treated tissue compared to the control sample.  Positive cells were 

enumerated and results expressed as positive cells per mm2.  As shown in figure 5.9c, 

only one sample showed an increased number of TLR2-positive cells after treatment 

with dexamethasone, whilst there was a decrease in the other 4 samples.  The 

representative staining of TLR4 in the lung tissue appears to show no difference in the 

number of positive cells in the control or dexamethasone-treated sample.  The mean 

result from all 5 samples showed a slight decrease in TLR4 positive cells, although the 

number increased in 2 samples, with a reduction in 3 patients. 
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Figure 5.9- Immunohistochemical analysis of TLR2 and 4 expression in the lung and the effect of 
dexamethasone  Human lung fragments (n=5) were incubated for 16 hours with 1µM dexamethasone 
of buffer alone.  Tissue was fixed and embedded in paraffin.  10µm sections were treated with specific 
antibodies to TLR2 (a-c) and 4 (d-f).  Positive cells were enumerated (c and f).  Results are expressed 
as both raw matched pairs (circles and dotted lines) and mean±SEM (thick black line).  Representative 
TLR2 (a, b) and 4 (d, e) staining in matched pairs is shown (scale bar represents 50µm) 
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Figure 5.10- Immunohistochemical analysis of TLR2 and 4 expression in nasal tissue and the effect 
of dexamethasone  Human nasal tissue explants (n=5) were incubated for 16 hours with 1µM 
dexamethasone of buffer alone.  Tissue was fixed and embedded in paraffin.  10µm sections were treated 
with specific antibodies to TLR2 (a-c) and 4 (d-f).  Positive cells were enumerated (c and f).  Results are 
expressed as both raw matched pairs (circles and dotted lines) and mean±SEM (thick black line).  
Representative TLR2 (a, b) and 4 (d, e) staining in matched pairs is shown (scale bar represents 50µm) 
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Similarly to the lung, we would not expect to see a significant increase in the expression 

of TLR2 in nasal tissue explants treated with dexamethasone.  Figures 5.10a and b show 

no difference in expression of TLR2 in the nasal tissue sample treated with 

dexamethasone compared to control tissue.  However, the level of positive staining was 

much more variable in the nasal tissue than the other tissues and as shown in figure 

5.10c, the average result was an increase in TLR2 expressing cells after dexamethasone 

treatment; 1 sample showed a steep upregulation, whilst 2 showed a slight increase and 

2 a slight decrease.  The mean number of TLR2 positive cells in control nasal tissue 

samples was 415±96 per mm2, compared to 553±152 in dexamethasone-treated nasal 

tissue.  On the contrary, as shown in figures 4.10d-f there was no change in TLR4 

expression in control or dexamethasone-treated nasal tissue. 

 

We have previously shown that whilst the patterns of cytokine release are similar in 

lung, nasal tissue and skin explants, the lung releases higher levels of cytokines than the 

skin.  It was hypothesised that part of the reason for this could be pre-existing 

inflammation; many of the patients we obtain lung tissue from are having a carcinoma 

resected, most have a smoking history and a significant proportion have COPD.  Hence 

we wanted to examine the effects of these variables on LPS-induced TNF-α and IL-10, 

along with the ability of dexamethasone to inhibit this response in the different groups.   

 

There are no significant differences in the level of LPS-induced release of TNF-α or IL-

10 between any of the different groups.  However, there do appear to be some 

differences in responsiveness to the corticosteroid dexamethasone.  Figure 5.11 shows 

the ability of dexamethasone to inhibit LPS-induced TNF-α and IL-10 release from 

lung explants from patients undergoing carcinoma resection (left panel) and patients 

having lung tissue removed for other reasons (right panel).  In the cancer patients, 

dexamethasone causes dose-dependent inhibition of release of both TNF-α and IL-10.  

The IC50 values are 2.5nM for TNF-α and 29nM for IL-10, which again demonstrates a 

10-fold difference in potency as previously seen in the complete data set.  In the non-

cancer patients the IL-10 response is remarkably similar to that seen in the cancer 

patients; the median IC50 is 26nM and both groups show 60% inhibition in IL-10 release 

with dexamethasone.  On the other hand, dexamethasone has increased potency against 

LPS-induced TNF-α release in the non-cancer compared to the cancer patients; the 
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median IC50 is 0.7nM and around 95% inhibition is achieved, slightly higher than in the 

cancer group.  The difference in IC50 values for TNF-α almost reaches significance 

(P=0.08), but not IL-10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We then examined the effect of Global Initiative on Obstructive Lung Disease (GOLD) 

status and smoking history on the ability of dexamethasone to inhibit LPS-induced 

TNF-α and IL-10 release, as shown in table 5.3.  The GOLD guidelines characterise 

patients by their lung function into different severity groups of COPD.  If a patient’s 

FEV1 (Forced Expiratory Volume in 1 second)/FVC (Forced Vital Capacity) is greater 

than 0.70, they are categorised as being ‘GOLD0’ and at risk of COPD but without 
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Figure 5.11- Effect of a tumour on the dexamethasone response in lung tissue  Human lung  
fragments from patients having carcinoma resection (n=32) or removal of lung tissue for reasons other 
than cancer (n=12) were incubated with 0.1, 1, 10, 100 and 1000nM dexamethasone (lines) or buffer 
control (bars) for 16 hours, prior to stimulation with 100ng/ml LPS (grey, squares), or buffer control 
(white, circles) for 24 hours.  Levels of TNF-α (a and b) and IL-10 (c and d) released were measured by 
ELISA.  Results were expressed as mean+SEM.  P values (Friedman test) P<0.0001 for all figures except 
d (P=0.0002), ** indicates P<0.01 compared to stimulus alone (Dunn’s multiple comparisons test) IC50 
values are median of all subjects; IC50 values between groups were compared using Mann-Whitney test 
(P=0.08 TNF-α, P=0.63 IL-10) 
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disease.  However, if FEV1/FVC is less than 0.70, the patient has COPD.  Where FEV1 

is over 80% of its predicted value, the patient is characterised as ‘GOLD1’, with mild 

COPD.  Where FEV1 is between 50 and 80% of its predicted value the patient is 

characterised as ‘GOLD2’, with mild-moderate COPD.  The classifications GOLD3 and 

4 represent more severe COPD, although we do not tend to obtain tissue from these 

patients.  As shown in table 5.3, neither GOLD status (a) nor smoking history (b) has 

any significant effect upon the ability of dexamethasone to inhibit LPS-induced 

cytokine release from human lung tissue fragments.  There is a trend for ex-smokers, 

but not current smokers or non-smokers, to be less responsive to inhibition of IL-10 by 

dexamethasone, as shown by the increased IC50.  This does not however reach 

significance and there may be confounding factors involved. 

  

IC
50

 (nM) GOLD 0 GOLD 1/2  

TNF-α  1.9 2.6 P=0.25 

IL-10 30 23 P=0.95 

 

 

 

 

 

 

As a possible confounding factor, it was hypothesised that age could influence steroid 

responsiveness.  Also, although there was no significant difference between groups in 

the amount of TNF-α or IL-10 produced upon stimulation with LPS, it was predicted 

that the patients with lower initial levels of TNF-α release would have lower IC50 

values, simply because it should be easier to downregulate a smaller response.  Multiple 

regression was therefore carried out to determine whether age or the initial level of 

LPS-induced cytokine release could predict the IC50 of dexamethasone.  As shown in 

table 5.4a, in the overall population the TNF-α regression was significant, indicating 

IC
50

 (nM) Smokers Ex-smokers Non-smokers  

TNF-α  2.2 2.6 2.2 P=0.53 

IL-10 11 447 16 P=0.058 

Table 5.3- Effect of GOLD status and smoking status on the dexamethasone response in the lung  
Human lung  fragments from patients classified as a) GOLD 0 (n=23) or GOLD 1/2 (n=20) and b) 
current (n=14), ex (n=17) or non (n=12) smokers were incubated with dexamethasone or buffer alone 
for 16 hours, prior to stimulation with 100ng/ml LPS or buffer alone for 24 hours.  Levels of TNF-α 
and IL-10 release were measured by ELISA.  IC50 values were calculated and medians of groups are 
displayed.  IC50s between groups were compared using a) Mann-Whitney or b) Kruskal-Wallis tests 

b) 

a) 
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that the IC50 could be predicted by the independent variables age and initial level of 

LPS-induced cytokine release.  Both of these variables were shown to contribute to this 

with borderline significance (P=0.058 and 0.055 respectively).  The trend was for 

increased TNF-α IC50 with age, and decreased IC50 with increasing LPS-induced TNF-

α release.  The IL-10 IC50 could not however be predicted by either age or the level of 

LPS-induced IL-10 release.  The population was then split and the non-cancer group 

analysed separately; these patients have less confounders as they mostly do not have 

COPD, do not tend to have a large range of other co-morbidities and their smoking 

history tends to be more evenly spread than the cancer group.  As shown in table 5.4b, 

the IC50 for neither TNF-α nor IL-10 could be predicted by age or LPS-induced 

cytokine release using multiple regression analysis of the non-cancer group. 

 

 Multiple Regression Age vs IC
50

 Cytokine vs IC
50

 

TNF-α  P=0.038 r2=0.15 P=0.058 P=0.055 

IL-10 P=0.53 r2=0.03 P=0.27 P=0.84 
 

 

 Multiple Regression Age vs IC
50

 Cytokine vs IC
50

 

TNF-α  P=0.14 r2=0.35 P=0.058 P=0.55 

IL-10 P=0.29 r2=0.24 P=0.15 P=0.49 

 

  

 

We also examined the ability of age and LPS-induced cytokine levels to predict the IC50 

of dexamethasone in nasal tissue.  As shown in table 5.5, the patient’s age or initial 

level of LPS-induced cytokine release were unable to predict the IC50 of dexamethasone 

for either TNF-α or IL-10. 

 

 Multiple Regression Age vs IC
50

 Cytokine vs IC
50

 

TNF-α  P=0.28 r2=0.11 P=0.13 P=0.88 

IL-10 P=0.64 r2=0.044 P=0.40 P=0.95 

 

  

b) Non-cancer 

b) Non-cancer 

a) Overall 

b) Non-cancer 

Table 5.4- Effect of age and LPS-induced cytokine release on IC50 values of dexamethasone in 
the lung  Multiple regression was carried out comparing the age of the patient and the level of LPS-
induced cytokine release with the IC50 values of dexamethasone for TNF-α and IL-10 in LPS-
stimulated lung tissue in a) the total patient population (n=44) and b) the non-cancer patients (n=12) 

Table 5.5- Effect of age and LPS-induced cytokine release on IC50 values of dexamethasone in nasal 
tissue  Multiple regression was carried out comparing the age of the patient and the level of LPS-induced 
cytokine release with the IC50 values of dexamethasone for TNF-α and IL-10 in LPS-stimulated nasal 
tissue (n=26) 
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However, as we have previously shown, inferior turbinate releases lower levels of 

cytokines than nasal polyps and nasal polyps are generally thought of as steroid 

resistant, so we would expect polyps to have a higher IC50 for dexamethasone than the 

turbinates.  Therefore, the dexamethasone results for nasal tissue explants were split by 

tissue, as shown in figure 5.12 (n.b. multiple regression was also carried out in the 

polyp and turbinate groups but again age and cytokine release could not predict IC50). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in figure 5.12, dexamethasone has the ability to cause dose-dependent 

inhibition of LPS-induced release of TNF-α and IL-10 from nasal polyp and turbinate 
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Figure 5.12- Comparison of the dexamethasone response in nasal polyp and turbinate  Nasal polyp 
(n=17) or turbinate (n=9) explants were incubated with 0.1, 1, 10, 100 and 1000nM dexamethasone (lines) 
or buffer control (bars) for 16 hours, prior to stimulation with 100ng/ml LPS (grey, squares), or buffer 
control (white, circles) for 24 hours.  Levels of TNF-α (a and b) and IL-10 (c and d) released were 
measured by ELISA.  Results were expressed as mean+SEM.  P values (Friedman test) P<0.0001 for a 
and c, b) P=0.0015, d) P=0.075, P=0.0005 for dexamethasone alone in figure c * indicates P<0.05 ** 
indicates P<0.01 compared to stimulus alone in significant populations (Dunn’s multiple comparisons 
test) IC50 values are median of all subjects; IC50 values between groups were compared using Mann-
Whitney test (P=0.098 TNF-α, P=0.24 IL-10) 
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samples.  The inhibition caused in the turbinate samples does not reach statistical 

significance at the same concentrations as in polyps, but the median IC50 values of both 

TNF-α and IL-10 are lower in turbinate than polyp; this information suggests that 

cytokine release from turbinate is more responsive to inhibition with steroids, as 

expected, although the differences in potency do not reach statistical significance. 

 

It was predicted that other confounding factors than tissue type could influence the 

changes in IC50 values between groups; for example more patients in the polyp group 

tend to have asthma and allergy and more of these patients are also already exposed to 

steroids.  The full data set was therefore split by steroid exposure, allergy and asthma 

and IC50 values between groups compared.  However, no significant differences 

between any of these groups were detected.  Also, as differences in the IL-10 IC50 

values were seen in the lung depending on smoking history, results were split into 

current, ex and non-smokers, although no significant differences were seen. 

 

Multiple regression was finally also carried out to determine whether the age of the 

patient or the level of LPS-induced cytokine release could predict the potency of 

dexamethasone in human skin explants.  As shown below in table 5.6, the TNF-α IC50 

cannot be predicted by age or cytokine release.  However, the IL-10 regression just 

reached significance (P=0.049).  LPS-induced IL-10 release was able to significantly 

predict the IL-10 IC50; as previously seen in the lung, as cytokine release increased, IC50 

decreased, indicating that the steroid has higher potency in the patients who respond 

well to stimulation with LPS.  Our results also demonstrate that the initial level of LPS-

induced TNF-α release can predict the IC50 for dexamethasone, but the overall multiple 

regression for TNF-α did not reach significance (P=0.12). 

 

 Multiple Regression Age vs IC
50

 Cytokine vs IC
50

 

TNF-α  P=0.12 r2=0.19 P=0.38 P=0.044 

IL-10 P=0.049 r2=0.26 P=0.57 P=0.033 

 

 

 

Table 5.6- Effect of age and LPS-induced cytokine release on IC50 values of dexamethasone in skin  
Multiple regression was carried out comparing the age of the patient and the level of LPS-induced cytokine 
release with the IC50 values of dexamethasone for TNF-α and IL-10 in LPS-stimulated skin (n=26) 
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So far in this chapter, we have shown that dexamethasone, a typical corticosteroid, is 

able to inhibit LPS-, anti-IgE- and PGN-induced release of TNF-α and IL-10 to 

different extents in the lung, skin and nasal tissue.  The next set of experiments 

examined the effects of some drugs clinically used in dermatology, CsA and MTX on 

experimentally-induced cytokine release from human skin explants.  Skin explants were 

pre-incubated for 1 hour with 10-1000ng/ml CsA or MTX, prior to stimulation with 

LPS, PGN or phytohaemagglutinin (PHA), as shown in figures 5.13 to 5.15.  

 

The effect of CsA (left panel) and MTX (right panel) on LPS-induced cytokine release 

was firstly examined, as shown in figure 5.13.  LPS alone caused a significant increase 

in release of both TNF-α and IL-10, as shown by the grey bars and the drugs alone had 

no effect upon cytokine release, as shown by the white circles.  The effect of CsA on 

LPS-induced release of TNF-α just reaches significance (P=0.050, see figure 5.13a), 

although there is a tendency for TNF-α to be increased rather than decreased by the 

drug.  MTX has a similar effect on TNF-α release; again there is a slight elevation but it 

does not reach significance.  Release of IL-10, on the other hand, is slightly decreased 

by CsA, whilst MTX has very little effect.  We also examined the release of lactate 

dehydrogenase (LDH) as a measure of cytotoxicity, but there was no significant 

difference when the drugs were added compared to control tissue (see figures 5.13e-f). 
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Figure 5.13- Effect of cyclosporin A (CsA) and methotrexate (MTX) on LPS-induced cytokine 
release from the skin  Human skin fragments (n=18) were incubated with 1000, 100 or 10nM CsA (a, c 
and e) or MTX (b, d and f) (lines) or buffer control (bars) for 1 hour prior to stimulation with 100ng/ml 
LPS (grey, squares) or buffer control (white, circles) for 24 hours.  Levels of TNF-α (a and b) and IL-10 
(c and d) release were measured by ELISA.  LDH release (e and f, n=7) was measured by LDH assay.  
Results were expressed as mean ± SEM.  P values as determined by Friedman test for stimulated tissue a) 
P=0.050 b) P=0.30 c) P=0.15 d) P=0.11 e) P=0.56 f) P=0.61 

TNF-α Cyclosporin A 

LDH 

IL-10 

Methotrexate 
a) 

f) e) 

d) c) 

b) 
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Next, we examined the ability of CsA and MTX to inhibit PGN-induced cytokine 

release; results are shown in figure 5.14.  PGN alone significantly increases the release 

of both TNF-α and IL-10.  However, yet again neither CsA nor MTX has any effect on 

PGN-induced TNF-α release.  MTX also has no effect on IL-10 release, although CsA 

generates a slightly higher amount of IL-10 release at 100ng/ml (see figure 5.14c), 

which does not reach significance.  The results obtained examining the effects of CsA 

and MTX on LPS- and PGN-induced cytokine release from human skin explants show 

that there is very little effect upon cytokine release induced by either stimulus, which 

suggests that the drugs do not act via a TLR pathway-modulating mechanism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14- Effect of cyclosporin A (CsA) and methotrexate (MTX) on PGN-induced cytokine 
release from the skin  Human skin fragments (n=8) were incubated with 1000, 100 or 10nM CsA (a, c 
and e) or MTX (b, d and f) (lines) or buffer control (bars) for 1 hour prior to stimulation with 100µg/ml 
PGN (grey, diamonds) or buffer control (white, circles) for 24 hours.  Levels of TNF-α (a and b) and IL-
10 (c and d) release were measured by ELISA.  Results were expressed as mean+SEM.  P values as 
determined by Friedman test for stimulated tissue a) P=0.51 b) P=0.91 c) P=0.17 d) P=0.95 
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IL-10 
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CsA and MTX are thought to exert their anti-inflammatory actions by modulating T cell 

responses, which is not thought to be a key mechanism of action of steroids.  Therefore, 

as well as the TLR ligands, we also utilised PHA as a stimulus.  PHA is a T cell 

mitogen and causes non-specific T cell activation.  As shown in figure 3.15, stimulation 

of skin explants with PHA induces a low level of TNF-α and IL-10 release (shown by 

the grey bars).  We examined the ability of CsA and MTX to downregulate this 

stimulated increase in TNF-α and IL-10, as described in section 2.3.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As previously shown, CsA and MTX alone have no significant effects on cytokine 

release from human skin explants.  However, the drugs appear to have a greater effect 

** 

Figure 5.15- Effect of cyclosporin A (CsA) and methotrexate (MTX) on PHA-induced cytokine 
release from the skin  Human skin fragments (n=10) were incubated with 1000, 100 or 10nM CsA 
(a, c and e) or MTX (b, d and f) (lines) or buffer control (bars) for 1 hour prior to stimulation with 
10µg/ml PHA (grey, triangles) or buffer control (white, circles) for 24 hours.  Levels of TNF-α (a 
and b) and IL-10 (c and d) release were measured by ELISA.  Results were expressed as mean ± 
SEM.  P values as determined by Friedman test for stimulated tissue a) P=0.15 b) P=0.43 c) P=0.0002 
d) P=0.17 (figure c, cyclosporin A alone P=0.032) ** indicates P<0.01 compared to stimulus alone in 
significant groups (Dunn’s multiple comparisons test) 
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IL-10 

Methotrexate 
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on PHA-induced cytokine release than they did on LPS- or PGN-induced release.  

PHA-induced TNF-α appears to be reduced by CsA, especially at 100ng/ml, although 

this does not reach significance (see figure 3.15a).  MTX also appears to reduce PHA-

induced TNF-α to around half its size, although again this is not significant.  In line 

with this result, MTX appears to cause a slight upregulation of PHA-induced IL-10.  On 

the other hand, as shown in figure 5.15c, CsA is able to dose-dependently inhibit PHA-

induced release of IL-10, reaching statistical significance at 1000ng/ml (P<0.05).  It is 

however not clear why inhibition of the release of IL-10, an anti-inflammatory cytokine, 

would be part of the mechanism of an anti-inflammatory drug.  As IL-10 is produced by 

T cells, the effect of CsA on PHA-induced cytokine release may reflect non-specific 

downregulation of T cell activation rather than a targeted response against IL-10.  

 

5.4 Discussion 

This chapter has shown for the first time that dexamethasone is effective at inhibiting 

the inflammatory response induced by LPS in the skin, lung and nasal tissue.  

Dexamethasone can downregulate the LPS-induced release of both TNF-α and IL-10 

from lung, skin and nasal tissue to similar extents, indicating that the mechanism of 

both cytokine release and inhibition is likely to involve similar cell types and 

mechanisms in all three tissues.  When lung explants are stimulated with LPS, the IC50 

for TNF-α is approximately 10-fold lower than that for IL-10 (2.3nM versus 28nM), 

whilst in the skin they differ by approximately 5-fold (5.4nM versus 23nM) and in the 

nasal tissue there is approximately 20-fold difference (2.3nM versus 60nM).  The 

increased potency of dexamethasone for inhibition of TNF-α than IL-10 release is a 

useful property for an anti-inflammatory drug to possess, as at a particular concentration 

it will induce a higher percentage inhibition of TNF-α than IL-10, moving the ratio of 

these cytokines towards a more favourable anti-inflammatory environment. 

 

The effect of dexamethasone on LPS-induced cytokine release has been assessed in 

various tissues and cells, with varying reports in the literature.  There are however, to 

our knowledge, no reports of the effects of dexamethasone on LPS-induced release of 

TNF-α or IL-10 from skin or nasal tissue.  Pre-incubation of organ-cultured human skin 

with dexamethasone was shown by Companjen and colleagues (2001) to suppress LPS-

induced IL-6 and IL-8 release, but TNF-α and IL-10 were not measured.  Furthermore, 



Chapter 5: Modification of inflammation by anti-inflammatory drugs 

 

 162 

Hettmannsperger and colleagues (2002) showed that dexamethasone can prevent LPS-

induced IL-6 upregulation in dermal microvascular endothelial cells.  Nishi and 

colleagues (2009) have shown that dexamethasone suppresses LPS-induced NFκB 

activity in the paranasal sinus epithelium and Ekman and colleagues (2009) showed that 

dexamethasone could downregulate LPS-induced macrophage inflammatory protein 

(MIP)-1α release and neutrophilia in nasal lavage fluid. 

 

Dexamethasone was shown to inhibit LPS-induced lung fibrosis and inflammation in 

rats by Wang and colleagues (2008), indicating its physiological relevance.  Bhavsar 

and colleagues (2008) and Hew and colleagues (2006) examined the ability of 

dexamethasone to downregulate LPS-induced cytokine release from human alveolar 

macrophages and peripheral blood mononuclear cells (PBMCs); TNF-α, IL-1β, IL-6, 

IL-8 and IL-10 were all downregulated to different extents by the steroid.  10nM 

dexamethasone induced 35% inhibition of TNF-α release from macrophages, whilst 

1µM induced 90% inhibition; IL-10 was reduced by 60% by 10nM and 95% by 1µM 

dexamethasone.  Similarly, in PBMCs TNF-α release was inhibited by 40% with 10nM 

and 90% by 1µM dexamethasone, whilst IL-10 was reduced by 60% at both 

concentrations.  Although IC50 values for dexamethasone in this system were not 

calculated, 50% inhibition of TNF-α release appears to occur between 10nM and 1µM 

dexamethasone, whilst IL-10 release has already been inhibited by 60% with 10nM 

dexamethasone, so the IC50 must be lower than this.  However, in all our tissues we 

have shown that the IC50 for TNF-α is between 1 and 10nM dexamethasone and for IL-

10 it is between 10 and 100nM.  This study has however examined the effects of 

dexamethasone on isolated cells rather than whole tissue and the concentration of LPS 

utilised is 100-fold higher than ours, which could explain the differences.  Furthermore, 

dexamethasone was simply added at the same time as the stimulus, which may not 

allow sufficient time for receptor binding and anti-inflammatory gene activation and 

pro-inflammatory gene inhibition before LPS can exert its pro-inflammatory effects. 

 

The effects of other members of the corticosteroid family have also been previously 

examined.  Marshall and colleagues (2000) demonstrated the ability of beclomethasone 

to inhibit LPS-induced TNF-α release from alveolar macrophages, whilst Ek and 

colleagues (1999) demonstrated similar effects of budesonide and fluticasone on TNF-
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α, IL-6 and IL-8.  Marx and colleagues (2002) have demonstrated that fluticasone, 

dexamethasone and beclomethasone can all downregulate LPS-induced TNF-α release 

from leukocytes to different extents, with IC50 values of 0.4, 30 and 100nM 

respectively, so the effects of dexamethasone are comparable to other corticosteroids. 

 

Glucocorticoids are commonly used in the treatment of allergic inflammatory disorders 

(Cohan et al, 1989), hence we have also examined the effect of dexamethasone on IgE-

mediated cytokine release.  Antigen presenting cells and eosinophils are thought to be 

particularly responsive to corticosteroids, as are T cells when they are activated, as they 

commonly are in allergic disease.  Conversely, steroids are thought to have less direct 

effects on other inflammatory cells such as neutrophils and macrophages (Fokkens et al, 

1998).  Cohan and colleagues (1989) reported that overnight incubation with 

dexamethasone was unable to inhibit IgE-dependent release of inflammatory mediators 

from human airway, skin and intestinal mast cells.  Furthermore, Schleimer and 

colleagues (1983) showed that dexamethasone was unable to prevent anti-IgE-induced 

histamine release from human lung tissue fragments or purified mast cells.  However, 

the release of prostaglandins D2 and F2 were decreased by the steroid, but the effect of 

dexamethasone on anti-IgE-induced cytokine release was not examined in these studies. 

 

We showed that dexamethasone has similar effects against anti-IgE-induced cytokine 

release from human lung, skin and nasal tissue explants, as previously seen with LPS.  

In this case dexamethasone is 40-fold more potent against TNF-α compared to IL-10 in 

the lung, with similar responses in nasal tissue but slightly less inhibitory capacity 

against anti-IgE- than LPS-induced cytokine release from skin.  Wershil and colleagues 

(1995) have shown that concentrations of dexamethasone as low as 10nM can suppress 

IgE-dependent TNF-α release from mast cells in vitro and Leal-Berumen and 

colleagues (1994) demonstrated the ability of dexamethasone to inhibit anti-IgE-

induced IL-6 release from rat peritoneal mast cells.  Corticosteroids are also thought to 

be able to prevent mast-cell mediated leukocyte infiltration and activation, probably by 

downregulating chemokines or adhesion molecule expression (Hellewell and Williams, 

1989, Kimata et al, 2001, Schramm et al, 2002, Schramm and Thorlacius, 2004, 

Taborda-Barata et al, 1996, Vital et al, 2003).  Braun and colleagues (1997) showed that 

dexamethasone inhibited proliferation of antigen-stimulated PBMCs and release of Th1 
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and Th2 cytokines, with an IC50 of 2nM, which is similar to the value we have detected; 

budesonide also showed similar potency but hydrocortisone was less potent.  

 

Corticosteroids such as hydrocortisone are widely used in the treatment of atopic 

dermatitis, where they have been shown to decrease the numbers of T cells, particularly 

T helper type 2 (Th2) cells, and neutrophils (Caproni et al, 2007) and the efficacy of 

corticosteroids has also been shown in mouse models of contact allergy (Cumberbatch 

et al, 1999, Tuckerman et al, 2007).  Eum and colleagues (2003) and Herbert and 

colleagues (2008) have examined the effect of dexamethasone in a chronic asthma in 

vivo model; the steroid reversed eosinophil and T cell infiltration and downregulated a 

range of cytokines, including TNF-α and IL-10, supporting our results.  Glaum and 

colleagues (1995) demonstrated inhibition of anti-IgE-induced IL-5 release from human 

lung tissue fragments and inhibition of IL-13 release from mast cells has been shown by 

Fushimi and colleagues (1998).  Furthermore, dexamethasone has also been shown to 

downregulate allergen-induced airway remodelling (Cho et al, 2005, Lim et al, 2007). 

 

Marx and colleagues (2002) showed that anti-IgE-induced TNF-α release from 

dispersed nasal polyp cells can be inhibited by dexamethasone with an IC50 of 10nM, 

similar to the IC50 we have calculated in our model.  Treatment of allergic rhinitis 

patients with fluticasone or budesonide has been shown to decrease T cell numbers and 

cytokines, particularly IL-5 (Ciprandi et al, 2003, Masuyama et al, 1998).  Various 

groups have also examined intranasal allergen challenge in allergic rhinitis patients and 

the effects of corticosteroids and various corticosteroids have been shown to decrease 

symptoms (Erin et al, 2005a, b, Muller et al, 2009, Weido et al, 1996) and cytokine 

release (Sim et al, 1995), although Erin and colleagues (2005b) could not detect a 

decrease in TNF-α release with fluticasone.  

 

As shown in figures 5.4, 5.5 and 5.6e and f, there is a degree of spontaneous release of 

TNF-α and IL-10 from unstimulated nasal tissue explants, which is downregulated by 

pre-incubation with dexamethasone.  In support of our results, various groups have 

described cytokine release from unstimulated polyps being prevented by steroids; 

Bolard and colleagues (2001) and Valera and colleagues (2008) demonstrated decreased 

TNF-α levels after corticosteroid treatment of nasal polyps, whilst Park and colleagues 
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(2009) showed IL-6 and IL-8 downregulation.  Other groups have reported decreased 

eosinophils and Th2 cytokines in nasal polyps after fluticasone (Burgel et al, 2004), 

budesonide (Mastruzzo et al, 2003) and prednisolone (Rudack et al, 1999) treatment, 

although Henriksson and colleagues (2001) failed to detect any downregulation.  

Similar effects have also been described in non-polypoid nasal tissue; Lennard and 

colleagues (2000) demonstrated decreased IL-6 and TNF-α production in chronic 

rhinosinusitis (CRS) mucosal biopsies and Fernandez-Morata and colleagues (2000) 

showed downregulation of COX-2 production by nasal explants by corticosteroids. 

 

Various groups have utilised a nasal explant model similar to ours to study the effects of 

corticosteroids on cytokine-induced inflammatory responses, predominantly production 

of other cytokines and cellular infiltration.  Roca-Ferrer and colleagues (2001) showed 

inhibition of the response to both TNF-α and IL-1β, whilst Watanabe and colleagues 

(2004) showed downregulation of the response to GM-CSF.  Adhesion molecule 

expression on nasal epithelial cells in response to TNF-α (Shirasaki et al, 2004) and on 

nasal microvascular endothelial cells in response to IL-1β or TNF-α was also inhibited 

by dexamethasone (Yamamoto et al, 1998).  Whilst these results are not directly 

comparable with ours as exogenous cytokines are being added to the tissue whilst in our 

system they are being produced upon stimulation, the results can still be used to 

examine the ability of steroids to prevent induction of this pro-inflammatory 

environment.  Where the potencies of steroids against pro-inflammatory mediators have 

been measured, they are in the region of 1 to 10nM, in agreement with our findings. 

 

We have shown that dexamethasone has a similar ability to downregulate the PGN-

induced release of TNF-α and IL-10 as the LPS- and anti-IgE-induced release from 

lung and nasal tissue.  The IC50 values for TNF-α inhibition do tend to be slightly 

higher than with the other stimuli, but the ratios tend to be approximately the same.  

However, dexamethasone has a significantly decreased inhibitory capacity for PGN-

induced TNF-α release from the skin than the other stimuli, only just inducing 50% 

inhibition at 100nM and it appears not to be effective against PGN-induced IL-10 at all; 

this suggests that PGN is initiating cytokine release in a distinct manner to LPS in the 

skin and that dexamethasone may employ distinct mechanisms of action in different 

tissues.   
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Nishi and colleagues (2009) have reported the inhibition of PGN-induced TNF-α 

release by dexamethasone in the sinus mucosa, but there are few reports of the effect of 

steroids on PGN-induced cytokine release in other tissues.  As previously discussed, 

LPS activates TLR4 whilst PGN utilises TLR2.  Whilst ligand binding to both of these 

receptors causes activation of NFκB, which is thought to be the main point of 

interaction between the TLR and glucocorticoid pathways (Chinenov and Rogatsky, 

2007), dexamethasone only appears effective at inhibiting the response to activation of 

TLR4 and not TLR2 in the skin.  It is however effective at reducing cytokine release 

induced by activation of both receptors from lung and nasal tissue; this suggests that the 

mechanism of action of the drug may not rely solely on inhibition of NFκB and that 

distinct mechanisms of action are likely to exist in different tissues. 

 

Alternatively, TLR expression could be modified by either the drug or the ligand itself.  

Hadley and colleagues (2005) have demonstrated that PGN can upregulate cluster of 

differentiation (CD)-14, TLR2 and TLR4 on monocytes.  If this response is seen in skin 

cells it would serve to firstly increase the ability of PGN to exert an inflammatory 

response by upregulating its own receptor and also to increase responsiveness of the 

cells to LPS, which suggests that Gram-positive infection may prime the immune 

system for defence against more serious Gram-negative bacterial infection.  Various 

other groups have also described how stimulation of cells with LPS, PGN or cytokines 

can alter TLR expression.  In cultured keratinocytes, TLR2 and 4 expression have been 

shown to be upregulated by PGN, LPS, TNF-α and IFNγ (Begon et al, 2007, Kawai et 

al, 2002, Pivarcsi et al, 2003, Song et al, 2002).  Similar results have been described in 

the lung; LPS-induced TLR2 and 4 expression has been demonstrated on monocytes 

and macrophages in vivo (Saito et al, 2005, Wittebole et al, 2005).  LPS has also been 

shown to elevate TLR4 expression on alveolar type II cells (Armstrong et al, 2004), 

whilst TNF-α, IL-1β, PGN and LPS increased TLR2 expression on airway epithelial 

cells (Armstrong et al, 2004, Sakai et al, 2004, Sukkar et al, 2006).  However, Wang 

and colleagues (2007) showed that LPS and PGN had no effect on TLR4 expression on 

cultured nasal polyp cells, but allergen challenge was however shown by Fransson and 

colleagues (2005) to elevate TLR2 and 4 expression in allergic rhinitis nasal biopsies.  
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There may be some cell- or tissue-specific effects, but it is apparent that in most cases 

PGN and LPS seem to upregulate expression of their own receptors. 

 

There have also been numerous reports of corticosteroids upregulating expression of 

TLR2; this would allow PGN to still bind to its receptor, possibly at an increased rate, 

which could explain why the drug does not appear to inhibit PGN-induced cytokine 

release effectively in our skin explant model.  Hermoso and colleagues (2004), Homma 

and colleagues (2004) and Sukkar and colleagues (2006) have all reported that 

glucocorticoids and TNF-α co-operatively upregulate expression of the TLR2 gene in 

the airways.  In airway epithelial A549 cells, both TNF-α and to a lesser extent 

dexamethasone elevate TLR2 mRNA, with synergistic effects when stimuli are added 

together.  As previously discussed, NFκB is known to be important in TLR signalling 

and the signal transducer and activator of transcription (STAT) pathway is also 

important in cytokine receptor signalling pathways; both of these have been shown to be 

important transcription factors in the upregulation of TLR2 (Hermoso et al, 2004).  It 

was demonstrated that these TLR2-enhanced cells responded to stimulation with PGN 

by causing higher levels of cytokine release (Homma et al, 2004), indicating that the 

TLR2 upregulation is functional, so as we have seen in our skin explant model 

dexamethasone was unable to prevent PGN-induced cytokine release.   

 

Kis and colleagues (2006) and Shibata and colleagues (2008) have also demonstrated a 

similar phenomenon in human keratinocytes where application of steroids elevated 

TLR2 expression, further enhanced by inflammatory stimuli such as LPS.  Steroids 

have been reported to induce an acneiform reaction in the skin when used topically, 

which may be due to this reported upregulation of TLR2, the receptor via which the 

bacteria Propionibacterium acnes exerts its effects; as reported by Shibata and 

colleagues, dexamethasone and cortisol elevate TLR2 expression in cultured human 

keratinocytes via the glucocorticoid pathway, but addition of P.acnes, TNF-α or IL-1α 

further increases expression in a synergistic manner.  P38 MAPK is thought to 

negatively regulate expression of the TLR2 gene under normal conditions; this is in turn 

negatively regulated by MKP-1 and dexamethasone is known to upregulate MKP-1, 

thereby indirectly increasing TLR2 expression (Shibata et al, 2008).  Imasoto and 

colleagues (2002) and Sakai and colleagues (2004) have also described TLR2 elevation 
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after treatment with steroids and pro-inflammatory stimuli, Haemophilus influenzae or 

IL-1β, which was in both cases shown to be mediated by upregulation of MKP-1. 

 

However, Pons and colleagues (2006) have shown that whilst TLR2 expression was 

upregulated on monocytes of COPD patients, treatment of these patients with steroids 

downregulated expression of TLR2.  Furthermore, MacRedmond and colleagues (2007) 

have reported that corticosteroids downregulate TLR4 expression on airway epithelial 

cells; whilst TLR downregulation could have an immunosuppressive effect and 

predispose to bacterial colonisation, it would also downregulate inflammatory cytokine 

release in response to stimulation with TLR ligands, which may be involved in the 

drug’s mechanism of action in the lung.  

 

We wanted to determine whether the downregulation of cytokines in response to LPS 

but not PGN in our skin explants was due to the mechanism of action of the drug 

interfering with the activation pathway of TLR4, but not TLR2, or whether differential 

modulation of receptor expression has been induced.  Firstly, we showed by dot blot 

that the expression of TLR2 increased in all but one of the tested dexamethasone-treated 

skin samples compared to the matched controls, some to greater extents than others.  

Immunohistochemical staining showed a trend for increased TLR2 expression in 

keratinocytes following incubation of skin with dexamethasone, although the expression 

of TLR2 only increased in 3 of 5 patients.  However, we found no increase in the 

number of TLR2-positive cells in the dermis, which suggests that the TLR2 

upregulation may be keratinocyte-specific, or that it is not just the number of positive 

cells increasing but also the amount of staining on cells which are already positive, a 

factor which we cannot quantify using this method of analysis.  The staining for TLR4 

is, however, far weaker than the staining for TLR2 and no difference in TLR4 

expression in control or dexamethasone-treated samples could be detected. 

 

It is apparent from our results that the expression of TLR2 is more intense than TLR4 in 

the skin, despite there being no difference in the number of positive cells.  This may 

reflect an intrinsic mechanism of keratinocytes which allows them to most effectively 

participate in innate immune responses to pathogens; most skin infections are caused by 

Gram positive rather than Gram negative bacteria, so it is logical for the cells which will 
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be the first line of defence against these pathogens to express the correct receptors to 

respond to them.  Furthermore, the receptors appear to be localised distinctly; whilst 

TLR2 expression appears to be stronger in basal keratinocytes, especially after 

dexamethasone treatment, TLR4 tends to be located more prominently in the upper 

epidermis.  This would suggest that, whilst TLR2 expression may appear early in 

keratinocyte maturation, TLR4 may appear later in development which could explain 

the controversy regarding whether or not the receptor is present on keratinocytes, as 

many of these experiments were performed using cultured cells.   

 

TLR expression in skin has been previously reported by many groups and most have 

detected expression of both TLR2 and 4 (Begon et al, 2007, Kawai et al, 2002, Pivarcsi 

et al, 2003).  In support of our findings, higher expression of TLR2 than TLR4 has been 

described (Begon et al, 2007), along with diffuse expression of both receptors 

throughout the epidermis, both cytoplasmically and on the surface, with most 

pronounced staining, especially of TLR2, in basal keratinocytes (Baker et al, 2003, 

Begon et al, 2007, Kawai et al, 2002, Pivarcsi et al, 2003).  Various groups have also 

studied TLR2 and 4 expression on cultured keratinocytes; Pivarcsi and colleagues 

(2003, 2004) showed increasing expression of both receptors during differentiation, 

with both detectable after the third passage.  However, Kawai and colleagues (2002) 

showed that cultured keratinocytes expressed TLR2, but not TLR4, which suggests that 

the cells may not have been fully differentiated, so did not yet express TLR4. 

 

We also showed TLR2 and TLR4 expression in human lung parenchyma; unlike the 

skin, in the lung there does not appear to be a significant difference in the level of 

positive staining of TLR2 compared to TLR4, although the number of TLR2-positive 

cells was interestingly shown to be approximately double the number of TLR4-positive 

cells.  Various groups have examined TLR2 and 4 expression in the lungs and most 

have localised the receptors to alveolar type II cells and alveolar macrophages 

(Armstrong et al, 2004, Droemann et al, 2003, McInturff et al, 2005), which agrees with 

the cellular localisation observed in our tissue.  In contrast to the results in the skin, lung 

tissue does not appear to have altered TLR2 or TLR4 expression upon treatment with 

dexamethasone; in fact, there is in general a slight decrease in receptor expression after 

treatment.  This is in agreement with the results of Pons and colleagues (2006) and 
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MacRedmond and colleagues (2007), who showed downregulation of TLR2 and TLR4 

in the lung by dexamethasone, which may downregulate the cytokine response. 

 

It is possible that distinct effects of dexamethasone on TLR expression could be seen 

depending on age, gender, asthma/allergy, COPD or smoking status; however, our 

results are from patients with a range of these characteristics and there does not appear 

to be any difference in TLR2 or 4 modulation by dexamethasone between groups, 

although larger group sizes would be required to examine this in detail.  It was however 

noted that the initial level of TLR expression was higher in two patients, both of whom 

were cancer patients.  The other cancer patient, of a similar age, showed lower TLR 

levels but this patient was asthmatic and atopic which could also modulate TLR 

expression; the non-cancer patients, who were younger, tended to have lower expression 

of TLR2 and 4, so TLR expression could be modulated during ageing, although again 

larger sample sizes would be required to determine the significance of this observation.   

 

Expression of both TLR2 and TLR4 could also be detected in our nasal tissue.  Whilst 

Wang and colleagues (2007) described low TLR2 and TLR4 expression in cultured 

nasal polyp epithelial cells, expression has been shown in mucosa samples by Claeys 

and colleagues (2003) in normal subjects and by Fransson and colleagues (2005) in 

biopsies from allergic rhinitis patients; therefore the levels of receptor expression may 

again depend upon cell maturation as described in the skin.  TLR2 and 4 were shown to 

be expressed in both epithelial and subepithelial layers with widespread expression on 

immune cells including mast cells, lymphocytes and macrophages (Fransson et al, 

2005).  This is similar to the pattern of expression we have detected, but a huge 

variability in the intensity of staining could be seen on cells in our nasal tissue samples, 

far more than in the skin or lung.  The quantification technique utilised does not 

distinguish between a cell with lots of positive staining and a cell which has stained 

weakly; the physiological relevance of the differences in density of the receptor on cells 

are not clear, but it would be interesting to modify the analysis technique to take into 

account how much positive staining cells have, along with the number of positive cells.   

 

As previously shown in the lung, the differences in TLR2 or 4 expression in the nasal 

tissue also do not appear to be dependent on age, gender, asthma/allergy, smoking status 
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or corticosteroid use.  However, as noted in the lung, in the nasal tissue the oldest 

patient showed the highest baseline TLR4 expression and the youngest had the lowest 

TLR2 expression, so a similar phenomenon may exist in the upper airways although a 

larger group size would need to be analysed in order to draw any solid conclusions.  As 

previously shown in the lung, there is no significant difference in TLR2 or TLR4 

staining in the nasal tissue upon dexamethasone treatment, although there is a trend for 

elevated TLR2.  The intensity of TLR4 staining appears lower than TLR2, which is also 

reflected in the cell counts; like the skin, the upper airways are also commonly thought 

to be colonised with Gram positive rather than Gram negative bacteria, particularly 

S.aureus (Niederfuhr et al, 2008), so again it is sensible for the cells present in this 

tissue to express higher levels of the receptor to respond to Gram positive bacteria. 

 

Linear regression was carried out to determine TLR functionality; however the numbers 

of TLR2 or TLR4 positive cells alone were not able to predict the levels of PGN- and 

LPS-induced cytokine release.  Again the intensity of the staining on the positive cells 

was not addressed, which may be an important factor in determining the functionality of 

receptor expression.  Interestingly, it was noted that the percentage change in TLR2-

positive cells in the lung and nasal tissue appeared to predict the IC50 of dexamethasone 

for PGN-induced TNF-α in these samples.  The samples in which cell counts were 

decreased showed the lowest IC50 values, indicating high potency of the drug, whilst 

those which showed an increase in TLR2-positive cells tended to have higher IC50 

values; this suggests that the mechanism of inhibition of PGN-induced cytokine release 

by dexamethasone in lung and nasal tissue involves receptor downregulation rather than 

inhibition of activation pathways.  However, the same did not appear to be true in the 

skin, or in any of the tissues for TLR4, where different mechanisms may be in place. 

 

We have demonstrated some changes in TLR2 and 4 expression after incubation of 

tissue with dexamethasone, but the changes were variable between patients so no 

significant results were observed.  However, most of the studies in the literature which 

have shown altered expression of TLR2 and 4 have shown a relatively small effect of 

the steroid alone, but have shown synergistic enhancement with pro-inflammatory 

stimuli such as LPS or cytokines.  In addition to the effect of dexamethasone alone, 

which we have already examined, it would be interesting to examine the effects of our 



Chapter 5: Modification of inflammation by anti-inflammatory drugs 

 

 172 

stimuli, LPS, anti-IgE and PGN, on TLR2 and 4 expression, both alone and in 

combination with dexamethasone; these conditions have produced the greatest changes 

reported in the literature and, as subtle changes are difficult to quantify using our 

method of analysis, may be more appropriate to observe alterations in expression. 

 

Various groups have also examined the effects of both inflammatory stimuli and 

corticosteroids on expression of GR; it is feasible that along with modification of TLR 

expression by steroids, they could also influence the expression of their own receptors 

in order to modify the responsiveness of the cells to treatment.  Hirasawa and colleagues 

(2009) examined the effects of dexamethasone on LPS-stimulated airway cells and 

noted that these cells specifically, unlike HaCaT cells and haematopoietic cell lines, 

decreased their expression of the GR in response to steroids and even more so in 

response to LPS; this could be the reason for steroid resistance being relatively common 

in airway diseases, whilst it is not reported as much in disorders in other organs.   

 

P38 MAPK is an important pro-inflammatory signalling cascade and is one of the main 

targets of corticosteroids (Bhattacharyya et al, 2007).  Downregulation of GR may be 

caused by excessive activation of p38 MAPK, which has been described in COPD and 

severe asthma (Barnes, 2004, Bhavsar et al, 2008) where the level of p38 activity 

correlates with the degree of steroid resistance.  These severe asthma patients showed 

no increase in expression of MKP-1 upon stimulation with LPS; p38 inhibition, by 

MKP-1 or exogenous inhibitors, can inhibit LPS-induced cytokine release and cellular 

infiltration (Haddad et al, 2001).  P38 MAPK inhibitors have been shown to potentiate 

the anti-inflammatory effects of dexamethasone, especially in ‘steroid-resistant’ severe 

asthmatics, increasing the effectiveness around 30-fold (Bhavsar et al, 2009).  Zhao and 

colleagues (2005) have shown that MKP-1 induction is critical in p38 negative feedback 

control and regulation of TNF-α production; furthermore they showed that higher 

potency steroids such as dexamethasone and betamethasone tend to increase MKP-1 

more than lower potency steroids such as prednisone, supporting the theory that p38 

MAPK inhibition is a pivotal mechanism of corticosteroid action (Zhao et al, 2005). 

 

Nasal polyps are also generally thought of as steroid resistant, particularly in cases 

where surgical removal is necessary (Tuncer et al, 2003).  Topical budesonide before 
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polypectomy was shown by Henriksson and colleagues (2001) to have no effect on the 

range of cytokines measured; this indicates that either these patients were steroid 

resistant, although it was reported that GR expression was not downregulated, or that 

there was decreased bioavailability due to the nasal obstruction.  However, Wang and 

colleagues (2009) demonstrated that LPS-induced inflammation and pro-inflammatory 

mediator release correlated with downregulation of GR expression, whilst 

dexamethasone decreased mediator release and elevated GR expression.  Therefore, 

upregulation of GR by corticosteroids may be part of their mechanism of action and 

failure of this process could contribute to steroid resistance. 

 

Along with the level of expression of GR, the isoform of the receptor may also be 

important in determining steroid responsiveness.  As previously discussed, alternative 

splicing of the GR promoter generates GRα and the dominant negative isoform, GRβ; 

the ratio of GRα:GRβ expression is thought to be important in determining steroid 

responsiveness, with higher relative GRβ expression in patients who are steroid 

resistant (Bamberger et al, 1995, Hamid et al, 1999).  It would be interesting to 

determine expression of GRα and GRβ in our samples, to determine whether or not this 

correlates with the IC50 values of dexamethasone we have calculated and to examine 

whether expression is modified by exposure to corticosteroids or stimuli, alone or in 

combination.  Furthermore, as discussed in the introduction there are other mechanisms 

of steroid resistance, including activity of enzymes such as HDAC.  Hew and colleagues 

(2006) have described decreased HDAC activity in PBMCs from severe asthmatics, 

which reduced the ability of dexamethasone to downregulate LPS-induced cytokine 

release and decreased HDAC activity has also been reported in COPD (Barnes, 2004); 

the decrease in HDAC activity is thought to be modulated by oxidative stress, which 

could be caused by cigarette smoke (Gessner et al, 2005). 

 

We hypothesised that pre-existing disease could modify the tissue’s responsiveness to 

stimulation with LPS and inhibition by dexamethasone.  Whilst patients having lung 

tissue removed for reasons other than cancer tend to have phenotypically normal tissue 

the ‘cancer’ patients tend to have a long smoking history and many have mild COPD 

and a range of other comorbidities.  However, we showed no difference in cytokine 

release in response to LPS in the cancer and non-cancer groups, so it seems unlikely 
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that this is the main cause of increased cytokine release from the lung compared to the 

other tissues.  Conversely, we have shown that dexamethasone is slightly more capable 

of inhibiting LPS-induced TNF-α release in the non-cancer group; this may reflect the 

lower proportion of these patients with COPD compared to the cancer group, as COPD 

is thought of as a relatively steroid resistant disease (Barnes, 2004).  It could also reflect 

the decreased smoking history in this group compared to the cancer group.  However, 

we showed no significant difference in potency of dexamethasone against either 

cytokine in GOLD0 versus GOLD1/2 patients or non-, ex- and current smokers, 

although there was a trend for decreased steroid responsiveness for LPS-induced IL-10 

release in the ex-smokers compared to non- and current smokers.  Armstrong and 

colleagues (2009) could not detect any difference in inhibition of LPS-induced release 

of TNF-α or IL-8 from smokers compared to ex-smokers, which supports our TNF-α 

results, although the effect on IL-10 was not reported.  Therefore, it seems unlikely that 

cancer, COPD or smoking history alone can predict steroid responsiveness in the lung. 

 

It was predicted that steroid responsiveness could decrease with age; Goncharova and 

Lapin (2002) have shown disturbances in hypothalamic pituitary adrenal (HPA)-system 

function in aged monkeys, including decreased responsiveness to dexamethasone.  

Furthermore it was hypothesised that samples which released less cytokines upon 

stimulation with LPS should have lower IC50 values for these cytokines as it should be 

easier for dexamethasone to inhibit a smaller response.  Multiple regression showed a 

trend for increased IC50 with age and the IC50 for TNF-α could be predicted by the 

initial level of LPS-induced TNF-α, although neither of these reached significance.  

However, rather than the expected increased IC50 with increased LPS-induced TNF-α 

release, an inverse relationship was seen where the patients who produced higher levels 

of TNF-α with LPS responded better to dexamethasone.  However, as the multiple 

regression did not reach significance in the non-cancer group, the results may have been 

influenced by confounding factors in the whole population.  In the skin, age was shown 

to have no influence on responsiveness to dexamethasone, but LPS responsiveness was 

able to predict steroid sensitivity.  Similarly to the results in the lung, a higher level of 

LPS-induced cytokine release was again indicative of a lower IC50, in other words 

increased potency of the drug; this is unexpected as the logical hypothesis is that it is 

easier to inhibit a smaller response so IC50 should increase with LPS-induced cytokine 
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release.  The relevance of this finding is currently unclear, but it may involve expression 

or functionality of TLR4 and its modification upon dexamethasone treatment. 

 

Neither age nor LPS-induced cytokine release was able to predict the potency of 

dexamethasone in nasal tissue.  However, as shown in chapter 4 with S.aureus, LPS 

also induces far more cytokine release from polyp than turbinate.  We have also 

demonstrated that the IC50 values for LPS-induced TNF-α and IL-10 release are 

approximately 5-fold higher in the polyp than turbinate, indicating 5-fold lower potency 

of dexamethasone in the polyp.  However, the IC50 of dexamethasone could not be 

predicted by the initial level of cytokine release, so the increased responsiveness of 

polyp to LPS cannot alone be the reason for higher potency of the drug in turbinate 

compared to polyp.  Furthermore, no other possible confounding factors, including 

allergy, asthma, current steroid exposure and smoking history, were shown to influence 

the potency.  Nasal polyps are commonly thought of as steroid resistant, in particular 

those which are surgically removed (Tuncer et al, 2003) and elevated expression of 

GRβ has been shown in these cases (Hamilos et al, 2001, Valera et al, 2008).  It would 

therefore be interesting to determine the ratio of GRα:GRβ in our tissue samples, to 

investigate whether or not this correlates with our measure of steroid sensitivity. 

 

CsA and MTX are both commonly used to treat inflammatory disorders of the skin, but 

neither have proved to have any effect on LPS- and PGN-induced cytokine release from 

our human skin explants.  As these drugs do not act through the same mechanism as 

dexamethasone, they may exert their actions at other points in the inflammatory cascade 

which do not necessarily affect cytokine release.  Although both drugs are widely used 

clinically for the treatment of psoriasis or severe atopic dermatitis (Akhavan and 

Rudikoff, 2008), there is however limited in vitro evidence of their anti-inflammatory 

mechanisms.  Tada and colleagues (2006) showed that CsA prevented LPS-induced IL-

12 release from psoriatic monocytes and CsA has been shown by Wershil and 

colleagues (1995) to inhibit IgE-dependent TNF-α release; whilst these studies 

demonstrate anti-inflammatory effects, we have not examined Th1 cytokine release in 

our model, nor stimulated skin with anti-IgE in the presence of CsA.  On the contrary, 

tacrolimus, another member of the calcineurin inhibitor family, was shown by Kis and 
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colleagues (2006) to have little effect on LPS-induced cytokine production from 

keratinocytes, which supports our results.  

 

Kang and colleagues (2007) demonstrated that under normal conditions, calcineurin 

negatively regulates TLR activation pathways.  Calcineurin inhibitors such as CsA and 

tacrolimus may therefore indirectly increase activation of these pathways and lead to 

elevated cytokine release, the opposite effect of the corticosteroids.  The paper describes 

how both LPS and calcineurin inhibitors activate NFκB by inducing IκB degradation in 

murine macrophages.  Tacrolimus was also shown to augment LPS-induced TNF-α 

release; this elevation of LPS-induced TNF-α release by CsA was also detected slightly 

in our skin explant model, although it did not reach statistical significance.  The 

calcineurin inhibitors were also shown to activate MAPK pathways and increase 

activation of both TLR2 and TLR4, which further supports the hypothesis that the 

calcineurin inhibitors do not exert their anti-inflammatory actions via inhibition of 

cytokine release or downregulation of TLR signalling (Kang et al, 2007). 

 

The main action of MTX is as an inhibitor of dihydrofolate reductase, although the role 

of this in inflammation is unclear; folate supplements are often given during MTX 

treatment which reduces some of the hepatotoxicity but does not affect the efficacy of 

the drug, and so the mechanism of action of the drug in inflammation cannot rely solely 

on the folate pathway (Heydendael et al, 2003).  MTX also causes intracellular 

elevation of adenosine which may be key in the mechanism of action; adenosine has 

been shown to inhibit TNF-α and leukotriene production and cellular infiltration in a 

mouse model of inflammation, mediated by the A2a and A3 adenosine receptors 

(Montesinos et al, 2003, Warren and Griffiths, 2008).  However, De Lathouder and 

colleagues (2002) found that MTX had no effect on LPS-induced production of IL-6, 

IL-8 or TNF-α by monocytes, which supports our results in the skin.  

 

As the mechanisms of CsA and MTX involve the suppression of T cell activation and 

proliferation, we wanted to determine whether they could decrease the levels of 

cytokine release upon direct T cell activation.  PHA was able to induce cytokine release 

from the skin, indicating the presence of T cells in the tissue.  PHA-induced IL-10 

release from PBMCs has been previously demonstrated by Constantin and colleagues 
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(1998), although TNF-α release was not measured.  CsA has little effect upon PHA-

induced release of TNF-α in our model, but the IL-10 response is downregulated.  It is 

not however a typical property of an anti-inflammatory drug to inhibit IL-10 release to a 

greater extent than TNF-α, so this may be represent non-specific inactivation of T cells, 

many of which produce IL-10.  Black and colleagues (1990) have shown that CsA can 

suppress local skin T cell-mediated immune responses in mice, but Takashima and 

Morita (1991) could not detect any difference in T cell numbers or proliferation in 

response to PHA upon CsA treatment, although cytokine release was not measured. 

 

PHA-induced TNF-α release was decreased to around 50% with all concentrations of 

MTX added, but there was little effect on PHA-induced IL-10.  To our knowledge there 

are no reports on the effect of PHA-induced TNF-α release by MTX, but the effect on 

IL-10 release has been previously examined, with contrasting reports.  Constantin and 

colleagues (1998) reported upregulation of IL-10 release by MTX, whilst Seitz and 

colleagues (2001) showed no effect of MTX on PHA-induced IL-10.  However, De 

Lathouder and colleagues (2002) showed that low dose MTX could inhibit production 

of a range of cytokines including TNF-α after polyclonal T cell stimulation of whole 

blood, using anti-CD3 and anti-CD28, but this was attributed to the ability of the drug 

to induce apoptosis of activated T cells, rather than direct interaction with cytokine 

networks.  Levantine and Brostoff (1975) demonstrated that MTX treatment of psoriatic 

patients caused clinical improvement, but they also showed that T cells from these 

patients had increased proliferative responses to PHA.  However, Bateman and 

colleagues (2007) have shown that treatment of severe atopic dermatitis patients with 

MTX reduces allergen-specific T cells by selective apoptosis.  It would be interesting to 

examine the effects of MTX on PHA-induced proliferation in addition to cytokine 

release in our model, but again T cell apoptosis seems to be a key mechanism of MTX.   

 

These results indicate that CsA and MTX act through distinct mechanisms and whilst 

neither have any effect on TLR2- or TLR4-mediated cytokine release, they both have 

distinct effects on PHA-induced cytokine release.  It appears that the mechanisms of 

action of CsA and MTX do not rely on direct inhibition of proinflammatory cytokine 

production; CsA prevents T cell activation via inhibition of IL-2 release, whilst MTX 

relies on inhibition of proliferation to exert its anti-inflammatory actions.  Folate 
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inhibition by MTX is thought to prevent proliferation and induce T cell apoptosis, 

whilst adenosine accumulation has an anti-inflammatory contribution by preventing 

leukocyte migration and adhesion.  It is therefore not surprising that, unlike the steroid 

dexamethasone, we did not detect any significant decrease in cytokine release after 

stimulation of skin explants with TLR agonists by pre-treatment with these compounds.  

 

5.5 Conclusions 

Although corticosteroids are used to treat inflammatory conditions in lung, skin and 

nasal tissue, they may have some distinct tissue- or stimulus-specific effects.  We have 

demonstrated inhibition of LPS-, anti-IgE and PGN-induced release of TNF-α and IL-

10 from human lung and nasal tissue explants by dexamethasone, although in the skin 

we have shown a reduced ability of the steroid to decrease PGN-induced cytokine 

release.  This may be attributed to the trend for TLR2 upregulation on keratinocytes by 

dexamethasone which we have demonstrated.  In some lung samples we have 

demonstrated decreased TLR expression upon corticosteroid treatment, which may be 

part of the drug’s anti-inflammatory mechanism.  Steroid responsiveness may be 

modulated by disease status or the responsiveness of the tissue to LPS, although larger 

group sizes are required to determine the significance of these variables. 

 

We have also examined the effects of immunosuppressive drugs CsA and MTX on 

experimentally-induced cytokine release from the skin.  Neither drug had any effect on 

LPS- or PGN-induced release of TNF-α or IL-10, indicating that these drugs do not 

exert their anti-inflammatory actions by interference with TLR activation pathways.  

However the response to T cell activation by PHA appears to be modulated by MTX 

and CsA significantly reduces PHA-induced IL-10.  It is however possible that the 

observed effects on cytokine release could be mediated by non-specific inactivation of 

T cells rather than direct effects on the cytokine networks, so it would be interesting to 

also examine the effects of these drugs on PHA-induced T cell proliferative responses. 
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6.1 General Discussion 

We have for the first time directly compared ex vivo inflammatory responses in human 

lung, skin and nasal tissue explants.  We have shown that stimulation of all three tissues 

with LPS, which mimics bacterial infection, or anti-IgE, which mimics allergic 

inflammation, induces release of a range of pro- and anti-inflammatory cytokines.  A 

similar range of cytokines have been reported to be released upon in vivo LPS challenge 

to the lung (Hoogerwerf et al, 2008) and upper airways (Danuser et al, 2000, Sisgaard et 

al, 2000) and upon natural allergen exposure (Calderon et al, 1997), indicating that our 

model is physiologically relevant and can predict in vivo responses. 

 

We have shown that, whilst the patterns of experimentally-induced cytokine release 

from human lung, skin and nasal tissue are similar, the lung releases higher levels of 

cytokines than the nasal tissue or the skin; this suggests that similar cells are present 

within the tissues but that the lung may contain a higher density of these cells.  We 

showed no difference in the density of macrophages between the tissues, but differences 

in mast cell, neutrophil and eosinophil counts were detected.  However, due to the 

multiple cellular sources of the cytokines we have measured in this thesis we are unable 

to ascertain which cells have been activated by stimulation, but a complex interaction 

between various cell types is likely. 

 

In general, we detected lower inflammatory cell numbers within the skin samples than 

the other tissues, which may partly explain the lower level of cytokine release upon 

stimulation.  However, the number of inflammatory cells alone was unable to predict 

the level of cytokine release upon stimulation, so the functionality of the cells in 

different tissues may also be important, which has not been examined.  For example, the 

macrophages in our three different tissues show distinct morphological properties and 

mast cells from different tissues are thought to be functionally heterogeneous in order to 

respond most appropriately with the environment they encounter (Supajatura et al, 

2002). 

 

Another explanation for the increased cytokine release from the lung and nasal tissue 

compared to the skin could be pre-existing disease, as the skin used is of ‘normal’ 

phenotype whilst the lung and nasal tissue used generally have a level of background 

inflammation.  We have shown that the numbers of different cells present in samples 
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varies significantly within tissue groups, as well as between tissue groups.  Patient 

characteristics such as smoking status, allergy or COPD status may influence cell 

numbers and/or functionality, which could in turn influence the level of cytokine release 

upon stimulation.  

 

Staphylococcus aureus is thought to have a role in the pathogenesis of atopic dermatitis 

(Breuer et al, 2000).  As such, we demonstrated that heat-killed S.aureus could generate 

release of a similar range of pro- and anti-inflammatory cytokines from human skin 

explants as LPS, demonstrating its ability to act as an inflammatory stimulus.  As we 

are using heat-killed bacteria, their ability to infect the tissue will be lost and they may 

not release their full range of virulence factors; the response seen may therefore be 

primarily to surface markers such as PGN, a major constituent of the bacterial cell wall 

of both S.aureus and S.epidermidis.  In support of this theory, we have shown that PGN 

can initiate cytokine release from human skin explants to a similar degree as S.aureus 

and S.epidermidis and that the timecourse of the responses to PGN and S.aureus is 

similar.  Similar findings have also been made by other groups (Wang et al, 2000a, 

2004) and studies by Aufiero and colleagues (2007) and Timmerman and colleagues 

(1993) showed that bacteria do not need to invade cells in order to initiate TNF-α 

secretion, suggesting that recognition of surface molecules such as PGN is likely to be 

important in initiating the inflammatory response to S.aureus, which supports our 

results. 

 
S.aureus is thought to release enterotoxins which exacerbate inflammatory responses.  

Staphylococcal enterotoxin A (SEA) and B (SEB) appear to induce higher levels of IL-

10 and lower IL-1β in comparison to LPS and PGN in our model, and furthermore the 

cytokine responses appear to be delayed, similarly to the findings of Hermann and 

colleagues in whole blood (2003).  The likely explanation for this is that the stimuli are 

acting on different cells.  PGN acts via TLR2, which is present on most inflammatory 

cells in the skin, including keratinocytes, mast cells and macrophages; the enterotoxins, 

however, are thought to exert their main mechanisms of action by activation of T cells 

(Saloga et al, 1996).  Whilst TLR2 activation is relatively rapid, as part of the innate 

immune system, naïve T cell activation occurs over a longer period of time.  However, 

despite the fact that PGN and the enterotoxins appear to have different mechanisms of 

action, we found no significant synergistic effect by combining them.  
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There is also evidence for the role of S.aureus in diseases of the respiratory tract such as 

asthma, allergic rhinitis and nasal polyposis (Bachert et al, 2007, O’Brien et al, 2006, 

Rossi and Monasterolo, 2004, Suh et al, 2004).  Similarly to the results seen in the skin, 

stimulation of human lung and nasal tissue explants with heat-killed S.aureus also 

initiated release of pro-inflammatory cytokines.  This information supports a role for 

S.aureus in inflammatory disorders, hence stimulation of tissues with staphylococcal 

components may be a useful novel model for studying inflammatory disease.   

 

Nasal polyps appear more sensitive to stimulation with the bacteria than turbinates in 

our model.  Patients with nasal polyps are frequently colonised with S.aureus (Brook 

and Frazier, 2005) and nasal polyp samples are likely to have IgE to SEA or SEB (Suh 

et al, 2004).  In support of our results, increased levels of SEB-induced cytokine release 

from nasal polyps compared to turbinate has been previously described by Patou and 

colleagues (2008) and Xu and colleagues (2009), which may indicate prior exposure to 

the bacteria.  Furthermore, our results indicate that toxin-induced TNF-α release may 

occur slightly earlier from lung and nasal tissue compared with skin explants, which 

again could reflect previous exposure; as well the wealth of evidence implicating 

S.aureus in nasal polyps there is also evidence that 40% of COPD patients have specific 

IgE to the staphylococcal enterotoxins (Rohde et al, 2004), which could induce a more 

rapid response.  Whilst naive T cell responses are relatively slow, where there are 

memory T cells for SEA or SEB the response will be more rapid.  Atopic dermatitis 

patients are thought to respond more strongly to SEB (Heaton et al, 2003, Konig et al, 

1995, Lehmann et al, 2004), but the skin we have utilised is of normal phenotype, 

which may explain the lower responsiveness to the bacteria. 

 
We have demonstrated some tissue-specific effects of the staphylococcal stimuli.  The 

main differences were in the stimulated release of Th2 cytokines; whilst only a small IL-

5 response is seen in the skin, substantial S.aureus- and SEB-induced IL-5 was detected 

from nasal tissue and both IL-5 and IL-13 were released by the lung, whilst no Th2 

cytokine release in response to PGN was detected.  These data suggest that S.aureus and 

SEB may have distinct roles in priming for allergic inflammation in different tissues, or 

again differences could have arisen due to prior exposure or increased susceptibility of 

some patients to the bacteria.  Hellings and colleagues (2006) have demonstrated that 
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intranasal or bronchial administration of SEB in an allergic mouse model exacerbated 

infiltration of inflammatory cells to the airways upon allergen challenge along with 

increasing Th1 and Th2 cytokines in the airway and blood.  Similarly, features of atopic 

dermatitis were shown to be induced by application of SEB on barrier disrupted mouse 

skin by Laouini and colleagues (2003).  We, along with other groups (Desouza et al, 

2006, Hellings et al, 2006, Herz et al, 1999, Laouini et al, 2003), have demonstrated that 

S.aureus and SEB can initiate release of Th2 cytokines to different degrees in different 

tissues, which provides a suitable environment for allergic sensitisation.  Furthermore, 

LPS has been reported to either promote or inhibit allergic sensitisation in a 

concentration-dependent manner (Bachert et al, 2007, Garn and Renz, 2007, Schroder et 

al, 2008), indicating that certain bacteria may play a key role in the allergic sensitisation 

process. 

 

We have shown that dexamethasone has similar inhibitory effects against LPS- and 

anti-IgE-induced inflammatory responses in human lung, skin and nasal tissue explants, 

decreasing stimulated release of both TNF-α and IL-10 but with higher inhibitory 

potency against pro-inflammatory TNF-α than anti-inflammatory IL-10.  However, 

whilst dexamethasone can also inhibit PGN-induced release of TNF-α and IL-10 from 

lung and nasal tissue, it has a decreased inhibitory capacity for PGN-induced TNF-α 

release from the skin than the other stimuli and it has no effect on IL-10 release.   

 

Glucocorticoids have been previously reported to upregulate TLR2 expression on 

keratinocytes (Kis et al, 2006, Shibata et al, 2008), so we examined whether this 

occurred in our skin samples in an attempt to explain the lack of inhibition.  We 

demonstrated elevated TLR2 expression in steroid-treated skin samples by dot blot and 

a small increase in expression of TLR2 in keratinocytes by immunohistochemistry, but 

no increase in the number of positive dermal cells.  TLR2 upregulation may therefore be 

keratinocyte-specific.  However, whilst no increase in positive dermal staining was 

observed, our analysis technique could only determine whether a cell was positive or 

negative for the receptor and could not distinguish the level of receptor expression, 

which may be important for functionality. 
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Interestingly, most of the reports in the literature on modulation of TLR expression by 

steroids report its occurrence primarily in the presence of pro-inflammatory stimuli.  

Furthermore, PGN has been shown to increase expression of TLR2 (Hadley et al, 2005, 

Kobayashi et al, 2008, Sukkar et al, 2006) and LPS has been shown to elevate 

expression of TLR4 (Armstrong et al, 2004, Kawai et al, 2002, Pivarcsi et al, 2003, 

Saito et al, 2005, Song et al, 2002, Wittebole et al, 2005).  Therefore it may be more 

appropriate to examine the effects of inflammatory stimuli in conjunction with steroids 

on TLR expression, as this should in theory have more effect than the steroid alone.  

 

6.2 Future Work 

• Isolate specific cells from the different tissues and compare ability to respond to 

stimulation, in order to compare functionality between tissues and to determine 

which cells are key players in the responses seen in our model 

• Measure release of cell-specific markers to determine which cells have been 

activated ex vivo 

• Increase bank of fixed tissue samples to perform cell counts on a wider range of 

patients, to enable data to be stratified by patient characteristics such as smoking 

status, allergy or COPD 

• Determine levels of specific IgE to staphylococcal enterotoxins in tissue samples 

and determine whether that relates to the levels of responsiveness 

• Type T cells within tissues to glean further information on the differences in 

tissue responsiveness to S.aureus and staphylococcal enterotoxins 

• Investigate the ability of LPS and SEB to promote allergic priming in our model 

by including these stimuli in a passive sensitisation protocol 

• Modify image analysis technique of TLR2 and TLR4 staining to determine level 

of receptor expression rather than number of positive cells, which may be 

important in determining the functionality of the receptors 

• Examine expression of TLR2 and TLR4 on explants incubated with 

inflammatory stimuli alone and with dexamethasone 
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