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Abstract
Interleukin 22 (IL-22) is а newly-described Т helper cytokine which has been implicated in
tissue regenerative processes in the gut and skin. Allergic asthma results from exposure to
otherwise harmless environmental inhaled allergens that trigger Th 2 Т Iymphocyte-driven
IgE-аssосiаtеd immune responses in atopic individuals that contribute to airway
inflammation and reversible airflow obstruction. In the long-term, this aberrant immune
response is believed to increase in complexity and contribute to the permanent changes in
the airways, including tissue remodelling and associated irreversible airway obstruction. In
view of the known effects of IL-22 in wound healing, the overall aim of this research was to
establish whether IL-22 is present in allergy and allergic asthma and to understand the
influence of IL-22 on structural cells of the airway, with particular emphasis оп tissue
remodelling. We, therefore, explored the presence of IL-22 and its receptors during allergeninduced late responses in the bronchi and skin and measured IL-22 production and its
regulation in peripheral blood mononuclear cells (PBMCs), Т cell lines and clones derived
from asthmatic bronchial muсоsa. IL-22 was increased in bгonchoalveolaг lavage after
allergen inhalation in asthmatics but not in control subjects. While we were unable to reliably
immunostain IL-22, its receptors were present within the cutaneous connective tissue and
co-Iocalised with HSP-47, а marker of early fibrobIasts. In PBMCs, IL-22 increased after
allergen stimulation whereas there was nо difference between atopics and control subjects.
In Т cell lines derived from asthmatic bronchial mucosa, IL-22 was mainly found in СD4+ Т
helper cells of Th1 and Th22 origin. IL-22 receptors were expressed by cultured bronchial
epithelial cells, smooth muscle cells and pulmonary fibroblasts and were increased in
expression in the presence of interferon- (IFN-). IL-22 was able to accelerate wound
closure of bronchial epithelial cells independent of effects on cellular proliferation. Thus, IL22 appears to be а Th1-related cytokine that may have а dual role in airway inflammation
and repair.
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Introduction
Allergy and Asthma
Allergy
Background
Definition
Allergy is an adverse immune reaction to a substance in the environment (allergen) which is
normally harmless. In most allergies, this process is characterised by the production of
allergen-specific IgE and the development of a Th 2 cell memory. In sensitised individuals,
allergen contact provokes a biphasic inflammatory response that can be divided into early
and late phases. The early phase response results from IgE-dependent mast cell activation
with release of mediators that, depending on the site of exposure, cause discomfort to the
skin (itch, wheals), nose (sneeze and watery discharge) and lung (wheeze and shortness of
breath). The late response is T-cell mediated and characterised by eosinophilic infiltration.
This

response

is accompanied

by

further symptoms

including

swelling,

mucus

overproduction, as well as airway hyperreactivity.
Epidemiology
In the United Kingdom, the overall prevalence of allergic rhinitis has been estimated at 23
percent (%) (Bauchau and Durham 2004). It is estimated that, in England, each year about 3
million people consult their general practitioner (GP) with conditions related to allergy. The
prevalence of multiple allergic diseases was observed to increase by 48.9% between the
years 2001 and 2005 (House of Lords - Science and Technology - Sixth Report 2007).
Mechanisms of allergy
There are three main processes which have been identified to be altered in allergic
individuals. These include weakened epithelial barriers (Wang at el 2008b), a predisposition
to produce Immunoglobulin class E (IgE) and an inability to regulate the aberrant immune
response (Robinson 2009). These three processes are controlled not by one but multiple
genetic and environmental factors. Alterations in the immune system are manifested
systemically throughout the body yet allergic disorders are often organ specific (e.g. skin,
gut, and airways) based on the route of allergen exposure and organ or tissue specific
alterations.

21

Genetic versus Environmental influences
Family studies have shown that allergic disorders follow a hereditary pattern (Skadhauge et
al 1999, Hanson et al 1991, Lawrence et al 1994). It was once hypothesized that the basis of
altered IgE responses was inherited as an autosomal dominant trait (Cookson and Hopkin
1988). Subsequent studies revealed that the clinical manifestations of allergy are not
controlled by a single gene but, rather, multiple smaller genetic variations that are often
influenced or directly controlled by environmental factors (Vercelli et al 2005).
Allergy is, thus, believed to have a genetic component but dependent on multiple
environmental factors. While environmental insults (e.g. malnutrition, stress, chronic illness,
pollution, exercise and viral infections) are known to influence the threshold for disease
manifestation temporarily as well as permanently, events in early life are believed to be
particularly damaging and influence the progression from a predisposed to allergic state.
In allergy, the deficient regulation of the Th 2 response is thought to have occurred due to
altered environmental exposures in early life when the adaptive immune system and
immunological memory is in development. The fact that immunologic tolerance may be reestablished in allergic individuals through immunological interventions such as allergen
immunotherapy implies that allergic disease progression is under the control of
environmental factors.
The hygiene hypothesis suggests a link between the development of allergy (and loss of
immune tolerance to common environmental allergens) with exposure to an altered microbial
flora during early life. The hypothesis was based on the observation of an inverse
relationship between family size and the risk of developing atopic disorders (Strachan 1989),
younger siblings being ‘protected’, possibly by increased exposure to infections. Support
came from the higher prevalence of allergic diseases that were associated with a more
‘westernised’ lifestyle. This was originally observed as a much lower prevalence of atopic
sensitisation and hay fever in underdeveloped Leipzig in East Germany compared to Munich
(von Mutius et al 1992) whereas within 5 years of the re-unification of East and West
Germany, the prevalence had tended to equalise (Weiland et al 1999). Our modern way of
living (urbanisation, sanitation, dietary changes and medication) has been associated with a
marked reduction in our natural microbial environment. It has been suggested that the loss
of toll-like receptor stimulation during early life may alter the development of our acquired
immune system from a Th1-biased microbial protective state to a more polarised Th 2-type
response (Strachan 2000), whereas, more recently, it has been suggested that the observed
increase in both allergic disorders and auto-immune diseases may be explained by a
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decrease in T regulatory cell function, resulting in unrestrained Th 1- (and Th17-) and Th2biased immune responses (Kamradt et al 2005). These alterations might provide the basis
for progression from a predisposed to an allergic state (Eder et al 2006).
While this hypothesis has received much support (Ege et al 2006, Waser et al 2007), it also
has been challenged with suggestions that allergic disease progression cannot be explained
by reduced microbial exposure alone (Platts-Mills et al 2005, Bresciani et al 2005).
Pathogenesis
Sensitisation
Before an allergic response can develop, the immune system must first encounter the
allergen and develop specific immunological memory against the allergen. In an allergic
individual, dendritic cells within the mucosal epithelium will capture the allergen, recognise it
as harmful and migrate to the draining lymph node (Takano et al 2005). The, now, activated
dendritic cells present the processed allergen through an Major histocompatibility complex
(MHC) class II-mediated mechanism to allergen-specific T helper cells. This priming will
predominantly induce Th2 cells capable of releasing IL-4, IL-5 and IL-13 (Romagnani et al
2002). Allergen-specific Th2 cells in turn licence allergen specific B cells to class switch their
B cell receptor in favour of allergen specific IgE production (Kay 2001, Gould et al 2003).
This allergen-specific IgE in the circulation binds to high affinity Fcε receptors on various
innate cells, including mast cells and basophils. These FcεR1-expressing cells are now
poised to recognise the allergen upon secondary encounter.
Acute phase response
The secondary exposure will lead directly to recognition of allergen by resident mast cells
and basophils within the exposed tissue. Upon cross-linking of the allergen with the surface
bound IgE, these cells will degranulate and release several mediators including vasoactive
amines (e.g. histamine), cytokines, chemokines, reactive oxygen species, and lipid
mediators such as leukotriene C4, D4, and E4 as well as prostaglandin D2 (Kraft et al 2003).
This immediate release of inflammatory mediators is referred to as type-1 hypersensitivity
(Gell and Coombs 1963) and is responsible for the immediate clinical symptoms such as
itching (atopic dermatitis), nasal congestion (allergic rhinitis), and airway constriction (allergic
asthma) (Bradding et al 1992, Pease 2006) within minutes of allergen exposure.
Late phase response
Following the early response, a proportion of individuals go on to develop a delayed-in-time
response (the allergen-induced late response) peaking between 6 and 12 hours. The late
response is characterised by large cellular infiltration caused by the release of
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chemoattractants during the early phase including eosinophils, and CD4 + T lymphocytes, as
well as other immune cells at the site of allergen exposure (Kay 2001). The influx of T cells,
particularly Th2 cells produce Th2 cytokines. These include IL-4 resulting in Th2 T cell
differentiation and local IgE-switching (Takhar et al 2005), IL-13 IgE-switching, mucus
hypersecretion (Lachowicz-Scroggins et al 2010) and, along with IL-4, there is an increase in
the expression of vascular cell adhesion molecule-1 (VCAM-1). Furthermore, IL-5 release
results in tissue eosinophilia during the late-phase immune response resulting in further
clinical symptoms through tissue swelling and mucus hypersecretion. T cells, in particular,
hold a critical role in orchestrating the late phase response which can be observed even in
the absence of mast cell activation and eosinophil infiltration (Ali et al 2007).
Treatment
For allergic rhinitis, when avoidance of the provoking allergen is not possible, the use of antihistamines and topical corticosteroids in combination with symptoms-relieving medication is
prescribed. Similarly, asthma is treated with corticosteroids and beta-agonists for
symptomatic relief. However, these treatments are for symptomatic use and have no effect
on the long-term course of the disease. The only long-term disease-modifying treatment
option available, so far, is allergen immunotherapy (Ewbank et al 2003, Holgate and Polosa
2008). Immunotherapy aims to reduce allergic symptoms by inducing immunologic tolerance
and has been shown to be effective leading to long-term benefits (Robinson et al 2004,
Shamji and Durham 2011) however it is not used in allergic asthma due to safety concerns.
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Asthma
Background
Definition
Bronchial asthma is a respiratory disorder characterised by reversible airflow obstruction
either spontaneously or as a result of treatment. In asthma, the airways are hypersensitive to
certain endogenous and exogenous stimuli that trigger spontaneous muscle contraction with
associated airway constriction. The airway narrowing, in asthma, occurs in the context of
airway inflammation that is typically characterised by bronchial mucosal eosinophilia,
disruption of the integrity of the epithelium, mucus hypersecretion, thickening of the subbasement membrane zone and smooth muscle hypertrophy that increases bronchial wall
thickness. The progressive loss of airway function, particularly in chronic asthma, is often
associated with aberrant changes in the lung described under the term airway remodelling.
Epidemiology
In England, 5.7 million people suffer from asthma (House of Lords - Science and Technology
- Sixth Report 2007). As for other disorders associated with allergy, a relatively high
prevalence of asthma is found in ‘westernised’ countries (about 15% to 20%) while the
prevalence in developing countries remains much lower (about 2% to 4%) (Zock et al 2006).
Very recently, this trend has changed and the prevalence of asthma has shown signs of
levelling off in western countries (Moorman et al 2007) while it continues to rise in
developing countries (Pearce et al 2007).
Endophenotypes of asthma
The current definition of asthma encompasses a diverse group of conditions which do not
always share the same underlying disease mechanism or progression. Characterising
asthma by phenotype (e.g. Eosinophilic vs. Neutrophilic, Early vs. Late-onset, Moderate vs
Severe) helped to understand this diversity allowing a more tailored treatment. Yet the
phenotypic classification alone remains insufficient in fully understanding the molecular
mechanisms and differences in treatment outcomes. The advent of large scale genetic and
genomic studies has helped to shed more light on common molecular patterns between
different patient groups. This molecular characterisation of asthma patients has prompted
researchers to redefine asthma into endophenotypes (see table 1; Loetvall Akdis 2011,
Anderson 2008, Wenzel 2012, Poon Hamid 2012). This classification combines the
emerging molecular insight together with the phenotype and observed treatment response.
While endophenotype classifications promise a more targeted intervention (Kazani and
Israel 2012) their definition remain ongoing (see table 1).
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Table 1: Proposed Endophenotypes of Asthma
Asthma
General

Endophenotypes
Aspirin-sensitive
Allergic bronchopulmonary mycosis
Adult allergic
Asthma-predictive indices-positive preschool weezer
Severe late-onset hypereosinophilic
Cross-country skiers asthma

Reference
Lotvall et al 2011

Severe Asthma

Early-onset allergic
Persistent eosinophilia
Allergic bronchopulmonary mycosis
Obese-female
Neutrophilic severe asthma

Wenzel et al 2012

Development of asthma
Asthma is a complex disorder controlled by multiple minor and major factors which are both
inherited as well as acquired in early life. Alterations of the epithelial cell function, its barrier
integrity, innate defence and repair response are thought to be some of the main underlying
mechanisms of asthma. There is a strong relationship between allergy and asthma as the
allergic airway inflammation can act as the asthmatic trigger for bronchoconstriction. Both
atopic disorders and asthma are often characterised by a dysfunctional epithelium (Holgate
et al 2009). However, allergy or atopy is not a prerequisite to develop asthma and, thus,
allergic asthma forms a separate sub phenotype of asthma.
Genetic and environmental determinants of asthma
Family studies have confirmed that asthma follows a hereditary pattern (von Mutius et al
1996, Laitinen et al 1998). The contribution of genetic associations has been the subject of
numerous genome wide association studies and, in particular, early-onset asthma shows a
strong influence of genetic inheritance (Moffatt et al 2007 & 2010). It is now believed that the
genetic alterations underlying asthma are predominantly related to genes altering epithelial,
mesenchymal and smooth muscle cell function (Cookson 2004, Vendelin et al 2005, Holgate
and Polosa 2008). However, environmental factors are known to play the major role in
disease expression in asthma. For example, studies of migrating families have shown that
the duration of residence in a new environment can alter asthma prevalence in young and
newborn children (Cohen et al 2007, Wang et al 2008a, Wong and Chow 2008). The
development of asthma is influenced, particularly, by environmental factors in early life.
While changes to the still developing immune system can contribute to the development of
allergy, the development of asthma may additionally depend on factors that influence normal
lung development in prenatal (Sporik et al 1990, Dietert and Zelikoff 2008, Patel and Miller
2009) and early life (Sigurs et al 2005, Carroll et al 2009). The risk factors are very diverse
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and include air pollution (Tzivian 2011), viral (Johnston et al 2007) and bacterial infections
(Cosentini et al 2008), nutrition (Noal et al 2011), medication (Nuttall et al 2000), stress
(Sandberg et al 2000) amongst other factors.
Pathogenesis
An asthma attack results from a loss of lung function (fall in peak expiratory flow rate and the
one second forced expiratory volume, FEV 1) that causes mild to severe difficulties in
breathing. It is associated with the rapid contraction of airway smooth muscle leading to
narrowing of the bronchi. ‘Brittle’ asthma (Paganin et al 1996) represents an asthma
phenotype characterised by very rapid onset of airway narrowing which may be largely
explained by smooth muscle constriction. With the exception of pauci granulocytic asthma,
cellular infiltration and tissue inflammation is also observed during acute asthma. Swelling
and inflammation further contributes to the difficulty in breathing.
A diverse range of stimuli including allergen, cold air, exercise and irritants may represent
triggers that may provoke smooth muscle constriction and bronchial wall thickening with
airway narrowing via inflammatory or non-inflammatory events. The threshold for
bronchoconstriction is influenced by the level of nonspecific bronchial hyperreactivity which,
in turn, can be influenced by numerous factors such as chronic allergen exposure, viral
infections, diet, stress, and medication. Nonspecific bronchial hyperreactivity can be
assessed by inhalation challenge with histamine or methacholine and expressed as the
provocation concentration of inhaled agent that provokes a 20% fall in FEV 1 (e.g. histamine
PC20 (Juniper et al 1978).
In allergic asthma, the encounter of allergen will lead to clinical symptoms such as airway
narrowing and airway inflammation. The allergic response is often biphasic, leading to an
early and late asthmatic reaction.
The early phase occurs within minutes, leading to acute bronchoconstriction. It is initiated by
IgE-mediated allergen recognition on the surface of mast cells and basophils leading to their
activation, rapid degranulation and release of mediators of hypersensitivity (eg. histamine,
prostaglandins, leukotrienes). Mast cells, which are widely distributed throughout the tissue
including the smooth muscle tissue, release potent smooth muscle contractile agents,
initiating bronchoconstriction (Holgate 1996). In addition to mast cell activation T cell
recognition will lead to a burst of Th2-type cytokines (e.g. IL-4, IL-5, IL-13) influencing the
early as well the ensuing late phase response (Wenzel et al 2007).
The late asthmatic response is experienced by half of allergic asthmatics and causes a
second episode of airway narrowing but with marked differences in symptoms and features
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to the early asthmatic response (Robertson et al 1974, O’Byrne et al 1987). This delayed
reaction to the allergen, which is displayed at about 3-8 hours after the initial allergen
encounter, is characterised by inflammation, swelling, mucus over-production and
significantly airway hyper reactivity. This airway hyper reactivity can resolve within 24 hours
but occasionally can last for several days or even weeks following a single allergen exposure
(Cartier et al 1982, O’Bryne et al 1987). The inflammation which is displayed during the late
phase response is caused by recruitment of eosinophils (De Monchy et al 1985, Gauvreau et
al 1999) as well as T cells (predominantly Th 2 phenotype) into the airways (Robinson et al
1993).
The symptoms of the late phase response are largely controlled by the preventive use of
corticosteroids indicating a clear functional role of the immune system (Cockroft et al 1987,
Kidney et al 1997). The blockade of the hallmark eosinophilic infiltration reduces asthma
exacerbations (Green et al 2002), signs of airway injury and remodelling (airway-wall
thickness and total wall area), but not airway hypersensitivity (Leckie 2000, Haldar 2009).
The airway hypersensitivity depends on the early phase IgE-mediated immune cell activation
(Cartier et al 1982, Kirby et al 1986, Fahy et al 1997) and subsequent mediator release
(Wenzel et al 2007). However its later mechanisms and occurrence during the late phase
remain far less understood. One avenue which has been revisited recently is the potential
activation of sensory nerves during the early phase. This early activation may, through
delayed reflex responses, account for airway hypersensitivity during the late phase response
(Pavord and Tattersfield 1995, Tilley et al 2003, Raemdonck et al 2012).
Airway remodelling
The progression of the asthma is associated with changes in the underlying cellular
composition of and structure of the bronchial epithelium and submucosa. These aberrant
changes (Table 2) are often described under the term airway remodelling and may cause a
further reduction in the overall lung function with more severe exacerbations (Jain et al 2005)
and the development of an irreversible component.
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Table 2. Structural alterations and airway remodelling
Cell type
Goblet cells

Smooth
muscle
Fibroblasts
Vessels

Observation
Number of goblet cells increase
Mucin 5AC dominates and are largely responsible
(Morcillo and Cortijo 2006)
Hypertrophy and hyperplasia.

Myofibrobalst increase (Choe et al 2006, Wicks et al
2006),
Angiogenesis leading to an increase in microvessels
(Zanini et al 2010)

Epithelial cells

Epithelial damage, decrease in tight junctions and
increase in permeability (Montefort et al 1992).

Basal lamina

Extracellular matrix proteins and proteoglycan deposition
(Knight and Holgate 2003)

Effect
Reduction of airflow through difficulty in
expectoration of sputum
Narrowing of the airways due to bronchial wall
thickening with luminal narrowing and increased
bronchoconstriction during an asthmatic attack
Increased scarring
Oedema of the bronchial wall with narrowing of
the airways, increased immune and
inflammatory cell recruitment.
Decrease in barrier function and increased risk
of inflammation and exposure to asthmatic
triggers
Increased thickening

The presence of persistent changes within the airway wall is believed to be controlled by
inherent and acquired defects connected to aberrant tissue repair responses.
Non-Immune contribution
The structural cells within the asthmatic lung display altered physiological functions
associated with oxidant handling (Bayram et al 2002, Bucchieri et al 2002), inflammation
(Mullings et al 2001, Sampath et al 1999) and repair (Amishima et al 1998, Payne et al
2004). This altered functionality is believed to influence the normal resolution of airway
inflammation, alter the normal repair processes and cause permanent structural changes
within the lung.
Signs of this aberrant airway remodelling were detectable in children at risk of developing
asthma even when inflammation was moderated by corticosteroid use and long term use of
corticosteroids did not significantly prevent the progression of asthma (Pauwels et al 2003,
Bisgaard et al 2006, Guilbert et al 2006, Murray et al 2006).
These early paediatric studies especially support the notion that airway remodelling is not
necessarily caused by inflammation but may occur in parallel or even precede airway
inflammation. The aberrant healing and repair processes observed within the asthmatic lung
are believed to be similar to events occurring during early lung development. One hypothesis
is that airway remodelling could be caused by reactivation of embryological pathways, in
particular the epithelial-mesenchymal-tropic unit (EMTU) causing aberrant and irreversible
structural alterations (Holgate and Polosa 2006). While the hypothesis of a re-activated
EMTU has gained some recognition, it remains difficult to confirm.
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Airway remodelling, either controlled by re-activated embryological pathways or otherwise
caused by functional damage in structural cells, is likely influenced by inheritance and
environmental exposure (Lloyd and Robinson 2007). While inherited genetic alterations in
asthmatic epithelial cell function are likely providing a predisposition for airway remodelling,
one theory is that particularly severe and repeated respiratory infections in early life are a
risk factor. These viral infections may overwhelm the inexperienced immune system causing
significant damage to the developing lung and provide the necessary initial insult for airway
remodelling to occur and progress (Openshaw and Hewitt 2000).
Immune contribution
Inflammation remains the hallmark of asthma and allergic asthma is associated with Th2 type
inflammation. The release of tissue damaging mediators such as superoxide and nitric oxide
(e.g. by mast cells, eosinophils and basophils) cause cellular damage and the release of
potent cytokines (e.g. by T cells) alter the functional state of structural cells (Vignola et al
2000). In the normal lung, these changes would be almost always resolved without leaving
significant long term effects. In the asthmatic lung, however, aberrant tissue repair
processes are observed. The occurrence of repetitive or chronic inflammation is thought to
trigger these processes and exacerbate airway remodelling (Holgate 2006). The moderation
of inflammation by the help of corticosteroid use caused a reduction in epithelial damage
(Lundgren et al 1988, Gavett et al 1994), goblet cell hyperplasia (Chanez et al 2004), micro
vessel formation (Feltis et al 2007), subepithelial fibrosis and basement membrane thickness
(Trigg et al 1994, Olivieri et al 1997, Laitinen et al 1997).
Treatment
Current interventions
For asthma two distinct types of mediation are being prescribed (see Table 3). They provide
either immediate relief (e.g. reliever medication) or reduce or prevent the potential symptoms
during the encounter of a future asthmatic trigger (e.g. preventer mediation).
Reliever medication
Reliever medication reverses the airflow obstruction dilating the bronchi. They are thus often
referred to as bronchodilators and encompass short-acting β2 adrenergic receptor agonists,
anti-cholinergic drugs, as well as dimethylxanthine.
Short-acting β2 adrenergic receptor agonists (also referred to as β2 agonist) are the
mainstay medication and reverse smooth muscle constriction by binding and activating the
beta-adrenergic receptors on the smooth muscle fibres. Anticholinergic drugs on the other
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hand interfere with the signal transmission from the nerve ending to the smooth muscle fibre.
This blockade of acetylcholine signalling allows the smooth muscle to relax. As they act
slower than β2 agonist, the two types of drugs are often combined. Theophylline (or
dimethylxanthine) is another reliever medication which is a non-specific antagonist of the
adenosine receptor and inhibitor of phosphoesterase. Both actions will cause the
downstream inactivation of myosin light chain kinase and phosphatase leading to smooth
muscle relaxation.
Symptom controllers
Long-acting β2 agonist provide muscle relaxation for up to 12 hours and are thus used to
control symptoms that may occur later on or during night time. They are often combined with
a type of preventer medication providing a more comprehensive symptom control.
Preventer medication
Preventer mediation aims to reduce the severity of airway inflammation and immunemediated airflow obstruction. They include steroid analogues (e.g. of glucocorticosteroids) as
well as non-steroidal drugs (such as mast cell stabilisers and leukotriene modifiers).
Glucocorticosteroid analogues (also refrerred to as glucocorticoids) mimic the effect of the
natural occurring hormones within the human body. As regulators of the glucose metabolism
they have wide ranging physiological effects. Most importantly, they interfere with immune
cell activation (Coutinho and Chapman 2011). The preventive use of their analogues is thus
effective in dampening the inflammatory response which would normally occur during an
asthma attack and trigger clinical symptoms (Rhen and Cidlowski 2005). To restrict their
effects, gluococorticoids are often administered locally using an inhaler. However, if
inhalation provides insufficient control, oral administration in either tablet or liquid form may
be prescribed. Non-steroidal drugs, often regarded as less effective than glucocorticoids,
represent an alternative when the side-effects of the broad-acting steroids (e.g.
osteoporosis, cardiovascular and metabolic disease; Vegiopoulos and Herzig 2007) are
judged to be too great (e.g. in children; Fanta et al 2009). They include mast cell stabilisers
as well as leukotriene modifiers. Mast cell stabilisers prevent mast cell degranulation and
mediator release but also influence neural reflexes and cytokine transcription (Heinke et al
1995, Yang 2010). Leukotriene modifiers such as Leukotriene receptor antagonists and 5lipoxygenase synthesis inhibitors limit the activity of the crucial family of inflammatory
mediators (incl. Leukotriene D4), limiting vascular permeability, immune cell recruitment, as
well as smooth muscle constriction.
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Table 3: Current medications used to control asthma
Medication
Reliever
Medication

Example
Short-acting β2 adrenergic receptor agonist
e.g. salbutamol, terbutaline

Symptom
Controller

Long-acting β2 agonist (+preventer medication)
e.g. formoterol,salmeterol (+e.g. glucocorticoids)

Mechanism
Bind & activate beta-adrenergic receptors on smooth
2+
muscle leading to cAMP production, intracellular Ca
depletion and smooth muscle relaxation (Taylor 2006)
Blocks muscarinic acetylcholine receptors &
acetylcholine signalling causing smooth muscle
relaxation (Baigelman, Chodosh 1977)
Non-selective phosphoesterase & adenosine receptor
antagonist causing increased cAMP & cGMP activity and
smooth muscle relaxation (Daly 1986, Essayan 2001)
Same as short-acting beta2 agonists. Relieve
bronchospasm for up to 12 hrs

Preventer
Medication

Steroidal drugs

Inhaled glucocorticosteroid analogues
e.g. beclomethasone dipropionate,
budesonide, fluticasone propionate

Oral glucocorticosteroids analogues
e.g. prednisolon, prednisone

Agonism of the glucocorticoid receptor. Dampening the
activity of key inflammatory regulators such as NF-κB
and AP-1 (McKay and Cidlowski 1999) as well as
supporting immune regulatory gene transcription (Clark
2007)

Anti-cholinergic drugs
e.g. ipratropium bromide
Theophylline (dimethylxanthine)

Non-steroidal drug
A)mast cell stabilisers
e.g.sodium cromoglycate, nedocromil sodium

B)leukotriene modifiers

Leukotriene receptor antagonists
e.g. montelukast sodium, zafirlukast


5-lipoxygenase synthesis inhibitors
e.g. zileuton

The mechanisms are not fully understood. They reduce
Ca2+ channel activity and act as G-coupled receptor
agonists. In addition to blocking mast cell degranulation
they alter neural reflexes as well as cytokine release
(Heinke et al 1995, Yang et al 2010)
antagonism of the Cysteinyl leukotriene receptor-1
limiting LTD4 but also LTC4, and LTE4 activity
(Montuschi and Peters-Golden 2010)
inhibit the enzyme arachidonate 5-lipoxygenase
reducing the conversion of essential fatty acids into
leukotrienes (Pergola and Werz 2010)

New biological treatments for asthma based on immunological insights
The success of corticosteroids has shown that controlling the airway inflammation is an
important strategy in the control of asthma. While new and improved broad-acting immune
modulators are being developed (e.g. improved corticosteroids, phosphodiesterase
inhibitors), more selective and specific immunologic interventions have come into focus (see
table 4).
This more selective intervention also requires that the specific underlying molecular
mechanisms are well understood. Their potential use and application has increased by the
current drive to define better asthma endophenotypes.
In the focus of allergic asthma are especially molecules released during the early phase of
inflammation. These include IgE, mast cell mediators as well as Th 2 cytokines. The potency
of blocking a single mediator such as a cytokine can be significant as they act not only
during the immediate early phase response but also trigger the ensuing late phase
response. Anti-IL-5 treatment for example lowered the activation, maturation and recruitment
of eosinophils into the airways and significantly reduced asthma exacerbations (Haldar et al
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2009). Due to the heterogeneity of asthma, not only Th 2 but also Th1 (e.g. TNF) as well as
Th17 (IL-17) cytokines have come into view (Pelaia et al 2012).
A different treatment strategy is to use of immunotherapy. Since its conception, the idea of
treating the occurrence of allergic inflammation has been very attractive. Yet the risk of
anaphylactic reactions, which in allergic asthma could be severe, has hampered its adoption.
A systematic review of over 88 clinical trials however has documented significant reductions
of asthma symptoms, medication use, and allergen-specific bronchial reactivity after
subcutaneous immunotherapy (Abramson et al 2003 & 2010). Therefore new developments
such as sublingual administration or use of modified allergen (Vrtala et al 2001) could
potentially lead to a wider adoption in future.
Table 4: New biological treatments for asthma based on immunological insights
Target
Signalling
pathways

Mediators under evaluation
Phosphodiesterase inhibitors
e.g. Roflumilast (Gavreau 2011)

Mechanism
Block phosphodiesterase thus preventing inactivation of
cAMP & cGMP within immune cells (Spina 2008)

p38 MAPK inhibitor s
e.g. SD-282

Interfere with MAPK signalling cascade dampening cellular
responses such as cytokine transcription (Goldstein and
Gabriel 2005)
Humanised IgG1 antibody binds free but not FcεRI bound
IgE. The removal of free IgE causes the gradual loss of
receptor bound IgE on Mast cells reducing allergen
recognition (Holgate et al 2005)

IgE

Anti-IgE
e.g. omalizumab; 8D6 (Shiung 2011)

Cytokines

IL-4




Anti-IL-4 (pascolizumab)
IL-4mutant (pitrakina)
IL-4Ra (altrakinacept)

Blockade of IL-4 function by targeting IL-4 directly, using a
decoy receptor or a competitive non-functioning IL-4
mutant

Anti-IL-5 (mepolizumab)
Anti-IL-5Ra (Benralizumab)

Blockade of IL-5 function by targeting IL-5 directly or using
a decoy receptor causing reduction of airway eosinophilia

Anti-IL-13 (lebrikizumab,
Traklokinumab)

Blockade of IL-13 function by targeting IL-13 directly (antiIL5)

Anti-TNF (golimumab, Wenzel
Barnes 2009)
IgG1/TNFR2 (etanercept, Erin
Leaker 2006)

Blockade of TNF function by targeting TNF directly
(anti-TNF) or using a decoy receptor

IL-5


IL-13

TNF



CRTH2

CRTH2 agonist
e.g. OC000459 (Barnes Pavord 2011)

Interfere with Mast cell mediated activation of Th2 and
eosinophils (Gyles 2006)

Immunotherapy

Subcutaneous, sublingual

Reduction of Th2-type inflammation by induction of
tolerance e.g. T regulatory cells, blocking antibodies
(Shamji and Durham 2011)
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T helper cells
CD4 T cells (also called T helper cells) are a group of lymphocytes playing an essential role
in the adaptive immune response. They are considered to be bone marrow derived and
undergo positive and negative selection within the thymus (Asthon-Rickardt et al 1994) to
enter the body’s circulation as competent naive CD4 T cells. These naive CD4 T cells enter
and exit secondary lymphoid tissue (e.g. lymph nodes) where they are brought into contact
with professional antigen presenting cells (APC). This interaction may lead to their antigen
specific activation (Janeway 1989, Hugues 2010). Depending on the antigen itself, as well
the environmental signals which the antigen presenting cell received, the APC will prime the
naive T cell through activation of specific transcription factors (e.g. FOXP3, GATA3, T-BET)
to acquire specific T helper cell functions (Abbas et al 1996, Ho and Glimcher 2002,
Rothenberg et al 2005). Once activated, the T cell can migrate to the T cell B cell zone to
provide help for B cell activation (Parker et al 1993) or migrate, guided by chemotactic
signals, to the inflamed tissue (Krüger and Mooren 2007). After resolution of inflammation, a
small proportion of activated CD4 T cells will remain and form part of the immunological
memory (Swain and Bradley 1992).
Current T helper classifications
It was proposed that the different T helper cell profiles, induced during T cell priming, may
not only be distinct from each other but also remain stable over time. The first evidence of
stable and distinct T helper cell profiles was made when clonal memory T cell lines could be
broadly categorised into two stable and distinct IFN and IL-4 expressing CD4 T cell
populations (Mossmann et al 1986, Killar et al 1987, Romagnani et al 1991). This gave rise
to the first Th1 and Th2 subset classification and has, since, significantly shaped our
understanding of CD4 T biology. The most widely accepted T helper cell subsets today are
the Th1, Th2, Th17 as well as the T regulatory subset (Diagram 1, page 35). In addition,
several new classifications have been proposed which include the follicular (Vinuesa et al
2005), Th9 (Dardalhorn et al 2008, Veldhoen et al 2008), as well as the Th22 subset (Duhen
et al 2009, Eyerich et al 2009, Nograles et al 2009, Trifani and Spitz 2010).

34

Diagram 1. T cell phenotypes and subset associations (taken from Schmidt-Weber et al 2007).

Th1 and Th2 subsets
While Th1 and Th2 cells were originally characterised by their separate IFN+ and IL-4+
production, additional cytokines have since been classified as either Th1 or Th2-associated.
Examples of these include the Th 1- associated cytokines TNF, lymphotoxin (Cherwinski et
al 1987, Fiorentino et al 1989) as well as Th2- associated cytokines IL-5, IL-9, IL-13, and IL31 (Castellani et al 2010). With the emergence of more T helper subsets, some of the
previously Th1 (e.g. IL-17, IL-22) and Th2-associated cytokines (e.g. IL-9, IL-10) have since
been reclassified.
In addition to their differential cytokine expression profiles, it was shown that Th1 and Th2
cells could be distinguished by different surface receptors. These include chemokine
receptors such as CCR5 and CXCR3 (Th 1 associated) and CCR3, CCR4, CCR8, CXCR4
(Th2 associated) (O’Garra et al 1998, Cosmi et al 2001).
Th1 and Th2 differentiation
IL-12 and IFN are essential cytokines in the development of Th 1 cells (Hsieh et al 1992,
Lighvani et al 2001). Th2 cells, on the other hand, only developed in the absence of IFN and
IL-12 when IL-2 and IL-4 are present (le-Gros et al 1990, Swain et al 1990) inducing further
IL-4 release within the differentiating Th 2 cell (Noben-Trauth et al 2002).
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Transcriptional regulation
As all naive T cells have the capacity to differentiate into any type of T helper cell, the
induction of transcription factors, their co-operation and antagonism is important to confer a
specific T helper cell identity.
The essential transcription factor for Th 1 development is T-box expressed in T cells (T-bet;
Zsabo et al 2000) while Th2 are dependent on GATA binding protein 3(GATA3) expression
(Zheng et al 1997). The essential transcription factors are often referred to as master
regulators which control much wider array of functions related their development as well as
specific effector functions. GATA3, for example, was also shown to be essential for Th2
development and IL-5 and IL-13 cytokine expression (Siegel et al 1995, Zhu et al 2004). In
addition, Signal transducer and activator of transcription (STAT) proteins interact with these
transcription factors and are indispensible for T helper fate determination. While the same
type of STAT protein can play important roles in several T helper subsets, their strongly
increased expression is often subset specific. STAT1 (Lighvani et al 2001, Afkarian et al
2002) and STAT4 (Kaplan et al 1996, Thierfelder et al 1996) were shown to be important for
Th1 cells while STAT5 (Zhu et al 2003) and STAT6 (Kaplan et al 1996, Schimoda et al 1996,
Takeda et al 1996) were essential for Th 2 development. An overview of the Th 1 and Th2 cell
classifications is given in the table below (Table 5).

Table 5. Th1 and Th2 subset classification
Subset

Lead Cytokine

Th1

IFN

Th2

IL-4

Assoc.
cytokines
TNF
lymphotoxin

Transcription
Factors
T-bet

IL-5
IL-9*
IL-13
IL-31

GATA-3

Surface
Expression
CCR5
CXCR3
IL-12RB2
IFNR
CCR3
CCR4
CCR8
CXCR4
IL-17RB

Stat regulation
STAT1
STAT4

STAT5
STAT6

Polarising
cytokines
IL-12
IFN

IL-4

*proposed to represent a distinct T helper (Th9) subset
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Th17 subset
IL-17 was originally classified as Th 1-associated cytokine before studies showed that IFN+
and IL-17+ T cells were divergently regulated (Oppmann et al 2000, Cua et al 2003) and
occurred as two separate subsets in vivo (Langrish et al 2005, Park et al 2005, Harrington et
al 2005). Today, Th17 cells are a widely accepted T helper subset with distinct functions from
Th1 and Th2 cells. Their expression profile has, since, expanded to not only include IL-17A
and IL-17F but also IL-21, IL-22, and IL-26 (Wilson et al 2007, Dambacher et al 2009).
Th17 differentiation
Th17 cell development was dependent on IL-6 and Transforming growth factor β1(TGFβ1;
Veldhoen et al 2006, Bertelli et al 2006, Mangan et al 2006). While the presence of TGFβ1
was important (Li et al 2007, Manel et al 2008), IL-6 appeared to be pivotal in determining
Th17 rather than T regulatory cell development (Zhou et al 2006). Other cytokines which
have, since, been shown to be important include IL-1β (Acosta-Rodriguez et al 2007, Wilson
et al 2007), IL-21 (Korn et al 2007, Nurieva et al 2007) as well as IL-23 (McGeachy et al
2007, Korn et al 2009).
Transcriptional regulation
The transcription factor Rar related orphan nuclear receptor C 2 (RORC2; in mice: RORt)
was shown to be essential for controlling IL-17 expression and Th17 development (Ivanov et
al 2006, Zhang et al 2008). While RORt/RORC2 is often quoted as the master regulator of
Th17 cells, Interferon regulating factor 4 (IRF4) has shown to be essential for IL-17
expression as well (Brustle et al 2007).
Th17 cells show strong STAT3 expression which is essential for Th17 development (Zhou et
al Spolski et al 2007, Nurieva et al 2007) e.g. down regulating FOXP3 (Korn et al 2007) and
Th17 cell function (Xang et al 2007, Nishihara et al 2007) binding directly to the IL-17 and IL21 promoter (Wei et al 2007, Chen et al 2006). An overview of the Th 17 cell classifications is
given in the table below (Table 6).
Table 6. Th17 subset classification
Subset

Lead Cytokine(s)
1

Assoc.
cytokines

Transcription
Factors
1

Surface
Expression
1

Stat regulation
3

Polarising
cytokines
4

CCR6
STAT3
TGFβ1
IL-1R1
IL-1β
IL-12RB
IL-6
1
5
IL-23R
IL-21
2
CD161
IL-23
IL-13Ra1
1
2
3
4
5
Based on ( Annunziato Cosmi 2007, Cosmi De Palma 2008, Nishihara Ogura 2007, Veldhoen Stockinger 2006, Korn 2007)
induces IL-22 during Th17 differentiation (McGeachy 2007)
Th17

IL-17A
IL-17F

IL-21
12
IL-22
IL-26

RORC2
IRF4
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Regulatory T cells
A hallmark of the adaptive immune system is the regulation of the inflammatory response
through tolerance induction. CD4 T cells can exhibit regulatory properties and form an
integral part of the immune regulation within the body (Sakaguchi et al 1995). Regulatory
CD4 T cells, themselves, represent a diverse group of cells. They include thymus-derived
natural T regulatory cells as well as inducible T regulatory cells (Ito et al 2008). The
mechanism in which they induce tolerance is by contact dependent (e.g. CTLA-4, OX40,
ICOS) as well as contact independent means (e.g. IL-10, TGFβ1) (Shevach et al 2009). As
regulatory T cells themselves represent a large and heterogeneous group, individual subclassifications have been proposed (e.g. IL-10 producing Tr1 and TGFβ1 producing Th3 cells,
Groux et al 1997, Chen et al 1994).
Treg differentiation
The induction of T regulatory cells is influenced by the strength of TCR engagement
(Bautista et al 2009, Leung et al 2009), the binding of co-stimulation molecules (e.g. CD28,
CD80/86; Salomon et al 2000, Tai et al 2005) as well as the soluble factors expressed
during activation (e.g. IL-2, TGFβ1; Fontenot et al 2005, Kretschmer et al 2005).
Transcriptional regulation
While not all regulatory T cells express FOXP3 (e.g. Tr1 cells), the transcription factor is
essential for T regulatory cell development and function (Fontenot et al 2003, Fontenot et al
2005). Similarly, STAT5 expression activated by the presence of IL-2 was shown to bind to
FOXP3 promoter and enhance its expression (Davidson et al 2007, Burchill et al 2007). An
overview of the T regulatory cell classification is given in the table below (Table 7).

Table 7. T regulatory subset classification
Subset

Lead Cytokine

Tregs

IL-10 or TGFβ1

Assoc.
Cytokines

Master
Regulator
FOXP3

Surface
Expression
high
CD25

Stat regulation
STAT5

Polarising
cytokines
TGFβ1
IL-2
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The novel Th22 subset

IL-22, itself, was known to be expressed by CD4 T cells (Dumoutier et al 2000) and, early
on, was classified as a Th1 rather than Th2 associated cytokine (Gurney et al 2004). With the
growing acceptance of new Th 17 subset, IL-22 was re-classified to be a Th17-associated
cytokine (Liang et al 2006, Chung et al 2006). Not long after its re-classification, it became
apparent that the expression of IL-22 and IL-17 were controlled by differential regulatory
pathways (Zheng et al 2007) and could be largely observed as distinct IL-17+ and IL-22+ T
cell populations in vivo (Scriba et al 2008). These observations questioned the new Th 17
association and led to the hypothesis that IL-17+ and IL-22+ T cells should be viewed as two
distinct Th17 and Th22 subsets (Duhen et al 2009, Eyerich et al 2009, Nograles et al 2009,
Trifani and Spitz 2010).
Th22 expression profile
The consensus is that Th 22 cells express IL-22 in the absence of IFN, IL-4 and IL-17.
However, this research group identified that memory Th 22 cells derived from skin were
always able to co-express the Th1-associated cytokine TNF (Eyerich et al 2009). In
addition, the research highlighted a selective expression of growth factor genes such as
fibroblast growth factors (Eyerich et al 2009).
An initial survey of chemokine receptor expression profile showed that CCR4 (Trifani and
Spitz 2010, Duhen et al 2009), CCR6 (Trifani and Spitz 2010, Duhen et al 2009) and CCR10
(Trifani and Spitz 2010, Duhen et al 2009, Eyerich et al 2009) were preferentially expressed
on Th22 cells. While their selective enrichment of Th 22 cells remained poor, other receptors
identified to be Th22 specific (e.g. PDGFR, FGFR and TIE1; Eyerich et al 2009) still need to
be verified.
Th22 differentiation
Research showed that IL-22+ IL-17- CD4 T cells could be primed by APC

including

langerhans cells, dermal dendritic cells as well as plasmacytoid dendritic cells in vitro (Fujita
et al 2009, Duhen et al 2009). All of these cells were able to induce IL-22 expression in the
absence of additional antigen mediator stimulation (Fujita et al 2009, Duhen et al 2009). Yet,
the maturation of plasmacytoid dendritic cells in CpG rather than LPS containing medium
increased their ability to prime IL-22+ T cells (Duhen et al 2009).
The T cell priming is dependent on both signals relayed via cell-cell contact (e.g. surface
molecules) as well as soluble mediators (e.g. cytokines). Contact dependent signals which
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were shown to be important include T cell receptor (TCR), CD28, ICAM1 (Gurney et al 2004)
as well as CRTAM engagement (Yeh et al 2008). The importance of CRTAM was
highlighted using a CRTAM -/- knockout mice which had strongly reduced IL-22 (and IFN)
levels while IL-17A expression remained unaffected (Yeh et al 2008).
Soluble mediators important in priming of Th 22 cells were IL-6 and TNF as well as IL-23. IL6 and TNF have never been linked to IL-22 expression before but their combination was
recently shown to drive in vitro Th22 differentiation in the absence of APC stimulation (Duhen
et al 2009). IL-23, on the other hand, is known to be important for IL-22 expression in vitro
and in vivo (Zheng et al 2007, Chung et al et al 2006, Kreymborg et al 2007, Volpe et al
2009). While the IL-23 receptor is not found on naive T cells, it is believed to be induced
after T cell activation (Wilson et al 2007) and APC were shown to be a major source of early
IL-23 (Siegemund et al 2009). The dependence on IL-23 signalling was proven using both
IL-23 blocking antibodies (Liang et al 2007) as well as knockout mice (Aujla et al 2008,
Zheng et al 2008, Godinez et al 2009, Siegemund et al 2009, de Luca et al 2010). In all
studies, IL-22 expression was reduced to either small or undetectable levels. Interestingly,
other IL-23 induced cytokines such as IL-1β, IL-6, and IL-17A were not as severely affected
suggesting that there is little or no redundancy in the induction of IL-22 (Kleinscheck et al
2010). In addition, other factors influencing the expression of IL-22 in CD4 T cells are listed
in the table below (Table 8).
Table 8. Factors influencing the expression of IL-22 in CD4 T cells
Mediator
IL-23
TNF + IL-6
IL-1β

+/+
+
+

Function
Induction of IL-22
Induction of IL-22 but not IL-17
Synergy with IL-23

IFNγ
IL-2
IL-12p40
1,25(OH)2D3
1,25(OH)2D3
IL-4

+
+
+
+
-

may block IL-17a but not IL-22 induction
May block IL-17a but not IL-22 induction
May help IL-22 induction
Induction of IL-23 receptor
Blockade of IL-22, IL-17a and IFNγ
Blockade of IL-22 and IL-17a

IL-10
IL-12p35 (IL12/IL35)
IL-17a
PGE2
EBI3 (IL27/Il35)
Collagen V

+/-

Decrease in IL-22
No role in IL-22 induction/inhibition

Reference
Zheng et al 2007, Chung, Yang et al 2006
Duhen et al 2009
Liu et al 2008, Liang et al 2006, Kleinscheck et al
2009
Scriba et al 2008
Veldhoen et al 2009
Kreymborg et al 2007
Ikeda et al 2010
Colin et al 2010
Zheng et al 2007, Veldhoen et al 2009, Schnyder et
al 2010
Gu et al 2008
Siegemund et al 2009

-

Weakly inhibited IL-22
Blockade of IL-22 induction of IL-17a
Blockade of IL-22 and IL-17a
Reduction of IL-22 and IL-17a

Sonnenberg et al 2010, de Luca et al 2010
Chizzolini et al 2008
Yang et al 2008
Brown et al 2010

Transcriptional regulation
IL-22 expression is dependent on Notch (Alam et al 2010) as well as aryl hydrocarbon
receptor (AHR) signalling (Velhoen et al 2008 & 2009). The importance of AHR signalling
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was demonstrated using artificial AHR agonists (e.g. bNF and FICZ) which increased IL-22
expression in CD4 T cells (Veldhoen et al 2008) while decreasing IL-17A (Trifani et al 2010).
While the knock down of AHR by siRNA showed only a small reduction in IL-22 expression,
(Trifani et al 2010) the AHR -/- knock out mouse was unable to mount an IL-22 response
(Veldhoen et al 2008 & 2009). Due to its strong connection to IL-22, AHR is often quoted as
the master regulator of Th22 cells. However, AHR is also essential for the development of
FOXP3 negative IL-10+ T cells (Mezrich et al 2010, Apetoh et al 2010, Gandhi et al 2010)
and the essential factors in regulating Th 22 cell development, therefore, remain to be
explored. An overview of the proposed Th 22 cell classifications is given in the table below
(Table 9).
Table 9. Th22 subset classification
Subset

Lead Cytokine

Assoc.
Cytokines
1
TNF

Master
Regulator
3
AHR

Surface
Stat regulation
Polarising
Expression
cytokines
1,2,4,5
2,4
2
Th22
IL-22
CCR4
IL-6
2,4
2
CCR6
TNF
1,2,4
CCR10
PDGFR
FGFR2
TIE1*
1
2
3
4
5
Based on ( Eyerich 2009, Duhen 2009, Velhoen 2008, Trifani 2009, Nograles 2009,* Eyerich & Schmidt-Weber
unpublished)

T helper subset heterogeneity and plasticity
The original definition of CD4 T cells into Th 1 and Th2 T helper subsets has advanced our
understanding of T cell biology significantly. As more evidence emerges, it becomes
apparent that T helper cell priming may not necessarily lead to terminal differentiation and
confer a stable and distinct T helper subset identity.
In fact, it is likely that CD4 T cells retain some degree of plasticity after activation allowing
different signals within the inflamed tissue to alter their expression profile. This is supported
by observations showing the partial or full conversion of Th2 -> Th1 (Fujimura et al 1997) as
well as Th1 <-> Th17 <-> Treg in vitro and in vivo (Annunziato et al 2007, Osorio et al 2008,
Martin-Orozco et al 2009). Not just the stability of T helper cell identities is questioned but
also the definition of a distinct T helper subset. The ever more detailed delineation of existing
T helper subsets such as Th 2 -> Th9 and Th17 -> Th22, in particular, highlights the need to
study T helper cell lineages in a more comprehensive way. While large scale epigenetic
studies are under way to re-define T helper cell fate development (Wei et al 2009, Placek et
al 2009, Wilson et al 2009), our current model of T helper subsets and their definitions
remain in place.
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Interleukin-22
IL-22
Gene and Protein

Figure 1. Genomic relationship between all species with known IL-22 genes (source: www.esembl.org)

The Interleukin 22 gene is an evolutionary conserved gene that appears in most parts of the
animal kingdom including birds (e.g. chicken, zebra finch), fish (e.g. zebra fish), mammals,
marsupials, primates, rodents and cetaceans (e.g. dolphin) but not reptiles or amphibians
(Figure 1). IL-22 may have arisen at the same time when antigen specificity (occurrence of
RAG genes) and the adaptive immunity developed and is induced after Lipopolysaccharide
(LPS) encounter across species form fish to man (Igawa et al 2006).
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Figure 2. Genomic location of the IL-22 gene (source: www.ncbi.nlm.nih.gov)

The human IL-22 gene is found near the IL-26 (AK155) gene and, in close proximity, to the
Mdm4, transformed 3T3 cell double minute 1, p53 binding protein (MDM1) and IFNγ genes
(Figure 2). The genomic region is frequently found under the name 12q15 and has been
under extensive research in many genome wide disease association studies (e.g. 12q15
association with asthma, Barnes et al 1996). The IL-22 and IL-26 genes show some limited
homology with IL-10 (10-27%; Kotenko et al 2001) and have, thus, both been classified as
IL-10-related cytokines. More modern analysis has shown that IL-22 is more closely related
to IFN- and, in particular, IFN-3 (Gad et al 2009). Yet, studies remained inconclusive
about the functional relationship between IL-22 and IL-10 (Lecart et al 2002, Wolk et al
2005) as well as IL-22 and IFN (Pagliaccetti et al 2010).

Figure 3. Overview of the IL-22 gene and its mRNA transcript (source: www.ensembl.org)

The IL-22 gene has five exons (Figure 3) and is transcribed into a single mRNA
(NM_020525). While in humans only one gene copy exist, several strains of mice were
shown to have a second IL-22 gene copy which, likely, arose during gene duplication and is
classified as a pseudogene (B10.S, SWR, C57BI/6, FVB, 129/Sv, C3H, DBA/1; Levillayer et
al 2007).
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The IL-22 core promoter region is believed to be 641 nucleotides upstream and includes the
first IL-22 exon (Dumoutier et al 2000b). This presumed IL-22 promoter region has no
TATAAT motif, which is not uncommon, as only about 50% of genes are known to be TATA
box regulated (Lewin, Genex IX 2008). Today, however, analysing gene promoter regions
would include wider genomic regions. This is due to the fact that many important promoter,
enhancer and silencer regions have been found several thousand nucleotides upstream or
downstream of the start codon (Lewin, Genex IX 2008). A more recent computer guided
analysis and gel shift assay of the bovine IL-22 gene showed that the -1132 and -879 region
in the 5' upstream gene sequence was a likely promoter site contained putative transcription
factor binding sites for STATx, Sox-5/9, Sp1, Ik-1, and AREB6 (Ma et al 2010).
IL-22 Protein
The IL-22 mRNA is transcribed into a single 179 amino acid long protein (NP_065386.1). It
contains 6 α-helices which are arranged in anti-parallel conformation and result in a
monomeric, bundle-like protein (Diagram 2; Nagem et al 2002, Xu et al 2005). The
monomeric conformation of crystallised IL-22, at least at physiologically relevant
concentrations, was confirmed by gel filtration chromatography and dynamic light scattering
studies (Nagem et al 2002, Logsdon et al 2002). The IL-22 primary structure contains four
Cys which form two intramolecular disulfide bridge bonds (Cys40-Cys132 linking the N
terminus to the DE loop and Cys89-Cys178 linking helix C to helix F; Nagem et al 2002). IL22 is glycosylated on helix A (Asn54-Arg55-Thr56), in the AB loop (Asn68-Asn69-Thr70) and
in helix C (Asn97-Phe98-Thr99) of which the glycosylation on Asn54 in helix A has been
found to be essential for the interaction with IL-10R2 (Logsdon et al 2004).

Diagram 2. Predicted 3-dimensional structure of IL-22 (http:// modbase.compbio.ucsf.edu/)
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Expression
Interleukin 22 is a mediator exclusively produced and secreted by cells of the immune
system. Originally believed to be released only by CD4 T cells, depletion studies of innate
and adaptive T cells as well as NK cells showed that IL-22 could be expressed by a wider
range of cell types (Hedrick et al 2009, Munoz et al 2009, de Luca et al 2010, van Maele et
al 2010). Today, three broad categories of cell types have been identified to be capable of
producing IL-22. These include the myeloid-derived cells (monocyte/ macrophage/ dendritic
cell), the NK/ LTi/ LTi-like cells and the innate/ adaptive T lymphocyte populations.
Innate Immune cells
Monocytes, macrophages and dendritic cells
Evidence that IL-22 is produced by myeloid cells has become more substantial over the
years. The earliest description of monocytes to express IL-22 came from a study
investigating gene expression profiles of adherent PBMCs after bypass surgery (Hsing et al
2006). These cells expressed high levels of IL-22 but also IL-19 and IL-20 mRNA. More
direct evidence of IL-22 expression was obtained by culturing monocytes in IL-23 or LPS
containing media (Zheng et al 2008). In vivo macrophages identified by CD11b +MAC3+ or
CD11b+CD86+ were shown to be able to secrete IL-22 as well (Kapessidou et al 2008, Gu et
al 2008). CD11b+ and CD11c+ cells which could represent either macrophages or dendritic
cells showed to express the IL-23 receptor and respond similarly to IL-23 challenge with IL22 release (Awasthi et al 2009). CD11c+ cells generally categorised specifically as dendritic
cells were found to produce IL-22 in several studies (Zheng et al 2007 & 2008, Pickert et al
2008). While depletion of T cells has shown that monocytes, macrophages and dendrtic cells
only produce small amounts of IL-22 in vivo, their IL-22 expression capacity may still be
important on a local cell to cell level.
Lymphoid-Tissue-inducer (LTi), LTi-like, and NK cells
Several studies have shown that IL-22 together with IFN is essential effector cytokine of
Lymphoid tissue inducer (LTi) cells (Satoh-Takayama et al 2008, Luci et al 2009, Cupedo et
al 2009). LTi cells developed, in parallel, with the adaptive immune response

facilitate the

association of CD4+ T cells with dendritic cells in several species (e.g. fish, birds) in the
absence of secondary lymphoid tissue and even, in humans, are thought to still facilitate
interactions between CD4+ T cells and dendritic cells within the submucosa (Lane et al
2008). Indeed, in the gut submucosa, LTi cells have been found in close contact with CD1c+
dendritic cells and CD4+ T cells. Through their expression of LTαβ2, they interact with
stromal cells which, in turn, start to secrete and attract B cells (through CXCL13), T cells and
dendritic ells (through CCL21, CCL19). LTi cells express OX40-ligand and CD30L which act
as survival signals for CD4+ T cells thus maintain peripheral T cell memory. In addition, LTi
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cells were shown to differentiate into CD11c + dendritic cells under IL-3 and TNFα conditions.
However, LTi cell numbers both in mice and human are very high. This suggests that they
may have acquired additional immune functions. The identity of LTi cells is not always easily
established as they can express many of the NK cell associated surface receptors
(NKp44/46, CD56) leading to some misclassification between the two cell populations.
Classic Natural killer (NK) cells have shown to be IL-22 positive as well. NK cells utilize their
surface receptor repertoire to discriminate between healthy and infected or abnormal cells
and cause their destruction. In an immature state, they produce only cytokines like IFNγ
(CD56bright) while, in a mature state, they can produce perforin and granzyme (CD56 dim). IL22 production in NK cells was identified very early on (Wolk et al 2002 & 2004) but was,
then, believed not to be of any significance. However, this view changed significantly as
many NK cells in the tissue have, now, been found to produce IL-22 at the front line of
mucosal defences. This led to the classification of so called NK 22 cells.
However, their close anatomical location to IL-22+ LTi cells and the shared expression of NK
cell surface markers by both cell types has questioned the true identity of these innate IL-22+
cells. Several years ago, it was shown than LTi cells can convert into classical NK cells
demonstrating a developmental relationship between both cell types (Mebius et al 1997). For
the moment, however, NK and LTi cells are still being treated separately in the literature.
One discriminating feature between NK cells and LTi cells is the dependency on IL-15 or IL7 respectively. Therefore, IL-7α receptor expression would suggest an LTi-associated
development path while the dependency on IL-15 would suggest that of NK cells. In addition,
IL-22 producing cells appear to be RORc positive. RORc is required for LTi development but
is not essential for NK cell formation.
For both NK (Cella et al 2009, Guo et al 2010, Dhiman et al 2009, Satoh-Takayama et al
2009) and LTi (Takatori et al 2009) cell populations, IL-23 appears to be the essential trigger
for IL-22 release. In addition, IL-1β (Cella et al 2009, Hughes et al 2010), IL-15 (Dhiman et al
2009) and IL-18 (Satok-Takayama et al 2009) have been shown to trigger IL-22 release in
NK cells while, in LTi cells, IL-15 down regulated IL-22 expression (Kim et al 2010). An
overview of the current evidence of IL-22+ NK, LTi, and LTi-like cell populations is given in
the table below (Table 10).
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Table 10. IL-22 expressing NK, LTi, and LTi-like cell populations
Classified as
NK (IL-22+)

LTi/-like (IL22+)

Discriminating factor
NKp44+ cells
NKp44+CD56+
NK1.1+CD27NK1.1+CD3CD3-CD56CD117+CD161+
RORγt+NKp46+
CD127+RORC+
CD56+CD127+RORC+NKp46+
CD117+CD3CD3-CD19-CD14-CD127+RORC+
CD4+CD3-NK1.1-CD11b-Gr1-CD11cB220CD56+CD127+
NKp46+RORgt+

Species
Human
Human
Mouse
Mouse
Human
Human
Mouse
Human
Human
Human
Human
Mouse

Reference
Crellin et al 2010
Cella et al 2009
Guo et al 2010
Veldhoen et al 2009
Dhiman et al 2009
Hughes et al 2009 & 2010
Luci et al 2009
Crellin et al 2010
Crelin et al 2010
Satoh-Takayama et al 2008, Luci et al 2009
Cupedo et al 2009
Takatori et al 2009

Human
Mouse

Cupedo et al 2009
Sanos et al 2009

Innate T lymphocytes
Innate T lymphocytes are important first line defences in mucosal surfaces but can only
recognise a limited antigen repertoire. γδT cells (Zheng et al 2007, Yao et al 2010, NessSchwickerath et al 2010, Ma et al 2010, Sutton et al 2009, Martin et al 2009), iNKT and NKT
cells (Wahl et al 2009, Goto et al 2009, Ma et al 2009, Sutton et al 2009, Martin et al 2009)
were shown to be IL-22+ in vitro and in vivo.
Of these cells, γδT cells are best researched and were shown to produce IL-22 after IL-23
(Zheng et al 2007, Sutton et al 2009), IL-1β (Sutton et al 2009), AHR, TLR-2, and Dectin-1
agonist challenge (Martin et al 2009). Down regulation of IL-22 was seen when γδT cells
were stimulated with phosphoantigen (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate
(HMBPP) which is produced by some mycobacteria and opportunistic pathogens (Yao et al
2010). In humans, IL-22 production by γδT cells can be significant and account for up to
50% of T cell-released IL-22 (Ness-Schwickerath et al 2010).
Adaptive Immune cells
Adaptive Immune cells are divided into T and B lymphocytes but, until now, B cells have
never been identified to produce IL-22. Adaptive T cells are further classified according to
their MHC class recognition. CD8 T cells recognise MHC class I and CD4 T cells recognise
MHC class II.
CD4+ T lymphocytes
CD4+ T cells are believed to be the major source of IL-22 in humans and IL-22 expression
has, so far, been identified in several different T helper subsets (see chapter T helper
subsets; page 34).
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CD8+ T lymphocytes
In humans, CD8+ T cells were shown to contribute to the overall IL-22 release (Zheng et al
2007, Hamada et al 2009). Their selective expression of IL-22 was dependent on IL-23 lead
to a similar classification of a Tc22 subset of CD8+ T cells (Scriba et al 2008, Sellge et al
2010).
IL-22 Receptors
IL-22RA1
Gene and Protein

Figure 4. Genomic location of the IL-22RA1 gene
(http://www.ncbi.nlm.nih.gov/nuccore/NC_000001.10?from=24445094&to=24470778&strand=true&report=
graph)

The IL-22RA1 gene is classified as Interferon receptor related having interferon receptor
activity (source: amigo.geneontology.org). In humans, the IL-22RA1 gene is located on
chromosome 1 (NC_000001.10) between 24446261 and 24469611 of the complement
strand in close proximity to the IL28RA and MYOM3 genes (Figure 4). The gene encodes 7
exons and is transcribed into a single mRNA (NM_021258.2) and translated into a single
receptor precursor (NP_067081.2).
Function - IL-22 signalling complex
IL-22RA1 can form two signalling complexes either with IL-10RB for IL-22 signalling or IL20RA2 for IL-24 signalling. IL-22 signalling was shown to activate ERK1/2, pSAPK, JNK (Xie
et al 2000, Brand et al 2006 & 2007), JAK (Xie et al 2000), pAKT (Zenewicz et al 2008) and
STAT 1,2,3, and 5 (Xie et al 2000, Brand et al 2006 & 2007, Wolk et al 2007, Dumoutier et al
2009). STAT3, in particular, has been shown to become phosphorylated and, together with a
chimeric STAT3/STAT5 protein, was constitutively associated with the C-terminal of the IL22RA1 receptor (Dumoutier et al 2009). Another direct link in the IL-22RA1 signal
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transduction is Shp2 which is essential for IL-22 induced MAP kinase activation (Meng et al
2010).
Expression
Immune system
Comprehensive early studies found no evidence that IL-22RA1 was expressed by either B
cells, T cells, monocytes, macrophages, dendritic cells or NK cells (Kunz et al 2006, Wolk et
al 2008). All other evidence linking IL-22RA1 to immune cells has remained indirect (Table
11).
Table 11. Evidence of IL-22RA1 expression in immune cells
Type
Immune cells

Specific Cell
Monocytes/Neutrophils
Macrophages
Dendritic cells

Evidence
+
+
Indirect evidence – CD66 IL-22RA1 cells in synovial fluid
(Kragstrup 2008)
Indirect evidence – responsive to IL-22 in vitro (Dhiman et al 2009)
Indirect evidence – responsive to IL-22 in vitro (Schnyder et al
2010)

Structural cells
IL-22RA1 expression shows a strong correlation to structural cells and, in particular, those of
epithelial origin (Table 12). In addition, IL-22RA1 is expressed by specialised cells such as
hepatocytes in the liver and islet cells in the pancreas. The expression of IL-22RA1 in other
cell types such as endothelial cells, muscle cells, and fibroblasts is less well documented
and remains controversial.
Table 12: IL-22RA1 expression in human structural cells
Tissue
Epithelial cells

Specific Cell type
Keratinocytes

Bronchial epithelial cells

Sinosinal bronchial epithelial cells
Intestinal epithelial cells
Retinal pigment epithelial cells
Endothelial
cells
Fibroblasts
Muscle cells
Specialised
cells

Evidence
6% IL-22RA1 surface expression in culture (Kragstrup et al 2008),
IL-22RA1 mRNA increase afteTNF (Wolk et al 2009) and IFN
(Kunz et al 2006) exposure
15% IL-22RA1 surface expression in culture (Aujla et al 2008),
mRNA and protein (Kotenko et al 2001,Ramanathan et al 2007,
Aujla et al 2008)
IL-22RA1 mRNA and protein (Kotenko et al 2001, Ramanathan et
al 2007)
Increased IL-22RA1 after LPS, IL-1β, and TNF exposure (Brand
et al 2006)
IL-22RA1 protein (Li et al 2008)

Blood-brain barrier cells (caveolin+
1)
+
Synovial fibroblasts (vimentin )
Skin fibroblast
Skeletal muscle
Heart muscle
Pancreatic islets of Langerhans

16% IL-22RA surface expression in culture (Kebir et al 2007)

Hepatocytes

IL-22RA1 mRNA and protein (Aggarwal et al 2001, Kotenko et al
2001, Wolk et al 2005, Brand et al 2006, Wolk et al 2007,
Dambacher et al 2008)

IL-22RA1 protein (Ikeuchi et al 2005)
IL-22RA1 protein (Wolk et al 2009)
IL-22RA1 mRNA (Kotenko et al 2001)
IL-22RA1 mRNA (Kotenko et al 2001, Wolk et al 2004)
IL-22RA1 mRNA (Aggarwal et al 2001)
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IL-22RA2
Gene and Protein

Figure 5. Genomic location of the IL-22RA2 gene
(http://www.ncbi.nlm.nih.gov/nuccore/NC_000006.11?from=137463466&to=137496276&strand=true&repor
t=graph)

The Interleukin 22 Receptor alpha two gene (IL-22RA2) is found across all IL-22 expressing
species suggesting that it may have evolved at a similar point in time and was retained
throughout evolution indicating a selective advantage. In humans, the IL-22RA2 gene is
located on chromosome 6 (NC_000006.11) between 137464957 and 137494785 of the
complement strand. It is in close proximity to the IFNGR1 gene and evolutionary,
functionally and closely related IL-20RA gene (Figure 5).
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Figure 6. Overview of the IL-22RA2 gene and its mRNA transcripts (source: www.ensembl.org)

The IL-22RA2 gene is translated into 4 distinct mRNA’s of which all are protein coding. The
longest transcript IL-22RA2-002 includes a 7th exon and is translated into a 263 amino acid
long protein. The 7th exon in the transcript may be a relatively recent addition in the history of
the IL-22RA2 gene that occurred prior to the divergence of Apes and Old World monkeys by
the action of retrotransposon (Piriyapongsa et al 2007). This longest IL-22RA2 protein failed
to bind IL-22 and it is, yet, unknown if the protein has a ligand partner or is non-functional
(Dumoutier et al 2001, Wolk et al 2007). Both the IL-22RA2-003 and very short IL-22RA2201 mRNAs are translated but too may be non-functional (Kotenko et al 2001). The second
longest transcript IL-22RA2-001 (NM_181309) is translated into a 231 amino acid long
protein (NP_851826.1). This protein does bind IL-22 (Dumoutier et al 2001a &2001b,
Kotenko et al 2001, Xu et al 2001) and is generally considered when speaking about IL22RA2.
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Function - IL-22 agonist

Diagram 3. The 3-dimensional configuration of IL-22RA2 binding to IL-22 (de Moura et al 2009)

It has been well established that IL-22RA2 is a naturally occurring antagonist of IL-22 (Xu et
al 2001, Dumoutier et al 2001) and blockade of IL-22 signalling is achieved by binding the
same binding site of IL-22 with higher affinity than IL-22RA1 (Diagram 3; de Moura et al
2009, Jones et al 2008, Wolk et al 2007, Wu et al 2008).
Expression
Immune system
Over the years, particular cells of the myeloid lineage (e.g. monocytes, macrophages,
dendritc cells) have been shown to express IL-22RA2 mRNA. However, other immune cells
such as tonsilar B cells (Xu et al 2001, Lecart et al 2002) and neutrophils (Whittington et al
2004) have been identified (Table 13).
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Table 13. Expression of IL-22RA2 mRNA in cells of the immune system
Organ or Cell type
PBMC
Infiltrating mononuclear
cells
Monocytes
Macrophages

Dendritic cells

B cells
Neutrophils

Detail
In Graft-vs-Host disease
Inflammation

Evidence
IL-22RA2 mRNA
IL-22RA2 mRNA

Reference
Yang et al 2007
Xu et al 2001

Blood derived
Mouse monocytes
In vitro derived
macrophages
Alveolar macrophages
In vitro derived dendritic
cells
Presumed dendritic cells
(CD1a,CD34)
Presumed dendrtic cells
(DC1)
Activated CD19+ cells
Activated tonsilar B cells
Alveolar neutrophils

IL-22RA2 mRNA
IL-22RA2 mRNA
IL-22RA2 mRNA

Whittington et al 2004
Wei et al 2003
Wolk et al 2004

IL-22RA2 mRNA
IL-22RA2 mRNA

Whittington et al 2004
Wolk et al 2004

IL-22RA2 mRNA

Nagalakshmi et al 2004

IL-22RA2 mRNA

Nagalakshmi et al 2004

IL-22RA2 mRNA
IL-22RA2 mRNA
IL-22RA2 mRNA

Xu et al 2001, Doumetier et al 2001
Xu et al 2001
Whittington et al 2004

Structural cells
IL-22RA2 mRNA expression in structural cells is less well studied and, with a few
exceptions, restricted to studies of tissue homogenates (Table 14).
Table 14. IL-22RA2 mRNA expression in the human tissue lysates
Organ/Region
Respiratory System

Tissue/Cell type
Lung
Type II pneumocytes

Reference
Xu et al 2001, Dumoutier et al 2001
Xu et al 2001

Digestive System

Colon (weak)
Colon (strong)
Human hepatoma cell (HepG2)
Small intestine (weak)
Pancreas

Xu et al 2001
Dumoutier et al 2001
Wei et al 2003
Xu et al 2001
Xu et al 2001

Reproductive System

Placenta (very strong)
Breast (strong)
Prostate (weak)
Testis
Ovary (epithelial) carcinoma

Xu et al 2001
Dumoutier et al 2001
Xu et al 2001
Dumoutier et al 2001
Xu et al 2001

Integumentary System

Skin

Xu et al 2001

Cardiovascular System

Heart (weak)
Heart

Xu et al 2001
Dumoutier et al 2001

Nervous System

Brain (weak)

Dumoutier et al 2001

Function of IL-22
General Function
The function of IL-22 has been studied in animal models in which IL-22 is either inhibited or
administered in order to identify its functional significance in health and disease.
IL-22 administration
Intravenous injection of rIL-22 into mice was show to decrease the red blood cell count,
serum albumin and body weight. Injection increased serum amyloid A1 (SAA) and fibrinogen
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which led to basophilia in proximal renal tubules (Lambert et al 2001). The injection of IL-22
before inflammation was shown to inhibit hepatic cell damage (Radaeva et al 2004). While
the administration of IL-17 changed the number of infiltrating neutrophils in the lung, IL-22
did not (Liang et al 2007). Adoptive transfer of IL-22- treated dendritic cells was observed to
lower eosinophil counts in bronchoalveolar lavage fluid after ovalbumin challenge in
ovalbumin (OVA)-sensitised mice (Schnyder et al 2010)
IL-22 blockade
Neutralising IL-22 before inflammation led to an increase in liver damage (Radaeva et al
2004). In the murine OVA-challenge model, IL-22 blockade increased eosinophil and
neutrophil infiltration (Schnyder et al 2010). After IL-22 blockade in a Conconavalin Ainduced injury model, IL-6 was lowered and IFNγ increased after Il-22 blockade (Wahl et al
2009). IL-22 was elevated in an IL-4R-/- knockout mouse and, when inhibited, led to an
increase in eosiniphil recruitment, eosinophil peroxidase activity and slight increase in
neutrophils (Schnyder et al 2010). IL-22 antagonism with rIL-22RA2 administration during
infection showed reduced bacterial clearance and an increase in neutrophils, macrophages,
CXCL1, TNF, IL-6, and IL-10 (Weber et al 2007). In a murine model of colitis, blockade of
IL-22 by IL-22RA2 administration suppressed goblet cell reconstitution during the recovery
phase (Sugimoto et al 2008)

IL-22 Knock out mouse
It was shown that IL-22 deletion did not impact on the overall development of the mice. They
were viable, fertile and had normal liver, spleen, pancreas, kidney, thymus and skin
development (Zenewicz et al 2007). Injection of FASL into IL-22-/- mice showed no
difference to the wild type suggesting that loss of IL-22 did not lead to increased apoptosis.
They were fully susceptible to experimental autoimmune encephalitis (EAE) (Kreymborg et
al 2007) and showed to mount a normal response towards Listeria monocytogenes
(Zenewicz et al 2007). However, these mice were more sensitive to chronic inflammation
(chronic hepatitis). This was later linked to an increase in the enzyme alanine transaminase
(ALT) and increased hepatocyte damage which only occurred in the context of inflammation
in IL-22-/- mice (Zenewicz et al 2008). This observation was unique and not seen in, for
example, the IL-17-/- mouse. Investigation of IL-23-induced responses demonstrated that IL22-/- mice showed lowered IL-23 induced ear skin ancanthosis and inflammation (Zheng et
al 2007). This suggests that IL-22 may be a downstream mediator of IL-23 and contributor to
acanthosis (epidermal hyperplasia). IL-22 -/- knockout mice also were shown to be more
susceptible to oropharyngeal candidias infection (Conti et al 2009). During worm infestation
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with S.mansoni, IL-22 -/- mice were shown to have increased levels of IL-17a and decreased
levels of IL-4, IL-13, IL-10, and TNFα (Wilson et al 2010). IL-22-/- mice also demonstrated
an association of IL-22 with BCL2 whose expression decreased by 20% compared to
wildtype. It was also hypothesised that IL-22-/- mice have a breakdown of mucosal defences
and increased risk of infection and inflammation. Cross of the IL-22-/- mice with the RAG2-/mice resulted in a loss of IL-23 production. This suggested that innate IL-22 may be a trigger
of IL-23 (Satoh-Takayama et al 2009).

Summary
An overview is given in the table below (Table 15).
Table 15. General functions of IL-22
Type
IL-22 administration

IL-22 blockade

IL-22 knockout

Evidence
1
1
Reduced Red blood cells , reduced Serum Albumin , reduced
1
1
1
1
weight , SAA , fibrinogen , Basophilia in kidney , Protection of liver
2
3
damage , IL-22 exposed DC caused less eosinophilia
1
2
Increase in liver damage , Increase in eosinophils , increase in EPO
2
6
activity , suppressed goblet cell reconstitution , reduced bacterial
7
clearance
1

1

more sensitive to chronic hepatitis , increased liver damage ,
2
reduced ear skin ancanthosis and inflammation , mildly more
3
susceptible to oropharyngeal candidias infection , decreased BCL2,4
5
2/1 expression , Increased IgGc2 production

Reference
1
Lambert et al 2001 ,
2
Radaeva et al 2004 ,
3
Schnyder et al 2010
1
Radaeva et al 2004 ,
2
Schnyder et al 2010 ,
6
Sugimoto et al 2008 , Weber
7
et al 2007
1
Zenewicz et al 2008 , Zheng
2
3
et al 2007 , Conti et al 2009 ,
5
Satoh-Takayama et al 2009

Cell specific functions
Immune cells
Immune cells are not generally believed to be a target of IL-22 but recent studies have
identified that the addition of IL-22 reduced the CD80/86 expression on cultured dendritic
cells (Schnyder et al 2010). In addition, macrophages have been shown to respond to IL-22
with increased phago-lysosomal fusion leading to improved killing of Mycobacterium
tuberculosis (Dhiman et al 2009).
Structural cells
Epithelium
Epithelia are layers of cells covering internal or external surfaces. They share several
important characteristics. They are tightly interconnected, show polarity (dipolar organisation
& distribution), are attached to a thin basal lamina, are avascular and have a high rate of self
renewal (through divisions of stem cells). They usually serve four essential functions. They
control the passage of substances (physical barrier but also selective transport), control
permeability, provide sensation and produce specialised secretions.
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Keratinocytes
One of the general effects of IL-22 administration was increased proliferation of cells,
thickening of the epidermis (Sa et al 2007) and the ability to improve the closure of an
artificial gap or wound in a layer of cutaneous epithelial cells (Eyerich et al 2009). IL-22 was
found to be strongly expressed in re-epithliasing skin wounds and IL-22 appeared to induce
marapsin, a serine protease commonly associated with hyperproliferative epidermis (e.g.
psoriasis) and regenerating wounds (Li et al 2009). IL-22 down regulated genes were found
to be associated with cell differentiation and epidermal alterations (Nograles et al 2008).
Several of the IL-22 induced immune genes in keratinocytes were also shown to be induced
by IL-17a (e.g. CXCL1, CXCL8; Wolk et al 2009, CCL20; Harper et al 2009). More close
investigation revealed synergistic effects between IL-22 and IL-17a on the upregulation of
several immune response genes. These genes include HDB2, S100A7,-8,-9 (Liang et al
2006), CCL20, IL8, HB-EGF (Tohyama et al 2009) and IL-20 (Wolk et al 2009). Antagonisms
between IL-22 and IL-17a have also been reported. These include the induction of GMCSF
and VEGF by IL-17a (Koga et al 2008). Other interactions of IL-22 with other cytokines have
been reported. TNFα and IL-22 together synergised in the induction of keratin-16 (K16) and
CXCL8 (Wolk et al 2009). Interestingly, many genes, which were induced by synergies
between TNFα and IL-22, were not observed in the IL-22 only treated cells. These included
IL7, -15, -32, CCL2, -5, -20, -26, CXCL9, -10, -11, C1s, -r, CFH, CFB, TLR3, and -6 (Eyerich
et al 2009). This would suggest that IL-22 boosts the action of the early inflammatory
mediator TNFα and then, later on, to some extent the action of IL-17a. Some functional
overlap was identified between IL-22 and IL-20. Both down regulated DSC1, K1,-10, CALM5
and LCE1B but together they did not synergise (Wolk et al 2009). Addition of rIL-22 to
keratinocytes resulted in the up regulation of IL-1α, IL-6, TNFα, and the anti-microbial
peptides S1008-9, DEFB1 and cathelicidin (Ma et al 2008). An overview is given in the table
below (Table 16).
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Table 16. Function of IL-22 in keratinocytes
Evidence
General

IL-22 administration
1
Epidermal thickening
1
Proliferation independent of EGFR
2,14
Increased Wound closure
3
STAT1/3/5 phosphorylation

Protein

Increase IL-6 , CXCL1 , CXCL8 , Marapsin ,
10
IL-20

mRNA (RT-PCR)

Increase S100A7
, S100A8 ,
9,14
9,14
1
4
S100A9 , HDB2 , CK16 , TGFα ,
4
4,12
4
5
MIP3α , IL8 , HB-EGF , CCL20 ,
7,10
8
CXLC8 , DEFB4 ,
10
14
14
14
K16 ,MMP3 ,PDGFA , CXL5 ,
10
10
10,14
Decreased: DSC1 , K1 , KRT10
,
10
10
CALM5 , LCE1B

3

mRNA (Microarray)

3

3

1,7,8,9,11,14

1

IL-22 blockade

6

9,14

1

1

Increase S100A7 , S100A12 , CCL20 ,
1
1
1
1
1
CXCL14 , DLX2 , LCN2 , C1s , VWP1 ,
1
1
1
1
SNX10 , HTR3A , SERPINA1 , PRSS27 ,
13
13
13
13
13
IL-1α , IL-6 , TNFα , S100A8 , S100A9 ,
13
13
DEFB1 , CAMP ,
1
1
1
Decreased: PPM1K , MSMB , APOL3 ,
1
DCN
1
2
3
4
5
6
(source: Sa et al 2007 , Eyerich et al 2009 , Wolk et al 2004 , Tohyama et al 2009 , Harper et al 2009 , Li et al 2009 ,Nograles
7
8
9
10
11
12
13
et al 2008 , Boniface et al 2007 , Liang et al 2006 ,Wolk et al 2009 , Pene et al 2008 , Koga et al 2008 , Ma et al 2008 ,
14
Boniface et al 2005 )

Airway Epithelial cells
Two recent studies have looked at the functional relevance of Il-22 (Aujla et al 2008,
Sonnenberg et al 2010). Injured bronchial epithelial cells were shown to re-establish
epithelial resistance more quickly when IL-22 was added. Synergies between IL-22 and IL17 in IL-6 and CXCL1 up-regulation were confirmed and an increase in neutrophils (Gr1+
cells) observed when both IL-22 and IL-17A were present in the lung (Sonnenberg et al
2010). In the transformed lung, alveolar epithelial cell line A549 IL-22 administration led to
increased survival by up regulation of BCL2, and BCL-XL (Zhang et al 2008). The blockade
of IL-22 led during stress led to a 20% decrease of BCL-2, BCL-2/1 expression (Sonnenberg
et al 2010). This decrease was also observed when IL-17A was added to the IL-22
containing media, showing some antagonism between the two cytokines. An overview is
given in the table below (Table 17).
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Table 17. Function of IL-22 in lung epithelial cells
Evidence
General

IL-22 administration
Re-establishment of barrier integrity
2
GR1+cell increase

Protein

Increase G-CSF, IL-6

mRNA (RT-PCR)

IL-22 blockade

2

Decrease IL-6, CXCL1, CCL3 (BAL fluid)
2

2

Increase CSF, CSF3, LCN2, CXCL1 ,
3
3
BCL2 , BCL-XL

2

Decrease BCL-2 , BCL-2/1

mRNA (Microarray)

Increase DEFB4, S100A7, S100A12, IL-19,
IL-1F9, DUOX2, CXCL1, CXCL5, CCL3,
CXCL9, MUC1, PIGR, SCGB3A1
2
3
(source: Aujla et al 2008; Sonnenberg et al 2010 , Zhang et al 2008 )

Intestinal Epithelial cells
Similarly to keratinocytes, IL-22 restored the integrity of a physically injured layer of epithelial
cells (Brand et al 2006, Pickert et al 2009). This function could be inhibited by PI3K inhibitors
suggesting that migration played a major part in would closure while proliferation may only
contribute to a minor extent (Brand et al 2006). The study of the IL-22-/- mice confirmed that
the regulation of the two innate defence proteins REGIIIβ and –γ (Zheng et al 2008) was
completely dependent on IL-22 while the protein expression for S100A8 and -9 only halved
(de Luca et al 2010). A second study identified that TLR5 triggering by flagellin was one of
the upstream initiators of IL-22 expression and downstream REG protein induction
(Kinnebrew et al 2010). Studying the REG family of proteins more closely an IL-22responsive element in the REGIa promoter region was identified (Sekikawa et al 2010). IL22 helped the IFNγ induced expression of the two surface molecules of LY6A,-C which when
crosslinked participate in chemokine release (Flanagan et al 2008). It was also identified that
IL-22 was able to induce several mucin genes (MUC1, 3, 10, 13) and mucin secretion
(Sugimoto et al 2008). IL-22 was shown to induce mainly Lipocalin2 (LCN2) while MUC4,
CCL20 and NOS2 were also up regulated in a microarray analysis of IL-22 exposed T84
human colonic adenocarcinoma cells (Schulz et al 2008). An overview is given in the table
below (Table 18).
Table 18: Function of IL-22 in intestinal epithelial cells
Evidence
General

IL-22 administration
1,4
Wound closure by migration
8
Mucus production

IL-22 blockade

Protein

Increase IL8 ,

mRNA (RT-PCR)

Increase IL8 , hDB2 , SOCS3 , REGIa
5,7
5
6
6
8
REGIIIβ , REGIIIγ , LY6A , LY6B , MUC1 ,
8
8
8
9
MUC3 , MUC10 , MUC12 , LCN2

1

2

2

2

2

Decrease: REGIIIβ , REGIIIγ , S100A8 , S100A9

1

1

9

1

9

3,7

9

mRNA (Microarray)
Increase MUC4 , CCL20 , NOS2
1
2
3
4
5
6
(Brand et al 2006 , de Luca et al 2010 , Sekikawa et al 2010 , Pickert et al 2009 , Kinnebrew et al 2010 , Flanagan et al 2008 ,
7
8
9
Zheng et al 2008 , Sugimoto et al 2008 , Schulz et al 2008 )
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Endothelium
Blood-brain-barrier endothelial cells were shown to be IL-22RA1 (Kebir et al 2007) but the
addition of IL-22 showed no alteration in the expression of the tight junction proteins occludin
or Zo1.
Fibroblasts
So far, four different studies have identified fibroblasts as an IL-22 target cell population. IL22 cultured subepithelial myofibroblasts were shown to have increased IL-19 and MMP1,-3
protein production (Andoh et al 2005). Synovial fibroblasts responded to IL-22 by increased
cell growth and CCL2 protein production (Ikeuchi et al 2005). Skin fibroblasts responded to
IL-22 with weak STAT3 phosphorylation (Wolk et al 2009). Human ganglia fibroblasts
responded to IL-22 with CXCL10 protein release. This was either further increased by
addition of IFNγ or decreased by TNFα (Hosokawa et al 2009). An overview is given in the
table below (Table 19).
Table 19. Function of IL-22 in fibroblasts
Evidence
General

IL-22 administration
2
Cell growth
3
STAT3 phosphorylation

Protein

Increase IL-19 ,MMP1 , MMP3 , CCL2 ,
4
CXCL10

1

IL-22 blockade

1

1

2

mRNA (RT-PCR)
mRNA (Microarray)

1

1

1

1

Increase MMP1 , MMP3 , MMP10 , CCL7 ,
1
1
1
1
1
CXCL1 , CXCL2 , CXCL3 , CXCL6 , IL-6 ,
1
1
1
1
1
IL8 , IL-11 , IL-13RA2 , LIF , Follistatin ,
1
1
1
Stanniocalin1 , SOCS2 , Amphiregulin ,
1
Neuregulin1 ,
1
2
3
4
(source: Andoh et al 2005 , Ikeuchi et al 2005 , Wolk et al 2009 , Hosokawa et al 2009 )

Specialised tissue cells
Hepatocytes
Hepatocytes are specialised cells which adjust several nutrient and mediator levels in the
blood stream. In agreement with studies of epithelial cells, IL-22 facilitated reconstitution of a
wounded layer of hepatocytes (Brand et al 2007). IL-22 showed to dampen aspartate
aminotransferase (AST) and alanine transaminase (ALT) secretion (Yang et al 2010). IL-22
was shown to induce LPS-binding protein (LPSBP) to a similar level as seen with IL-6 (Wolk
et al 2007. This induction was further enhanced in combination with IL-1β and TNFα.
Blocking IL-22 with IL-22RA2 was shown to block all LPSBP suggesting that secretion of
the protein was IL-22 dependent. Studying IL-22’s role during viral infection of the liver
(Hepatitis B and C) showed that it only slightly reduced viral burden (Dambacher et al 2008)
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as well as demonstrated limited functional similarity to IFN but more functional similarity to
IL-6 (Pagliaccetti et al 2010). In another study, administration of rIL-22 did not increase
heptocyte proliferation but blockade of IL-22 led to a decrease in proliferation (Ren et al
2010). Blockade of IL-22 also led to a reduction in TNF levels. An overview is given in the
table below (Table 20).

Table 20. Function of IL-22 in hepatocytes
Evidence
General

IL-22 administration
2
Wound closure

Protein

Increase SAA , LPSBP Decrease: AST ,
4
ALT
1
3
3
3
3
Increase SAA , IL-6 ,IL8 , TNFα , SOCS3

mRNA (RT-PCR)

1

IL-22 blockade
6
Decreased proliferation
5

4

5

6

Decrease: LPSBP , TNFα

mRNA (Microarray)
1
2
3
4
5
6
( Wolk et al 2005 , Brand et al 2008 , Brand et al 2007 , Yang et al 2010 , Wolk et al 2007 , Ren et al 2010 )

Regulation by IL-22RA2
While IL-22RA2 is known to bind IL-22 and block IL-22 signalling in vitro, very little is known
about its occurrence and function in vivo (Table 21).
Table 21. Evidence of IL-22RA2 expression during inflammation
Model
Mouse model of
Infection

Evidence
mRNA up regulation 30 days post infection
in the liver

Function
Unknown (Wilson et al 2010)

Experimental Colitis
model

Drop of IL-22RA2 mRNA expression in the
inflamed intestine

Unknown (Wolk et al 2007)

Clinical associations of Il-22
Disease association
Allergy
With the identification of Th 17 cells, allergic disorders were re-evaluated and shown to
express their cytokines during phases of chronic and more severe phases of inflammation
(Souwer et al 2010). The specific increase in IL-22 but not IL-17 was first identified during
chronic atopic dermatitis supporting the occurrence of a novel Th 22 T cell subset (Nograles et
al 2009, Trifani et al 2010, Duhen et al 2009, Eyerich et al 2009). Apart from atopic
dermatitis, a selective increase of IL-22 and IL-22RA1 expression was also identified in
nickel contact dermatitis, a non-IgE mediated allergic disorder (Ricciardi et al 2009, Larsen
et al 2008). Early studies in allergic asthma showed that IL-17+ but especially IL-22+ cells
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were increased in T cells from peripheral blood while the number of IFNγ remained
unchanged (Zhao et al 2009). Also in experimental asthma, using an OVA-challenge mouse
model, IL-22 appeared to be increase more than IL-17 (Wang et al 2009).
Autoimmunity
Patients with systemic lupus erythmatosus (SLE) were shown to have decreased serum IL22 expression which correlated with disease severity (Cheng et al 2009, Pan et al 2008). In
the digestive system, IL-22 is associated with ulcerative colitis and Crohn’s disease. Early
on, high levels of IL-22 (especially from CD4+Tcells) were identified in both conditions but
the association of IL-22 was particularly significant in Crohn’s disease (compared to
ulcerative colitis; Andoh et al 2005). This high expression of IL-22 blood and tissue was
confirmed (Wolk et al 2007) and correlated with disease severity (Schmechel et al 2008,
Veny et al 2009 published online 2009). A mouse model for inflammatory bowel disease
showed that IL-22 lead to reduction of colon thickness and overall disease score (Sugimoto
et al 2008). In another model, blockade of IL-22 significantly delayed the recovery from
colitis (Neufert et al 2010). An EAE mouse model showed that myelin oligodendrocyte
antigen (MOG) led to a IL-22 (IL-17a, IFNg) increase (Kreymborg et al 2007, ThessenHedreul et al 2009). EAE still occurred when an IL-22 -/- knockout mouse was used
(Kreymborg et al 2007).
However, the bulk of studies have researched the occurrence of IL-22 in psoriasis. Psoriasis
is an autoimmune disease of the skin characterised by increased growth and proliferation of
skin cells. Early on, a link between the cytokine and this skin condition was identified (Wolk
et al 2005). It was shown that IL-22 was up regulated in infiltrating T cells and not in
circulating T cells. Interestingly, the skin was shown to have reduced IL-22RA1 mRNA
expression in these patients (Boniface et al 2007). Especially in psoriasis vulgaris, high IL-22
(and IFNg, IL-17a) was identified (Liu et al 2007, Lowes et al 2008). The relevance of IL-22
in the disease was confirmed when administration of anti-IL-22 blocked the disease
development of murine psoriasis-like disease (Ma et al 2008). A genetic study showed that
polymorphisms of the IL-22 in the population were not associated to chronic plaque psoriasis
(Weger et al 2009). Another presumed autoimmune disorder, Vitiligo, which affects the skin,
showed to be significantly associated with IL-22 expression. This was especially true when
vitiligo was active (Ratsep et al 2008). High levels of serum IL-22 were found in autoimmune
hepatitis (Dambacher et al 2008) and Hashimoto thyroiditis patients (Figueroa-Vega et al
2010). Patients with TNF-receptor-associated periodic syndrome (TRAPS) have a mutation
in the TNFRSF1A gene which led to shedding of the TNFa receptor into the plasma thus
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preventing normal TNFa signalling (Rezaei 2006) that was associated with increased levels
of IL-22 (Nakamura et al 2010).
Autoimmune diseases associated with infection
Patients with chronic mucocutaneous candidiasis have reduced levels of IL-22 and IL-17a
(Eyerich et al 2008) that correlated with the increased production of neutralising autoantibodies against IL-22 (91%), IL-17F (75%) and IL-17a (41%) (Kiesand et al 2010, Puel et
al 2010). Similarly, in autoimmune polyendocrine syndrome type I, auto-antibodies against
IL-22 were identified (Puel et al 2010). In chronic sinusitis, decreased IL-22RA1 expression
was associated with chronic disease and the development of nasal polyps (Ramanathan et
al 2007) and it was later identified that polymorphisms in the IL-22RA1 gene highly
correlated to disease severity (Endam et al 2009). An overview is given in the table below
(Table 22).

Table 22. IL-22 association in autoimmunity
Disorder
SLE

Evidence
Decreased IL-22
Correlation to disease severity

In
Human
Human

Reference
Cheng et al 2009
Pan et al 2009

Ulcerative colitis
Crohn’s disease

High levels of IL-22
Correlated to disease severity
IL-22 lowered disease score
Delayed recovery when IL-22 is blocked

Human
Human
Mouse
Mouse

EAE

MOG antigen causes IL-22 expression
Not essential to disease development

Mouse

Psoriasis

High IL-22
Blockade of IL-22 reduced disease severity

Human
Mouse

Andoh et al 2005
Schmechel et al 2008
Sugimoto et al 2008
Neufert et al 2010
Kreymborg et al 2007
Theussen-Hedreul et al
2009
Liu et al 2007
Ma et al 2008

Vitiligo
Autoimmune
hepatitis
Hashimoto
thyroiditis
TNFRSF1A
mutation
Chronic candida
infection
Chronic sinusitis

Associated with IL-22 expression
High IL-22

Human
Human

Dambacher et al 2008

High IL-22

Human

Figueroa-Vega et al 2010

High IL-22

Human

Nakamura et al 2010

Auto-antibodies against IL-22

Human

Defect in IL-22RA1 gene

Human

Kiesand et al 2010
Puel et al 2010
Endam et al 2009

Ratsep et al 2008

Infection
Viral
IL-22 production was increased during Hepatitis C infection (Dambacher et al 2008) and two
single nucleotide polymorphisms (SNP) in the IL-22 gene were shown

to affect the

treatment response and viral clearance in patients (Hennig et al 2007). Yet, a mouse model
of Heptatitis B infection showed that IL-22 indicated only limited antiviral properties and the
response was different from the structurally related IFN (Pagliaccetti et al 2010). The IL-22
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response was much more similar to that of IL-6. HIV-1 patients had high levels of IL-22
mRNA and protein expression while exposed individuals had less (Misse et al 2007). A link
between IL-22 and the induction of the HIV1 protective SAA was postulated. According to
the hypothesis, IL-22 induces SAA which down regulates of CCR5 expression on dendritic
cells and, thus, limits viral spread. Chronic persistence of the Theiler virus in the central
nervous system was linked to the 12q15 chromosome locus (Bureau et al 1993). While the
locus harbours many genes including the two cytokines IL-22 and IL26, a mouse model of
Theiler virus infection showed more direct evidence. In the model, IL-22 controlled mortality
during acute encephalomyelitis (Levillayer et al 2007). In the serum of patients with the skin
rash, pityriasis rosea, presumed to be triggered by herpes simplex, increased levels of IL-22
were found (Gangemi et al 2009). An overview is given in the table below (Table 23).

Table 23. Evidence of IL-22 association in viral infections
Viral infection
Hepatitis B
Hepatitis C

HIV-1
Theiler virus
Herpes simplex

Evidence
IL-22 only limited antiviral activity
Increased IL-22
2 SNP in IL-22 gene affect positive treatment
outcome
High levels of IL-22 in infected patients
IL-22 may induce SAA which lowers CCR5
More efficient immune response which also leads
to increased mortality
Increased IL-22

In
Human
Human
Human

Reference
Pagliaccetti et al 2010
Dambacher et al 2008
Hennig et al 2007

Human

Misse et al 2007

Mouse

Levillayer et al 2007

Human

Gangemi et al 2009

Bacterial
Administration of Lipopolysaccaride (LPS), an endotoxin of gram-negative bacteria, led to
the up regulation of IL-22 mRNA throughout the body (e.g. gut, thymus, spleen, lung, liver,
kidney, stomach, heart; Dumoutier et al 2000). The gram negative bacteria Klebsiella
pneumonia showed up regulation of IL-22 after 6 hours (Zheng et al 2008). Neutralisation led
to the breakdown of tissue defences and systemic dissemination (Zheng et al 2008, Aujla et
al 2008). This was only seen when IL-22 was blocked and not IL-17A (Aujla et al 2008). In a
mouse model of mycobacterium tuberculosis (TB) infection, culturing macrophages with
recombinant IL-22 improved their phagolysosomal fusion and their TB killing activity. In
addition, it was shown that IL-22+NK cells helped to reduce the overall TB burden (Dhiman
et al 2009). In a primate model of TB infection, homing of IL-22+ cells to the lung was
observed at the late stage of infection (Yao et al 2010). A mouse model of Salmonella
enterica infection showed that IL-22, together with IFN, was highly up regulated (Godinez et
al 2008). In addition, protection was associated with IL-23 dependent IL-22 and not IL-17A
(Schulz et al 2008). An overview is given in the table below (Table 24).
63

Table 24. Evidence of IL-22 association in bacterial infections
Bacterial infection
LPS
Klebsiella
pneumoniae
M. tuberculosis
Salmonella
enterica

Evidence
Increase in IL-22
Increase in IL-22
Breakdown of tissue integrity when IL-22 blocked
Improved phago-lyso-somal killing of
macrophages
Increase in IL-22
Protection IL-23/IL-22 dependent not IL-17A

In
Mouse
Mouse
Mouse
Human

Reference
Zheng et al 2008
Zheng et al 2008
Aujla et al 2008
Dhiman et al 2009

Mouse
Mouse

Godinez et al 2008
Schulz et al 2008

Fungal
A mouse model of candida albicans infection showed that IL-22 was critical as a first line
defence while IL-17A and IL-17F were dispensable (de Luca et al 2010). IL-22 was shown to
contribute to epithelial integrity and control the yeasts growth. Interestingly, it was further up
regulated in the absence of a Th 1 response. Blockade of IL-22 or IL-23 led to a decrease in
T cell mediated defence against fungal hyphae (de Luca et al 2010). The saliva of IL-23p19 /- knockout mouse exhibited lowered antifungal activity (Conti et al 2009).
Protozoan
Studying severe malaria anemia research identified that a polymorphism in the IL-22 (708th
position after ATG) was associated with protection which remained significant after
stratification of the cohort according to ethnicity (European, African) (Koch et al 2005).
Infection and induction of ileitis by the protozoan Toxoplasma gondii showed that IL-22 was
associated with inflammation. In addition, IL-22, and not IL-17A, was IL-23 dependent and
both cytokines were inversely regulated during the infection (Munoz et al 2009). Blockade of
IL-22, therefore, displayed less intestinal pathology while the parasite burden remained
unchanged. The decreased pathology was associated with overall reduced IL-17a, IL-17f,
IFNγ and TNFα expression (Wilson et al 2010).

Other
Transplantation
In Graft versus Host disease, high levels of IL-22RA2 (together with IL2, IL2RA, AIRE) were
found to be expressed in patients PBMCs (Yang et al 2007). A mouse model showed that
transplants were rejected quicker in IL-22 deficient mice whereas in the wild type mice IL-22
production was identified to be in Mac3 +CD11b+ cells and not lymphocytes (Kapessidou et al
2008).
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Cancer
In two forms of cancer, ALK + anaplastic large cell lymphoma and non small lung carcinoma,
expression of IL-22 and IL-22RA1 was shown to be linked to increased survival in mice
(Zheng et al 2008, Bard et al 2008). Recently, a single nuclear polymorphism (rs1179251) in
IL-22 was associated with colon cancer (Thompson et al 2010).
Arthritis
Arthritis can be caused by age and injury but can also have autoimmune triggers. In arthritic
joints of patients, an increased number of IL-22+ and IL-17A+ T cell were found which were
inversely related to Treg cell numbers (Nistala et al 2008).
Asthma, COPD, ARDS, Pulmonary Sarcoidosis
Reduced levels of IL-22 were found in the epithelial lining fluid of ARDS patients (Whittington
et al 2004). In asthma, early on, the 12q15 locus was identified in large scale genome
association studies (Ober et al 1998, Satsangi et al 1996, Duerr et al 1998, Barnes et al
1996). While only two cytokine genes are found in this locus (IL-22, IL-26), the locus
contains a further 66 genes (including 8 pseudogenes). Culturing T cells derived from
peripheral blood ofasthmatic patients showed no alteration in IL-22 expression upon
activaton (anti-CD3/CD28 and IL-23) compared to healthy individuals (Wong et al 2009). The
phenotype of CD4+ T cells from peripheral blood of asthmatics appeared to be mixture of IL17A/IL-22 and IL-4 producing T cells (Cosmi et al 2010). In a mouse model for ventilation
induced injury, IL-22 induced SOCS3 and reduced and lowered CXCL2, IL-6, and MMP9
and the overall biotrauma (Hoegl et al 2010). The causes of pulmonary sarcodis are
unknown but it was shown that the bronchoalveolar lavage fluid of patients contained far less
IL-22 protein as compared to that of healthy individuals (Whittington et al 2004).
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Rationale
Allergy is an adverse immune reaction to an otherwise harmless environmental substance.
The inflammatory response is characterised by IgE-dependent mast cell activation,
eosinophil infiltration, and Th 2-cytokine release causing clinical symptoms such as itch
(atopic dermatitis), runny nose and watery eyes (allergic rhinitis) or wheezing and shortness
of breath (asthma).
While the predisposition to produce IgE and the inability to regulate the ensuing Th 2
response are a hallmark of the allergic response, non-immune contributions such as the role
of a defective epithelium are increasingly recognised to play a role in disease progression.
This is particularly evident, in asthma, where a potential reactivation of the EMTU may
explain the observed aberrant tissue remodelling. Recent data also indicate a potential role
of other T cell subsets in allergy and asthma. Whereas seasonal allergic rhinitis displays a
classic Th2-driven response (e.g. Th2 cytokine expression and eosinophil activation; Durham
1992 & 1993), other atopic disorders are not as clearly defined. In atopic dermatitis, not only
Th2 cells increase during inflammation but also a delayed Th 1+Th2 cell response can be
observed (Yamanaka and Mizutani 2011). Similarly in asthma, the inflammatory response
may not always be characterised Th 2 cytokine expression and eosinophilic infiltration (e.g.
neutrophilic asthma). Similarly, the chronicity of inflammation may alter the normally Th2
driven response leading to an increased T helper subset diversity.
IL-22 recently gained attention in chronic atopic dermatitis, where it was selectively
increased by a new T helper cell subset, called Th 22. The cytokine IL-22 is structurally
related to IL-10 and IFN. IL-22 signals through the IL-22RA1/IL-10RB signalling complex
and is regulated by IL-22RA2, a soluble decoy receptor that binds IL-22 with high affinity. IL22 is believed to be predominantly expressed by CD4 + T cells while IL-22RA1 has been
mainly identified on structural cells of epithelial origin. Many of IL-22’s functions relate to the
induction of pro-inflammatory mediators within epithelial cell, yet IL-22 has also been shown
to regulate inflammation by dampening eosinophilic infiltration and contribute to tissue
regeneration and repair.
While expressed in atopic dermatitis, the role of IL-22 in human allergy and asthma remains
poorly understood. Outstanding questions therefore include: Is IL-22 expressed in human
allergy and asthma? What is the dominant T cell subset expressing IL-22? Do Th22 cells
represent a distinct T helper cell subset? What is the biological role of IL-22 in allergy and
asthma?
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Hypothesis, Aims, and Objectives
Hypothesis

Hypothesis 1:
Interleukin-22 is a T cell cytokine that is expressed during human allergic inflammation.


This was tested by measuring Interleukin-22 and its receptors in bronchoalveolar
lavage and skin biopsies after local allergen provocation

Hypothesis 2:
Interleukin-22 is produced by distinct Th22 cells as well as other T cell subsets (Th 1, Th2,
Th17).


This was tested by measuring Interleukin-22 production by peripheral-bloodmononuclear cells and T cells from peripheral blood, as well as T cell lines and
clones derived from bronchial biopsies

Hypothesis 3:
Interleukin-22 is involved in tissue regeneration and repair.


This was tested by evaluating the expression of Interleukin-22 receptors on human
epithelial, smooth muscle and fibroblast lung cell lines and examining the influence of
IL-22 on epithelial wound healing.
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Aims and Objectives

In relation to Hypothesis 1: IL-22 is expressed in allergic inflammation


Local segmental allergen challenge was performed in atopic asthmatics and controls.
Bronchoalveolar Lavage was collected before and after allergen challenge and IL-22
concentrations were compared with levels of IFN, IL-5, and IL-17 as well as BAL
eosinophil counts.



Intradermal allergen challenge was performed in atopic allergic subjects. Cutaneous
biopsies taken at 8 hours post challenge were analysed for IL-22 and its receptors.
Results were compared with a control challenge using allergen diluent.

In relation to Hypothesis 2: IL-22 expression in human T cells


Human peripheral-blood-mononuclear cells from grass pollen allergic subjects were
cultured with Timothy-grass (Phleum pratense) allergen extract for 6 days. IL-22
expression was determined by ELISA and flow cytometry. Results for IL-22 and other
cytokines were compared with PBMC [cultures] from non-atopic healthy controls.



“Naive” (CD4+ CD45RA+) T helper cells were purified from PBMCs of grass pollen
atopic donors. Expression of IL-22 and other cytokines after 2 weeks of culture in
Th22-polarising conditions (IL-6 + TNF) was compared with IL-22 expression under
Th1-polarising conditions (IL-12, IFN, IL-4).



Freshly purified “memory” (CD4+ CD45RO+) T helper cells were obtained from
PBMCs of normal healthy donors by negative selection. CD4 +CD45RO+ cells were
enriched for distinct chemokine receptors (CCR4, CCR6, CCR10) and putative novel
Th22-associated receptors (FGFR2, PDGFR, TIE1). The capacity of the enriched
cells to produce IL-22 and Th1/Th2 and Th17 cytokines was examined by flow
cytometry.



T cell lines and clones obtained from bronchial biopsies of allergic and non-allergic
asthmatics were examined by flow cytometry. IL-22 expression and co-expression
with Th1, Th2, and Th17-associated cytokines were examined by intracellular staining.

68

In relation to Hypothesis 3: IL-22 is involved in tissue regeneration and repair


Structural cells from human lung were examined as potential target cells for IL-22.
Cell lines from human lung epithelium, smooth muscle, and fibroblasts were
examined for expression of IL-22 Receptors (IL-22RA1, IL-22RA2) by Western Blot
and Flow cytometry. IL-22 Receptor regulation in response to stimulation by IL-22
and other T cell derived cytokines were analysed by RT-PCR and Flow cytometry.



A human in vitro model of bronchial epithelial wound closure was developed to
assess the potential function of IL-22 in regeneration and repair. Potential
antagonism of IL-17 on IL-22 on wound healing was assessed in the same system



Novel assays were developed to assess the mechanism of the effects of IL-22 on
epithelial cell wound closure. These included quantifying epithelial cell proliferation
and survival (reduction in apoptosis)
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Materials and Methods
1. IL-22 expression in allergic inflammation
1.1. Local bronchial segmental allergen challenge
Participants
The study was approved by the ethics committee of the Royal Brompton and Harefield
Hospital NHS Trust and written informed consent was given prior to the study. All study
participants were selected using strict inclusion and exclusion criteria (Table 25). Regular
use of inhaled gluocortico-steroids was discontinued 2 weeks before the start of the study
and none of the participants required use of leukotreine receptor agonists. Note: For more
detail on individual patient data please refer to appendix (Table 67, page Error! Bookmark
not defined.).
Table 25. Inclusion and exclusion criteria for participants of the bronchial segmental allergen
challenge
Inclusion Criteria
Asthma (defined by clinical history, reversibility of airflow
obstruction, and increased methacholine airway
responsiveness)
Atopy (against timothy grass pollen (Phleum pratense) or
house dust mite (Dermatophagoides pteronyssinus),
confirmed by positive skin prick test [5mm] and detectable
allergen-specific IgE [RAST IU/ml])

Exclusion criteria
Smoker
Low Resting FEV1 (less than 70% predicted)
Oral glucocortico-steroid use (within 6 month prior to the
study)
Allergen immunotherapy (within 5 years prior to the study)
Neither skin prick test positivity [5mm] or detectable
allergen-specific IgE [RAST IU/ml])

Segmental allergen challenge, Spirometry and Fibreoptic bronchoscopy
Participants were admitted to hospital for 24 hours. Normal values for forced expiratory
volume (FEV1) were predicted based on the participant’s age, sex, height, weight and
ethnicity (Quanjer et al 1993) and measured before and after allergen provocation. Bronchoalevolar lavage was taken immediately prior and 24 hours after allergen provocation. The
peak expiratory flow rate was monitored hourly for the first 8 hours and then at 22 and 24
hours after challenge.
Bronchoalveolar lavage processing
The BAL was filtered through sterile gauze (50μm mesh), centrifuged at 1300rpm for 6
minutes and stored at -80C for later use.
Eosinophil counts
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The insoluble fraction of the BAL was stained for eosinophils using a May-GruenwaldGiemsa stain (Fischer-Scientific ES8150). In brief:
The insoluble fraction of the BAL was re-suspended in Roswell Park Memorial Institute
medium (RMPI 1640) and two drops applied to a microscope slide and smeared across
using a cover slide. The slide was briefly air dried and placed for 30 seconds in Methanol.
One drop of May-Gruenwald stain was then applied and left to stain for 5 minutes. The
staining solution was then displaced using oxidising May-Gruenwald Wright-Giemsa buffer
mixture and left for 3 minutes. The slides were then placed for 14 minutes in Giemsa
Stain/Buffer mixture, then rinsed with Wright-Giemsa staining buffer for 2 minutes and left to
air dry. The slides were then examined under light microscopy. Eosinophils were
characterised based on a blue cytoplasm, blue to dark purple nuclei, and red to orange-red
granules.
Cytokine ELISA
Commercially available ELISA assays were obtained from R&D Systems (Table 26) and
used according to the manufacturer’s instructions. In brief:
MaxiSorp 96-well plates (Nunc) were coated with 100μl per well (1/180 Phosphate buffered
saline (PBS) diluted) capture antibody and left overnight at room temperature. Plates were
washed 3 times with wash buffer (0.05% Tween-20 [Sigma P1379] PBS) and blocked for 1
hour using filtered 1% BSA PBS. Plates were washed 3 times and cytokine standards and
samples were added for 2 hours. Plates were washed again 3 times and 100μl of (1/180 1%
Bovine serum albumin (BSA) PBS-diluted) detection antibody was added and left to bind for
2 hours. Plates were washed 3 times and 100μl of (1/10 in 1%BSA PBS-diluted)
Streptavidin- Horseradish peroxidase (HRP) was added per well for 20 minutes. Plates were
washed again 3 times and 100μl of 5,5-Tetramethylbenzidine (TMB) substrate solution was
added and left in the dark for 20 minutes. The reaction was stopped using 100μl of 1.8M
sulphuric acid and analysed immediately using a Teacan Sunrise optical plate reader.
Optical density readings were obtained at 450nm and 540nm (for background correction)
and a standard curve was plotted. The equation of the line was determined for standards
within linear range and used to calculate the concentrations of unknown samples.
Table 26. Cytokine ELISA assays utilised throughout the study
Name
Human IFNγ Duoset
Human IL-5 Duoset
Human IL-17 Duoset
Human IL-22 Duoset

Company
R&D Systems
R&D Systems
R&D Systems
R&D Systems

ID
DY285
DY205
DY317
DY782

Detection Limit
15pg/ml
8-15pg/ml
15pg/ml
15pg/ml
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IL-22RA2 ELISA
The IL-22RA2 Sandwich ELISA was developed using two anti-IL-22 antibodies binding
different IL-22 target epitopes. The only available antibody combination consisted of 2
polyclonal antibodies raised both in goat (Table 27).
Table 27. Antibodies incorporated in the IL-22RA2 sandwich ELISA design
Name
IL-22RA2 (T16)
IL-22RA2 (N16)
IL-22RA2 (T16)-BIOTIN

Company
Santacruz biotechnology
Santacruz biotechnology
created during PhD

ID
sc-67640
sc-67637
Not available

Epitope
Internal region
Near N-terminus
Internal region

Stock Concentration
200μg/ml
200μg/ml
1mg/ml

Validation of IL-22RA2 antibodies
Maxisorp ELISA plates (NUNC) were coated overnight with 100μl of PBS containing either
different concentrations of recombinant IL-22RA2-Fc chimera (R&D) or protease free bovine
serum albumin (PAA K45-012). The ELISA was carried out as previously described. For
detection a horse anti-goat-biotin-labelled secondary antibody (Vector BA-9500) diluted in
1%BSA PBS was incorporated.
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Figure 7. Validation of -human IL-22RA2 antibody (N16, T16, T16-biotin) binding
by direct ELISA using plate bound recombinant L-22RA2.
A) N16 antibody B) T16 antibody C) T16-Biotin labelled antibody

The results showed that increasing concentrations of IL-22RA2 antibodies led to a liner
increase in optical density (OD) (Figure 7A-B).

Biotin labelling
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To label the IL-22RA2 (T16) antibody with biotin its concentration had to be increased from
200μg/ml to 1mg/ml. To do so 30kDa cut off spin filter tubes (Millipore Amicon) were
employed. The centrifugation was carried out at 2500rpm and a total volume of 500μl was
reduced to 100μl giving a concentration of 1mg/ml. The Biotin labelling was carried out using
the Biotin-XX Microscale Protein labelling kit (Invitrogen B30010). In brief:
100μl of 1mg/ml IL-22RA2 (T16) antibody was transferred to a supplied reaction tube. 10μl
of 1M sodium bicarbonate was added into the tube and mixed by pipetting. 10μl of deionised
water was added to one vial of reactive biotin. The amount of required reactive biotin was
calculated using following formula:

In this case 100μl of 1mg/ml IL-22RA2 antibody (MW= 144kDa) and a molar ratio of 18 (see
manufacturer guidelines) required 0.84μl reactive biotin.

This amount was transferred into the reaction tube and mixed by pipetting and left to react at
room temperature for 15 minutes. The reaction solution of 100μl was split between 2
previously prepared and activated gel resin spin filter tubes. The two spin filter tubes were
then centrifuged at 16000g for 1 minute. The biotin-labelled antibody was then validated by
direct ELISA (Figure 7C, page 72).
IL-22RA2 Sandwich ELISA
The sandwich ELISA was carried out as previously described using the IL-22RA2 (N16)
antibody as capture and the IL-22RA2-Bition antibody for detection.
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Figure 8. Detection of fluid phase rIL-22RA2 in pg/ml and ng/ml range using a the
sandwich IL-22RA2 ELISA protocol
A) pg/ml rIL-22RA2 range B) ng/ml rIL-22RA2 range

The results showed that without optimisation, the sandwich ELISA produced a weak nonlinear signal in ng/ml range but was unable to detect IL-22RA2 in pg/ml range (Figure 8A-B).
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Figure 9. Optimisation of antibody concentrations and detection time within the
sandwich IL-22RA2 ELISA protocol
A) Detection antibody concentrations B) Detection time C) Final ELISA protocol

Changes in antibody concentrations, detection time, streptavidin-peroxidase ratios (Figure
9A-B) led to an improved ELISA protocol (Table 28) enabling detection of increasing rIL-22RA2-Fc concentrations of 8-500ng/ml in a liner fashion (Figure 9C).
Table 28. Final IL-22RA2 Sandwich ELISA protocol
ELISA steps
Capture antibody
Detection Antibody
Streptavidin-Enzyme
Enzyme substrate

Reagent
hu IL-22RA2
hu IL-22RA2-biotin
Extravidin-Peroxidase
TMB liquid solution

Company
SCBT (sc67640)
Based on SCBT (sc67637)
Sigma (E2886)
Sigma (T0440)

Concentration
1:500 (400ng/ml)
1:1000 (1μg/ml)
1:1000
neat

Incubation time
Overnight
4 hrs
45 min
30 min (max)

1.2. Intradermal allergen challenge
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Participants
The study was approved by the ethics committee of the Brompton and Harefield Hospitals
NHS Trust and informed written consent was obtained prior to the study. Participants were
classified using their clinical history, current allergen skin prick responses and allergen
specific serum IgE concentrations. The inclusion and exclusion criteria are listed in table 29.
Note: For more details on individual patients please refer to appendix (Table 68, page Error!
Bookmark not defined.).

Table 29. Inclusion and exclusion criteria for participants of the intradermal allergen
challenge study
Inclusion
Age 18-55 years
Atopic group
Seasonal allergic rhinoconjunctivitis for at least 2 years
Positive skin prick response (>3mm) and RAST levels greater
> IU/ml
Normal control group
No clinical history of allergy, no skin prick response, no RAST

Exclusion
Atopic group
History of serious allergic responses incl. anaphylaxis
History of immunotherapy within last 5 years
No use of anti histamine 10 days prior to the study
Severe atopic dermatitis or asthma requiring medication
Both groups
The use of prednisolone or other immunosuppressive agents
Pregnant or breastfeeding
Evidence of alcohol or drug abuse
Any significant systemic disease

Intradermal allergen challenge, Late phase response and Punch biopsies
The intradermal challenge was performed by medical staff at the Brompton hospital outside
the UK pollen season. 10 biological units of timothy grass extract in 0.02ml (ALK Abello,
Denmark) were given to the extensor surface of one forearm. An injection of allergen
diluents was administered to the opposite forearm. After 8 hours, the size of the response
was measured. Under local anaesthetic (2% Lidocaine), a 4mm biopsy was removed from
the challenge site using a sterile punch, forceps and scalpel. The wound was then closed
using two interrupted 5.0 Nylon sutures.
Biopsy processing
Cut into half, one part of the biopsy was placed into 4% paraformaldehyde containing PBS
for 2 hours and then transferred into 15% sucrose PBS for 1 hour. Both treated and
untreated halves were embedded in drops of optimal cutting temperature (OCT) medium
(Tissuetek, England), placed on labelled cards and dipped into liquid-nitrogen cooled
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isopentane solution (BDH 103614T). From these 5 µm thin tissue sections were cut using a
Bright OTF Cryostat (Bright Instrument Company, UK) and placed on Superfrost Plus Gold
microscope slides (BDH chemicals, UK). Slides destined for acetone fixation were left for 10
minutes in ice-cold acetone and then briefly air dried. Acetone and previously
paraformaldehyde fixed tissue slides were then wrapped in aluminium foil and stored at 80C.
Eosinophil counts
Eosinophils were detected using a mouse anti-human Major Basic Protein antibody (clone
BMK-13, donated by Barry Kay & Julie Barkans) at 1/30 dilution and detected using the
Vector anti mouse horseradish-peroxidase detection kit. The eosinophils were detected and
quantified by light microscopy.

Immunofluorescent staining
General fluorescent staining protocol
Slides were defrosted at room temperature and each tissue section was encircled using
water resistant ImmEdge pen (Vector Laboratories H-4000). Slides were pre-treated for 30
minutes in 0.1% saponin containing PBS. Slides were blocked using 20% donkey serum
(Jackson 017-000-01) PBS for 30 minutes. The serum was tipped off and the primary
antibodies diluted in 5% normal human serum PBS were added for 1 hour. Slides were
washed 3 times for 5 minutes in 1X PBS before the second layer of antibodies (e.g. donkey
anti-goat-biotin) diluted in 10% normal human serum PBS were added for an additional 1
hour. The wash steps were repeated and the third layer was added (e.g. streptavidin-Alexa
Fluor 594) for 30 minutes in the dark. (Note: Streptavidin-Alexa conjugates were centrifuged
at 13000rpm for 3min before use). Slides were washed again and 1 drop of Vectashield
containing 4',6-diamidino-2-phenylindole (DAPI) was added and the slide and covered with a
cover slip. Slides were analysed using a Nikon Eclipse E400 Fluorescent Microscope. Digital
images were obtained and further analysed using Lucia 4.8 software. Average cell counts
were derived from >10 images obtained through a checker board system and converted
from cells per section to cells per mm2 (Table 30). Note: Please refer to table 31 for
complete list of antibodies used.
Table 30. Conversion factors for histological cell counts
Magnification
100x
200x
400x

Dimension of the image (mm)
1.19 x 0.940
0.60 x 0.474
0.30 x 0.237

2

Area of the image (mm )
1.1186
0.2844
0.0711

2

Multiplication factor (cells/mm )
0.9
3.5
14
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Table 31. Antibodies and reagents used in the immunofluoresent analysis of allergen
challenged skin
Name
α-IL-22
α-IL-22
α-IL-22
α-IL-22RA1
α-IL-22RA2
α-CD3
α-CD3
α-CD31
α-CD31
α-Vimentin
α-Vimentin
α-CD68
α-Neutrophil elastase
α-Mast cell tryptase
α-Major basic protein
α-HSP47
α-alpha SMA
Goat isotype
Mouse isotype
Rabbit isotype
α-goat IgG-BIOTIN
α-mouse IgG-BIOTIN
α-rat IgG-BIOTIN
α-rabbit IgG-TRITC
α-mouse IgG-FITC
α-goat IgG-FITC
Streptavidin-A488
Streptavidin-A594

Species
Goat polyclonal
Goat polyclonal
Goat polyclonal
Goat polyclonal
Goat polyclonal
Mouse monoclonal
Rabbit polyclonal
Mouse monoclonal
Rabbit polyclonal
Mouse monoclonal
Goat polyclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Goat polyclonal
Mouse monoclonal
Rabbit polyclonal
Donkey polyclonal
Goat polyclonal
Goat polyclonal
Swine polyclonal
Rabbit polyclonal
Rabbit polyclonal
-

Company
ABcam
Santa Cruz Biotechnology
R&D Systems
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Dako
Abcam
Dako
Abcam
Dako
Abcam
Dako
Dako
Dako
AbD Serotec
Enzo Life Sciences
Dako
R&D Systems
Santa Cruz Biotechnology
Abcam
Jackson
Vector
Vector
Dako
Dako
Dako
Molecular Probes
Molecular Probes

ID
AB18498
Sc-14437
AF782
Sc-67640
Sc-67637
M7254
ab28364
M0823
ab28364
M7020
ab89996
M0718
M0752
M7052
4180-2008
ADI-SPA-470-D
M0851
AB-108-C
sc-3877
ab125938
705-065-003
BA-9200
BA-9400
R0156
F0261
F0250
S11223
S11227

Concentration used
Various (20μg/ml)
Various (20μg/ml)
Various (20μg/ml)
1/100 (2μg/ml)
1/100 (2μg/ml)
1/15
1/10 (200μg/ml)
1/40
1/100
1/100 (0.27μg/ml)
1/200 (5μg/ml)
1/26.5 (20μg/ml)
1/100 (1.1μg/ml)
1/42.5 (2μg/ml)
1/100 (2μg/ml)
1/800 (1.25μg/ml)
1/800 (87.5pg/ml)
Various
Various
various
1/170
1/300 (5μg/ml)
1/300 (5μg/ml)
1/200 (7.5μg/ml)
1/30 (13.3μg/ml)
1/30 (1μg/ml)
1/1250 (1.6μg/ml)
1/400 (5μg/ml)

Validation of IL-22 antibodies
Memory CD4+ T cells were obtained from peripheral blood and polyclonally activated as
previously described. Using a Shendon-3 cytospin centrifuge, 100μl of 0.3x106 cells/ml cell
suspension were added to each cytospin holder. Each holder contained filter paper,
microscope slide and cytospin funnel and was centrifuged for 3 minutes at 450rpm. The
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slides were air dried, fixed for 15 minutes in 4% paraformaldehyde (BDH 294474L) PBS and
transferred into 15% sucrose (BDH 102747E) PBS for 15 minutes. The slides were then
transferred to a second sucrose solution for 15min before being rinsed in PBS and dried
overnight using an oven (at 37°C). The slides were then checked by light microscopy for
successful cell adherence and intact cell morphology by staining two randomly selected
slides with 2 drops of Harris haematoxylin solution (VWR 351945S). Successful cytospins
were wrapped in aluminium foil and stored at -80°C.

A) Normal Staining Protocol
Normal
IL-22 AB
DAPI

Normal
IL-22 R&D
DAPI

Normal
IL-22 SCBT
DAPI

Paraformaldehyde

Paraformaldehyde

Normal
ISO
DAPI

Paraformaldehyde

B) Saponin Permebealisation Treatment
Saponin
IL-22 AB
DAPI

Saponin
IL-22 R&D
DAPI

Paraformaldehyde

Saponin
IL-22 SCBT
DAPI

Paraformaldehyde

Saponin
ISO
DAPI

Paraformaldehyde

Figure 10. IL-22 Immunofluorescent staining of cytospin preparations of polyclonally
stimulated (PMA/Ionomycin) and paraformaldehyde-fixed peripheral blood CD4+ CD45RO+
T cells
A) Regular Immunofluorescence staining protocol B) pre-treatment of slides with Saponin.

IL-22 antibodies were validated using paraformadehyde-fixed cytospin preparations of
activated peripheral blood CD4 +CD45RA- T cells (Figure 10). The results showed that a
small proportion of memory T cells stained positive using any of the three anti-human IL-22
antibodies after permebelisation (saponin treatment).

78

2. IL-22 expression in T cells
2.1. from peripheral blood
2.1.1. long term allergen PBMC culture
Participants
Study participants were recruited by the medical staff at the Brompton hospital (London, UK)
based on their clinical history of allergic rhinitis, positive timothy grass pollen skin prick test,
and significantly elevated timothy grass specific serum IgE levels. Recruited normal healthy
control participants had no reported history of allergy. In addition normal control participants
tested negative for common allergens by skin prick testing, had no elevated levels of
allergen specific IgE or total IgE. Prior to the study all participants had given written informed
consent. For more details on individual patients please refer to appendix (Table 69, page
Error! Bookmark not defined.).
PBMCs from peripheral blood
Blood was taken by medical staff at the Brompton hospital and transferred within 30 minutes
to the laboratory for PBMC isolation by Ficoll-Paque separation. In brief:
The blood was diluted 1:4 using sterile PBS and 30ml was layered on top of 15ml of FicollPaque Plus (GE 17-1440-03) in 50ml Falcon tubes and then centrifuged at 2000 rpm for 25
minutes (without brakes) inside swing-buckets (Hettich Rotina 420R centrifuge).

After

centrifugation the PBMC layer was taken off using a sterile plastic dropper and collected in a
new 50ml falcon tube. The dense PBMC solution was diluted using PBS and centrifuged at
1500rpm for 10minutes. The PBS was discarded and the cell pellet suspended in fresh PBS
and centrifuged once more at 1500rpm for 10min. After the final wash, the cell pellet
suspended in a small volume of PBS and counted using a haemocytometer.
In vitro culture
PBMCs were cultured for 6 days in RPMI-1640 +L-Glutamine (Invitrogen/Gibco 52400)
substituted with 5% human AB Serum and 1/10 diluted Penicilin/Streptomycin Solution
(Invitrogen 15140-122). Depending on the condition the tissue culture media contained
either no stimulus, 5μg/ml whole Phleum pratense extract (ALK-Abello 11372), 10μg/ml PHA
(Sigma-Aldrich L1668), 10μg/ml Tuberculin purified protein derivative (PPD) (Statens Serum
Institute 2390).
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[methyl3H]-Thymidine incorporation
Using a 96-well U-bottomed plate (Nunc 167008) 5x105 PBMCs were added to each 96- well
in a total volume of 200μl tissue culture media and incubated at 37°C with 5%CO2. After 6
days, 20 μl of 1/20 RPMI-diluted [Methyl-H3]-Thymidine solution (5mCi/185 MBq; MP Bio
2405905) was added to each well. After 16hrs at 37°C the cells were harvested using a 96well plate harvester (Tomtec Harvester 96 Mach III-M). Before harvesting, the harvester was
washed twice using the wash-aspirate program and an empty 96 well plate. Then a filter mat
(PerkinElmer 1450-421) was added and pulse-washed. The empty plate was exchanged
with the sample plate and the cells were pulsed onto a filter mat using the pulse-wash
program. The filter mat was removed from the harvester and left to dry for 1 hour at room
temperature. After air drying, the filter mat was inserted into a small plastic bag (PerkinElmer
1450-432) together with 4 ml of Scintillation fluid (PerkinElmer 1205-440) and sealed using
an electric heat sealing machine (Hulme Martin). The scintillation fluid was distributed evenly
across the filter mat using a roller. Radioactivity was measured using a Scintillation counter
(Wallac Trilux 1450 Microbeta counter) and background corrected.
Cytokine ELISA
100μl of PBMC culture supernatant was analysed as previously described (see Method 1.1,
page 71)
Flow Cytometry
Activation
Cells were washed twice in fresh culture media and re-suspended at 1x106 cells/ml. Using a
24-well plate (NUNC) cells were polyclonally activated for 6 hours using 20ng/ml phorbol
myristate acetate (PMA) and 1μg/ml ionomycin. In addition 0.6μl/ml GolgiStop was added
from the start and 1μl/ml GolgiPlug after 2 hours of culture to stop protein secretion.
Staining and fixation
200μl containing 2x105 cells were transferred per well into a 96-well plate. The plate was
centrifuged at 1500rpm for 5 minutes and the media removed. 20μl of Fc blocking solution
(1/10 diluted Mitenyi Fc block stock solution) was added to per well and left in the dark for 20
minutes at room temperature. Surface FACS antibodies (e.g. CD4 and CD8) and their
respective isotype controls were added into each well at a ratio of 1/20 and left for 30
minutes in the dark at 4C. The plate was washed using 250μl Perm/Wash buffer per well
and centrifuged at 1500rpm for 5 minutes. The Perm/Wash buffer was replaced with 100μl of
BD Cytofix/Cytoperm solution and left for 20 minutes to incubate in the dark at 4C. The
plates were washed twice with 250μl Perm/Wash buffer and the intracellular FACS
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antibodies were added at a ratio of 1/20 into final volume of 20μl of Perm/Wash buffer. The
cells were left in the dark for 30 minutes at 4C and then washed twice more using 250μl
Perm/Wash buffer. The cells were then fixed in 200μl BD Cellfix solution (BD 340181) and
stored at 4C overnight. Individual FACS antibodies used are given in the table below (Table
32).
Table 32. FACS antibodies used in the analysis of T cells derived from allergen PBMC cocultures
Name
α-CD4-PE CY7
α-CD8-Amcyan
α-IFN-V450
α-IL-4-A488
α-IL-5-PE
α-IL-9-PERCP CY5.5
α-IL-17A-A488
α-IL-22-PE
α-IL-22-APC
Isotype-PE CY7
Isotype-Amcyan
Isotype-V450
Isotype-A488
Isotype-PE
Isotype-PERCP CY5.5

Species
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Rat IgG2a
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Rat IgG2a
Mouse IgG1

Company
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
R&D Systems
R&D Systems
R&D Systems
BD Bioscience
BD Bioscience
BD Bioscience
R&D Systems
BD Bioscience
BD Bioscience

Clone
SK3
SK1
B27
8D4-8
JES1-39D10
MH9A3
41802
142928
142928
MOPC-21
X40
X40
G94-56
R35-95
MOPC-21

ID
557852
339188
560371
557990
554489
561461
IC3171A
IC7821P
IC7821A
557872
339185
642268
554008
554689
550795

Concentration used
1 in 20
1 in 20
1 in 20
1 in 20
1 in 20
1 in 20
1 in 20
1 in 20
1 in 20
1 in 20
1 in 20
1 in 20
1 in 20
1 in 20
1 in 20

Acquisition and analysis
The fixed cells were assayed using a FACS Canto II machine. Lymphocytes were preselected using the forward and side scatter. Fluor chrome compensation was carried out
using the auto compensation setup of the FACS Canto machine. The cytometer settings
were saved and used for all acquisitions. In total, 10000 cells were acquired and analysed
using the BD FACS DIVA software.
2.1.2. polarised naive T cells
T cell isolation from PBMCs
PBMCs from healthy non-atopic donors were obtained by Ficoll-Paque isolation as
previously described (see Methods 2.1.1, page 79). CD4+ T helper cells were isolated from
PBMCs by depleting non-CD4+ T cells such as CD8+ CD14+ CD16+ CD19+ CD36+ CD56+
CD123+ TCR/δ+ Glycophorin A+ cells. The obtained fraction was further depleted using
CD45RO and enriched using CD45RA beads to obtain CD4(+) CD45RO- CD45RA+ cells
(Table 33).
Table 33. Magnetic bead isolation kits used in the enrichment of individual T cell populations
Isolation kit
+
CD4 T Cell Isolation Kit II
CD45RA Microbeads
CD45RO Microbeads

Type
negative selection
positive selection
positive selection

Company
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec

ID
130-091-155
130-045-901
130-046-001
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Magnetic labelling
The PBMC cell pellet was re-suspended in 40μl MACS buffer (0.5% BSA 2mM EDTA PBS)
per 107 cells. 10μl of non-CD4 depletion antibody cocktail was added per 10 7 cells, mixed,
and incubated for 10 minutes at 4°C. 30μl MACS buffer and 20μl anti-biotin magnetic beads
were then added in succession, mixed and left for 15 minutes at 4°C. Cells were then
washed using 10x volume of MACS buffer and centrifuged at 1500rpm for 10 minutes. The
supernatant was taken and the cell pellet was re-suspended in 500μl MACS buffer per 108
cells.
Magnetic isolation
A large sized (LS) magnetic column (Miltenyi) was used to isolate a maximum of 10 8 cells
from a given cell suspension. The column was placed into a supplied magnet and 3ml
1%BSA PBS was rinsed through before the cell suspension was applied. The unlabelled
cells were collected and the LS column washed 3x using 3ml 1% BSA PBS. The magnetic
field was removed and the labelled cells eluted using 3ml of 1% BSA PBS. Both labelled and
unlabelled fractions were counted using a haemocytometer and either used directly or
labelled for additional magnetic bead isolation (e.g. CD45RO depletion).
Validation of naive T cell isolation
The isolated “naïve T cell”-fractions were analysed by FACS as previously described (see
Methods 2.1.1, page 80) using FACS antibodies listed in the table below (Table 34).

A)

4%

CD25

97%

CD45RO

CD45RA

B)

2%

0%
1%
CD69

Figure 11. Flow cytometric analysis of CD45RA,-RO, CD25, and CD69 expression
on purified naive peripheral blood T cells used in CD4+ T cell differentiation
Surface expression of A)CD45RA and CD45RO as well as B) T cell activation marker CD25 and CD69

The results showed that CD45RA expression was >95% and CD45RO expression less then
<5% (Figure 11A) and both activation markers CD25 and CD69 expression were low (<2%)
or absent (Figure 11B).
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Table 34. FACS antibodies used in validating T cells after magnetic bead isolation
Name
α-CD45RA-FITC
α-CD45RO-FITC
α-CD25-FITC
α-CD69-PE
Isotype-FITC
Isotype-FITC
Isotype-PE

Species
Mouse IgG1
Mouse IgG2a
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG2b
Mouse IgG1

Company
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
R&D Systems
R&D Systems
BD Bioscience

Clone
OX-33
UCHL1
OX-39
L78
11711
133303
MOPC-21

ID
554883
555492
554865
341652
IC002F
IC0041F
551436

Concentration used
1/20
1/20
1/20
1/20
1/20
1/20
1/20

T helper cell differentiation
The original Th22 in vitro differentiation protocol (Duhen et al 2009):
Naïve T cells were isolated from buffy coats by flow assisted cell sorting as CD4 + CD45RA+
CCR7+ CD45RO- CD25- cells to a purity of 99%. Naïve T cells (5x104) were cultured in Ubottom 96 well plates in the presence or absence of 10ng/ml IL-6 and 5ng/ml TNF. Cells
were stimulated using beads coated with anti-CD3 and anti-CD28 at a ratio of 1 cell per 1
bead. After 5 days, cultures were supplemented 50U/ml IL-2. At day 12, cells were activated
using PMA and Ionomycin for 5 hours, stained for intracellular cytokines and assessed by
flow cytometry.
Alterations made:
Fresh blood was used instead of buffy coat and naive T cells were obtained through
magnetic

bead

Invitrogen/Gibco

isolation

rather

12055-091)

than

and

FACS

isolation.

serum-containing

Both

serum-free

RPMI-1640

(AIM-V,

+L-Glutamine

(Invitrogen/Gibco 52400) substituted with 5% human AB Serum and 1/10 diluted
Penicilin/Streptomycin Solution (Invitrogen 15140-122) media were trialled. In addition we
used a range of cytokine concentrations and carried out Th22 priming in the presence and
absence of anti-IL-4 and anti-IL-12 blocking antibodies.
Control cells were differentiated in Th1 polarising conditions containing 25ng/ml IL-12 and
5μg/ml anti-IL-4 blocking antibody. The individual reagents utilised are given in the table
below (Table 35).
Table 35. Reagents used in culturing naive T cells during in vitro Th1 and Th22 cell
differentiation
Reagent
Rec. Human IL-6
Rec. Human TNFα
Rec. Human IL-12
α-IL-4
α-IL-12 (p40/p70)

Company
Peprotech
Peprotech
Peprotech
Abcam
BD Bioscience

Comment
Expressed in E.coli.
Expressed in E.coli.
Expressed in E.coli.
Clone 8F12
Clone C11.5

ID
200-06
300-01A
200-12
ab13780
554573

Concentration used
10ng/ml
5ng/ml
25ng/ml
5μg/ml
5μg/ml
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Flow cytometry
T cells were stained and analysed as previously described (see Methods 2.1.1, page 80)
using the FACS antibodies listed below (Table 36).
Table 36. FACS antibodies used in the assessment of Th1 and Th22-primed T cells
Name

Species

Company

Clone

ID

α-IL-17A-APC
α-IL-22-PE
α-IL-22-APC
α-IFN-PE
α-IFN-V450
Isotype-APC
Isotype-PE
Isotype-V450

Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1

eBioscience
R&D Systems
R&D Systems
BD Bioscience
BD Bioscience
R&D Systems
BD Bioscience
BD Bioscience

eBio64DEC17
142928
142928
4S.B3
B27
11711
MOPC-21
X40

17-7179-41
IC7821P
IC7821A
559326
560371
IC0041F
551436
642268

Concentration
used
1/20
1/20
1/20
1/20
1/20
1/20
1/20
1/20

2.1.3. memory T cells
T cell enrichment using anti-fluorchrome beads
5x107 CD4 T cells were suspended in 500μl 1%BSA PBS containing 25μl anti-receptor
antibody (Table 37) and was left at 4°C in the dark. After 10 minutes the cells were washed
using 2ml of 1% BSA PBS and centrifuged at 1500rpm for 5 minutes. The resulting cell pellet
was suspended in 500μl 1%BSA PBS containing 50μl anti-fluorchrome beads (Table 38)
and left to incubate in the dark at 4°C for 15 minutes. The cells were washed as previously
described and the supernatant taken off. The resulting cell pellet was suspended in 500μl
1%BSA PBS and magnetic bead isolation was carried out as previously described (see
Methods 2.1.2, page 81).
Table 37. FACS Antibodies used in the analysis of novel Th22 surface receptor expression
Name
α-FGFR2-FITC
α-TIE1-PE
α-PDGFR-APC
α-CCR4-FITC
α-CCR6-A488
α-CCR10-APC
Isotype-FITC
Isotype-FITC
Isotype-A488
Isotype-PE
Isotype-APC
Isotype-APC

Species
Mouse IgG1
Goat IgG
Mouse IgG1
Mouse IgG2B
Rat IgG2A
Rat IgG2A
Mouse IgG1
Mouse IgG2b
Rat IgG2A
Goat IgG
Mouse IgG1
Rat IgG2A

Company
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems

Clone
98725
polyclonal
PR7212
205410
140706
314305
11711
133303
54447
polyclonal
11711
54447

ID
FAB684F
FAB619P
FAB1263A
FAB1567F
FAB590G
FAB3478A
IC002F
IC0041F
IC006G
IC108P
IC002A
IC006A

Concentration used
1/20
1/20
1/20
1/20
1/20
1/20
1/20
1/20
1/20
1/20
1/20
1/20

Table 38. Anti-fluorchrome beads used in the isolation of surface receptor-positive T cells
Reagent
α-FITC Microbeads
α-PE Microbeads
α-APC Microbeads

Company
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec

ID
130-048-701
130-048-801
130-090-855
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Validation of Receptor+ T cell enrichment

78%

4%

CD45RO+

CD45RO+

39%

CCR10 Depleted

CCR10+

4%

CCR10 Enriched

CCR10+

CCR10+

40%

CCR10+

Bead control
isolation
CD45RO+

CD45RO+

Before Isolation

36%

0%

Not possible

Figure 12. Flow cytometric analysis of CCR10 and CD45RO expression on peripheral
blood T cells before and after CCR10 enrichment using anti-fluorochrome-coupled
magnetic bead isolation.
FACS plots are representative

The flow cytometric analysis of CCR10-receptor-enriched T cells showed that CCR10
expression within the depleted fraction dropped from 4% to 0% (Figure 12). While CCR10
could not be stained in the enriched fraction, CD45RO expression increased from 40% to
78%. Isolation of Isotype stained and magnetically labelled T cells showed no enrichment in
either CD45RO or CCR10 positive T cells.
A) Before Sorting
+

CD4
Flow cytometry

B) After Sorting
CD45RO+CCR10enriched

T cells

CD45RO+CCR10+
enriched

The cells were stained and analysed as previously described (see Methods 2.1.1, page 80)
35%

3%

100%

15%
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using FACS antibodies listed below (Table 39).
Table 39. FACS antibodies used in the assessment of Th22 receptor enriched T cells
Name
α-IL-17A-A488
α-IL-22-APC
α-CD45RO-FITC
α-CD45RO-APC
Isotype-FITC
Isotype-A488
Isotype-APC

Species
Company
Clone
Figure
APX?. Flow cytometric
analysis of CD45RO and
CCR10 ID
expression on Concentration used
Mouse IgG1
R&D Systems
41802
FAB3171G
1/20
peripheral
blood T cellsR&D
before
and after Flow-Assisted-Cell-Sorting
for chemokine
Mouse IgG1
Systems
142928
IC7821A
1/20
Mouse IgG2a
BD Bioscience
UCHL1
555492
1/20
receptor
MouseCCR10
IgG2a
BD Bioscience
UCHL1
559865
1/20
CD45RO
andIgG2a
CCR10 expression
A) before
and B) after Flow-Assisted-Cell-Sorting
Mouse
R&D
Systems
133303
IC0041F
1/20
Mouse IgG1
R&D Systems
G94-56
554008
1/20
Mouse IgG1
R&D Systems
11711
IC002A
1/20

In vitro culture of T cells in the presence of putative Th22 receptor-ligands
CD4+ T cells were activated using CD3/CD28 microbeads (Miltenyi) at a ratio of 1 bead to 4
cells and cultured in 5% human AB serum containing RPMI1640 substituted with FGF-1, -5,
-7, or PDGF-BB (Table 40). Cultured T cells were obtained after 24, 48, and 72 hours for
RT-PCR analysis.
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Table 40. Recombinant FGF and PDGF proteins used in CD4 T cell co-culture
Reagent

Company

Comment

ID

Rec. Human FGF-1 (acidic)
Rec. Human FGF-2 (basic)
Rec. Human FGF-5
Rec. Human PDGF-BB

Peprotech
Peprotech
Peprotech
ProSpec

Expressed in E.coli.
Expressed in E.coli.
Expressed in E.coli.
Expressed in E.coli.

100-17A
100-18B
100-34
CYT-501

Biological
Conc.
0.5-10ng/ml
0.1-0.5ng/ml
<0.5ng/ml
1-3ng/ml

Concentration
used
5 ng/ml
0.25 ng/ml
0.25 ng/ml
2 ng/ml

Real-time-PCR
RNA isolation
RNA isolation was carried out using the Qiagen RNA isolation kit (Table 41). Between
2.5x105-5x105 T cells (or tissue cells) were suspended in RLT buffer (Qiagen RNeasy Kit)
containing 2-β-mecaptoethanol (diluted 1/100) and immediately frozen and stored at -20C.
After a maximum of 14 days, samples were defrosted, transferred into a Qiagen shredder
spin tube and centrifuged at 13000rpm for 2 min using an Eppendorf 4075 bench centrifuge.
After centrifugation an equal volume of 70% ethanol was added to the homogenised lysate
and mixed by pipetting. The mixture was then transferred to RNA spin columns and briefly
centrifuged for 15 seconds at 10000rpm. 700μl of RW1 buffer was added and centrifuged
again for 15 seconds at 10000rpm. 500μl RPE buffer was then added to the spin column
and centrifuged for 15 sec at 1000rpm. The step was repeated using a longer centrifugation
of 2 minutes. The spin column was then centrifuged empty for 1 minute at full speed to
remove any remaining liquid. The column was then placed into a fresh eppendorf tube and
30μl of dH2O was added. The RNA was eluted by centrifugation for 1 minute at 10000rpm
and stored at -80C.
Table 41: RNA isolation reagents utilised throughout the study
Name
Shredder/Homogeniser
RNeasky kit
“
“
“

Company
Qiagen
Qiagen
“
“
“

ID
79656
740106
“
“
“

Containing
Homogenising spin columns
RNA Spin columns
RLT Buffer (+2βME)
RW1 Buffer
RPE Buffer (+ethanol)

Reverse transcription
The cDNA synthesis was carried out using the RevertAid First Strand cDNA Synthesis Kit
(Fermentas K1621). Before the sample RNA was reverse transcribed, the quality and
quantity of the RNA was assessed using a Nanodrop analyser. 1μg of sample RNA was
added to the cDNA reaction mixture (Table 42) and added to a benchtop PCR machine
(Sensoquest Labcycler) programmed to the recommended cycling times and temperatures
(Table 43). The resulting cDNA was diluted 1:5 before use.
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Table 42. Composition of the cDNA reaction mixture (20μl)
Amount/Volume
4 μl
2 μl
1 μl
0.5 μl
1 μl
11.5 μl

Reagent (from Fermentas ReverseAid kit)
5X cDNA Buffer
dNTPs
Hexamere Primers
Rnase Inhibitor
RT Enzyme
dH2O containing 1ug Target RNA

Table 43. PCR reaction setup used in the conversion of RNA to cDNA
Step
1
2
3
4

Time
10 minutes
60 minutes
10 minutes


Temperature
25C
42C
70C
4C

RT-PCR reaction and analysis
All primers were tested before use. Using serial diluted cDNA each primer pair produced a
linear amplification pattern (r2≥0.95). None of the primers produced a signal in the absence
of cDNA. In addition the dissociation (or melting) curve was analysed and nonspecific
amplification was further eliminated by excluding ct values above 30.
The RT-PCR reaction was carried out using SYBR green detection. Using an automated
robot (Eppendorf Epimotion 5075) 3.4μl of 1/5 diluted cDNA and 6.6μl of Primer/SYBR green
mix (Table 44) was pipetted in triplicate into a 384-well clear optical reaction plate (AB
4309849). The plate was covered with a clear adhesive cover (AB MicroAmp 4311971) and
sealed. The RT-PCR reaction was carried out using an AB 7900HT RT-PCR machine
programmed using the SDS 2.3.Sequence Detection System software. Please refer to table
42 for individual primer sequences used.
Table 44. RT-PCR Primer and SYBR green reaction mixture
Amount/Volume
75μl
1μl
1μl
23μl

Reagent
Power SYBR Green (AB 4367659)
100uM Forward Primer
100um Reverse Primer
dH2O
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Table 45. RT-PCR primer sequences used to analyse PDGFR enriched and depleted T cells
Gene
IFNγ
IL-4
IL-5
IL-9
IL-13
IL-17A
IL-22
TGFβ1
IL-10
PDGFA
PDGFB
18S

Primer
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

5’-3’ DNA sequence
TCT CGG AAA GGA TGA AAT ATA CAA GTT
GTA ACA GCC AAG AGA ACC CAA
AAA CGG CTC GAC AGG AAC CT
ACT CTG GTT GGC TTC CTT CAC
GCT CTT GGA GCT GCC TAC GT
AAG GTC TCT TTC ACC AAT GCA CT
ATC CTG GAC ATC AAC TTC CTC ATC
CAG AGA CAA CTG GTC ACA TTA GCA
GAT TCC AGG GCT GCA CAG TA
GGT CAA CAT CAC CCA GAA CC
CCA TCC CCA GTT GAT TGG AA
CTC AGC AGC AGT AGC AGT GAC A
GGC CAG GCT CAG CAA CAG
CCT CTG GAT ATG CAG GTC ATC AC
AAA TTG AGG GCT TTC GCC TTA
GAA CCC GTT GAT GTC CAC TTG
TGC CTA ACA TGC TTC GAG ATC TC
GTT GTC CAG CTG ATC CTT CAT TT
ACG GGG GCC AGA TCA GGA AG
AAT TTC GCC GCC ACA GGA GA
GCG CTC TTC CTG TCT CTC TG
TCG AGT GGT CAC TCA GCA TC
CAG CCA CCC GAG ATT GAG CA
TAG TAG CGA CGG GCG GTG TG

Baseline Ct (Media Control)
19-20
27-29
26-27
27-28
23-26
24-25
19-20
22-23
25-26
31-32
30-31
9-10

The resulting data was checked for errors and the raw ct values were exported into Microsoft
excel files. The relative expression of each gene was calculated using the

ct method

using 18s as a housekeeping gene (see below).

=

For example:




2.2. from human asthmatic bronchial mucosa
Participants
Participants were recruited from patients at the Asthma Unit of the Brompton Hospital. All
recruited participants were previously diagnosed as asthmatics and qualified for the study by
having no additional health problems. Steroid use was not prohibited but recorded. After
taking written informed consent tissue biopsies were taken during a fiberoptic bronchoscopy
by medical staff at the Brompton Hospital. The bronchial tissue was immediately placed into
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a falcon tube containing sterile RPMI media (incl. penicillin and streptomycin) briefly stored
at 4C for 30-45 minutes before being transferred to the laboratory. Note: For more detail on
individual patients refer to appendix (Table 70, page Error! Bookmark not defined.).
Creation of lung T cell lines
The bronchial tissue was centrifuged three times at 2000rpm for 5 minutes, with media
changes in between. The bronchial biopsy was then placed into a 48-well plate and left
overnight at 37°C. The next day the biopsy was transferred together with fresh media into a
CD3/CD28 (0.5μg/ml; R&D MAB100, MAB342) pre-coated well. After one week the tissue
was discarded and the media centrifuged at 2000rpm for 5 minutes. The resulting cell pellet
was suspended in fresh RPMI media containing 20ng/ml IL-2 (Peprotech) and transferred to
a CD3/CD28 pre-coated well and placed back in the incubator. After a further 14 days a
small aliquot of cell suspension was taken and analysed by FACS for CD3, CD4 and CD8
expression.
Creation of lung T cell clones
Lung T cell lines were diluted in cloning media (Table 46) to a concentration of 1.75-3x105
cells/ml. This cell suspension was further diluted using a dilution series (Table 47) and 100μl
of cell suspension (8 cells/ml) was added per well to a clear round bottom 96 well plate
resulting in a theoretical concentration of 0,8 cells per well.
To maintain and stimulate T cell expansion during cloning, irradiated feeder cells were used
(e.g. PBMCs from a different donor). These cells were counted and reconstituted at 2x10 6
cells/ml cloning medium. After irradiation at 4000rads the cells were adjusted to a total
concentration of 3.5x105 cells/ml and 2% PHA and 40ng/ml IL-2 were added. 100μl of the
feeder cell solution was then added to each well in the round bottom 96-well plate.
Table 46. Components of the T cell cloning media
Amount/Volume
50ml
25ml
5ml
5ml
5ml
5ml
0.5ml
404,5ml

Reagent
Fetal Bovine Serum (FBS)
Human Serum (Invitrogen H4522)
200mM Glutamin (Invitrogen 25030-024)
100x Antibiotic/-mycotic Solution (PAA P11-002)
100x Non-essential amino acids (Invitrogen 11140-35)
100mM Sodium-Pyruvate (Invitrogen 11360-039)
50mM 2β-mercaptoethanol (Sigma)
RPMI (Invitrogen 31870-025)

89

Table 47. Serial dilution setup employed in the generation of T cell clones
Step
A
B

Dilution
1:2, 1:4, 1:8, 1:16...
1:10 followed by
1:10
400 cells into 50ml
100μl per well

C

Final concentration
5
1.75-3x10 cells/ml
1750-3000 cells/ml
175-300 cells/ml
8 cells/ml
0,8 cells/well

Determined by
Haemocytometer
Theoretical
Theoretical
Theoretical
Theoretical

Maintenance & T cell clone expansion
Due to the long term culture extreme care was taken to disinfect incubators, tissue culture
hoods and equipment on a regular basis. On day 7 100μl of media was removed and 100μl
of new irradiated feeder cell suspension was added and from now onwards changed every
second day.
From day 10 T cell clones could be spotted as pear shaped as watery, shiny cells
overgrowing the feeder cell pellet. Potential clones were split into two new 96 wells and new
100μl cloning medium containing 40ng/ml IL-2 was added. The media was changed every
second day until the cells reached 70% confluence. At that stage these cells were
transferred into a larger well in a 24 well plate. IL-2 was increased by 20ng/ml steps to
60ng/ml and 80ng/ml if the cell proliferation appeared to arrest. After cell numbers increased
to sufficient levels a small aliquot was taken and assessed for intracellular cytokine
production by flow cytometry. See the table below for an overview of the individual steps
involved (Table 48).
Table 48. Individual steps in expanding T cell clones over time
Day
1
7
9
11
14
15
17
19
21
..

Setup/Maintenance
Setup of serial T cell dilution & first feeder cell stimulation +PHA +IL-2
Re-stimulation with new feeder cells +PHA +IL-2
Remove 100μl media and replace with new media +IL-2
Remove 100μl media and replace with new media +IL-2
Remove 100μl media and replace with new media +IL-2
Remove 100μl media and replace with new media +IL-2
Remove 100μl media and replace with new media +IL-2
Remove 100μl media and replace with new media +IL-2
Re-stimulation with new feeder cells +PHA +IL-2
Media change (every second day) Feeder cells (every 14days)..

Comment

Look for visible clones
Look for visible clones/Expansion
Expansion
Expansion
Expansion
Expansion
Expansion

Flow cytometry of T cell lines and clones
Polyclonal T cell stimulation, fixation, staining, and acquisition were carried out as previously
described (see Methods 2.1.1, page 80) using FACS antibodies listed below (Table 49).
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Table 49. FACS antibodies used in the characterisation of T cell lines and clones
Name
α-(αβ)TCR-FITC
α-(γδ)TCR-FITC
α-CD4-PERCP
α-CD8-APC H7
α-IFN-V450
α-IL-4-PE
α-IL-17A-A488
α-IL-22-PE
α-IL-22-APC
Isotype-FITC
Isotype-APC H7
Isotype-V450
Isotype-PE
Isotype-A488
Isotype-APC

Species
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1
Mouse IgG1

Company
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
R&D Systems
R&D Systems
R&D Systems
R&D Systems
BD Bioscience
BD Bioscience
BD Bioscience
R&D Systems
R&D Systems

Clone
WT31
B1
L200
SK1
B27
8D4-8
41802
142928
142928
11711
MOPC-21
X40
MOPC-21
G94-56
11711

ID
333140
561995
550631
560273
560371
562046
FAB3171G
IC7821P
IC7821A
IC002F
560167
642268
551436
554008
IC002A

Concentration used
1/20
1/20
1/20
1/20
1 in 20
1/20
1/20
1 in 20
1/20
1/20
1/20
1 in 20
1/20
1/20
1/20

3. IL-22 in human tissue regeneration and repair
3.1. IL-22 Receptor expression in human lung cell lines
Study design and primary lung cell lines
Lung cell lines
All structural cell lines were obtained from healthy non-asthmatic donors. Bronchial epithelial
and pulmonary fibroblast cell lines were obtained from Lonza while airway smooth muscle
cell lines were kindly provided by Dr. Paul Lavender from Kings College London. Lung
epithelial cells and lung fibroblasts were classified by Lonza based on questionnaire. Both
donors reported no respiratory related disorders including Asthma, COPD or Cystic Fibrosis.
All three donors of smooth muscle tissue had no respiratory related disease, did not smoke
and showed no abnormal spirometry (FEV 1) or methacholine (PC20) measurements.
Aliquots of early passage cells were made, frozen in 15% Dimethyl sulfoxide (DMSO) 50%
serum containing media and stored in liquid nitrogen and otherwise grown until passage 5-6.
See table below for individual cell lines used (Table 50).
Table 50. Description of primary structural cell lines studied
Cell type
Bronchial Epithelium
Pulmonary Fibroblasts
Airway Smooth Muscle
Airway Smooth Muscle
Airway Smooth Muscle

Culture
Primary
Primary
Primary
Primary
Primary

Gender
M
M
n.a.
n.a.
n.a.

Age
43
45
n.a.
n.a.
n.a.

Status
Healthy Non-Asthmatic
Healthy Non-Asthmatic
Healthy Non-Asthmatic, Normal FEV1 & PC20
Healthy Non-Asthmatic, Normal FEV1 & PC20
Healthy Non-Asthmatic, Normal FEV1 & PC20

ID
Lonza 7F4167
Lonza 120188
KCL-PL-HB129
KCL-PL-HB138
KCL-PL-HB139

In vitro culture
Cells were cultured in dedicated cell culture media in the presence or absence of various
cytokines (Table 51) over time. For epithelial cells Bronchial Epithelial Cell Growth Medium
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(BEGM Bulletkit; Lonza), for fibroblasts cells Fibroblast Growth Medium-2 containing 2%
serum (FGM-2; Lonza) and for smooth muscle cells Dulbecco Modified Eagle Medium
(DMEM; Gibco) supplemented with 10% FCS, 4 mmol/L l-glutamine, 100 U/mL penicillin,
100 μg/mL streptomycin, and 2.5 μg/mL amphotericin B media was used. Cells were
detached using TrypLE (Invitrogen 12604-021).
Table 51. Individual cytokines used in the stimulation of structural cell lines in vitro
Name
Rec. human IFNγ
Rec. human TNFα
Rec. human IL-4
Rec. human IL-5
Rec. human IL-9
Rec. human IL-13
Rec. human IL-17A
Rec. human IL-22
Rec. human TGFβ1
Rec. human IL-10

Company
Peprotech
Peprotech
Peprotech
Peprotech
Peprotech
Peprotech
Peprotech
R&D Systems
R&D Systems
Peprotech

ID
300-02
300-01A
200-04
200-05
200-09
200-13
200-17
782-IL-010/CF
240-B-002
200-10

Concentration used
10ng/ml (variable)
10ng/ml (variable)
50ng/ml (variable)
50ng/ml (variable)
50ng/ml (variable)
50ng/ml (variable)
50ng/ml (variable)
50ng/ml (variable)
10ng/ml (variable)
50ng/ml (variable)

Western Blotting
One T25 flask of adherent cells was lysed in protein lysis buffer (Table 52). The lysate was
subjected to repeated cycles of freeze thawing using liquid nitrogen and a water bath at
37C. After 3 cycles the lysate was centrifuged at 13000rpm for 30 minutes using a bench
top Eppendorf 5424 centrifuge. The soluble fraction was removed and stored at -80°C.
Table 52. Composition of the protein lysis buffer
Amount/Volume
132 µl
10 µl
10 µl
4 µl
4 µl
10 µl
830 µl

Reagent
Aprotonin from bovine lung (Sigma A6279)
Igepal CA-630 (Sigma I3021)
Phenylmethanesulfonyl fluoride solution (Sigma/Fluka 93482)
Iodoacetate solution (Sigma A3221)
EDTA (Gibco 15575-038)
Protease inhibitor cocktail (Roche)
1X PBS

Determining Protein Concentration (BCA assay)
The total protein concentration in each cell lysate was measured using the Bicinchoninic acid
(BCA) assay (Pierce BCA Protein Assay Kit 23225). Bovine serum albumin standards (202000pg/ml) were used to determine a standard curve of protein concentrations. The assay
itself was carried out in a standard clear 96-well plate. In brief:
The BCA working reagent was prepared fresh by mixing 50 parts BCA reagent A to 1 part
BCA reagent B. 200μl of the mixture was then pipetted into the 96-well plate. Then 25μl of
unknown cell lysate or BSA standard was pipette in triplicate into the 96-well plate. The plate
was covered and left in a tissue incubator at 37°C for 30 minutes. After the incubation the
plate was briefly cooled to room temperature. The absorbance of each well (at 562nm) was
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determined using a spectrophotometer (Teacan Sunrise plate reader & Magellan Software).
The raw data was exported to Microsoft excel and the standard curve determined. Using the
equation of the line derived from the linear part of the standard curve cell lysates protein
concentrations were determined.
Equation of the line:

For example:

SDS-PAGE & Transfer to nitrocellulose membrane
50μg of protein in a total volume of 20μl containing 5μl loading buffer (Table 53) was loaded
onto a 4%-12% Bis-Tris Gel (Novex NP0323) inside a gel tank (Invitrogen X cell Surelock)
containing MES SDS running buffer (Invitrogen). For example; 7.5μl epithelial extract [e.g. of
3.326μg/μl protein lysate] + 5μl 4X loading buffer +7.5μl lysis buffer. In addition 5μl of
Benchmark protein ladder (Invitrogen 107480-010) was loaded in the wells flanking the
protein samples of interest. The Gel was run for 45 minutes at 200 Volt using 104mA.
Table 53. Composition of the SDS PAGE loading buffer (4x)
Amount/Volume
2 ml
0.8 g
4 ml
0.4 ml
1 ml
8 mg

Reagent
1M Tris-HCL (pH 6.8)
SDS (Sigma SDS7)
10% Glycerol (G5516)
14.7M 2-β-mercaptoethanol (Sigma M7154)
0.5M EDTA (Gibco 15575-038)
Bromophenol Blue (Sigma B0126)

The proteins were transferred from the Nupage Gel onto a 0.45um porse-size Nitrocellulose
membrane (Invitrogen Lc2001) using an X cell II blotting module (Invitrogen). 10% Methanol
and 0.1% NuPage Reducing agent (Invitrogen) was added to the transfer buffer and the
electrophoresis was carried out using 30 V for 1 hour.
Western Blotting and detection
The membrane was blocked for 1 hour in 0.1% Tween-20 5% dried skimmed milk (Marvel)
containing PBS. The membranes were rinsed 3 times in PBS. The primary antibodies (e.g.
goat-anti human IL-22RA2 and mouse anti alpha tubulin) diluted in 5% dried skimmed milk
(Marvel) PBS were added to the membrane. The membrane was left overnight at 4C on a
platform shaker (Sturat Scientific) at 20 rpm. After three PBS rinses the secondary antibody
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(e.g. donkey anti goat IgG) was added to the membrane for 1 hour. After 3 additional PBS
rinses the membrane was incubated with the other secondary antibody (e.g. goat anti mouse
IgG). After 3 more washes the membrane was incubated in the dark with activated ECL
reagent (GE Health ECL+ RPN2132). Chemilumiescence was detected on GE hyperfilm
(28906825). The ECL film was developed manually using the two component Agfa medical
X-ray film developer G153. The film was left for 30 seconds in the pre-prepared developer
(1l Sol A, 0.35l Solution B, 1,5l dH2O) and then fixed for a 30 seconds using pre-prepared
Agfa Rapid Fixer G353 (0.5l Stock sol, 1.5l dH 2O). The developed films were rinsed, dried
and marked for the location of the protein ladder. See the table below for individual
antibodies and concentrations used (Table 54).
Table 54. Antibodies used in the analysis of IL-22 receptor expression by Western Blot
analysis
Name
α-IL-22RA1
α-IL-22RA2 (T16)
α-alpha-tubulin
α-mouse Ig –HRP
α-goat Ig – HRP

Species
Mouse monoclonal
Goat polyclonal
Mouse monoclonal
Goat polyclonal
Donkey polyclonal

Company
R&D systems
Santa Cruz Biotechnology
eBioscience
Dako
Santa Cruz Biotechnology

ID
MAB2770
Sc64640
14-4502-80
P044701
sc-2020

Concentration used
1/500 (1μg/ml)
1/100 (2μg/ml)
1/1000 (0.5μg/ml)
1/1000
1/5000

Flow cytometry
Fc receptor blocking solution (Miltenyi 120-000-442) was staining using the antibodies listed
in the table below (Table 55). The flow cytometric staining was carried out as previously
described (see Methods 2.1.1, page 80). Before the cells were acquired the cell suspension
was strained through cell pre-separation filters (Miltenyi 130-041-407).
Table 55. FACS antibodies used in the analysis of IL-22RA1 surface expression
Name
α-IL-22RA1-APC
Isotype-APC

Species
Mouse IgG1
Mouse IgG1

Company
R&D Systems
R&D Systems

Clone
305405
11711

ID
FAB2770A
IC002A

Concentration used
1/20
1/20

RT-PCR
RNA isolation, cDNA transcription and RT-PCR acquisition was carried out as described
previously (see Methods 2.1.3, page 86) using RT-PCR primer sequences listed below
(Table 56).
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Table 56. RT-PCR primer sequences used in studying IL-22 receptor regulation in structural
cell lines
Gene
IL-22RA1
IL-22RA2
18S

Primer
Forward
Reverse
Forward
Reverse
Forward
Reverse

5’-3’ DNA sequence
CCC TAC ATG TGC CGA GTG AA
CCG GAG AAG GAG TAG GTC CAT
TTA CCA AAA GGA AGA CAG CAT CTG
GAC TGT TCA GGC AAC CAG TGT TC
CAG CCA CCC GAG ATT GAG CA
TAG TAG CGA CGG GCG GTG TG

Baseline Ct (Media Control)
27-28
29-30
5-6

3.2. Effect of IL-22 on bronchial epithelial cells
3.2.1. Wound healing
Wound healing assay
A)

B)
Scratch

Guide
mark

“P10- Tip” width

Confluent
Cell layer

C)
Areas

Sample Area No.1

1

mm2

2
3

Scratch
Culture well

Culture well

Guide
mark

Diagram 4. Analysing epithelial cell wound closure
A) Full confluent epithelial cell layers are injured using a P10 pipette tip (3 wells per condition). B) 3 Guide
marks on the bottom of each well intersect the scratch and facilitate the relocation of identical analysis areas
over time (3 per well). C) The area investigated is highlighted in green. Its calculated surface area is set to
100% at time point 0 (maximum injury).

The assay was designed using a normal 12-well tissue culture plate. Guide marks were
drawn on the bottom of the plate using a water-resistant blue pen (Diagram 4B). Within each
culture well bronchial epithelial cells were cultured until 90%-95% confluence was reached.
Using a p10 pipette tip and a ruler a scratch was made in the middle of each confluent layer
(Diagram 4A). Cells were then grown in the presence or absence of IL-22. At each time point
images were taken of each sample area (Diagram 4C) using a digital camera. The images
were then analysed using imaging software (Motic Images Plus 2.0) and the changes in
surface area calculated.
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Reproducibility of the wound healing assay

Injured area after 16hrs [%]

100

80

60

40

20

3

2

1

0

Experiments

Figure 13. Inter and intra-experimental variability of the wound healing assay
Represented are 3 experiments which were carried out on different days. Within each experiment 9 data points
were collected and are represented . Represented are Mean and Standard deviation. Coefficient of variation
Exp.1(43.9%), Exp.2(65.8%), Exp.3(49.9%). Coefficient of variation between experiments 1-3 (16.7%).

The results showed that the remaining injured area varied greatly within one experiment
from less than 20% to ca. 60% (Figure 13). A comparison of 3 experiments carried out on
different days of the week (Figure 13, Exp.1-3) showed that the intra-assay variation was
much lower and within an acceptable range.

Cell Cycle analysis /Proliferation
Cell cycle analysis was carried out using propidium iodide (PI). In brief: Epithelial cells were
cultured for 24 hours under normal conditions using 10ng/ml TGFβ1, 200ng/ml IL-22 or
media control. Cells were detached using TrypLE and counted on a haemocytometer. 2x10 6
cells were added to individual FACS tubes and centrifuged for 5 minutes at 2000rpm. The
media was removed and the cell pellet was suspended drop wise under continuous
vortexing in 1ml ice-cold 80% ethanol. The cells were left on ice for 1 hour and washed twice
with ice cold PBS. The cells were then re-suspended in 0.5ml PI staining solution (Table 57)
and left to incubate on ice for 3 hours. After incubation the cell solution was strained through
a filter (Miltenyi) removing large cell aggregates prior to FACS analysis.
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Epithelial cell cycle analysis
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Figure 14. Analysis of individual bronchial epithelial cell cycle stages using
propidium iodide
A) Cell gating strategy to exclude debris and aggregates B) Histogram of PI-Area identifying individual cell
cycle stages (G0/1, S, and G2/M) C) Reproducibility of results of control cultured bronchial epithelial cells

Using a BD FACS Calibur machine cells were gated using channel FL3 fluorescence (Figure
14). By displaying PI-width and PI-area, debris (low PI-width and area) and aggregates (high
PI-width and/or area) were excluded from further analysis through cell gating (Figure 14A).
The gated cell population was then displayed using individual histograms of PI-area and its
spectra divided into different cell cycle stages (Figure 14B). The resulting % of cells in G/01,
S and G2/M-phase recorded and used for further analysis (Figure 14C).
Table 57. Composition of the Propidium Iodide staining solution
Amount/Volume
0.1%
0.1 mM
50 μg/ml
50 μg/ml

Reagent
Triton X-100 (Sigma X100)
EDTA (Gibco 15575-038)
Rnase A (Sigma R-4875)
Propidium Iodide (Sigma P-4170)

RT-PCR
Human bronchial epithelial cells were cultured in the presence or absence of cytokines
(Table 58). Bronchial epithelial RNA isolation, subsequent cDNA transcription and RT-PCR
acquisition was carried out as previously described (see Methods 2.1.3, page 86) using RTPCR primer pairs listed below (Table 59).
Table 58. Recombinant cytokines used in the bronchial epithelial wound healing assay
Gene
Rec. human IL-22
Rec. human IFNγ

Company
R&D Systems
Peprotech

ID
782-IL-010/CF
300-02

Concentration used
50ng/ml (variable)
10ng/ml (variable)
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Table 59. RT-PCR primer sequences used in the assessment of bronchial epithelial gene
expression
Gene
ICAM1
IL-6
IL-7
IL-15
CCL2
CCL5
CXCL8
CXCL9
CXCL10
CXCL11
MMP1
MMP3
MMP10
TGFα
EGF
EGFR
18S

Primer
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

5’-3’ DNA sequence
AGG GTA AGG TTC TTG CCC AC
TGA TGG GCA GTC AAC AGC TA
TGG CTG AAA AAG ATG GAT GC
GAT GAT TTT CAC CAG GCA ACT CT
TCA TTA TTC AGG CAA TTG CTA CC
TGA AGG TAA AGA TGG CAA ACA A
TCC ACG ATG CCT CCT ACA A
TGT TCC ATC ATG TTC CAT GC
AGG TGA CTG GGG CAT TGA T
GCC TCC AGC ATG AAA GTC TC
TGT ACT CCC GAA CCC ATT TC
TAC ACC AGT GGC AAG TGC TC
TTG GCA GCC TTC CTG ATT TC
AAC TTC TCC ACA ACC CTC TG
TCA CAT CTG CTG AAT CTG GG
CCT TAA ACA ATT TGC CCC AA
GCT GAT GCA GGT ACA GCC T
CAC CAT GAA TCA AAC TGC GA
ATG CAA AGA CAG CGT CCT CT
CAA ACA TGA GTG TGA AGG GC
AGG TGG ACC AAC AAT TTC AGA GA
AAG AGA ATG GCC GAG TTC ATG A
TGA ACA ATG GAC AAA GGA TAC A
TTT CAT GAG CAG CAA CGA GAA
CTG ATC GGC CCA GAA CTC ATT
ATT TTG GCC CTC TCT TCC AT
GGG CAG TCA TTA AAA TGG GA
GCT CTG GGT ATT GTG TTG GC
TGG TTC CTT CTG TGT CAA TCC
GTA CTC CGC AGG AAA TGG G
TCC TCT GGA GGC TGA GAA AA
GGG CTC TGG AGG AAA AGA AA
CAG CCA CCC GAG ATT GAG CA
TAG TAG CGA CGG GCG GTG TG

Baseline Ct (Media Control)
24-26
28
29-30
29-30
33-34
32-33
27-28
31-33
33-34
29-30
25-26
28-29
26
21-22
32-34
20-21
8-9
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Results
1. IL-22 expression in allergic inflammation
To determine the expression of Interleukin-22 and its receptors during an allergic reaction,
biological samples from two human allergen challenge models were analysed. These
included a local bronchial segmental allergen challenge and an intradermal allergen skin
challenge.
1.1. Local bronchial segmental allergen challenge
In this first study, a human bronchial segmental allergen challenge was performed (see
Method 1.1, page 70) mimicking a natural exposure of allergen to the lower airways.
1.1.1. Demographics of study participants
Table 60. Clinical data of allergic asthmatic and healthy non-atopic controls who
underwent fiberoptic bronchoscopy with segmental allergen challenge
Treatment Group

Patients
(n=15)

Controls
(n=5)

Age (Y)

32.5 (2.0)

23 (2.4)*1

Gender (M/F)

7/8

3/0*1

Challenged (Grass/HDM)

10/5

0/5

Multiple atopy (Yes/No)

7/8

None

358.3 (74.2)

<40

RAST (IU/ml)

GP:62.2 (10.5)
HDM: 38.1 (17.9)

<0.35
<0.35

PC 20 (mg/ml)

3.5 (1.4)*2

>32

FEV1 % predicted

109.8 (4.8)

>100

% Fall in FEV1

25.3 (2.4)

≤8

Total IgE (IU/ml)

*1 Age and Gender for 2 control subjects (Ac18, Ac23) were missing. *2 PC20 data is represented in log scale.
If not otherwise described, data is represented as Mean (SEM=Standard Error of the mean).

20 individuals were recruited of whom 15 were allergic asthmatics and 5 normal healthy
controls (Table 60). Asthmatics and normal healthy controls were matched for their age and
gender. Compared to the normal healthy controls, allergic asthmatics had significantly
higher total serum IgE (p=0.001). In addition, allergic asthmatics had high levels of specific
IgE to the inhaled allergen (RAST; p=0.001) and raised bronchial responsiveness to
methacholine inhalation challenge (Methacholine PC20; p=0.008).
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1.1.2. Spirometry and Bronchoalveolar lavage eosinophils
Spirometry
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Figure 15. Percentage-predicted forced expiratory volume (FEV1) before and after
segmental allergen challenge
Analysis: * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001 (Before vs. After: Wilcoxon; Allergic

Asthmatic vs. Normals: Mann-Witney U-test)

To assess a positive physical reaction towards the allergen, the reduction in lung function by
measuring the 1 second forced expiratory volume (FEV 1) was determined. Compared to
normal healthy controls, asthmatics showed a significant reduction in lung function after
allergen challenge by 25.3 (2.4)% points in FEV 1-% predicted (p=0.013) (Figure 15).
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Figure 16. Total eosinophil counts (106) in bronchoalveolar-lavage (BAL) before
and after segmental allergen challenge
Analysis: * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001 (Before vs. After: Wilcoxon; Allergic
Asthmatic vs. Normals: Mann-Witney U-test)

As a positive cellular marker of an allergic immune response, the numbers of eosinophils in
bronchoalveolar lavage before and after allergen challenge were determined. The analysis
showed that only allergic asthmatics had increased numbers of eosinophils in their
bronchoalveolar lavage after challenge. In these asthmatics, eosinophil numbers increased
333-fold from 0.03x106(0.1) before to 10x106(1.2) after challenge (p=0.001) (Figure 16).
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1.1.3. Cytokine expression in Bronchoalveolar lavage
IL-5 and IFN
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Figure 17. IL-5 and IFN cytokine ELISA measurements in (BAL) before and 24 hrs
after segmental allergen challenge
Analysis: * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001 (Before vs. After: Wilcoxon; Allergic
Asthmatic vs. Normals: Mann-Witney U-test)

During an allergic immune response, Th 2 -type cytokines increase in expression while Th 1 –
type cytokines remain low or absent. To validate that the BAL could reflect the underlying
Th2 –type immune response, IL-5 and IFN concentrations were determined before and after
allergen challenge by ELISA.
The ELISA results showed that after allergen challenge IL-5 increased in 11/15 asthmatics
but none of the normal healthy controls (Figure 17). BAL IL-5 increased from less than 15
102

pg/ml to 134.2(4.2) pg/ml (p=0.001). The results of the IFN ELISA showed increased
expression in 2/15 asthmatics and none of the normal healthy controls. The increase of IFN
in allergic asthmatics was not found to be significant (p=0.500).

103

IL-22, IL-17, and IL-22RA2
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Figure 18. IL-22, IL-17A/F and IL-22RA2 ELISA measurements in (BAL) before and
24 hrs after segmental allergen challenge
Analysis: * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001 (Before vs. After: Wilcoxon; Allergic
Asthmatic vs. Normals: Mann-Witney U-test)
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IL-22 is commonly classified under a Th 17 cell response and was thus measured together
with IL-17A and IL-17F. In addition, a newly developed IL-22RA2 Sandwich ELISA (see
Methods 1.1, page 72) was used to quantify the soluble IL-22 receptor before and after the
allergen challenge.
The ELISA results showed that after allergen challenge IL-22 and IL-22RA2 increased in
allergic asthmatics but not normal healthy controls (Figure 18). IL-22 increased in 8/15
asthmatics (p=0.008) from below the detection limit to 32.2(1.5) pg/ml. IL-22RA2 increased
in 6/10 asthmatics (p=0.031) from less than 15 ng/ml to 5.74(0.03) μg/ml. IL-17A/F levels
remained unchanged in both groups after allergen exposure.
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1.2. Intradermal allergen challenge
The second study, a human intradermal allergen challenge to the skin (see Methods 1.2,
page 74), allowed the study of tissue samples taken directly from the site of inflammation.
1.2.1. Demographics of study participants
Table 61. Clinical data of individuals who underwent intradermal grass pollen
challenge and subsequent cutaneous punch biopsy
Treatment Group

Patients
(n=14)

Controls
(n=5)

Age (Y)

31.4(2.7)

30.2(2.9)

Gender (M/F)

9/5

4/1

Skin Prick Test-positive (Yes/No)

14/0

0/5

Multiple allergen (Yes/No)

8/6

0/5

394.0(125.5)

16.4(4.1)

46.2(9.6)

0.4(0.0)

Total IgE (IU/ml)
RAST (IU/ml)
Mean +/- standard error of mean (Std.Dev./n)

14 atopic individuals with allergic rhinitis and 4 normal healthy controls were recruited (Table
61). Both groups were matched for their age and gender. Compared to normal healthy
controls, atopic individuals had increased levels of total serum IgE (p= 0.002). In addition,
atopic participants reacted positive to timothy grass by the skin prick test (>3mm) and had
significantly elevated levels of timothy grass specific IgE in their bloodstream (RAST; p=
0.001).
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1.2.2. Late phase skin response and cutaneous eosinophils
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***

***

70
60

50

50

swelling (cm 2)

60

40
30
20

40
30
20

0

Al
le
rg
en

10

0

D
ilu
en
t

10

Al
le
rg
en

70

swelling (cm 2)

Late
Phase
Responseatat8hrs
8hrs
Late
Phase
Response
(Normals)
(Atopics)

D
ilu
en
t

LatePhase
PhaseResponse
Responseatat8hrs
8hrs
Late
(Atopics)
(Atopics)

Figure 19. Measurement of the cutaneous swelling and reddening 8 hours after
intradermal grass pollen challenge
Atopics (p=0.0005 Wilcoxon), Atopics vs Normals (p=0.0010 Mann Witney U test).

To assess a positive physical reaction towards the allergen, reddening and swelling of the
skin was measured. Only atopic individuals showed a weal and flare reaction after 15
minutes (early response) and a delayed-in time swelling after 8 hours (late skin response).
The measurements at 8 hours post challenge showed that allergen injection had caused
significant swelling of 42.4(0.8) cm2 compared to 2.2(0.6) cm2 at baseline (p=0.001) (Figure
19).
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Figure 20. Quantification of cutaneous eosinophil (MBP-positive) cell numbers in
tissue sections taken from individuals who underwent intradermal grass pollen
challenge
Atopics (p=0.0005 Wilcoxon), Atopics vs Non-Atopics (p=0.0005 Mann Witney U test). Immunohistochemistry
of MBP-positive cells (BMK13) Mean +/- standard error of mean.

To determine a positive allergic immune response in the biopsies taken from the site of
allergen injection, tissue sections were stained against eosinophil-associated major basic
protein (MBP) by immunohistochemistry and analysed by light microscopy.
The results of the immunohistochemical stain showed that MBP+ cells increased at the site
of allergen injection in 14/14 atopics and 3/4 normal healthy controls. In atopics MBP+ cells
increased 82-fold from 2.8(0.6) cells/mm2 to 230.5(21.7) cells/mm2 (p=0.001) (Figure 20). In
normal healthy controls MBP + cells increased non-significantly from 1.6(1.6) to 8.0(6.3)
cells/mm2 (p=0.351).
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1.2.3. IL-22 Immunofluorecent staining of skin sections
To test the hypothesis that T cells are the main source of IL-22 during the human allergic
immune response, allergen challenged skin tissue was stained by immunohistochemistry
and analysed by fluorescent microscopy (see Methods 1.2, page 76).
IL-22 vs T cells
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Figure 21. Immunofluorescent co-staining of IL-22 and CD3 in skin sections prepared from
punch biopsies taken 8hrs post grass allergen-diluent or allergen challenge from grass
allergic individuals.
A) Paraformadehyde-fixed tissue B) Acetone-fixed tissue
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To identify IL-22, allergen challenge skin tissue was fixed in paraformaldehyde. Compared
to Acetone fixation, this increases the likelihood of detecting a released mediator such as IL22.
The results of the dual-immunofluorescent staining showed evidence of CD3 but not IL-22
expression in paraformaldehyde-fixed skin tissue (Figure 21A). None of the 3 previously
validated IL-22 antibodies (see Methods 1.2, Figure 10, page 77) generated a visible signal
in tissue taken either from the site of allergen or diluent injection. IL-22+ cells were only
detected in acetone-fixed skin tissue by 1 of the 3 IL-22 antibodies (Figure 21B, IL-22 in
red). This IL-22 antibody (R&D AF782) stained in both allergen and diluent challenged skin
elongated and clustered as well as round and individually dispersed IL-22+ cells. On the
other hand, CD3+ cells were only detectable after allergen injection and showed no
immediate association with IL-22 (Figure 21, CD3 green).
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B) IL-22 vs. CD3
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Figure 22. Immunofluorescent staining and quantification of CD3+ and IL-22+ cells in skin
sections taken 8hrs post grass allergen challenge from 3 grass allergic individuals
A) Individual CD3, IL-22, and CD3/IL-22 cell counts ,increase in CD3 cell numbers (p= 0.0246 paired T-test) B)
Immunofluorescent co-staining of 3 atopic patients with IL-22 and CD3 (from left to right G3,-6,-13)

Having identified a positive IL-22 signal, individual CD3+, IL-22+, as well as CD3+IL-22+ cell
numbers were quantified using a checkerboard counting system in allergen challenged skin
tissue taken from 3 atopic individuals (Figure 22).
The cell counting confirmed that IL-22+ cells occurred both in allergen and diluent
challenged skin across 3/3 atopic individuals (Figure 22A).

IL-22+ cells increased only

minimally from 62.0(25.5) cells/mm2 to 77.2(39.0) cells/mm2 after allergen injection (p>0.05).
CD3+ cells, on the other hand, increased 5.5-fold from 27.3(14.2) to 150.6(33.3) cells/mm2
(p=0.02). Double positive CD3+ IL-22+ cells were rare (<2 cells/mm2) and remained
unchanged after allergen injection.
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IL-22 vs IL-22RA1
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Figure 23. IL-22 Immunofluorescent co-staining to IL22 Receptor (RA1) in skin sections
taken 8 hours after intradermal grass pollen challenge from grass allergic individuals
Shown are examples 1-3 were close proximity of IL-22 and IL-22RA1 staining occurred. For better visual examination
each example is represented as a co-stain as well as individual single stain.

To discover if the observed IL-22 was receptor-bound, IL-22 was co-stained against IL22RA1 (Figure 23). The results showed no overlap between IL-22 and IL-22RA1. The
majority of IL-22+ (red) and IL-22RA1+ cells (green) were separate and morphologically
distinct from each other.
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IL-22 vs. endothelial cells
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Figure 24. IL-22 Immunofluorescent co-staining to endothelial cells (CD31) in skin
sections taken 8 hours after intradermal grass pollen challenge from grass allergic
individuals
Shown are examples 1-3 were close proximity of IL-22 and CD31 staining occurred. For better visual examination each
example is represented as a co-stain as well as individual single stain.

To understand if endothelial cells could account for the large and elongated IL-22 positive
cells, IL-22 was co-stained against the endothelial marker CD31 (Figure 24). The result of
the CD31/IL-22 co-stain showed that both stains strongly overlapped generating a yellow
fluorescent signal. Not only long and elongated IL-22+ cells (Figure 24, Example 1-2) but
also round and individually dispersed IL-22+ cells co-localised to CD31+ cells (Figure 24,
Example 3).
1.2.4. IL-22 Receptor Immunofluorecent staining of skin sections
To understand the IL-22 receptor expression during allergic inflammation and discover the
identity of IL-22 receptor positive cells, both IL-22RA1 and IL-22RA2 were investigated by
immunohistochemistry and analysed by fluorescent microscopy (see Methods 1.2, page 76).
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Overall IL-22RA1 and –RA2 expression
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B) IL-22RA1 vs. IL-22RA2
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Figure 25. Immunofluorescent staining of IL-22 Receptor RA1 and RA2 positive cells in
acetone-fixed skin sections taken 8 hours after intradermal grass pollen challenge from 3
grass allergic individuals
A) Individual IL-22RA1, RA2, and IL-22RA1/RA2 cell counts B) Immunofluorescent co-staining of 3 atopic patients with IL22RA1 and RA2 (from left to right G6,-7,-13)

The results of the dual-immunofluorescence staining showed that IL-22RA1+ and -RA2+ cells
occurred in both allergen and diluent challenged skin and remained unchanged during
allergic inflammation (Figure 25). 3 times more IL-22RA2+ (77.4[8.4] cells/mm2) than IL22RA1+ (27.8[3.8] cells/mm2) were identified in allergen and diluent challenged skin (Figure
25A).
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Expression in immune cells
To understand if resident and infiltrating immune cells expressed IL-22RA1 or -RA2, both
receptors were co-stained against adaptive and innate immune cell markers and assessed
by fluorescent microscopy.
IL-22RA1 and –RA2 vs adaptive immune cells
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Figure 26. IL-22 Receptor (RA1/RA2) Immunofluorescent co-staining to T cells (CD3) in
acetone-fixed skin sections taken 8 hours after intradermal grass pollen challenge from
grass allergic individuals
A) IL-22RA1 and CD3 co-stain B) IL-22RA2 and CD3 co-stain. Represented are 3 examples were both Receptor and CD3
staining occurred in close proximity. The tissue was fixed in acetone.

First, infiltrating T (CD3) and B cells (CD19) were investigated for IL-22RA1, and –RA2
expression. The dual-immunofluorescent stain showed no evidence that infiltrating CD3 +
cells expressed IL-22RA1 or -RA2 (Figure 26). CD3+ cells were morphologically distinct and
approximately 1.2-1.5 times smaller than IL-22RA1+ and RA2+ cells. While CD3+ cells were
readily identified, CD19+ cells were absent in tissue obtained 8 hours after allergen injection
(data not shown).
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IL-22RA2 vs innate immune cells
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C) Mast Cells (MCT)
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Figure 27. IL-22 Receptor RA2 co-staining to innate immune cells in acetone-fixed skin
sections taken 8 hours after intradermal grass pollen challenge from grass allergic
individuals
IL-22RA2 was co-stained to A) CD68 B) Neutrophil elastase C) Mast cell tryptase D) Major basic Protein.
Represented are 3 examples were both IL22 Receptor 2 and the respective co-stain occurred in close proximity. The
tissue was fixed in acetone.
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IL-22RA2 was co-stained against the cellular markers of macrophages/dendritic cells
(CD68), neutrophils (neutrophil elastase), mast cells (mast cell tryptase), and eosinophils
(major basic protein).
Each of the cell populations was readily identified within the allergen challenged skin tissue
(Figure 27). IL-22RA2 did neither co-localise to macrophages, neutrophils, mast cells, nor
eosinophils (Figure 27A-D).
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Expression in structural cells
A) Endothelial cells (CD31)
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Figure 28. IL-22 Receptor RA1/RA2 co-staining to endothelial (CD31) and mesenchymal
(Vimentin) cells in acetone-fixed skin sections taken 8 hours after intradermal grass pollen
challenge from 3 grass allergic individuals
A) IL-22RA1 and RA2 co-staining against CD31 B) IL-22RA1 and RA2 co-staining against Vimentin

To understand if IL-22RA1 and –RA2 could be expressed by structural cells, an analysis of
their expression in the epidermis, blood vessels and connective tissue was carried out. The
analysis of the epidermis showed that it stained positive for both IL-22RA1 and –RA2. This
stain remained inconclusive as the epidermis was stained by both isotype control antibodies
(data not shown).
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To identify the expression of IL-22RA1 and –RA2 on blood vessels, the endothelial cell
marker CD31 was used. The results showed that neither IL-22RA1+ or –RA2+ cells colocalised to CD31 (Figure 28A).
Cells of the connective tissue were identified using the mesenchymal cell marker vimentin.
The results showed that both IL-22RA1+ and -RA2+ cells almost exclusively co-localised to
vimentin+ cells (Figure 28B).
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IL-22RA2 in Fibroblasts

A) Early Fibroblasts (HSP47)
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Figure 29. IL-22 Receptor RA2 co-staining to fibroblasts in skin sections taken 8 hours after
intradermal grass pollen challenge from 3 grass allergic individuals
A) IL-22RA2 and Heat shock protein 47 co-stain (Paraformaldehyde fixed tissue) B) IL-22RA2 and alpha-Smooth-MuscleActin co-stain (acetone fixed tissue).

A major constituent of the connective tissue are fibroblasts. To investigate if fibroblasts
accounted partially for the vimentin+ stain, IL-22RA2 was co-stained against an early and
late stage marker of fibroblasts.
To identify the early stage fibroblasts, Heat-shock-protein-47 (HSP47), a chaperone protein
for collagen was stained against. The results showed that HSP47 + cells were almost always
co-stained with IL-22RA2 (Figure 29A) but could not account for all IL-22RA2+ cells. A
substantial number of IL-22RA2+ cells were HSP47 negative.
To identify late stage fibroblasts, alpha-smooth-muscle-actin (-SMA), which forms an
integral part of the contractive apparatus of mature fibroblasts (Arora et al 1994) was stained
against. Co-staining of IL-22RA2 against -SMA showed no obvious association between
the two (Figure 29B). The morphology of -SMA+ cells was very distinct from IL-22RA2+
cells. -SMA+ cells appeared in clusters and as thin and highly elongated cells while IL22RA2 + cells were round and individually dispersed.
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1.3. Summary
Bronchial segmental allergen challenge




Bronchial segmental allergen challenge caused a significant immediate reduction in
lung function (FEV1) in allergic asthmatics but not normal controls
Bronchoalveolar lavage of allergic asthmatics taken 24 hours after allergen challenge
showed a significant influx of eosinophils and IL-5 but not IFN expression
Measurement of IL-22, IL-22RA2 and IL-17 showed that IL-22 and IL-22RA2 but not
IL-17A/F significantly increased after allergen challenge

Intradermal allergen challenge







Intradermal allergen challenge caused both an early and significant late phase
cutaneous swelling in atopic allergic subjects but not normal controls
Tissue biopsies taken from the site of allergen inflammation showed a significant
increase in eosinophils and T cells 8 hours after challenge
Detection of IL-22 remained inconclusive and could not be convincingly assessed
using Immunfluorescence
IL-22RA1 and RA2 receptor expression showed a wide constitutive expression
pattern within the skin which remained unchanged after allergen challenge
Both IL-22RA1+ and RA2+ were largely confined to the vimentin + cells
Co-localistaion of IL-22RA2 showing some co-expression with HSP47 but not SMA
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2. IL-22 expression in T cells
We hypothesised that T cells were the main source of IL-22 during the allergic inflammation.
As we were unable to stain IL-22 in tissue taken from the site of allergen inflammation (see
Results 1.2.3, page 108), we set out to test our hypothesis in vitro.
2.1. from peripheral blood
Using peripheral blood, an in vitro allergen challenge model was set up to measure the
induction of IL-22 and IL-22+ T cells. In addition the study aimed to investigate IL-22+ T cells
more generally. To do so naïve T cells were polarized in newly described Th22 differentiating
conditions and the expression of putative Th22 receptors in memory T cells was evaluated.
2.1.1. long term allergen PBMC culture
To study the induction of IL-22 and IL-22+ T cells as a response to allergen, an in vitro
challenge model, in which peripheral blood mononuclear cells (PBMCs) were stimulated
with purified allergen over a period of 6 days, was set up. (see Methods 2.1.1, page 79).
Demographics of study participants
Table 62. Summary of the clinical parameters of individuals whose blood was

taken and used for the in-vitro allergen PBMC co-culture experiments
Treatment Group

Atopic
(n=12)

Normal Control
(n=11)

33.2(2.5)

45.4(4.2)

Gender (M/F)

5/7

7/4

Skin prick test positive (Yes/No)

12/0

0/12

Multiple allergen (Yes/No)

9/3

Age (Y)

Total IgE (IU/ml)
RAST (IU/ml)

0/12

290.5(82.9)
24.3(7.1)

**

****

28.8(9.2)
0.01(0.0)

Skin Prick test against Timothy Grass (Phleum pretanse). *Total IgE and RAST for one normal control (Tc209)
were not available; Mean +/- Standard Error of the Mean (Std.Dev./n). Statistical test (Mann-Witney U test)

In total, 12 atopic individuals with seasonal allergic rhinitis and 11 normal healthy control
individuals were recruited (Table 62). Both groups had a similar distribution of age and
gender. Compared to normal healthy controls, atopic individuals had significantly higher
levels of total serum IgE (p=0.003). All atopic patients tested positive by skin prick testing to
timothy grass (Phleum pratense ) and had significantly elevated levels of specific IgE in their
serum (RAST; p= 0.0001).
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[methyl3H]-Thymidine incorporation
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Figure 30. Measurement of [methyl3H]-Thymidine incorporation over 16 hours in
PBMCs obtained after 6 days of allergen-PMBC co-culture from grass pollen atopic
and normal individuals

To determine a positive proliferative response of PBMCs to Phleum pratense [methyl3H]thymidine was added in a subset of participants to their culture and its incorporation
quantified (see Methods 2.1.1, page 79). The results of the [methyl3H]--thymidine
incorporation showed that cultures derived from atopic donors showed an 80% increase in
[methyl3H]-thymidine incorporation from 426.1(4.6)cpm to 767.2(7.6)cpm after allergen
challenge (Figure 30). This increase was convincing in 5/6 atopics but due to one outlier
failed to reach significance (p=0.09).
The [methyl3H]-thymidine incorporation results of cultures derived from normal donors
showed a more mild increase in [methyl3H]-thymidine absorption of 37%. This increase was
found in 5/6 normal donors. The difference between atopic and normal PBMC cultures in the
proliferative response towards allergen was visible but not significant (p=0.394).
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Cytokine expression in culture supernatants
IL-5 and IFN
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Figure 31. Quantification of IL-5 and IFN in culture supernatants obtained from 6
day allergen-PMBC cultures of both grass allergic and normal donors.
A) Change in IL5 Atopics p=0.0039 Wilcoxon. Change in IL-5 Atopics vs Normals p=0.0042 Mann-Witney U
test.

To determine that Phleum pratense stimulation caused a Th2 -type immune response in the
PBMC cultures, the expression of the Th2 cytokine Interleukin-5 and the Th1 cytokine IFN-
within culture supernantants were quantified.
The measurement of IL-5 by ELISA showed that the cytokine increased in 8/12 atopic
(p=0.004) PBMC cultures after allergen stimulation (Figure 31A). This observation was
significantly different to the normal PBMC cultures (p=0.004) where only 1/11 had detectable
levels of IL-5 after allergen stimulation. The measurement of IFN- showed that the cytokine
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remained unchanged after allergen stimulation in both atopic and normal PBMC cultures
(Figure 31B).
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Figure 32. Quantification of IL-22 and IL-17A/F in culture supernatants obtained from 6 day allergen-PMBC cultures of both
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IL-22 is commonly classified under a Th 17 cell response and was thus quantified together
with IL-17A and IL-17F by ELISA. The combination of both atopic and normal PBMC culture
results (n=23) showed that IL-22 was significantly up-regulated after allergen challenge
regardless of atopic status (p=0.004).The results showed that IL-22 increased in 3/12 atopic
and 5/11 normal PBMC cultures after allergen stimulation (p>0.05) (Figure 32A). A power
analysis showed that the additional recruitment of 37 atopics and 28 normal healthy controls
may have achieved statistical significance in each group (p<0.05 Wilcoxon). The results of
the IL-17A/F ELISA showed no evidence that IL-17 was elevated after allergen stimulation in
either atopics or normal healthy controls (Figure 32B).
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Flow cytometry analysis of IL-22+ CD4+ T cells
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Figure 33. Flow cytometric analysis of IL-22 expression in CD4+ T cells obtained
after 6 days of grass allergen PBMC co-culture and subsequent PMA/Ionomycin
stimulation.
A) Atopic allergen-PBMC culture (donor Tc188) B) Normal allergen-PBMC co-culture (donor Tc189). FACS
plots are representative

To investigate if the allergen-induced IL-22 was released by T cells, the cultures were
analysed further using flow cytometry (see method 2.1.1, page 80). At day 6, the allergen
challenged PBMC cultures were polyclonally activated and stained for IL-22, IL-17A, IFN-,
IL-4, IL-5, and IL-9 expression.
The flow cytometry results showed only traces of IL-22 expression in 0/12 atopic and 2/11
normal PBMC cultures (Figure 33). These small amounts of IL-22 were located exclusively
in the CD4+ T cell population. In the rare instance where IL-22 was detected, it did not co-
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localise to the Th2 cytokines IL-4, IL-5 or IL-9 but partially overlapped with The Th1 and Th17
cytokines IFN and IL-17A.
2.1.2. polarised naive T cells
To study IL-22+ T cells and their relationship to other T helper subsets in more detail, a Th22
differentiation culture using naive CD4+ T cells was set up (see methods 2.1.2, page 81).
IL-22 expression after Th22 differentiation
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Figure 34. Flow cytometric analysis of IL-22 and IL-17A expression in T cells
obtained after naive (CD45RO-) peripheral blood T cell differentiation using Th22

and Th1 deforming conditions.
FACS plots are representative (sample size n>3 per condition)

The newly described Th22 conditions of IL-6 and TNF were used to deform naive T cells
over a period of two weeks (Duhen et al 2009). After the differentiation, each T cell culture
was polyclonally activated and analysed by flow cytometry for their IL-22 and IL-17A
expression.
The results showed that IL-22 expression was low (<1%) and remained unchanged in cells
exposed either to IL-6+TNF, IL-6, or TNF alone (Figure 34). These findings were identical
when the serum free media (AIM-V) was replaced with serum containing media (RPMI+5%
human serum). There was a tendency of IL-17A to be increased in “IL-6 only” cultures but
this was not significant (p=0.3).
Along with Th22 polarising conditions, Th1 polarising conditions were used as a positive
control. The differentiation of naive T cells in IL-12 and -IL-4 conditions showed to
significantly increase IFN positive T cells. In serum free media, IFN expression increased
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4.5-fold from 2.6(0.3)% to 11.9(2.3)% of total T cells (p=0.041). In serum containing media,
IFN was further up regulated 7.5-fold from 5.6(0.6)% to 41.8(1.9)% (p=0.002). While the
Th1 polarising conditions increased IFN expression, IL-22 expression remained unchanged.
2.1.3. memory T cells
In addition to studying the development of IL-22+ T cells, the study focused on ways to
isolate and study already differentiated IL-22+ memory T cells ex vivo (see Methods 2.1.3,
page 84).
Occurrence of putative Th22 receptors FGFR2, PDGFR, TIE1 on T cells
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Figure 35. Flow cytometric analysis of putative Th22 receptor FGFR2, TIE1,
PDGFR expression on peripheral blood CD4+ T cells
FACS plots are representative. Statistical analysis of cumulative data (Receptor + vs. Isotype+; paired T-test)

Populations of memory CD4+ T cells have been shown to preferentially express specific
surface receptors which can be used to enrich them from the peripheral blood (O’Garra et al
1998). The recent investigation of skin Th 22 clones (Eyerich et al 2009) identified three
surface receptors which may be preferentially expressed by IL-22 expressing CD4+ T cells.
These included the fibroblast-growth-factor-receptor-2 (FGFR2), the tyrosine-kinase-withimmunoglobulin-like-and-EGF-like-domain-receptor-1

(TIE1),

and

the

platelet-derived-

growth-factor-receptor (PDGFR).
First, it was established if FGFR2, TIE1, and PDGFR could be identified on peripheral blood
CD4+ T cells. The flow cytometry results showed that all 3 receptors were present on a small
proportion of CD4+ T cells (Figure 35). FGFR expression was found on 2.6(0.4)% of total
CD4+ T cells (p=0.003 vs isotype). Its expression was found equally on CD45RO+ and
CD45RO- CD4+ T cells. TIE1 was expressed by 1.5(0.2)% of total CD4+ T cells (p=0.002 vs
isotype) all of which were exclusively CD45RO+. PDGFR expression was barely detectable
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and found on only 0.6(0.2)% of total CD4+ T cells (p=0.043 vs isotype). Like TIE1, PDGFR
expression was restricted exclusively to CD45RO + CD4+ T cells.
IL-22 expression in putative Th22 receptor enriched cells
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Figure 36. Flow cytometric analysis of IL-22 and IL-17A expression in magneticbead enriched peripheral blood T cells expressing putative Th22 receptors PDGFR,
FGFR2, TIE1 or chemokine receptor CCR4, CCR6, CCR10.
FACS plots are representative. Statistical analysis of cumulative data (Receptor-enriched vs, Receptordepleted IL-22+ cells; paired T test)

To understand if FGFR2, TIE, or PDGFR positive T cells were linked to IL-22 expression,
peripheral blood T cells were enriched using a combination of anti-receptor FACS antibodies
and anti-fluorochrome magnetic beads (see Methods 2.1.3, page 84).
The resulting T cell fractions were polyclonally activated and analysed for their IL-22 and IL17A expression by flow cytometry. The results showed that FGFR2, TIE1, and PDGFR
enriched T cell fractions did not express more IL-22 than their respective depleted fractions
(Figure 36). This was true not only for IL-22 but also IL-17A (data not shown). To verify that
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IL-22+ T cells could be enriched from peripheral blood CD4+ T cells, we utilised the Th22associated chemokine receptors CCR4, CCR6, and CCR10 (Duhen et al 2009, Trifani and
Spits 2010). The results of the enriched CCR+ T cell fractions showed that IL-22 expression
was increased minimally in CCR10-enriched and significantly in CCR6-enriched CD4+ T
cells (p=0.003).
IL-22 expression in putative Th22 receptor-ligand stimulated cells
While FGFR2-, TIE1-, and PDGFR-enriched CD4+ T cells did not express more IL-22 than
their depleted counterparts, it was investigated if the receptor ligands could trigger IL-22
production. To investigate this, peripheral blood CD4+ T cells were cultured in the presence
or absence of FGF-1, -2,-5 and PDGF-BB and their cytokine gene expression profile was
analysed by RT-PCR (see Methods 2.1.3, page 85)
Table 63. Effect of 24 hour FGF-1,-2,-5 and PDGF-BB exposure on T cell cytokine
mRNA expression of cultured peripheral blood CD4+ T cells
Ligand

IL-22

IL-17A

IL-4

IFN

IL-10

TGFβ1

Effect

FGF-1

0.8(0.1)

0.9(0.1)

0.7(0.1)

0.8(0.2)

0.7(0.2)

0.9(0.2)

No effect

FGF-2

0.7(0.1)

1.0(0.6)

0.7(0.1)

0.8(0.1)

0.9(0.1)

1.1(0.2)

No effect

FGF5

0.8(0.1)

1.5(0.7)

1.1(0.3)

1.1(0.2)

1.1(0.3)

1.3(0.3)

No effect

PDGF-BB

0.8(0.1)

0.7(0.4)

0.7(0.1)

1.0(0.1)

1.0(0.1)

1.1(0.2)

No effect

Gene expression relative to un-stimulated cells and calculated using ΔΔ ct method. Data is represented as
Mean +/- Standard Error of the Mean (Std.Dev./n)

The results showed that the addition of FGF-1, -2, -5 and PDGF-BB for a duration of 24
hours did not alter the relative expression levels of IL-22, IL-17A, IL-4, IFN, IL-10, or TGFβ1
(Table 63).
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2.2. from human asthmatic bronchial mucosa
To study lung memory IL-22+ T cells in more detail, T cells were isolated directly from human
asthmatic bronchial mucosa.
2.2.1. Demographics of study participants
Table 64. Summary of the clinical parameters of individuals who underwent
fibreoptic bronchoscopies and had a subsequent lung tissue biopsy taken for
further T cell studies
Treatment Group
Group

Asthmatic Participants
(n=6)
Non-Atopic

Atopic

42.8(4.9)

33.5(0.4)

Gender (M/F)

2/2

2/0

Non-Severe/Severe Asthma (n/n)

1/3

1/1

Skin prick test positive (Yes/No)

0/4

2/0

186.7(62.7)

1922.5(1077.5)

-

100(1)

Age (Yrs)

Total IgE (IU/ml)
RAST HDM (IU/ml)
(1)

Specific IgE tests for 1 atopic asthmatic (B04) were not available. Mean +/- Standard Error of the Mean

(Std.Dev./n)

To do so, 6 asthmatic individuals were recruited of whom 2/6 were allergic asthmatics (Table
64). Allergic asthmatics had elevated levels of total IgE, tested positive by skin prick test
(>3mm2), and had elevated levels of allergen specific IgE.
2.2.2. IL-22 expression in lung T cell lines
After isolation and culture, T cells derived from small bronchial mucosal tissue (ca 3mm2)
were assessed after polyclonal activation for their IL-22 expression potential by flow
cytometry (see Methods 2.2.2, page 88).
All lung T cell lines from asthmatic and allergic asthmatics contained IL-22+ T cells. The
frequency of IL-22+ T cells was similar in allergic and non-allergic asthmatics reaching an
average of 2.4(0.9)% (data not shown).
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γδ and β T cells
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IL-22+ T cells

IL-22+ % γδ-T Cells

IL-22+ % αβ-T Cells

100%

3%

97%

97%

3%

B) γδ/β T cells
γδ-T Cells

γδ-T Cells % IL-22+

100%

αβ-T Cells

8%

αβ-T Cells % IL-22+

100%

8%

Figure 37. Flow cytometric analysis of IL-22 expression of αβ- and γδ T cell
receptor positive cells from T cell lines created from bronchial tissues
Facs Plots from representative T cell line MA14

To characterise the true identity of IL-22+ T cells, IL-22 was co-stained against the innate γδand adaptive β-T cell receptor.
The results showed that more than 95% of IL-22+ T cells expressed the β T cell receptor
(TCR) while less than 5% of IL-22+ T cells expressed the γδ TCR (Figure 37A). Despite the
huge number of β-TCR+ IL-22+ T cells, the occurrence of IL-22+ T cells within each γδ- and
β TCR+ T cell population was with 8% identical (Figure 37B).
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CD4 and CD8 T cells
A) IL-22+ T cells
IL-22 in Lung T cell lines
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Figure 38. Flow cytometric analysis of IL-22 expression of CD4+ and CD8+ T cells
from T cell lines created from bronchial tissues
A) Distribution of CD4/CD8 expression within the IL-22+ T cell population (T cell line SA02) B) Distribution of
IL-22 expression within CD4/CD8 T cell populations. Statistical analysis of cumulative data (paired T-test)

Adaptive β T cells can be further divided into T helper cells and cytotoxic T cells. To
understand which of the β TCR+ population accounted for the observed IL-22 expression,
IL-22 was co-stained against the T helper surface marker CD4 and the cytotoxic T cell
marker CD8.
The results of the flow cytometry analysis showed that IL-22+ T cells expressed significantly
more CD4+ than CD8+ (p=0.005) (Figure 38A). In total, 57.3(4.5)% of IL-22+ T cells were
CD4+ while only 15.4(4.6)% expressed CD8+. While CD4+ T cells accounted for the majority
of IL-22+ T cells, the frequency of IL-22+ T cells within the CD4 and CD8 population was
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similar (Figure 38B). IL-22 expression accounted for 5.0(1.3)% and 5.2(1.9)% of CD4+ and
CD8+ T cells respectively.
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Figure 39. Flow cytometric analysis and classification of IL-22+ CD4+ T cells obtained

from bronchial lung T cell lines into different T helper subsets
Facs plots are representative (T cell line MA14). Statistical analysis of cumulative data (Th 1 vs Th17 cells p=0.0088 ;
paired T-test).

CD4+ T cells are frequently classified into T helper subsets using their distinct cytokine
expression profile. Until recently, IL-22+ T cells were described as a derivative of Th17 cells.
Since then IL-22 and IL-17 were found to be independently regulated (Zheng et al 2007) and
the occurrence of significant numbers of IL-22+IL-17- T cells during inflammation (Scriba et al
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2008) has led to the advocation of a new Th22 subset (Trifani and Spits 2010, Duhen et al
2009, Eyerich et al 2009).
To establish the true T helper subset-identify of IL-22+ T cells within the lung T cell lines, IL22 was stained against the lead cytokines IL-4, IFN, and IL-17A.
The flow cytometry analysis showed that 43.8(5.3)% of IL-22+ T cells co-expressed IFN and
were classified as Th1/22 cells (Figure 39). The second largest IL-22+ T helper population with
22.2(6.8)% were Th22 cells. Both Th1/22 and Th22 cells were more numerous than classic
Th17/22 cells which accounted for only 10.2(4.5)% of IL-22+ T cells. This difference was
significant between Th1/22 and classic Th17/22 cells (p=0.009). The results also showed that on
average 22.8(4.4)% of IL-22+ CD4 T cells could not be associated to either of the known T
helper subsets (Figure 39, ‘N.A.’).
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2.2.3. IL-22 expression in lung T cell clones
The occurrence of large numbers of Th 1/22 and Th22 cells within the asthmatic T cell lines
prompted us to study the different IL-22+ T cells further. To investigate them, individual T
cells were isolated by limiting dilution and clonally expanded in vitro (see Methods 2.2.3,
page 89).
Flow cytometry of IL-22+ T cell clones
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Figure 40. Flow cytometric analysis of IL-22, IL-17A, IL-4, and IFN co-expression in
CD4+ T cell clones obtained from bronchial lung mucosa
IL-22+ CD4+ T cell clone A (B06,ID3-2-3), B(B06,ID3-2-6), C (B06,ID3-2-13). FACS plots of Th1 and Th2 clones are
representative

T cell clones derived from asthmatic T cell lines were assessed for a homogeneous CD4
expression and then analysed for their IL-22, IL-17A, IL-4, and IFN expression potential
using polyclonal activation.
The results of the flow cytometry analysis showed that 3/36 T cell clones were IL-22+ (Figure
40). Analysis of these IL-22+ T cell clones revealed that they did not belong to the previously
identified Th1/22, Th22, or Th17/22 subset (see Results 2.2.2 Figure 39 page 136). Each of the
clones was capable of expressing IL-22 together with IL-4, IFN and IL-17A and could thus
not be clearly categorised. The remaining 33/36 T cell clones were classified as Th 1 (n=17),
Th0 (n=10), and Th2 (n=6) T cell clones (data not shown).
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2.3. Summary
Long term allergen-PBMC challenge study





Both atopic and normal PBMC cultures responded to the allergen with increased
proliferation ([methy3H]-thymidine incorporation)
After 6 days of culture IL-5 but not IFN was increased in atopic PBMC cultures while
normal PBMC cultures showed no IL-5 or IFN response
Measurement of IL-22 and IL-17 showed that IL-22 was produced by both atopic and
normals after allergen challenge while IL-17 remained absent
Flow cytometric analysis failed to detect significant levels of IL-22 in PBMC cultures
at day 6. In the rare instance when IL-22 was detected, it was CD4 T cell associated
and small population of co-expressing IFN+ and IL-17A+ but not IL-4+, IL-5+, or IL-9+
cells could be observed

Th22 T cell differentiation




Differentiation of naïve CD4 T cells derived from normal donors in Th22 polarising
conditions (TNF and IL-6) failed to increase the number of IL-22+ T cells after
culture
The use of serum-free and serum-containing media had no influence on Th 22 cell
differentiation

Th22 memory T cell isolation using putative surface markers





The putative Th22 markers FGFR2, TIE1 and PDGFR were all expressed by a minor
population of peripheral blood CD4 T cells. While TIE1 and PDGFR were found
exclusively on CD45RO+ T cells FGFR2 was expressed on both CD45RO + and
CD45RO- T cells
The enrichment of FGFR2, TIE1 and PDGFR-positive CD4 T cells did not correlate
with an increase IL-22+ T cells
The stimulation of peripheral blood CD4 T cells with FGF1,-2,-5 and PDGF-BB for 24
hours showed to have no influence on IL-22 cytokine expression

IL-22 expression in asthmatic lung T cell lines and clones






Lung T cell lines from asthmatic bronchial mucosal tissue contained memory IL-22+
T cells
βTCR+ and CD4+ T cells were the dominant T cell population within each cell line
containing the majority of IL-22+ T cells. The frequency of IL-22+ T cells in β and δ
as well as CD4 and CD8 T cell populations was similar
IL-22 expression within Th2 cells was almost always absent and the majority of IL-22+
T cells belonged to the Th1/22, and Th22 subset
While Th1 and Th2 clones could be easily obtained, we were unable to isolate and
analyse pure Th22 cells
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3. IL-22 in human tissue regeneration and repair
Having identified IL-22 expression within the lung of allergic asthmatics after allergen
challenge, we set out to identify the target cells of IL-22 and study IL-22’s function on them in
more detail.
3.1. IL-22 Receptor expression in human lung cell lines
The study investigated if primary lung cell lines such as bronchial epithelial cells, airway
smooth muscle cells, and fibroblasts could express the IL-22 receptors IL-22RA1 and –RA2
and be used to study the function of IL-22 in vitro.
Protein expression by Western Blot
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Figure 41. Western Blot analysis of IL-22 Receptor RA1 and RA2 expression in
primary lung bronchial epithelial, fibroblasts, smooth muscle cell lines and
peripheral blood CD4+ T cells
molecular weights of IL-22RA1 (63kDa), IL-22RA2 (27kDa), α –tubulin (50kDa).

To detect the constitutive expression of IL-22RA1 and –RA2 in each primary lung cell line,
total cell lysates were obtained and analysed by Western Blotting (see Methods 3.1, page
92).
The Western blot results showed that IL-22RA1 was detectible in all primary lung cell lines
but not peripheral blood CD4+ T cells (Figure 41, IL-22RA1: visible 65kDa; calculated
63kDa). IL-22RA1 was rapidly detectable and showed similar intensity to the loading control
alpha-tubulin (visible 58kDa). The intensity of the IL-22RA1 band between bronchial
epithelial cells, fibroblasts, and smooth muscle cells was very similar.
IL-22RA2 was similarly detected in all three primary lung cell lines but not peripheral blood
CD4+ T cells (IL-22RA2:visible28kDa, calculated 27kDa). The IL-22RA2 band required 3
times longer detection times to be visible and was thus much weaker than the alpha-tubulin.
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The intensity of the IL-22RA2 band between bronchial epithelial cells, fibroblasts, and
smooth muscle cells was again very similar.
Surface expression by flow cytometry
A) IL-22RA1 Surface Expression
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Figure 42. Flow cytometric analysis of IL-22RA1 surface expression on bronchial
epithelial, fibroblast, smooth muscle lung and peripheral blood CD4+ T cells
A) IL-22RA1 surface stain B) Isotype control stain

To understand if the detected IL-22RA1 protein was expressed on the cell surface of
bronchial epithelial cells, fibroblasts, and smooth muscle cells, each cell line was analysed
by flow cytometry.
The results of the flow cytometric analysis showed that bronchial epithelial cells, fibroblasts,
and smooth muscle cells tested positive for IL-22RA1 (Figure 42, p<0.05). The largest
expression of IL-22RA1 was found in bronchial epithelial cells where 54.1(3.7)% of them
were IL-22RA1 positive. In contrast, only 5.4(0.2)% of smooth muscle cells and 1.9(0.2)% of
fibroblasts were capable of expressing IL-22RA1 on their surface. Peripheral blood CD4+ T
cells, used as negative control, tested negative for IL-22RA1.
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Regulation by RT-PCR
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Figure 43. RT-PCR analysis of IL-22 Receptor RA1/RA2 gene expression in
bronchial epithelial cells cultured in the presence of different T cell cytokines
Sample population n=3 ; Statistical test (wilcoxon)

Having identified the expression of IL-22RA1 and RA2 within primary bronchial epithelial
cells, airway smooth muscle cells, and fibroblasts, the study investigated if their expression
could be influenced by different T cell cytokine environments. To do so, bronchial epithelial
cells were exposed to different recombinant cytokines in culture and the change IL-22RA1
and –RA2 mRNA expression analysed by RT-PCR (see methods 3.1, page 97).
The RT-PCR analysis revealed that after 6 hours of culture only IFN-γ was able to influence
IL-22RA1 mRNA expression (Figure 43). IL-4, IL-5, IL-9, IL-13, IL-17A, IL-22, TGFβ1, IL-10
and TNF had no visible effect on IL-22RA1 gene expression. In the presence of IFN-γ,
bronchial epithelial cells up-regulated IL-22RA1 by 3.0(0.1)-fold. The RT-PCR analysis of IL22RA2 showed no evidence that its gene expression was altered by the presence of IL-4,
IL-5, IL-9, IL-13, IL-17A, IL-22, TGFβ1, IL-10, TNF, or IFN-γ.
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Figure 44. Dose and time response of IFNγ on bronchial epithelial IL-22RA1
expression
Sample population n=3; Statistical test (Wilcoxon)

To better understand the influence of IFN-γ on IL-22RA1 gene expression, bronchial
epithelial cells were exposed to a series of IFN-γ concentrations. The results of the IFN-γ
dose response showed that 0.1ng/ml was sufficient to induce IL-22RA1 up-regulation (Figure
44). The strongest up-regulation of 5.3(0.3)-fold was observed in the presence of 10ng/ml.
Larger concentrations of 50 and 100ng/ml had no further beneficial effect and reduced the
observed IL-22RA1 up-regulation. To understand how rapidly the IL-22RA1 up-regulation
occurs and how long it could be maintained, cells were exposed to IFN-γ over a period of 24
hours and analysed. The RT-PCR results showed that IL-22RA1 up-regulation could be
detected as early as 4 hours after IFN exposure. The IL-22RA1 up-regulation increased
further reaching a maximum 4.1(0.2)-fold up-regulation at 12 hours. The IL-22RA1 upregulation remained high and did not reduce in magnitude even after 24 hours. The analysis
was widened to include airway smooth muscle cells and fibroblast. Both cell types were
exposed to 10ng/ml IFN and their analysed by RT-PCR. The RT-PCR results showed that
IFN was able to up-regulate IL-22RA1 mRNA expression in a similar manner not only in
bronchial epithelial cells but also airway smooth muscle cells and fibroblasts (see Appendix,
Figure 51, page 215).
3.2. Effect of IL-22 on bronchial epithelial cells
Epithelial cells within the lung are known to be a target of IL-22. Our primary bronchial
epithelial cell line showed a high constitutive surface expression of IL-22RA1 (see Results
3.1, Figure 42, page 141) in culture and was thus an ideal model cell line to study the
function of IL-22 in more detail. The main objective was to better understand the role of IL-22
in wound healing. Before any potential mechanism could be investigated, we had to confirm
that IL-22 was able to improve healing in primary bronchial epithelial cells in vitro.
3.2.1. Wound healing
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To confirm that IL-22 was able to improve healing in vitro, a wound healing assay commonly
known as scratch assay was set up (see Methods 3.2.1, page 95). In this assay, a confluent
monolayer of bronchial epithelial cells was injured or “scratched” and monitored by light
microscopy over time. The difference in wound closure between IL-22 treated and untreated
cell was analysed first by eye and then computer software.
IL-22 time and dose response
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Figure 45. Light microscopic analysis of the effect of IL-22 on bronchial epithelial
wound closure over time
The assessed injured surface area is represented in green. Images are representative (100x magnification).

The results of the scratch assay showed that control cells were able to almost completely
close the wound 16 hours after injury (Figure 45). The difference between IL-22 treated and
untreated cells was not easily detectable. While a visual difference between IL-22 and
control cells was observed, the complete data set (n=9) was highly variable.
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Figure 46. Software-assisted analysis of the effect of IL-22 on bronchial epithelial
wound closure over time
A) 50ng/ml (p=0.0238), 200ng/ml (p=0.0001). Statistical analysis (unpaired T-test)

Therefore, the acquired data was re-analysed using specialised software. This software was
able to accurately determine the surface area of the injury over time. The results showed
that increasing concentrations of IL-22 of 50ng/ml and 200ng/ml significantly improved
wound closure (Figure 46A). Compared to untreated cells 200ng/ml IL-22 treated cells
showed a 48.8% improvement (p=0.0001). Monitoring wound closure over time (Figure 46B)
showed a detectable difference between IL-22 and untreated cells as early as 4 hours after
injury. Wound closure appeared to reach its peak 10 hours after injury and effectively
stopped thereafter.
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Effect of IL-17A on IL-22-associated wound closure
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Figure 47. IL-22-associated epithelial wound closure in the presence and absence
of IL-17A
IL22 (p=0.0033); IL-22+IL-17A (p=0.0090) Statistical analysis (Mann-Witney U)

The study then focused on IL-17A and if the cytokine could interfere with the IL-22associated wound closure.
The results showed that IL-17A, on its own, had little or no effect on wound closure (Figure
47). Control cells had 35.3(4.8)% of their injury remaining while IL-17A exposed cells had
31.7(3.9)%. In addition IL-17A had little or no effect on IL-22-associated wound closure. The
combination of IL-17A + IL-22 resulted in a reduction to 17.3(3.5)%. This was very similar to
the 16.9(2.5)% observed in IL-22 only exposed cells.
3.2.2. Proliferation
While the function of IL-22 on epithelial wound closure could be confirmed (see Results 3.1,
page 144), the underlying mechanism(s) had yet to be elucidated. Four main aspects were
identified which could, in part, play a role in IL-22-associated wound closure. These were (A)
Increased survival of damaged cells (anti-apoptotic) (B) Loss of cell layer integrity (loss of
cell-cell contact), (C) cytoskeletal rearrangement (D) cell spreading and migration as well as
(E) cell proliferation.
First, it was investigated if the presence of IL-22 could lead to increased proliferation. To
assess this, IL-22 exposed bronchial epithelial cells were stained using propidium iodide
acquired by flow cytometry and their individual cell cyle stages analysed (see Methods 3.1,
Figure 14, page 96).
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Cell Cycle Analysis
Cell Cycle
G0/1 phase

G2/M phase

S phase

140

250

150

**
****

200

100

Change [%]

100

Change [%]

Change [%]

120

50

150

100

50

TF
G
b1

IL
-2
2

M

TF
G
b1

IL
-2
2

M
ed
ia

TF
G
b1

IL
-2
2

ed
ia

0

0
M
ed
ia

80

Figure 48. Analysing the effect of IL-22 on proliferation by quantifying epithelial
cell cycle stages using Propidium Iodide
G0/1 phase: Media vs TGFb1 p=0.0013, S phase: Media vs TGFb1 p<0.0001 (unpaired T-test)

The analysis of the different cell cycle stages by propidium iodide is commonly used in the
study of non-adherent cells such as peripheral blood mononuclear cells. After successful
modifications and validation of the protocol, it was possible to stain and assess adherent
bronchial epithelial cells.
The result of the flow cytometric analysis showed that IL-22 did not alter the number of
resting, proliferating or dividing cells (Figure 48). The proportion of cells in G0/G1-pahse, Sphase, and G2/M-phase were almost identical between IL-22 treated and untreated cells.
TGFβ1, which is known to dampen bronchial epithelial cell proliferation, was used as a
control cytokine. Compared to IL-22, TGFb1 was able to change the different cell cycle
stages in bronchial epithelial cells. The cytokine reduced the number of synthesising (Sphase) (p<0.0001) and dividing cells (G2/M-phase) by 42.7% and 16.0% respectively while
at the same time increasing the number of resting cells (G0/M) by 13.9% (p=0.001).
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3.2.3. Gene Expression
While new functional assays were set up to investigate the contribution of IL-22 on cell
survival, cell spreading and migration, IL-22 exposed cells were screened for alterations in
their gene expression profile. Their profile was specifically analysed for the expression of
genes associated with tissue injury and tissue repair.
Injury-associated genes
Wound healing occurs immediately at the onset of inflammation. The study, therefore,
investigated if IL-22 could influence the gene expression of epithelial mediators associated
with injury and inflammation. To investigate this, primary bronchial epithelial cells were
cultured in presence of IL-22 and the relative change in selected gene expression analysed
by RT-PCR.
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Figure 49. Regulation of ICAM-1 (CD54) gene expression by IL-22 and IFN in
bronchial epithelial cells
B) Media vs IFN (P=0.0084) Sample population size n=9; Statitsical test (Wilcoxon)

The first gene to be investigated was the intracellular adhesion molecule 1 (ICAM-1). ICAM1 through binding lymphocyte function-associated antigen 1 (LFA-1) allows the recruitment
of infiltrating immune cells to the damaged and inflamed tissue. The results of the RT-PCR
screen showed that after 12 hrs IL-22 was able to increase ICAM-1 expression 3.8(0.4)-fold
(Figure 49). ICAM-1 expression remained high even after 24 hours with a 4.1(1.8)-fold
difference.
The main inducer of ICAM-1 is the cytokine IFN. The study previously identified that CD4+ T
cells from the bronchial mucosa predominately expressed IL-22 together with IFN (see
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Results 2.2.2 Figure 39, page 136). To test the hypothesis that IL-22 and IFN could act
synergistically, IFN was included into the epithelial cell culture. The RT-PCR analysis
showed that IL-22 + IFN strongly up-regulated ICAM-1 expression. This increase in ICAM-1
was +56.8-fold points higher than seen with IFN alone (310.4(8.4)-fold; p=0.0084). It was
also +49.7 points higher than the sum of the individual IL-22 and IFN inductions together.
Table 65. Effect of IL-22 on IFN-regulated inflammatory gene expression in
bronchial epithelial cells
Gene

IL-22

IFN

IL-22+IFN

Effect of
IL-22

Synergy
indicated

IL6

2.2(0.4)

17.9(2.9)

20.6(3.1)

Yes

Yes

CCL2

24.4(12.7)

1270.8(77.8)

1877.8(321.0)

Yes

Yes

CXCL9

67.3(48.6)

3796.8(456.0)

4453.2(281.1)

Yes

Yes

CXCL10

101.0(80.2)

4328.7(107.2)

6133.2(225.2)

Yes

Yes

CXCL11

78.6(64.1)

2725.9(292.4)

3553.5(333.4)

Yes

Yes

Gene expression is relative to un-stimulated cells using the ΔΔct method. Data is represented as mean

(Standard error of the mean). Sample population n=3 , statistical test (wilcoxon).

Having indentified a potential synergistic interaction between IL-22 and IFN, 6 additional
IFN-regulated genes were screened. These included the cytokine IL-6, and the chemokines
CCL2 (MCP-1), CXCL9 (MIG), CXCL-10 (IP-10), and CXCL-11 (I-TAC). The RT-PCR
analysis showed that IFN associated up-regulation of IL-6, CCL2, CXCL9,-10, and -11 was
further enhanced in the presence of IL-22 (Table 65). The enhanced gene expression was
particularly observed for CXCL-10(IP-10) and CXCL-11(I-TAC).
Regeneration and repair-associated genes
The study then went on to investigate the expression of genes associated with tissue
regeneration and repair. These included matrix-metallo-proteinases, growth factors and
growth factor receptors. Genes which were known to be induced by IFN were specifically
selected. These included the matrix-metallo-proteinases MMP1, -10, the growth factors
Activin (INHBA), BMP-2, ECGF-1 (TYMP), TGF-, and VEGFc.
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Table 66. Effect of IL-22 on IFN-regulated repair-associated gene expression in
bronchial epithelial cells
Gene

IL-22

IFN

IL-22+IFN

Effect of IL-22

Synergy
indicated

MMP1

2.0(0.1)

9.7(0.8)

7.7(0.6)

Yes

-

MMP10

2.0(0.3)

2.6(0.2)

2.5(0.5)

Yes

-

INHBA

1.2(0.1)

1.7(0.2)

2.5(0.3)

-

Yes

BMP2

1.1(0.0)

3.0(0.2)

3.9(0.2)

-

Yes

TYMP

1.3(0.1)

7.7(0.2)

10.5(0.9)

-

Yes

VEGFC

1.2(0.1)

2.3(0.1)

2.7(0.4)

-

Yes

Gene expression is relative to un-stimulated cells using the ΔΔct method. Data is represented as mean
(Standard error of the mean). Sample population n=3 , statistical test (wilcoxon).

The RT-PCR analysis showed that MMP-1 and MMP-10 were significantly up-regulated by
IL-22 (Table 66). However, the combination of IL-22 and IFN did not further increase MMP1 or MMP10 expression. Overall, MMP1 was induced by 2.0(0.1)-fold by IL-22 and 9.7(0.8)fold by IFN. The regulation of MMP10 was similar between IL-22 and IFN. IL-22 increased
MMP10 by 2.0(0.3)-fold while IFN increased MMP10 by 2.6(0.2)-fold .
The RT-PCR analysis of the growth factors genes Activin (INHBA), BMP-2, ECGF-1
(TYMP), TGF-, and VEGFc showed that none were altered by the presence of IL-22 alone.
However, IL-22 enhanced the IFN-associated gene up-regulation of each gene and the
further enhancement in gene up regulation reached significance for BMP2, TYMP as well as
TGF-.
As IL-22 enhanced TGF- expression, the gene expression of its receptor EGFR and
alternative ligand EGF was assessed. The RT-PCR results showed no evidence that EGFR,
or EGF were regulated by IL-22, IFN or the combination of the two (data not shown).
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3.3. Summary
IL-22 Receptor expression in human lung cell lines


Western Blot analysis of normal bronchial epithelial, fibroblasts, smooth muscle, and
T cell lysates showed that all structural cell lines but not T cells contained both IL22RA1 and RA2 protein



Surface analysis of IL-22RA1 expression by Flow cytometry confirmed the
expression of IL-22RA1 on all structural cell lines but not T cells. Bronchial epithelial
cells showed the strongest surface expression (>50%) while the expression of IL22RA1 on smooth muscle cells and fibroblasts remained low (>5%).



Neither IL-22RA1 nor RA2 mRNA expression was regulated by the presence of Th 2
cell cytokines. IL-22RA1 however increased in the presence of IFN in a dose and
time dependent manner in bronchial epithelial as well as fibroblasts, smooth muscle
cells

Bronchial epithelial wound healing


The addition of IL-22 to artificially injured bronchial epithelial cells improved their
wound closure ability in a dose and time dependent manner.



This IL-22 specific effect remained unaffected by the presence of IL-17A which on its
own showed to exhibit to positive or negative effect on wound healing

Bronchial epithelial proliferation


The cell cycle analysis showed that IL-22 exposure had no influence on the number
of resting, DNA synthesizing or dividing bronchial epithelial cells. TGFβ1 on the other
hand significantly changed increased the number of resting cells while decreasing
DNA synthesising cells

Bronchial epithelial gene expression


Investigation of IFN-regulated inflammatory assoc. genes showed that IL-22 on its
own was able to increase ICAM-1, IL-6, CCL2, CXCL-9,-10, and -11 expression. In
addition IL-22 was able to further enhance the strong induction of each gene by IFN.



IFN-regulated repair assoc. genes showed only in part to be induced by IL-22 alone.
MMP1 and MMP10 were both induced by IL-22 but showed no further synergy in the
presence of IFN. IFN-associated growth factors were not regulated by IL-22 alone.
However in combination with IFN, IL-22 was able to enhance the observed growth
factor up regulation.
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Discussion
The investigation of “IL-22 in allergy and asthma” focused on the expression of the cytokine
during human allergic inflammation, its association with T cells, and its effects on structural
cells in relation to tissue regeneration and repair.

1. IL-22 expression in allergic inflammation
The hypothesis that “IL-22 is a T cell cytokine that is expressed during human allergic
inflammation” was tested in a clinical study, exposing allergic asthmatics and normal healthy
individuals to inhaled allergen using a segmental bronchial lung challenge protocol.
1.1. Local bronchial segmental allergen challenge
Segmental bronchial allergen challenge resulted in an early and late phase asthmatic
response, including late falls in FEV 1 in all asthmatics but not normal control subjects.
Analysis of the bronchoalveolar lavage showed late increases in eosinophils, the Th 2
cytokine IL-5, but not the Th1 cytokine IFN. Within the context of a human Th2 response in
the lung, the relevance of IL-22 and its decoy receptor IL-22RA2 were explored. Both IL-22
and IL-22RA2 were significantly increased while the related cytokines IL-17A/F remained low
and unchanged. Thus, in allergic asthmatics, IL-22 and IL-22RA2 were released alongside
IL-5 independent of IFN and IL-17A/F during the course of the human allergic reaction.
In comparison to natural allergen exposure, the immune response elicited during
experimental bronchial allergen challenge was shown to be very similar (de Bruin-Weller et
al 1999). The added benefit of selecting an experimental challenge model was that it could
be carried out under safe, controlled and standardized conditions (Gauvreau et al 2007,
Julius et al 2008, Kämpe et al 2010) reducing the variability of the allergic immune response
(Arvidsson et al 2007). As the primary allergen, Timothy grass (Phleum pratense) was
selected as it is relevant in both allergy (e.g. allergic rhinitis) and asthma (Corren et al 1997).
While alternative allergens such as house dust mite are more reflective of chronic perennial
asthma, Phleum pratense allowed us to study the allergic response out of season (in the
absence of any natural exposure) with a clean baseline. An important limitation was that,
owing to difficulty in recruitment, we had to rely on a small study group consisting of 16
allergic asthmatics and 3 normal healthy individuals.
The study of the cellular and soluble composition of bronchoalveolar lavage is dependent on
the diffusion of cells and mediators into the bronchial lining fluid. In general, bronchoalveolar
lavage was found to be reflective of the underlying immune response within the tissue
(Connett et al 2000) and is, therefore, commonly used in the study of airway inflammation
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(Meyer et al 2007). The large volumes of saline (100ml) used to obtain broncho alveolar
lavage can often be a limitation in the analysis of cytokines as it may dilute the concentration
of the mediators below the detection limit of conventional assays.

Having been able to

detect IL-22 alongside IL-5 in the un-concentrated bronchoalveolar lavage underscored the
potential importance of this cytokine during the allergic immune response. As the sampling
of bronchoalveolar lavage is an invasive procedure, only two essential time points, namely
before and 24 hours after challenge, were investigated. Any important differences in IL-5, IL22 and IL-22RA2 expression dynamics associated with either the early, late or resolution
phase of inflammation could, therefore, not be delineated.
IL-22RA2 could only be measured within the bronchoalveolar lavage after developing a
novel ELISA. A sandwich ELISA design was selected to ensure high sensitivity of this assay.
This required the use of two antibodies raised against alternative target epitopes of IL22RA2. The selection was restricted as only one antibody, raised against an alternative IL22RA2 peptide, was commercially available. The validation of this alternative antibody (T16)
by direct ELISA (see Methods 1.1., Figure 7-9, page 72) showed that it had to be used in
much higher concentrations than the common IL-22RA2 (N16) antibody. Given this, it was
selected to be the detection rather than the capture antibody within the ELISA design. The
ELISA signal could not be further amplified using a secondary anti-immunoglobulin antibody
as both capture and detection antibodies were raised in the same animal species. Instead,
the detection antibody was labelled directly with biotin (see Methods 1.1 page 72) to avoid
non-specific detection.
The segmental bronchial allergen challenge data reflected the common observation that
allergen exposure in allergic asthmatics caused a reduction in lung function, increased
eosinophil infiltration, and Th 2 but not Th1 cytokine expression (Teran et al 1999, Johansson
et al 2008, Bentley et al 1993, Thunberg et al 2010, van de Pol et al 2012, Lilly et al 2001,
Pilette et al 2004). Within this Th2-dominated environment, the detection of IL-22, in the
absence of both IL-17 and IFN, was significant. The absence of IL-17 and IFN after
bronchial segmental allergen challenge has recently been confirmed by two independent
studies (Barlow et al 2011, Newcomb et al 2012). Yet, like many studies of Th17 cells, these
studies failed to address the expression of IL-22. The observation was reminiscent of chronic
atopic dermatitis where IL-22 was released in the absence of IL-17 and IFN (Eyerich et al
2009). What is known is that, in asthma, the allergic T helper cell response can shift and
become more heterogeneous over time showing signs of both Th 1 and Th17 responses
(Cembrzynska-Nowak et al 1993, Randolph et al 1999, Huang et al 2001, Chakir et al 2003,
Cho Stanciu et al 2005, Morgan et al 2005, Koch et al 2006, Molet et al 2001, Wong et al
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2001, Barczyk et al 2003, Hashimoto et al 2005). These changes in the helper cell response
away from the Th2 dominated environment remain controversial and are hypothesised to be
driven by factors other than the allergic component of asthma (Lajoie et al 2010, Maxmen et
al 2011).
The documented increase of IL-22RA2 was novel. Published data on human IL-22RA2
protein expression are still not available until to date. It has been known that the recombinant
IL-22RA2 protein was able to bind IL-22 and block its signalling (Xu et al 2001, Dumoutier et
al 2001, de Moura et al 2009, Jones et al 2008, Wolk et al 2007, Wu et al 2008). The only
two murine studies documenting a change in IL-22RA2 (mRNA) expression showed a
decrease during acute inflammation and an increase days later (Wolk et al 2007, Wilson et
al 2010) indicating a potential role of IL-22RA2 during resolution of inflammation.
On the basis of these findings, it was hypothesised that the strong increase in IL-22 was
related to a functional role during allergic inflammation in the lung. The occurrence of IL-22
outside the classic Th1/Th17 environment supported recent findings that a novel Th 22 subset
may participate during allergic inflammation. The presence of IL-22RA2 in bronchoalevolar
lavage 24 hours after challenge indicated that the function of IL-22 had been actively
suppressed at one point in time. It is possible that IL-22RA2 may have been produced during
the resolution of inflammation after the early and late phase response had peaked.
In conclusion, the expression of IL-22 during late asthmatic responses, in the context of a
Th2-dominated environment, supported a potential role for IL-22 in human allergic asthma
and raised the question of the cell source of IL-22, expression dynamics of IL-22 and the
function of this cytokine during allergic inflammation. To identify individual cells expressing
IL-22, IL-22RA2 and IL-22RA1, in the context of late allergic inflammation, human skin
biopsies taken after intradermal allergen challenge were obtained and analysed by
immunohistochemistry.
1.2. Intradermal allergen challenge
Intradermal allergen challenge caused an early and late phase skin reaction in all atopic
allergic but not in normal controls. The obtained allergen challenged tissue showed an
increase in both CD3+ T cells and eosinophils 8 hours after challenge. Within the context of a
human allergic immune reaction n the skin, the expression of IL-22, IL-22RA1, and IL22RA2
was explored. The tissue was stained using 3 different anti-human IL-22 antibodies. These
antibodies had been validated using paraformadehyde-fixed cytospin preparations of
activated peripheral blood memory T cells but failed to produce a visible stain in similarly
fixed skin tissue. One of the antibodies, however, was able to stain IL-22+ cells in acetone154

fixed skin. The number of IL-22+ cells was high both in diluent and allergen challenged skin
and showed no co-staining to either CD3 or IL-22RA1. The staining and distribution of IL-22+
cells showed strong similarities to individual and clustered CD31 + cells. The study of the IL22 receptors IL-22RA1 and RA2 showed a wide expression throughout the tissue which
remained unchanged after allergen challenge. The expression did not correlate to resident or
infiltrating immune cells including T cells, B cells, macrophages, mast cells, neutrophils, and
eosinophils. The majority of IL-22RA1+ and RA2+ cells were located within the connective
tissue co-stained to vimentin. Within the connective tissue, early (HSP47+) but not late
(SMA+) fibroblasts co-expressed IL-22RA2. Thus, despite the successful induction of a late
allergic immune response in the skin, the identity of IL-22+ cells could not be convincingly
investigated. The expression of IL-22RA1 and -RA2 remained unchanged after allergen
challenge and both showed a wide expression throughout the tissue, on cells of mainly
mesenchymal origin.
The intradermal allergen challenge was selected as it was safer to perform (than a
segmental allergen challenge) and allowed the recruitment of volunteers consenting to have
a local punch biopsy taken. The intradermal challenge of an inhaled allergen like Phleum
pratense can sometimes elicit a weaker (Wood et al 1999, Tamura et al 1991) but otherwise
similar allergic immune response to inhalation (Frew and Kay 1988). An additional benefit
was that the immune response within the skin is largely unperturbed by other environmental
influences (Durham et al 1991, Charlesworth et al 1991, Gaga et al 1991, Bierman et al
1990).
To detect individual IL-22, IL-22RA1 and IL-22RA2 cell populations within the skin,
immunohistochemistry was used. As the tissue represents a complex mixture of antigens,
frequently altered by storage and fixation, each antibody had to be thoroughly validated
before use. As more than half of the antibodies were polyclonal, even weakly isotypecontrol-stained areas as well stained cells without clear cell morphology or clear DAPIstained nuclear centre, were categorically excluded. As soluble mediators such as IL-22 are
not as easily detected (compared to surface receptors), paraformaldehyde-fixed tissue
sections were initially utilised. Paraformaldehyde is believed to better retain soluble
mediators within cells (Naish et al 1989) and the validation showed that all 3 anti-human IL22 antibodies were able to be detected in a small number of IL-22+ cells in
paraformaldehyde-fixed polyclonally activated peripheral blood memory CD4 + T cells (see
Methods 1.2, Figure 10, page 78). The fact that , IL-22 was not detected in
paraformaldehyde but unexpectedly in acetone-fixed tissue, was therefore usual. Compared
to paraformaldehyde, acetone may break down cell membranes leading to an increased loss
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of soluble antigens from the tissue. Despite the positive staining of individual IL-22+ cells, the
overall staining for IL-22 in acetone-fixed tissue appeared non-specific and largely confined
to blood vessels. One explanation may be that acetone pre-treatment may have modified an
endothelial antigen to become cross-reactive with IL-22 protein to become non-specifically
recognised by the IL-22 antibody. The absence of discrete IL-22 stained cells in
paraformaldehyde-fixed tissue does not necessarily confirm the absence of the cytokine
within the tissue. T cells have very little cytoplasm and while they may produce cytokines in
large amounts, the cytokine is synthesised and released rather than stored within intracytoplasmic granules, such that cytokine may be undetectable within cells. Previous studies
have circumvented this problem by use of in situ hybridisation which detected intracellular
cytokine mRNA in T cells (Bentley et al 1993, Robinson et al 1996, Ying et al 1997).
However, the method of in situ hybridisation employed in these studies was complex and
time-consuming and required the use of S 35-labelled probes derived from cytokine cDNAs as
templates, in order to achieve the necessary sensitivity and specificity to detect intracellular
cytokine mRNAs. The method has largely been discontinued due to poor availability of S 35
and the relative insensitivity of enzyme-linked detection methods for detecting cytokine
mRNA in tissues.
The investigation of IL-22RA1 and IL-22RA2, however, provided new insights concerning
their expression in tissues and during allergic inflammation. The study initially focused on
immune cells as newer studies had identified an up regulation of IL-22RA1 in different
environmental contexts (Dhiman et al 2009, Schnyder et al 2010). The investigation,
however, showed that immune cells did not express IL-22RA1 either before or during
experimentally induced cutaneous late allergic inflammation. The results were, thus, in
keeping with previous studies that showed IL-22RA1 to be generally absent in immune cells
(Dumoutier et al 2000, Kotenko et al 2001, Wolk et al 2004, Whittington et al 2004, Kunz et
al 2006, Wolk et al 2008). The primary focus remained on IL-22RA2 in view that IL-22RA2
mRNA had been identified predominantly in immune cells in previous reports (Xu et al 2001,
Dumoutier et al 2001, Wei et al 2003, Wolk et al 2004, Whittington et al 2004). However, no
evidence could be found that either resident or infiltrating immune cells expressed IL-22RA2.
Both IL-22RA1+ and IL-22RA2+ cells showed a stronger association with structural cells
rather than with immune cells. Within the skin, the only structural cell known to express IL22RA1 were keratinocytes (Wolk et al 2004, Kunz et al 2006, Sa et al 2007, Boniface et al
2007, Ma et al 2008, Pene et al 2008, Kragstrup et al 2008, Nograles et al 2008, Wolk et al
2009, Eyerich et al 2009). The wide expression of both IL-22RA1 and IL-22RA2 throughout
the dermis was a novel finding.
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The majority of IL-22RA1+ and IL-22RA2+ cells were vimentin+ and belonged to cells of
mesenchymal origin. Synovial fibroblasts were previously shown to express both IL-22RA1+
and Vimentin+ in culture (Ikeuchi et al 2005) and ganglia and myofibroblasts were capable of
responding to IL-22 in vitro (Andoh et al 2005, Wolk at al 2009, Hosokawa et al 2009). While
we could not use dual staining methods to investigate IL-22RA1, due to conflicting antibody
pairing, we were able to investigate the expression of IL-22RA2 which showed an
association to early HSP47+ but not late SMA+ fibroblasts.
On the basis of these findings, it remains unanswered whether IL-22 was released by T cells
and if these cells were associated either with the Th 2 or distinct Th22 T helper cell subset.
While the identity of IL-22+ cells remained elusive, our data indicated that a wider range of
IL-22 target cells existed than was previously thought. Both IL-22RA1+ and IL-22RA2+ cells
occurred mainly in the connective tissue, which contains several stem cell-like progenitor
cells as well as fibroblasts, strengthening the hypothesis that IL-22 was related to tissue
regeneration and repair. Both multi-potent precursor cells as well as fibroblasts have not
been well researched in connection with IL-22. The limited data on fibroblasts expressing IL22RA1 (Ikeuchi et al 2005, Andoh et al 2005, Wolk et al 2009, Hosokawa et al 2009) and our
observation of IL-22RA2+ expression by HSP47+ fibroblasts suggests that early fibroblasts
represent an in vivo target for IL-22, possibly involved in repair and/or remodelling
processes.
Since it was not possible to link IL-22 expression to T cells in tissues, possibly related to the
limitations of the available methodology and the fact that cytokines are secreted rather than
stored by T cells, cytokine induction during allergen-stimulated T cell responses in vitro was
studied. In addition, pulmonary fibroblasts were included to be studied later on as a target of
IL-22.

2. IL-22 expression in T cells
To test the main hypothesis that “Interleukin-22 is a T cell cytokine produced during allergic
inflammation” as well as the hypothesis that “Interleukin-22 is produced by distinct Th 22 cells
as well as other T cell subsets (Th1,Th2,Th17)”, several in vitro studies were set-up.
2.1. Peripheral blood mononuclear cell cultures
Using peripheral blood mononuclear cells, the occurrence of IL-22 as well as expression
profile of IL-22+ T cells after allergen stimulation was analysed. In parallel, the study aimed to
investigate IL-22+ T cells in more detail by obtaining them through de-novo Th22
differentiation as well as memory Th22 cell isolation using novel surface receptors.
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2.1.1. Long term allergen-stimulated peripheral blood mononuclear cells
Allergen stimulation of PBMCs from both atopic and non-atopic subjects resulted in
increased proliferation. This proliferative response was numerically but not significantly
increased in PBMCs derived from allergic subjects. Culture supernatants obtained after
allergen stimulation contained increased levels of IL-5 selectively in allergic individuals
whereas modest increases in IL-22 were observed in cultured PBMCs from both atopic and
normal subjects. IFN and IL-17A/F levels remained low before and after allergen challenge
in both atopic and normal subjects. Flow cytometric analysis of IL-22+ PBMCs revealed little
or no IL-22 expression at day 6 post allergen stimulation. In the rare instance where IL-22
was detected, it co-localised to CD4+ cells within the lymphocyte population. These CD4 +IL22+ cells did not co-express Th2-cytokines IL-4, IL-5, or IL-9 whereas a small percentage coexpressed IL-17A and IFN.
PBMCs are commonly used to facilitate the antigen presentation and T cell activation in vitro
(Till et al 1998). In this study, 2 out of 3 of PBMC cultures from allergic subjects but not
normal controls responded to allergen with production of IL-5 which was significant. In
contrast, a modest induction of IL-22 was not only observed in PBMC cultures from atopics
but also from normal subjects. These findings in vitro are in contrast to those, following
allergen provocation in the bronchi, where no IL-22 was detected in BAL in normal controls
after allergen challenge. This could possibly be explained by an intact epithelial barrier which
may, in vivo, greatly reduce allergen exposure, uptake and T cell priming in non-atopic
normal subjects compared to allergic asthmatics (Hogg and Eggleton 1984, Laitinen et al
1985, Montefort et al 1992).
To identify the source of IL-22, the cultured cells were analysed by flow cytometry. An
important limitation was that intracellular cytokines could only be detected after strong TCR
activation and blockade of protein release. The strong TCR activation, achieved by using
PMA and ionomycin, inevitably caused the activation of all T cells within the culture and not
just allergen-specific T cells. To limit the contribution of non-specific T cells within each
culture, the latest available time point (day 6) was selected to allow optimal polarisation and
expansion of allergen-specific T cells in culture. However, it was apparent after the data was
analysed that the IL-22 production could have peaked before day 6. Analysis by ELISpot
could have possibly resolved this although ELISpot assays for IL-22 were not commercially
available at the time.
The in vitro challenge data reflected previous studies in which Phleum pratense elicited a
Th2-type response characterised by the selective release of IL-5 and IL-13 in the absence of
IFN and IL-17 (Till et al 1997).The increase of IL-22 independent of Th1 and Th17 cytokines,
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in the context of an allergen challenge, confirmed the previous in vivo data. The expression
of IL-22 in PBMCs from both allergic and normal control subjects suggested that the
expression of IL-22 was not linked to atopy per se. This finding is supported by two large
scale microarray studies of allergen stimulated atopic and normal PBMCs (Liu et al 2005
GSE1964, Bosco et al 2009 GSE14908). In both datasets, there was no differential
expression of IL-22 detected in PBMCs from atopic individuals compared to those obtained
from normal subjects.
The in vitro allergen challenge provided important clues regarding the role of IL-22 during
allergic inflammation. While the study supported the expression of IL-22 during allergic
inflammation, it provided evidence that it may be neither atopy nor Th2-related.
The induction of a cytokine in response to allergen in both atopic and normal PBMCs
cultures draws parallels to IL-10. It, too, was released independent of the atopic status
(Abbal et al 1998, Böttcher et al 2003, Bullens et al 2005) and has also been documented to
be increased after challenge in vivo (Robinson et al 1996, Matsumoto et al 2004). Both, IL10 and IL-22 are structurally related (Dumoutier et al 2000, Kotenko et al 2001) and their
induction is both dependent on aryl hydrocarbon receptor (AHR) and Notch signalling
(Veldhoen et al 2008, Quintana et al 2008, Veldhoen et al 2009, Gandhi et al 2010, Apetoh
et al 2010, Mukherjee et al 2009, Alam et al 2010). Both cytokines, however, target different
cells (IL-10 immune cells, IL-22 structural cells) and, thus, have little functional overlap
(Lecart et al 2002, Wolk et al 2005). Yet, in mice, IL-22 was shown to suppress antigeninduced immune responses and eosinophilic airway inflammation via an IL-10-associated
mechanism (Nakagome et al 2011). If IL-22 has a similar regulative and protective function,
it would be, opposite to IL-10, related specifically to structural cells. Combined with the
hypothesis that IL-22 is involved in tissue injury and repair, it would suggest that IL-22 could
be released to prevent and or limit tissue damage during acute inflammation.
In conclusion, the in vitro allergen challenge model confirmed the expression of IL-22 after
allergen stimulation but indicated that IL-22 may have a more general role not linked to atopy
or allergic inflammation per se. The FACS analysis did reveal that a small percentage of IL22 was detectable and co-localised to CD4+ T cells. Of these, a small percentage could coexpress Th1 (IFN-) and Th17 cytokines (IL-17A), possibly indicating a closer developmental
relationship of IL-22-producing cells to these T cell lineages rather than Th 2 cells. To better
understand the relationship of different T helper subsets and the transcriptional regulation of
Th22 cells, IL-22 producing T cells needed to be obtained, isolated and studied in more
detail. To do so, a newly described Th22 differentiation protocol (Duhen et al 2009) as well as
novel Th22 surface receptors and their ligands (Eyerich et al 2009) were utilised.
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2.1.2. Polarised naive T cells
In this study, the differentiation of naive T cells using the newly described Th 22 protocol
(Duhen et al 2009) in my hands showed no evidence of an increase in IL-22+ T cells. Neither
the combination of the polarising cytokines IL-6 and TNF nor their individual use increased
IL-22 expression in culture. This was true whether the polarisation was carried out using
serum-free or serum-containing media. It is noteworthy to mention that the short period of 7
day differentiation and 7 day expansion (in IL-2 containing media) was unusual as in vitro T
helper cell differentiation is generally regarded as inefficient, requiring several rounds of restimulation and may take up to 4 weeks of culture (Cousins at al 2002).
TNF is not commonly used in T cell differentiation and showed no effect on IL-22
expression (Kreymborg et al 2007, Volpe et al 2009). The only functional evidence was
observed when TNF decreased IL-17A expression in Th17 cultures (Baba et al 2010) and
blocked T regulatory cell development (Ma et al 2010). TNF may, thus, be linked to IL-22
and Th22 cells by blocking other developmental pathways. This, however, remains to be
established. Similarly the link between IL-6 and IL-22 is controversial. Some studies reported
a mild induction of IL-22 in IL-6 containing Th17 polarising conditions (Chung et al 2006,
Zheng et al 2007). The use of IL-6 within T cell differentiation cultures was shown to be
essential for IL-17 but not IL-22 (Kreymborg et al 2007, Volpe et al 2009). Similarly, IL-6
knockout mice expressed normal levels of IL-22 while IL-17 was greatly reduced (Zheng et
al 2007, Zenewicz et al 2008, Siegemund et al 2009). IL-6, like TNF, could only be involved
indirectly in the induction of IL-22. One mechanism hypothesised, but not proven, was the
up-regulation of the IL-23 receptor by IL-6 (Nurieva et al 2007). IL-23, produced mainly by
dendritic cells (Siegemund et al 2009), was shown to be essential for the induction of IL-22
(Zheng et al 2007, Chung et al 2006, Kreymborg et al 2007, Volpe et al 2009). The use of IL23 blocking antibodies (Liang et al 2007) and IL-23 knockout mouse (Aujla et al 2008,
Siegemund et al 2009, de Luca et al 2010) confirmed a significant reduction of IL-22 (but not
IL-17), when IL-23 is absent. The IL-23 receptor is not expressed initially on naive T cells
(Wilson et al 2007) but its expression is triggered by co-stimulatory molecules during antigen
presentation (de Wit et al 2011). Despite the strong link, IL-23 was not included within in the
Th22 protocol.
An important aspect which was not disclosed in the original Th 22 protocol (Duhen et al 2009)
was the type of media used. The media can be important in the differentiation of T cells and,
in particular, IL-22+ T cells. One example is the use of Iscove’s modified Dulbecco medium
(IMDM) which enhanced IL-22 expression during Th17 cell differentiation (Veldhoen et al
2008). This media was shown to be rich in aromatic amino acids and natural aryl
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hydrocarbon receptor (AHR) ligands. AHR ligands and AHR signalling was found to be
essential for IL-22 but not IL-17 expression (Veldhoen et al 2008 & 2009, Trifani and Spits
2010).
The study results, as well as previous historic evidence, raised questions concerning the
feasibility of in vitro differentiation of Th22 cells with TNF and IL-6 alone. While it was not
possible to exclude a putative role for TNF and IL-6, it was evident that other factors must
be involved. Despite the availability of additional strategies, (e.g. inclusion of AHR ligands,
and/or IL-23) it was uncertain that the additional time spent would result in a working Th 22
differentiation protocol. The other option to study IL-22 expressing T cells and their relation
to other T helper subsets is to obtain already differentiated memory CD4 + T cells from T cells
obtained from peripheral blood or from bronchial tissue from asthmatic subjects.
2.1.3. Memory T cells
The use of novel surface receptors FGFR2, TIE1 and PDGFR to enrich Th 22 cells from the
peripheral blood was evaluated. These receptors, which had been identified on Th 22 clones
within the skin, were expressed by a minor population of peripheral blood CD4 + T cells. The
receptors, TIE1 and PDGFR, were found exclusively on CD45RO + T cells. FGFR2
expression was, however, found on both CD45RO+ and CD45RO- T cells. The enrichment of
FGFR2, TIE1 and PDGFR-positive T cells showed no selective increase in IL-22+ T cells.
The enrichment of IL-22+ T cells, in general, was possible. Using CCR4, -6, and -10, the
number of IL-22+ T cells increased mildly in CCR10 and significantly in CCR6 -enriched T
cell populations. In addition, the activation and co-culture of CD4+ T cells in FGF- and
PDGF-receptor ligand containing media (FGF-1,-2,-5 and PDGF-BB) neither influenced IL22, nor IL-17A, IL-4, IFN, IL-10 or TGFβ1 mRNA expression. Thus FGFR2, PDGFR and
TIE1 expressing T cells showed no potential to be used to selectively enrich Th 22 cells from
the peripheral blood.
To isolate receptor positive T cells, flow assisted cell sorting was initially employed. While
promising results were obtained (see appendix, Figure 50, page 214), this method had to be
abandoned due to frequent and multiple technical problems with the FACS sorting machine.
For this reason, enrichment was carried out using magnetic bead separation. The magnetic
bead isolation resulted in 80-90% purity of receptor-positive cells slightly less effective than
the greater than 95% achieved using flow assisted cell sorting. Another limitation of
magnetic separation was that only one receptor could be isolated at any one time. Despite
this, it was highly reliable and reduced cell stress and cell damage, an advantage over
FACS-sorted cells, which, on polyclonal activation, showed a high mortality.
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Prior to their identification on skin-derived Th22 cells, FGFR2, PDFR and TIE had never been
linked to IL-22 expression before. In addition, their expression on T cells themselves is not
well documented. FGFs, which are potent growth factors released during injury and repair
had been shown to enhance TCR signalling and NFAT activation of FGFR1 + CD4+ T cells
(Byrd et al 2003). The expression of FGFR2 not only on memory but also naive T cells may,
thus, indicate that the receptor has a similar role to FGFR1 and may facilitate T cell
activation by providing a context-dependent danger signal. Yet, its expression on naive T
cells also indicated that the receptor is less likely to be a specific marker of Th 22 cells.
PDGFR is another important growth factor receptor expressed during injury and repair but,
so far, has only been identified on structural cells (Tan et al 2006, Gabrielli et al 2007). Its
enrichment and PDGF-BB ligand stimulation of CD4+ T cells showed no evidence of IL-22
expression. Similarly, TIE-1 was only identified on vascular endothelial cells previously (Sato
et al 1995) and may potentially relate to endothelial cell adhesion and T cell extravasation
rather than IL-22 expression.
For these reasons, it remains doubtful whether expression of FGFR2, PDGFR, or TIE1 on T
cells is linked to IL-22 expression. The original research that identified these 3 receptors
used a library of T helper cell clones derived from the skin of patients with atopic dermatitis
(Eyerich et al 2009). It is likely that the environment of the skin and the clinical condition of
the patients could have accounted for differences between skin Th 22 cells and peripheral
blood Th22 cells. It is also possible that the study of only several T cell clones from the skin
may not be representative. In conclusion, IL-22+ T cells could not be obtained either through
selective isolation of putative Th 22-receptors FGFR2, PDGFR, or TIE-1-positive T cells or
through their ligand stimulation. We, therefore, decided to derive T cell lines directly from the
bronchial mucosa of asthmatics and obtain individual CD4 T cells through serial dilution and
clonal expansion.
2.2. Human asthmatic bronchial mucosa
Each individual T cell line created from asthmatic bronchial mucosal tissue contained IL-22+
memory T cells. The overwhelming majority of IL-22+ T cells expressed both the β-TCR+
and CD4+ receptor. While the T cell lines contained mainly β-TCR+ CD4+ T cells, the
frequency of IL-22 expression in β-TCR+ and δ-TCR+ as well as CD4+ and CD8+ T cells
was almost identical. The analysis of IL-22+ β-TCR+ CD4+ T helper profiles was similar
across all asthmatic T cell lines and showed that the majority of IL-22+ T helper cells coexpressed IFN (Th1/22: 43.8%). The second largest IL-22+ T helper cell population
expressed only IL-22 (Th22: 22.2%) while the number of cells co-expressing IL-17A was low
in all cell lines (Th17/22: 10.2%). Co-expression of IL-22 with IL-4 was absent or negligible.
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The subsequent isolation and clonal expansion of individual T cells failed to generate
enough T cell clones to represent each T helper subset. While Th 1 and Th2 clones were
easily obtained, Th22 (and Th17) cells were not. Only three IL-22+ T cell clones were identified
which, in addition, also expressed various levels of IFN, IL-17A, and IL-4. Thus, IL-22+
CD4+ T cells within T cell lines derived from bronchial mucosal tissue belonged largely to the
Th1 and Th22 but not Th17 or Th2 subset yet clonal expansion failed to obtain enough T cell
clones for a detailed comparative analysis. While the cloning efforts may have eventually
yielded enough CD4 T cell clones, the method proved too time consuming and labour
intensive to continue.
The study of T cells derived from the asthmatic bronchial mucosa was limited by the
availability of clinical samples due to the invasiveness of the procedure and lack of tissue
from normal healthy controls. Nonetheless, it proved possible to generate T cell lines from 6
out of 10 biopsies of which 4 were derived from non-allergic asthmatics and 2 from allergic
asthmatics. The T cell lines were very similar in composition to other T cell lines showing a
similar ratio of CD4/CD8, as well as δ T cells (Wilson et al 1992, Gratziou et al 1992,
Crocker et al 1998, Krug et al 2001). The analysis of IL-22+ T cells derived from the
asthmatic bronchial mucosa was novel. Previous studies assessed the occurrence of IL-22
in asthmatic patients only using peripheral blood (Wong et al 2009, Zhu et al 2011), where a
general increase in IL-22+ (and IL-17+) CD4+ T cells correlating modestly with asthma
severity was observed. The characterisation of IL-22+ T cells also included the cytokine IFN
which, despite its strong link to IL-22 (and IL-17), has been largely overlooked. Its
importance has been documented by renewed interest in IL-17A+ IFN+ T cells which are
now believed to involved in the pathology of many inflammatory conditions (Annunziato et al
2007, Kebir et al 2009, Lin et al 2009, Boniface et al 2010, Cohen et al 2011).
The results of this study indicate that the majority of IL-22+ T cells within the memory T cell
pool of the asthmatic lung belonged to the Th 1 subset. The identification of a separate
subset of Th22 cells in vivo had been suggested in several previous studies. Very early on,
the observation was made that IL-22+ and IL-17+ T cells occur largely as distinct populations
(Scriba et al 2008) and recent in vivo observations support that both cytokines show only
minor co-expression (Matthews et al 2011, Rudloff et al 2012, Zhang et al 2012, Cowan et al
2012). If IL-22 was released by T cells during allergen provocation within the lung, it must
have either been derived from the smaller Th 22 cell population or released selectively from
Th1 cells. The latter would not be without controversy even though allergen-specific Th1 cells
have been identified in allergic individuals (Oseroff et al 2010).
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In conclusion, the study of the T cell lines derived from bronchial biopsies from asthmatics
yielded novel insights. The majority of IL-22 expressing CD4+ T cells within the T cell lines
generated from bronchial tissue were not related to Th 2 or Th17 cells but were more likely
related to a Th1 and, possibly, a smaller Th22 subset. However, a more detailed study of
individual T cell clones of distinct lineage (Th 1, Th2, Th17, Th22) would have been required to
confirm the existence of a distinct Th 22 cell lineage.

3. IL-22 in human tissue regeneration and repair
3.1. IL-22 Receptor expression in human bronchial epithelial cell lines
In total cell lysates, both IL-22 receptor RA1 and -RA2 were identified to be expressed
constitutively by primary bronchial epithelial cells, smooth muscle cells and fibroblast cell
lines but not peripheral blood CD4 + T cells. Compared to each other, bronchial epithelial,
smooth muscle and fibroblast cells expressed similar levels of IL-22RA1 and -RA2 protein.
The detection of IL-22RA1 resulted in a much stronger signal than the detection of IL22RA2. Surface expression of IL-22RA1 was confirmed on all three cell lines. More than half
of all bronchial epithelial cells stained positive for IL-22RA1. In airway smooth muscle cells
and fibroblast, IL-22RA1 was only detected on less than 5% of cells. Exposure of bronchial
epithelial cells to various T cell cytokines revealed that IL-22RA1 was up regulated by IFN.
This regulation was dose- and time- dependent and occurred not just in bronchial epithelial
cells but also airway smooth muscle cells and fibroblasts. Thus, all three primary structural
cell lines had the capacity to express IL-22 receptors while up regulating IL-22RA1 in the
presence of IFN.
Western blotting was selected to analyse the constitutive expression of both IL-22RA1 and
IL-22RA2. Both IL-22RA1 and IL-22RA2 antibodies recognised a specific band
corresponding to the correct molecular weight of their target protein and showed no
interference in combination with the anti--tubulin control. The observed difference in
strength between the IL-22RA1 and IL-22RA2 may have related to a quantitative difference.
This evaluation has to be viewed with caution as the western blots were not designed to be
quantitative and differences in both antibody binding and signal amplification could influence
the observed band intensity. Subsequent analysis of IL-22RA1 surface expression was
carried out by flow cytometry and circumvented the need for a fractional analysis (e.g.
cytosolic, nuclear, membrane) of IL-22RA1 expression by western blot. One limitation was
that the use of trypsin/EDTA to detach the adherent cells from the tissue culture dish could
not be avoided. Trypsin is able to cleave exposed proteins including surface receptors and
could, thus, artificially lower the recorded surface receptor expression. This effect, however,
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would have been similar for bronchial epithelial, smooth muscle and fibroblast cells, such
that a relative comparison of IL-22RA1 expression between the different cells lines should
still be valid.
The regulation of IL-22RA1 and IL-22RA2 was studied using RT-PCR. This technique
allowed the detection of small changes in IL-22RA1 and RA2 regulation even in the absence
of protein expression and surface translocation. Little is known about IL-22RA2, its time point
of expression and regulation. Its expression was, therefore, screened both at 6 and 24 hours
using two differently designed probe sets. Both probe sets detected low level IL-22RA2
expression (ct 29-30) which remained unchanged.
The investigation of IL-22RA1 and IL-22RA2 protein expression within the skin reported in
this thesis pointed to a wider range of structural cell sources (see Results 1.2.4, page 113).
Western blot confirmed that not only bronchial epithelial cells but also fibroblasts and smooth
muscle cells were able to express IL-22RA1 and low levels of IL-22RA2 under constitutive
conditions. The strong expression of IL-22RA1 on bronchial epithelial cells was in line with
previous studies which identified cells of epithelial origin as the main target of IL-22 (Wolk et
al 2004, Boniface et al 2005, Aujla et al 2008). Results showed a difference between the IL22RA1 surface expression on growing and terminally differentiated bronchial epithelial cells.
While our cells showed a surface expression of >50%, terminally differentiated cells cultured
within an air-liquid-interface showed a surface expression of only 15% (Aujla et al 2008).
Fibroblasts had been investigated previously showing that synovial, ganglia and
myofibroblasts were able to express IL-22RA1 and/or respond to IL-22 in culture (Andoh et
al 2005, Ikeuchi et al 2005, Wolk et al 2009). However, these studies have remained largely
un-cited and overlooked. Similarly, airway muscle cells have been largely overlooked. The
expression of IL-22RA1 in smooth muscle cells has, now, been replicated by others (Zhang
et al 2011, Chang et al 2011) validating the findings reported here. Studies on IL-22RA2
expression are limited. Type-II pneumocytes (alveolar epithelial cells) have been shown to
express IL-22RA2 mRNA in vivo (Xu at al 2001). Investigations of the regulation of IL-22RA1
by IFN was reflective of one study carried out in vitro using keratinocytes, where both IFN
and TNF caused increased IL-22RA1 mRNA up regulation in culture (Wolk et al 2005).
The expression of IL-22RA1 on structural cells other than epithelial cells highlight a greater
functional diversity of IL-22 beyond “mucosal immunity” alone. The association of fibroblasts,
in particular, suggests a potential role in tissue repair processes. Airway smooth muscle
cells, for example, have recently been shown to respond to IL-22 with increased migration
(Chang et al 2011).
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The western blot showed that IL-22RA2 was present at low levels in each cell type. The fact
that IL-22 did not increase IL-22RA2 mRNA indicated that this basal IL-22RA2 expression is
less likely to relate to a regulatory feedback loop within IL-22 target cells. Previously, dual
immunochemistry revealed that both IL-22RA1 and IL-22RA2 were expressed on, separate
but otherwise, very similar cells within the skin. Both receptors may potentially be expressed
by the same cell-type but at different stages of activation or differentiation. The later being
supported by the identification of IL-22RA2 in early HSP47+ fibroblasts while fully
differentiated fibroblast were shown to be IL-22RA1+ (Ikeuchi et al 2005).The detection of
both IL-22RA1 and IL-22RA2 by western blot might, therefore, relate to an artefact of cell
culture in which primary cells are maintained in an artificial and not fully differentiated state.
The regulation of IL-22RA1 by IFN alone indicates a strong functional connection of IL-22
during Th1 rather than Th2-associated inflammation. IFN is not just a Th1 cytokine but is also
released by many innate sources very early on during inflammation (e.g. alveolar
macrophages). Interestingly, the data showed no further evidence of a Th 1/Th2 disparity. Th2associated cytokines neither down regulated IL-22RA1 expression nor up regulated IL22RA2. This was reflected in vivo where IL-22RA1 and IL-22RA2 expression remained
unchanged during experimental allergic inflammation within the skin.
To understand the function role of IL-22, we needed to study the IL-22 target cells in more
detail. On the basis of IL-22RA1 surface expression, only primary bronchial epithelial cells
appeared suitable to be used as a model to study the function of IL-22 in vitro. The low IL22RA1 surface expression on cultured pulmonary fibroblasts was unexpected, in view of the
previous in vivo findings in the skin, where IL-22RA1 was abundantly expressed on vimentinpositive early fibroblasts (see Results 1.2, Figure 28 page 118). Based on these results, the
study focused exclusively on bronchial epithelial cells and the role of IL-22 during epithelial
injury and repair.
3.2. Effect of IL-22 on bronchial epithelial cells
To test our hypothesis that “Interleukin-22 is involved in tissue regeneration and repair”, a
functional assay to study the effects of IL-22 on bronchial epithelial wound healing in vitro
was set up.
3.2.1. Wound healing
The results showed that in an in vitro wound healing assay, IL-22 was able to improve
epithelial wound closure. This effect occurred in a dose- and time dependent manner and
was not influenced by the presence of IL-17A which, on its own, showed no visible effect on
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wound closure. Thus, IL-22 may likely augment wound closure following injury, independent
of IL-17A expression.
The wound healing assay (Todaro et al 1965, Haudenschild et al 1979) allows a detailed
study of the phenotypic shift of epithelial cells after injury (Kheradmand et al 1994, Garat et
al 1996). These include, in particular, the changes in cell-cell interactions (e.g. tight
junctions), the extra-cellular matrix (e.g. MMPs), cytoskeleton arrangements (e.g. actin
reorganisation), cell spreading and migration (Kim et al 2010). While these events
encompass many of the early features of wound closure, the assay cannot address the
influence of IL-22 on chemotaxis or cellular proliferation and cannot replicate the complex
interactions of several different progenitor, structural and inflammatory cells types during in
vivo wound healing. The use of primary rather than immortalised bronchial epithelial cells
strengthened the study’s findings. Primary cells are not commonly selected for functional
studies as they are costly and can only be expanded for a short period of time (e.g. passage
4 to 5) hence limiting the number of experiments that can be carried out. However, primary
cells retain the majority of functions seen in vivo as they are not affected by the side effects
of immortalisation and long term culture. Both factors have been linked to alter functional
responses in immortalised cell lines leading to sometimes opposing outcomes in vitro
(Sandberg et al 2005, Olsavsky et al 2007, Pan et al 2009).
The wound healing assay has a simplistic setup but proved difficult to establish and carry
out. A major drawback was the great variability of epithelial responses which led to a high
inter-assay variation (see Methods 3.2 Figure 13, page 96). The requirement to obtain a
homogenous monolayer of epithelial cells was likely the main cause for the highly variable
responsiveness of cells in vitro as any cell crowding quickly led to cell cycle arrest and cell
death in vitro (Liang et al 2007). Despite this assay variability, the data illustrated a clear and
statistically significant effect of IL-22 in enhancing wound closure.
The bronchial epithelium is a relatively new target of IL-22 to be investigated but the results
confirmed that the functional association of IL-22 in wound healing is likely a conserved
effect which occurs across different cell types and tissues (Boniface et al 2005, Brand et al
2006, Sa et al 2007, Pickert et al 2009, Brand et al 2007, Eyerich et al 2009). This
confirmation highlights the need to better understand the role of IL-22 in relation to tissue
regeneration and repair within the lung and its potential contribution to asthma. In
conclusion, the positive functional response of our human bronchial epithelial cells to IL-22 in
vitro suggested the need to perform a more detailed functional analysis of the mechanism of
IL-22 associated wound healing in vitro. As these changes remained poorly defined, the
contribution of IL-22 on changes such as cell survival, cell-cell adhesion, extracellular matrix
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interactions, cell spreading, migration, and proliferation needed to be addressed. To do so,
the subsequent investigation focused first on epithelial proliferation, a feature that could not
be addressed by the use of the wound healing assay only.
3.2.2 Proliferation
The results showed that the different cell cycle stages of bronchial epithelial cells remained
unaffected by the presence of IL-22 in vitro. IL-22 neither decreased the number of resting
(G0/1-phase) cells nor increased synthesising (S-phase) and dividing (G2M-phase) cells. As
a positive control, bronchial epithelial cells were exposed to TGFβ1, which decreased the
percentage of synthesising (S-phase) and increased the number of resting (G0/1-phase)
cells. This observation strengthened the finding that IL-22, on its own, showed no effect on
bronchial epithelial cell proliferation.
To quantify IL-22 and its effect on cellular proliferation, propidium iodide staining (Krishan
1975) was selected. This method allows the visualisation of the individual cell cycle stages
and thus provides more detailed information then a traditional proliferation assay such as
[methyl3H]-thymidine incorporation. In comparison to [methyl3H]--thymidine incorporation,
propidium iodide staining is not as sensitive but can be carried out without any radioactive
safety measures. In addition, propidium iodide is not incorporated into living cells and, thus,
does not artificially change the proliferative behaviour of cells in vitro (Hu et al 2002).
Previous evidence implying an effect of IL-22 on epithelial proliferation had so far been
indirect (Brand et al 2006, Li et al 2009, Ren et al 2009).
On the basis of the experimental findings, IL-22 had no direct influence on epithelial cellular
proliferation. As cellular proliferation occurs later on during wound healing, I hypothesised
that IL-22’s function may specifically relate to early events in wound healing. These events
potentially include changes in cell-cell adhesion and cell matrix interactions that are often
initiated by early pro-inflammatory cytokines such as IFN (Crosby and Waters 2010). In
conclusion, the effects of IL-22 on enhancing epithelial repair appeared independent of any
effect on proliferation. It remains to be established if IL-22 could influence other earlier
events during wound closure.
3.2.3 Gene expression
The study showed that IL-22 on its own was able to increase the expression of several
known IFN associated inflammatory genes. These included the adhesion molecule ICAM1,
the cytokine IL-6, and the chemokines CCL2, CXCL9,-10 and -11. While IL-22 alone was a
modest inducer of these genes, IL-22 was observed to markedly enhance the effect of IFN
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on epithelial expression of these genes that included particularly epithelial CXCL10, and
CXC11. IFN-associated repair genes showed only a modest regulation by IL-22. IL-22 was
able to induce both MMP1 and MMP10 but showed no synergy with IFN. IFN-regulated
growth factors BMP2, TYMP, TGF, INHBA and VEGFc were almost unchanged in the
presence of IL-22. IL-22, however, enhanced the IFN associated expression. This
enhancement was seen for the expression of all growth factor genes and increases in gene
expression reached statistical significance for TYMP, BMP2 and TGF. Thus IL-22, while
being a modest inducer of IFN-associated genes alone, was able to enhance the effect of
IFN on many early injury- and repair-associated genes.
Previous studies have addressed mainly IL-22’s role in mucosal immunity. While these
studies were carried out using IL-22 in combination with IL-17A or TNF, they made very
similar observations. In particular, the enhanced induction of IL-6 (Brand et al 2007, Ma et al
2008, Sonnenberg et al 2010), CCL2, CXCL9, -10, and -11 (Eyerich et al 2009, Hosokawa et
al 2009) had been reported previously in keratinocytes as well as hepatocytes. Only the
induction of IL-8/CXCL8, which had been reported in numerous studies (Wolk et al 2004,
Brand et al 2006, 2007, Koga et al 2008, Nograles et al 2008, Wolk et al 2009), could not be
observed. Similarly previous research which addressed the function of IL-22 in human
bronchial epithelial cells also failed to observe an effect of IL-22 on IL-8/CXCL8 gene
expression (Aujla et al 2008).
The study of IL-22 and its effect on multiple repair associated genes, on the other hand, was
novel. Individually, some previous studies provide support for the identified IL-22-associated
induction of MMP1, -10 (Andoh et al 2005, Boniface et al 2005, Wolk et al 2006) and TGF
(Wolk et al 2004).
In summary, the results confirmed that IL-22 exhibits a dual role in both amplifying the
inflammatory response whilst promoting events related to tissue repair. IL-22 could be
considered an early pro-inflammatory cytokine. Yet, its functional role appears to differ from
that of other classic pro-inflammatory cytokines (e.g. IFN, TNF and IL-17A). These results
as well as previous studies showed that IL-22 on its own was only a weak inducer of effector
gene expression. Its effect was only observed in the presence of other pro-inflammatory
cytokines. I hypothesise that IL-22, therefore, has a slightly different role and may act more
as an immune-modulator than primary effector cytokine. I also hypothesise that IL-22’s
synergistic effect with pro-inflammatory cytokines such as IFN is more selective as it may
appear in the small dataset of studied candidate genes. It would, therefore, be interesting to
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determine how IL-22 alters the “responsiveness” of structural cells to inflammatory cues and
if this could be predictive of its overall function.
In conclusion, the data suggested that IL-22 was linked to both early events in inflammation
as well as repair. As IL-22 exhibited a similar function in enhancing the effect of IFN, TNF,
and IL-17A, it is probable that IL-22 might, more broadly, target intracellular signalling
pathways which, in turn, may enhance the responsiveness of cells to inflammatory cues. The
repair related functions remain poorly defined.
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In relation to hypothesis
Hypothesis 1
While the evidence suggested a putative role of IL-22 in chronic allergic inflammation, little
had been known about IL-22’s expression during the allergic reaction itself.
The detection of IL-22, 24 hours after bronchial segmental allergen challenge, in allergic
asthmatics was unexpected. It was surprising as it was released in significant quantities to
be detectable even in undiluted broncho alveolar lavage alongside IL-5 and in the absence
of IFN and IL-17A/F. Like the in vivo data, the in vitro allergen PBMC challenge confirmed
the induction of IL-22 together with IL-5 after allergen challenge, independent of IL-17 or
IFN. The strong increase in IL-22, after bronchial segmental allergen challenge, was almost
similar to IL-5 and, thus, may have arisen due to the rapid release of stored cytokine from
innate immune cell sources. It was, therefore, important to address if IL-22 was derived from
T cell or non-T cell sources. One drawback of this study was that the intradermal allergen
challenge, which was specifically setup to address this question, was unable to detect IL-22
within the tissue. We can only presume, based on our in vivo an in vitro challenge data, that
IL-22 may have similarly been expressed during intradermal allergen challenge. If IL-22 was,
thus, produced, it would have been detectable at least as a stored cytokine e.g. within
granules of innate immune cell sources. Yet, the inability to detect IL-22 pointed away from
innate sources towards T cell sources. Thus, we can conclude that IL-22 was expressed
during human allergic inflammation yet the identity of the IL-22 producing cells remains to be
established.
Hypothesis 2
Our second hypothesis aimed to address if IL-22 was expressed by distinct Th 22 cells as well
as other T cell subsets (Th1, Th2, Th17). The experimental results indicated that IL-22 was not
universally expressed across different subsets. While IL-22 expression occurred within Th2
driven inflammation, Th2 cells themselves showed no ability to express IL-22. Our data
highlighted the strong relationship between IL-22 and Th1 cells but confirmed the divergence
between IL-22 and IL-17 expressing cells. In addition, a distinct population of cells
reminiscent of the Th22 subset could be identified. A major focus of this PhD, therefore, was
to address the development of Th 22 cells, their transcriptional regulation and relationship to
other T helper cell lineages. The inability to either differentiate Th 22 cells in vitro or isolate
existing Th22 cells from peripheral blood or lung tissue ex vivo was a major hurdle. It meant
that we could not further address if these IL-22+ CD4+ T cells represented a distinct T cell
lineage. We can, therefore, only conclude that IL-22 is a Th1-related cytokine expressed by
Th1 as well as cells reminiscent of the proposed Th22 cell subset.
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Hypothesis 3
The identification of a wide range of IL-22RA1+ cells within the skin was novel and indicated
that cells of epithelial origin represented not the only target of IL-22 within the tissue. The
strong association with the connective tissue, in particular, which is rich in early progenitors,
stem cells and fibroblasts, supported the hypothesis that IL-22 had an important role in
influencing tissue regenerative and repair processes. While the exact identify of all target
cells within the connective tissue could not be specified, it became apparent that fibroblasts
were likely one of the cell populations.
Studying epithelial injury and repair in vivo shows that sub epithelial early progenitor cell
populations play a key role in re-constituting the damaged areas temporarily as well as
permanently. Inflammatory cues such as IL-22 may, thus, potentially serve as activation
signal for cells to undergo differentiation and maturation. Yet, we are only beginning to
develop the right culture techniques to maintain isolated stem cells and early progenitor cells
in culture to test these hypotheses in more detail.
The important role of IL-22 on cells of fibroblast origin must have been evident before, as
three separate research groups aimed to address the functional response of IL-22 on them
in vitro (Ikeuchi et al 2005, Andoh et al 2005, Wolk et al 2009). However, like our pulmonary
fibroblast, the differentiation and maturation stage of these cells in culture only showed low
IL-22RA1 surface expression. It was clear that normal cell culture techniques would not
allow a proper functional analysis in vitro. The lack of functional response in the previous
studies was likely an important factor while they remained largely overlooked and not cited
until now. I can only hypothesise about the functional relevance of IL-22 in fibroblasts. From
the insight gained studying the functional response of IL-22 in bronchial epithelial cells, it is
likely that IL-22 plays a role in early activation and differentiation rather than later processes
such as TGFβ1-driven collagen synthesis and deposition.
Another important aspect highlighted was that epithelial cells and underlying early progenitor
cells were not the only target of IL-22. Also very different structural cells such as smooth
muscle cells showed to be IL-22RA1 positive in culture. Again, due to their low surface
expression in vitro, the functional response of these cells to IL-22 was not investigated
further. However, two recent publications have validated the study’s findings and confirmed
that cultured smooth muscle cells express IL-22RA1 and responded to IL-22 with increased
migration (Chang et al 2011). It is, therefore, not unimaginable that IL-22 has a more global
effect on multiple structural cells within the tissue in relation to repair. Yet, it is also possible
that growing and not fully-matured epithelial cells, mesenchymal cells and smooth muscle
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cells share certain functional similarities in culture, allowing them to respond to IL-22 in
similar manner. A comparison of cultured bronchial epithelial cells alone showed that
growing cells exhibited a >50% IL-22RA1 surface expression (see Figure 42, page 141)
while fully-matured cells in an air-liquid-interface culture showed only a 16% surface
expression (Aujla et al 2008). This also suggests that even bronchial epithelial cells are more
likely to respond to IL-22 when they are not as terminally differentiated.
The regulation of IL-22RA1 in bronchial epithelial cells but also fibroblasts and smooth
muscle cells was controlled by IFN. This observation indicated that the time window of IL-22
expression occurred likely at the onset or immediately after the first inflammatory response.
Similarly, the measurement of IL-22RA2 in the bronchoalveolar lavage supported the view
that IL-22 function occurred likely during the early phase and was presumably actively
blocked during resolution. The investigations into the underlying molecular mechanisms of
bronchial epithelial wound healing also indicated that IL-22 had a role in early repair. At
least, on its own, IL-22 was unable to influence cellular proliferation. Cellular proliferation is
an important feature in wound healing which occurs after an initial re-organisation of the
tissue (e.g. extracellular matrix break down, cell de-differentiation, cell spreading). IL-22’s
main role is, thus, likely related to early protective and regenerative processes within tissue.
The gene expression screen, while set up with a different aim, supported this view as IL-22
was able to independently regulate matrix-metalloproteinases such as MMP1 and MMP10.
While the study was unable to further address IL-22’s influence on these early events, it is
likely that the presence of IL-22 may have an influence on cell survival, tight junction break
down, cell-matrix degradation, de-differentiation and cellular migration.
Thus, I hypothesise that IL-22 is an early pro-inflammatory cytokine initiating early events in
wound repair. To do so, IL-22 targets early progenitor cells within the underlying connective
tissue as well as influence damaged structural cells within the tissue to survive, dedifferentiate and migrate.
Relevance of IL-22 in allergy and asthma
Our interest in IL-22 in allergy and asthma was formed when studies highlighted a significant
increase in IL-22 and Th22 cells in atopic dermatitis. These measurements were made during
the chronic inflammatory phase of the disorder. Similarly in allergic asthma, evidence
suggested that during chronic inflammation, the T helper cell response may become more
diverse and could potentially include IL-22 and IL-17 responses.
The now identified expression of the IL-22 expression during allergic inflammation remains
difficult to judge with the limited knowledge available. IL-22 was released in a Th2-driven
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environment yet Th2 cells were unable to express the cytokine. Furthermore, IL-22 showed a
strong relationship to the cytokine IFN and was not only released by responding atopic but
also by responding non-atopic cells in culture. We, therefore, hypothesise that IL-22 may not
belong to the adaptive Th2 response as such.
The release of IL-22 may be a response related to immune cell activation and inflammation
itself and, thus, occur before or in parallel with the ensuing Th 2 response. The role of IL-22
specifically in allergy may serve a similar protective role during general inflammation
regardless of the bias of the ensuing adaptive immune response. The view that IL-22 may
modulate inflammation was supported by recent studies. In these, the authors blocked IL-22
expression during an experimental allergen challenge in mice. This led to an enhanced
allergic inflammation and as others had shown to increased cellular damage (Besnard et al
2011). This regulation of the allergic immune response by IL-22 was hypothesised to involve
IL-10 associated mechanisms augmenting eosinophilic infiltration (Nakagome at al 2011).
Thus, I believe that IL-22 is an integral part of the immune response protecting the
underlying tissue through modulating the severity of inflammation as well as initiating
protective and regenerative processes within the tissue
The expression of IL-22 may, thus, be beneficial in asthma. Here, more so than in other
atopic conditions, the function and integrity of structural cells within the lung is of particular
importance. IL-22 may similarly dampen the severity of allergic inflammation (as recently
shown in mice) but maybe, more importantly, improve epithelial function and integrity. Yet,
the asthmatic epithelium is altered and itself plays a significant role in the development of
asthma and progression of tissue remodelling. Even in the absence of Th 2-driven
inflammation, the asthmatic epithelium displays a defective stress and anti-oxidant handling
(Sackesen et al 2008, Yang et al 2009, Schultz et al 2010), heightened caspase activity
(Truong-tran et al 2003, Kuwano et al 2007), altered tight junction formation (de Boer et al
2008, Holgate et al 2009), defective migration and proliferation (Kicic et al 2010). Therefore,
it remains to be established if IL-22 signalling could be affected in an altered asthmatic
epithelium, (e.g. altered IFN signalling; Bosco et al 2010), or if it could function normally
and overcome the inherited alterations in epithelial function.
One feature implicated during this PhD research was IL-22’s putative role on mesenchymal
progenitor cells and fibroblasts. Mesenchymal-derived fibroblast precursors are normally
responsible for tissue repair (Morishima et al 2001). In asthma, basal lamina thickening and
subepithelial fibrosis are a hallmark of the pathology (Brewster et al 1990, Zhang et al 1994).
These remodelling processes are unlikely controlled directly by IL-22. Yet IL-22’s expression
early on during inflammation may lay the ground for precursor activation and differentiation.
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Therefore, it has to be carefully judged if the influence of IL-22 may always be positive. It
could be possible that repair responses coordinated by IL-22, which may otherwise be
protective in normal inflammatory settings, in asthma, may not always lead to a positive
outcome.
We are, therefore, only at the beginning of gaining insight into the role of IL-22 in human
allergy and asthma. First, we need to better understand IL-22’s normal role during
inflammation. Only then, could we specifically address its functionality in the altered
asthmatic lung.
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Conclusion
The investigation showed that IL-22 increased in vivo after bronchial segmental allergen
challenge in bгonchoalveolaг lavage obtained from asthmatics but not in control individuals.
While its expression following intradermal allergen challenge remained inconclusive, the
allergen-specific stimulation of PBMCs in vitro confirmed up regulation of IL-22. Yet, IL-22
was observed to increase in PBMC cultures derived not only from atopics but also control
subjects.
While the identify of cellular source of IL-22 production in vivo has yet to be determined,
allergen stimulation of T cells in vitro provided evidence suggesting that IL-22 may not have
been released by Th2 cells. Instead, the cytokine profile of IL-22+ T cells derived, either
following allergen-specific expansion in vitro or from asthmatic bronchial tissue ex vivo, was
more reminiscent of cells belonging to the Th1 and the newly proposed Th22 subset.
Structural cells within the tissue appeared to be the major target for IL-22. In the skin, there
was wide expression of both IL-22RA1 and IL-22RA2 that co-localised to vimentin, a marker
of cells of mesenchymal origin. Further analysis revealed partial co-Iocalisation of IL-22RA2
with HSP-47, а marker of early fibrobIasts. Similarly, primary cell lines derived from bronchial
tissue (bronchial epithelial cells, smooth muscle cells, pulmonary fibroblasts) showed
constitutive expression of both IL-22RA1 and IL-22RA2. While Th2 cytokines were unable to
alter IL-22 receptor expression on these cell lines, the Th1 cytokine, IFN, increased IL22RA1 mRNA in a dose- and time-dependent manner.
Having identified particularly strong expression of the IL-22 receptor on epithelial cells,
primary human bronchial epithelial cells were used to study the function of IL-22. IL-22
synergised with IFN in the induction of pro-inflammatory genes (IL-6, CXCL9,-10, and -11)
in epithelial cells. On its own, IL-22 was able to augment the healing, in vitro, of an injured
bronchial epithelial cell layer. While these effects were observed independently of an effect
of IL-22 on proliferation, the precise mechanism remains to be determined.
In conclusion, these studies in man show that IL-22 is released after allergen encounter and
targets primarily structural as well as progenitor cells (e.g. early fibroblasts) within the tissue.
While it is expressed during Th 2-driven inflammation, IL-22, itself, appeared to be strongly a
Th1-related cytokine. The function of IL-22 was related to both inflammation (associated with
IFN) and repair. Release of IL-22 during the allergic response could relate to its tissue
protective functions thus potentially dampening Th 2-driven inflammation. All in all, IL-22
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appears to be a Th1-related cytokine that targets structural cells and progenitor cells,
including early fibroblasts, within the tissue. Taken together, these studies suggest that IL-22
has a dual role in early inflammation and repair.
Overview:

Late phase response
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•Th1-type
early (Innate) response?
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Diagram 5. Potential expression and function of IL-22 during allergic inflammation

177

Future Outlook
The data generated during the PhD represents the first investigation of IL-22 in human
allergy and asthma. The increase in IL-22 expression after allergen challenge in the
bronchoalveolar lavage of allergic asthmatics but not healthy controls is therefore an
important observation.
Due to the very small sample cohort of 15 allergic asthmatics and 3 healthy controls, this
important observation requires validation. To substantiate the result, the study cohort would
normally be increased. However, at this point in time, not enough insight into the cytokines
function and link to the clinical condition has been gained to justify the additional recruitment
of allergic asthmatics.
An alternative would be to re-analyse the samples obtained after intradermal allergen
challenge. We now know that the original approach of detecting IL-22 by immunofluorescence was flawed. The successful application of in-situ hybridisation could not only
achieve the original objective but also shed more light on the cellular source of IL-22.
The original PhD has focused primarily on the role of IL-22 in bronchial epithelial wound
healing. If the evidence of IL-22 expression during allergic inflammation becomes more
substantial, the influence of the cytokine on other mediators of allergic inflammation needs to
be investigated.
Future steps include:
1. Validation of the observed expression of IL-22 in allergy and asthma
2. Clarification if IL-22 is indeed expressed by T cells during the late phase response
3. Investigation if the presence of IL-22 alters the functional response of other cytokines
(e.g. IL-4/IL-13) in relation to the bronchial epithelium.
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Appendix
Additional experimental figures
CCR10+CD45RO+
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Figure 50. Flow cytometric analysis of flow-assisted-cell-sorted CCR10+ and CCR10CD45RO+ CD4+ T cells

214

A)
Airway smooth muscle (HB129)

Airway smooth muscle (HB138)
6

RQ IL-22RA1 [2 -DDCT]

15
10
5

2

time [hrs]

24

10

8

6

4

0

24

8

10

6

4

2

0
0

0

4

2

RQ IL-22RA1 [2 -DDCT]

20

time [hrs]

B)
Airway smooth muscle (HB139)

Pulmonary Fibroblasts
12

RQ IL-22RA1 [2 -DDCT]

30
20
10

4

time [hrs]

24

12

6

24

8

10

6

4

2

0
0

0

8

0

RQ IL-22RA1 [2 -DDCT]

40

time [hrs]

Figure 51. RT-PCR analysis of the induction of IL-22RA1 mRNA by IFN in airway
smooth muscle cells and fibroblasts over time
A-C) Normal human airway smooth muscle B) Normal human pulmonary fibroblasts. Sample population n=3;
Statistical test (wilcoxon)
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Raw data tables
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ID

Age
(Yrs)

Gender
(M/F)

Treatment Group PC20 (mg/ml)

SPT ≥3mm

Total IgE
(IU/ml)

RAST (IU/ml)
Challenged
Challenged Allergen Allergen

FEV1-%predicted
(before challenge)

LRP (% fall FEV1)

Sv01
Sv02
Sv03
Sv04
Sv05
Sv06
Sv07
Sv08
Sv09
Sv10
Sv11
Sv12
Sv13
Sv15
Sv16
AC16

24
24
43
33
43
41
22
24
33
38
25
30
30
44
34
25

F
F
F
F
F
F
M
F
M
M
M
F
M
F
M
M

Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Allergic Asthmatic
Normal Control

4
1.8
2.75
7
15
1.2
25
32
2
0.75
0.62
4
1.5
16
0.9
>32

HDM, TG
HDM, Cat
HDM, TG
HDM, TG
TG
TG
TG
TG
TG, TP
HDM
TG, TP
HDM, TG
TG
TG
TG
None

448
388
155
319
564
86
129
210
538
895
118
106
90
340
989
20

12.3
54.4
0.84
23.1
100
33
45.9
100
44.2
100
39.5
25.6
32.9
101
100
<0.35

HDM
HDM
HDM
HDM
TG
TG
TG
TG
TG
HDM
TG
TG
TG
TG
TG
HDM

132
119
89
116
96
90
105
88
115
93
138
97
145
105
119
>100

39
22
23
31
33
21
8
12
19
28
25
41
24
36
18
8

AC18

n.a.

n.a.

Normal Control

>32

None

n.a.

<0.35

HDM

>100

8

AC19

25

M

Normal Control

>32

None

n.a.

<0.35

HDM

>100

8

AC23

n.a.

n.a.

Normal Control

>32

None

n.a.

<0.35

HDM

>100

8

AC26

19

M

Normal Control

>32

None

46

<0.35

HDM

>100

8

ID

Eos (106)
before

Eos (106)
after

IL-5 (pg/ml) IL-5 (pg/ml) IFNγ (pg/ml)
before
after
before

IFNγ (pg/ml)
after

IL-17A/F
IL-17A/F
(pg/ml) before (pg/ml) after

IL-22 (pg/ml)
before

IL-22 (pg/ml)
after

IL-22BP (ng/ml)
before

IL-22BP (ng/ml)
after

Sv01
Sv02
Sv03
Sv04
Sv05
Sv06
Sv07
Sv08
Sv09
Sv10
Sv11
Sv12
Sv13
Sv15
Sv16
AC16

0.094
0.142
n.a.
0
0
0
0.45
0.1
0
0.05
0
0.1
0
0
0
0.07

0.771
13.3
n.a.
2.304
2.9
2.9
6.282
0.6
2.1
0.6
17.19
4.5
5.2
14.69
80.01
0.08

<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0

<15.0
311.8
<15.0
15.7
15.9
21.2
971.6
18.5
25.6
26.8
<15.0
26.9
41.7
91.9
444.8
<15.0

<15.0
<15.0
15.44
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0

<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
26.9
<15.0
18.89
<15.0
<15.0

<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0

<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0

<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0

<15.0
117.2
<15.0
<15.0
22.8
<15.0
54.3
18.4
<15.0
<15.0
<15.0
15.3
50.9
32.9
19.3
<15.0

<15.0
<15.0
<15.0
<15.0
n.a.
n.a.
<15.0
n.a.
n.a.
<15.0
<15.0
n.a.
45.2
<15.0
<15.0
<15.0

<15.0
53526.4
96.8
<15.0
n.a.
n.a.
1767.5
n.a.
n.a.
<15.0
<15.0
n.a.
15343.8
15298.0
16.5
<15.0

AC18

0.0

0.1

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

AC19

0.1

0.1

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

AC23

n.a.

n.a.

<15.0

<15.0

<15.0

<15.0

<15.0

<15.0

<15.0

<15.0

<15.0

<15.0

AC26

n.a.

n.a.

<15.0

<15.0

<15.0

<15.0

<15.0

<15.0

<15.0

<15.0

<15.0

<15.0

Table 67. Individual clinical data as well as experimental results of the bronchial allergen challenge study
HDM= House Dust Mite, TG= Timothy TG (Phleum pratense), TP= Tree Pollen.
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Sample Age Gender Treatment
ID
(Yrs) (M/F)
Group

Challenged Skin Prick Additional
Allergen
Test*
SPT+

Total IgE
(IU/ml)

RAST LPR (8hrs)
(IU/ml) diluent (mm2)

LPR (8hrs)
Eosinophils diluent
allergen (mm2) (cells/mm2)

Eosinophils allergen
(cells/mm2)

G1

28

M

Atopic

TG

14

C

1570

101

407

6575.8

0

346.5

G2

30

F

Atopic

TG

5

C, V

671

14

471

4140

0

347.5

G3

49

M

Atopic

TG

5

No

34

3.14

223.5

5380

19.5

194.5

G5

21

M

Atopic

TG

11

B, T

736

101

545

5680

0

136.1

G6

21

M

Atopic

TG

7

M, D

308

101

381.5

5308

2.5

293

G7

53

M

Atopic

TG

5

No

41

3.38

390.5

4670.3

2.7

240

G8

25

F

Atopic

TG

10

D

135

53.5

316

5501.5

8.5

350

G9

26

M

Atopic

TG

8

No

46

12.9

332

4459

1.1

224

G10

50

M

Atopic

TG

9

No

28

10.7

0

3222.8

0

262.5

G11

28

M

Atopic

TG

7

No

25

14.3

0

3094.3

0

155.5

G13

25

M

Atopic

TG

9

M, T, B, C

615

82.3

0

3854.3

3.1

330.7

G14

29

F

Atopic

TG

8 M, T, C, D, H

207

50.8

0

3352

0

63.8

G15

27

F

Atopic

TG

11

T, B, C, H

1017

69.3

0

3130

1.3

174.4

G17

27

M

Atopic

TG

10

No

83

29.3

0

3357

0

133

N1

29

F

Normal

TG

0

No

11

0.34

0

0

0

1.9

N2

22

F

Normal

TG

0

No

16

0.34

0

0

0

2.5

N3*

29

M

Normal

TG

2

No

853

2.11

0

0

0

0

N4

33

F

Normal

TG

0

No

28

0.42

0

0

0

4.5

N5

26

M

Normal

TG

0

No

3

0.34

0

0

0

39.4

N6

41

F

Normal

TG

0

No

24

0.34

0

0

10

0

Table 68. Individual clinical data as well as experimental results of the intradermal allergen challenge study
* N3 was included in normal control group but excluded from analysis (high levels of total & specific IgE) ; *Skin Prick test against Grass; TG= Timothy Grass (Phleum pratense), C=Cat,
B=Birch, T=Tree, M=?, D=?, H=House Dust Mite, V=?
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Sample
ID
Tc184
Tc185
Tc187
Tc188
Tc192
Tc193
BAA310
BAA311
11384
11620
11994
12160
Tc189
Tc190
Tc191
Tc195
Tc196
Tc197
Tc203
Tc204
Tc208
Tc209
BNorm409

Age Gender
(Y) (M/F)
30 F
36 M
30 F
35 F
45 M
28 F
53 M
30 F
37 F
29 M
24 F
21 M
56 M
56 M
23 M
36 M
55 F
56 F
56 M
42 M
57 F
25 F
37 M

Treatment
Group
Atopic
Atopic
Atopic
Atopic
Atopic
Atopic
Atopic
Atopic
Atopic
Atopic
Atopic
Atopic
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

SPT
≥3mm
TG
TG
TG
TG
TG
TG
TG
TG
TG
TG
TG
TG
None
None
None
None
None
None
None
None
None
None
None

Multiple
Allergens
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
-

Total IgE
(IU/ml)
157
267
714
163
35
793
30
714
61.1
16.3
290
246
36
6
105
21
6
26
36
5
26
n.a.
21

RAST
(IU/ml)
18.7
33.9
23.2
11.6
1.9
88.4
1.96
23.2
14.8
7.74
>100
42.3
0.03
<0.01
<0.01
0.01
<0.01
0.01
0.03
0.01
<0.01
n.a.
0.01

IL-5 (pg/ml)
control
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
73.95
32.42
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0

IL-5 (pg/ml)
5μg/ml Phl P
<15.0
362.6
32.4
214.5
353.7
<15.0
128.0
31.07
46.07
18.83
83.2
83.9
<15.0
<15.0
37.6
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0

IFNγ (pg/ml)
control
33.62
<15.0
<15.0
<15.0
26.63
54.17
<15.0
<15.0
24.59
20.53
19.51
19.61
42.31
<15.0
<15.0
30.35
<15.0
<15.0
21.53
21.73
21.23
<15.0
<15.0

IFNγ (pg/ml)
5μg/ml Phl P
34.21
37.71
<15.0
<15.0
27.7
57.51
<15.0
<15.0
22.31
20.12
19.51
19.92
38.96
<15.0
<15.0
29.16
<15.0
<15.0
21.63
20.63
20.23
<15.0
<15.0

IL-17A/F
(pg/ml) control
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0
10.8
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0
<8.0

IL-17A/F
IL-22 (pg/ml)
(pg/ml) Phl P control
<8.0
<15.0
<8.0
<15.0
<8.0
<15.0
<8.0
<15.0
<8.0
<15.0
12.2
<15.0
<8.0
97.13
<8.0
<15.0
<8.0
<15.0
<8.0
<15.0
<8.0
<15.0
<8.0
<15.0
9..8
<15.0
<8.0
<15.0
<8.0
<15.0
8.6
<15.0
<8.0
<15.0
<8.0
<15.0
<8.0
<15.0
<8.0
<15.0
<8.0
<15.0
<8.0
<15.0
<8.0
<15.0

IL-22 (pg/ml)
5μg/ml Phl P
<15.0
56.9
<15.0
<15.0
<15.0
<15.0
122.2
<15.0
97.13
<15.0
<15.0
<15.0
99.9
92.8
363.7
25.3
59.1
<15.0
<15.0
<15.0
<15.0
<15.0
<15.0

Table 69. Individual clinical data as well as experimental results of the in vitro allergen PBMC challenge study
TG= Timothy TG (Phleum pratense)
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ID

Age
(Yrs)

Gender Treatment Asthma
(M/F)
Group

Steroid use Smoking
History

Other Clinical
Conditions

Skin Prick Total IgE
Test(1)
(IU/ml)

RAST
(IU/ml)

B01
B02
B03
B04
B05
B06

33
37
42
37
57
35

M
F
M
M
F
M

Prednisolone
None
Prednisolone
None
None
None

Eczema, Hayfever
Sinusitis, Gout
Osteopenia
Eczema, Hayfever
Pulmonary eosinophilia
Sinusitis,Spienectomy

Positive
Negative
Negative
Positive
Negative
Negative

100 (HDM), 28(GP), 95(DOG),5.5(CAT) 02/12/2009
<0.35 (all)
03/02/2010
<0.35 (all)
17/02/2010
Not available
24/02/2010
<0.35 (all)
14/04/2010
<0.35 (all)
05/05/2010

Allergic Asthma
Asthma
Asthma
Allergic Asthma
Asthma
Asthma

Severe
Severe
Severe
Mild/Moderate
Severe
Mild/Moderate

Never
Never
Never
Never
Never
Never

smoked
smoked
smoked
smoked
smoked
smoked

3016
315
15
845
153
182

Bronchoscopy
(Date)

Other ID Codes
MAPK056 ASM14 OXI24
MAPK057 ASM16 OXI26
MAPK066 OXI32
ASM017
OXI40 MAPK016 ASM26
MAPK074 ASM24 OXI38

Table 70. Individual data of patients taking part in the study of T cell lines and clones derived from asthmatic bronchial mucosal tissue
(1) The Skin Prick Test was performed for several allergens (dog, cat, house dust mite, and aspergillus fumigatus). RAST Test results for B04 were not available.
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