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“Hope begins in the dark, the stubborn hope that if you
just show up and try to do the right thing, the dawn will
come. You wait and watch and work: you don’t give
up…One day you will see that it all has finally come
together. What you have always wished for has finally
come to be. You will look back and laugh at what has
passed and you will ask yourself... 'How did I get through
all of that?”

~ Anne Lamott

Abstract
Background: Exposure of skin to UVB radiation (290-320 nm) modulates the immune
system, with most studies showing a suppression of Th1-driven immune responses.
Investigations into the effects of UVB exposure on allergic respiratory responses have
been limited. This study investigated the systemic effects of UVB on Th2-associated
immune responses using two different murine models of allergic respiratory
inflammation. The mechanism of immune regulation was also examined.

Methods and Results: Two murine models of asthma were used: the papain model and
the ovalbumin (OVA) model using papain and OVA, respectively, as the allergens. In
the papain model, C57BL/6, histamine receptor-1 knockout (H1RKO) and histamine
receptor-2 knockout (H2RKO) mice were exposed to a single 4 kJ/m2 dose of UVB
(twice a minimal oedemal dose) on shaved dorsal skin three days prior to intranasal
sensitisation with papain, a cysteine protease homologue of the house dust mite
(Dermatophagoides pteronyssinus) allergen Der p 1.

Sensitisation and boost each

consisted of five daily intranasal doses of 1 µg papain whilst the challenge consisted of
three daily intranasal doses of 100 µg papain. Asthmatic symptoms were assessed 24 h
after the final challenge dose. H1RKO mice demonstrated enhanced papain-specific
inflammatory responses in the lung-draining lymph nodes (LDLNs) whilst the
responses of H2RKO mice closely mimicked those of C57BL/6 mice. UVB irradiation
three days before sensitisation reduced in vitro papain-specific proliferation of LDLN
cells from C57BL/6 and H1RKO mice but not H2RKO mice 24 h after challenge. The
regulatory effect of UVB was transferred by adoptive transfer of 5 x 106 unfractionated
LDLN cells from UVB-irradiated, papain-sensitised and -challenged C57BL/6 and
H1RKO donor mice into naïve recipients of the corresponding strain that were
i

subsequently sensitised and challenged with papain.

Additionally, UVB exposure

suppressed papain-induced IL-5 and IL-10 production in vitro by LDLN cells from
H1RKO mice but not from C57BL/6 mice or H2RKO mice. The results of this study
demonstrate systemic immunomodulation of responses to intranasally delivered antigen
by UVB irradiation and the induction of regulatory cells in the LDLN following UVB
exposure. Furthermore, these results implicate a role for the H2R in UVB-induced
suppression of antigen-specific responses in the draining lymph nodes.

In the OVA model, shaved dorsal skin of BALB/c mice were exposed to a single
8 kJ/m2 dose of UVB (3-4 times a minimal oedemal dose) three days prior to
sensitisation.

For sensitisation and boost, 20 µg OVA was administered

intraperitoneally with 4 mg aluminium hydroxide whilst the challenge consisted of a
single 1% OVA-in-saline aerosol. Asthmatic symptoms were assessed 24 h after the
challenge dose.

UVB exposure reduced OVA-specific proliferation and cytokine

production by LDLN cells, airway resistance and IL-5 in the bronchoalveolar lavage
fluid. The regulatory effect of UVB was transferred by intravenous transfer of 5 x 106
unfractionated LDLN cells from UVB-irradiated, OVA-sensitised and -challenged mice
into naïve BALB/c mice which then underwent OVA sensitisation and challenge.
Recipient mice also demonstrated reduced in vitro proliferation and cytokine production
by LDLN cells, however reductions in airway resistance were only achieved when the
regulatory cells were transferred 24 h before challenge. Sensitisation of naïve recipient
mice to a different antigen (β-lactoglobulin) and assessment of LDLN responses
demonstrated that the transferred regulatory cells were antigen-specific. To identify the
regulatory cell type, proliferation assays were conducted. Briefly, LDLN cells from
UVB-irradiated and non-irradiated, OVA-sensitised and -challenged mice were cocultured with CFSE-labelled CD4+ T cells from DO11.10 transgenic mice which have

ii

the majority of CD4+ T cells expressing the OVA323-339 T cell receptor. Proliferation of
the DO11.10 responder cells was measured by dilution of the CFSE label. Regulatory
cells were later purified into CD4+CD25+, CD4+CD25- and CD4- subsets and their
suppressive capacity measured by the same method. Co-culture proliferation assays
identified the regulatory cell as CD4-.

Conclusions: UVB exposure prior to sensitisation prevents the development of a
number of key hallmark symptoms of asthma. In the papain model, this suppression is
dependent on a functionally active H2R. The ability to transfer the immunomodulatory
effects of UVB into naïve animals in both asthma models and to suppress airway
resistance in sensitised animals in the OVA model indicates UVB induces regulatory
cells which were identified in co-culture experiments as CD4-. These findings suggest
a link between UV exposure and asthma incidence.
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Chapter One
Literature Review

1

2

1.1

Asthma: Clinical characteristics and pathology

Asthma is a chronic disease of the airways characterised by wheeze, shortness of breath,
chest tightness and cough. It is associated with the infiltration of inflammatory cells
into the airways, hyperresponsiveness of the bronchial smooth muscle and airway
remodelling (1). The clinical symptoms of allergic asthma result from alterations to the
normal structure and function of the airway due to immunological and inflammatory
events that occur in response to inhaled aeroallergens. These changes can be rapidly
induced by inflammatory mediators released by mast cells and are reversible. In fact,
the reversibility of these airflow limiting changes is one of the hallmark features of
asthma (2).

1.1.1 Functional abnormalities and airway hyperresponsiveness
Airway hyperresponsiveness (AHR) and acute airflow limitation are the two
predominant manifestations of disordered lung function.

AHR is an important

component of asthma and is defined as a heightened response of the airways to a variety
of stimuli that might normally be expected to provoke bronchoconstriction (2). This
hyperresponsiveness results in airway smooth muscle contraction, increased mucus
secretion and inflammation (including oedema, vasodilation, influx of inflammatory
cells and the release of mediators), ultimately resulting in airflow limitation (3).

The recurrent episodes of airflow limitation result in the characteristic clinical
symptoms of wheezing and breathlessness. Bronchoconstriction decreases the physical
dimensions of the airway and results from the immunoglobulin(Ig)E-dependent release
of mediators including histamine, prostaglandins (PGs) and leukotrienes from airway
mast cells that cause contraction of the smooth muscle. This reaction is sometimes
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termed the early asthmatic response and forms the basis of bronchoconstriction upon
exposure to inhaled aeroallergens (4).

Increased resistance to airflow can also result from the hypersecretion of mucus which,
combined with exuded serum proteins and cell debris, can form plugs that partially or
completely obstruct the airway lumen (5). Airflow limitation also arises from increased
microvascular permeability, leading to thickening of the mucosal wall and swelling of
the airway.

This component of the asthmatic response is referred to as the late

asthmatic reaction and results in narrowing of the airway lumen and loss of elastic recoil
pressure in the smooth muscle (4).

1.1.2 Airway inflammation
Inflammation in the airways is the dominant pathologic abnormality in asthmatics (6).
During the early phase of the asthmatic response, IgE on sensitised mast cells binds the
antigen, causing degranulation of mast cells and the subsequent release of inflammatory
mediators such as histamine, leukotrienes and PGs. This causes transient inflammation
of the bronchial wall, resulting in smooth muscle contraction, vasodilation, plasma
exudation and mucus secretion. Approximately 1 h after exposure to the allergen, the
inflammation ceases and normal airflow and respiratory function is gradually restored
(3).

The late phase of the asthmatic response occurs as a result of the early allergic
inflammation. Resident dendritic cells take up the antigen, mature and differentiate into
antigen presenting cells, which go on to activate memory T cells in the lung and trachea
(7). These antigen-presenting cells can also migrate to the lymph nodes where they
regulate Type 2 immunity via differentiation of memory T helper(Th)-2 cells and
4

memory B cells (8). The release of interleukin(IL)-4 and IL-13 by T cells induces IgE
synthesis from B cells whilst the release of IL-5 stimulates the production of eosinophils
in the bone marrow, enhances their migration to the respiratory tissues and increases
their activity and survival once they reach the bronchi (9). Other immune cells such as
neutrophils and basophils are also recruited to the lamina propria by activated Th2 cells
(10). The secretion of leukocyte-derived mediators, coupled with the previous airway
remodelling results in late, long-lasting impaired airflow (3). The immune processes
involved in the early and late responses of asthma are summarised in Figure 1.1.

Histologically, bronchial biopsies of asthmatic airways show an abundance of chronic
inflammatory cells (including lymphocytes, macrophages and plasma cells) in the
lamina propria of the larger airways and in the adventitial connective tissue of the outer
wall of smaller airways (11). This is demonstrated in Figure 1.2A which also shows
prominent mucous cell hyperplasia.

A distinctive feature of asthmatic airway

inflammation is the presence of eosinophils within the epithelium and airway wall itself
(Figure 1.2B). Mast cells can also be found within the airway epithelium of asthmatic
patients, however their numbers are not significantly increased in the lamina propria
(12). Morphological evidence of ongoing degranulation of eosinophils and mast cells in
asthmatics and an increased concentration of their secreted products in bronchoalveolar
lavage fluid (BALF) has been reported (13). In addition, neutrophils are also recruited
in acute inflammation of the airways in mild to moderate asthma (14).

5

Allergen

GM-CSF

Dendritic cells
capture allergen,
mature and
differentiate into
powerful antigenpresenting cells

Increased eosinophil
production in the bone marrow

Migration to
the lung
Injured
epithelium

Migration to
lymph nodes

TGF-β,
ET-1

Mast cell activation
via high-affinity IgE
receptors
HT, LT, PG

IL-3, IL-5,
GM-CSF
Leukocyte
activity in the
lamina propria of
the bronchi

Airway
remodelling
Migration of
Th2 cells
and B cells
to the lung

IL-4, IL-13

Th2
immunity

Transient smooth
muscle contraction,
vasodilation, plasma
exudation and
mucus secretion

EARLY PHASE
(minutes)

IL-4, IL-5,
IL-13, MBP,
ECP, LT

Prolonged smooth
muscle contraction,
vasodilation, plasma
exudation and mucus
secretion

LATE PHASE
(hours)

Figure 1.1: The main immunological and inflammatory events that occur during
the early and late phases in the asthmatic response (3).
Key: HT - histamine; LT - leukotrienes; PG - prostaglandins; TGF-β - transforming
growth factor-β; ET-1 - endothelin 1; IL - interleukin; GM-CSF - granulocytemacrophage colony-stimulating factor; MBP - major basic protein; ECP - eosinophil
cationic protein.
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Figure 1.2: (A) Low power and (B) high power micrograph of an airway from a
patient with mild to moderate asthma (death due to unrelated causes). (A) A high
number of inflammatory cells can be seen in the outer wall of the airway and mucous
cell hyperplasia is evident. (B) Arrows indicate the presence of eosinophils within the
airway epithelium and the lamina propria. The subepithelial fibrosis is indicative of
airway remodeling (2).

1.1.3 Airway wall remodeling
Remodelling of the airways involves a number of structural changes in the various
cellular components of the airway wall. One of the pathologic hallmarks of asthma is
subepithelial fibrosis where a band of Type III and Type V collagens and other matrix
components accumulates in the subepithelial region of the airway wall (15). This
subepithelial fibrosis correlates with hyperplasia of myofibroblasts which are major
producers of collagenous and non-collagenous matrix molecules. Further airway wall
thickening results from lung myocyte hyperplasia and hypertrophy and epithelial cell
hypertrophy (16). Increases in smooth muscle mass through proliferation, hypertrophy
and migration of smooth muscle cells also contributes to airway remodelling (17).
Figure 1.3 and Figure 1.4 illustrate some of these aspects of airway wall remodelling.
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A.

B.

Figure 1.3: Histological section of the airway wall taken from (A) a non-asthmatic
subject and (B) a patient with mild asthma. (A) In this section, the epithelium is
intact, there is no thickening of the sub-basement membrane and there is no evidence of
cellular infiltration. (B) This section shows goblet cell hyperplasia (blue arrow) and
infiltration of inflammatory cells (black arrow). The sub-basement membrane is
thickened (yellow arrow) and there is collagen deposition evident in the submusosal
area (red arrow) (18).

Figure 1.4: Histological section of the airway wall taken from a patient who died
of asthma. This section depicts thickening of the airway wall and infiltration of
inflammatory cells. The epithelium (blue arrows) shows a large number of goblet cells
and there is evidence of smooth muscle hypertrophy and hyperplasia (red arrows). The
lumen contains an exudate (green arrow) consisting of plasma proteins as well as
inflammatory cells including eosinophils (19).
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Thickening of the airway wall can cause serious functional consequences for asthmatics
as it can result in decreased lumen size and a much greater increase in airway resistance.
The effect of airway wall thickening on the reversible immune events of asthmatic
episodes remains unclear, however several studies suggest that it may correlate with
AHR (15, 20). Chetta et al (20) claim that subepithelial fibrosis also correlates with the
clinical severity of asthma, however other studies have shown this may not be the case
(21).

In addition to airway wall thickening, mucus hypersecretion is commonly seen in
asthmatic patients. This is primarily due to goblet cell hyperplasia in the bronchial
mucosal lining and submucosal glands. Furthermore, in normal airways, goblet cells
line the proximal bronchi and are present only in the cartilaginous airways whereas in
asthmatics, goblet cells are also found in the peripheral bronchioles and are seen in
increased numbers (22). These structural changes due to airway remodelling, coupled
with the recurrent inflammatory events that occur when asthmatics are exposed to an
allergen, have significant functional consequences for the asthmatic patient, potentially
leading to an accelerated rate of respiratory functional decline (23).

The mechanisms of chronic airway remodelling remain to be definitively characterised.
Fibrogenic cytokines such as transforming growth factor(TGF)-β have been implicated
in the process of airway remodelling (22) and it has been suggested that some aspects of
remodelling, particularly subepithelial fibrosis, may be an attempt by the immune
system to attenuate inflammation.

For instance, large quantities of the anti-

inflammatory cytokines IL-6 and IL-11 are found in the BALF of asthmatics and
overexpression of these cytokines results in significant subepithelial fibrosis and
increased numbers of smooth muscle cells in mouse models. This suggests that these
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cytokines, whilst reducing antigen-induced tissue inflammation, may promote
subepithelial fibrosis and myocyte mitogenesis (24).

1.2

Major inflammatory cells involved in asthma

Asthma is defined as a chronic inflammatory condition and thus inflammatory cells play
an important role in the development and severity of the asthmatic response. Indeed,
many of the physiological symptoms of asthma have been experimentally attributed to
the activation of certain cells and the mediators that they subsequently release.

1.2.1 T cells
There has been considerable research into the role of T cells in allergic asthma. During
sensitisation, antigen presenting cells such as dendritic cells take up antigen and present
it on their cell surface to naïve CD4+ T cells which (in the presence of IL-4) then
differentiate into Th2 cells and proliferate. B lymphocytes are activated and secrete
antigen-specific IgE under direction from these primed Th2 cells (25). The final stage
of the sensitisation process involves the formation of allergen-specific memory CD4+ T
cells and B cells. Memory T cells can localise in the peripheral lymphoid organs
(central memory) or inflamed tissues (effector memory) and have a low threshold of
activation upon stimulation by dendritic cells. Upon re-exposure of the lung tissue to
the sensitising antigen, activation of both central and effector memory T cells by
antigen-carrying dendritic cells results in a prolonged late asthmatic reaction after the
initial early response has subsided (3).
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The development of AHR and lung eosinophilia can be prevented by depletion of CD4+
cells at the sensitisation phase. However, depletion of CD4+ cells at the challenge
phase does not prevent AHR or lung eosinophilia. These data suggest that CD4+ cells
are required for sensitisation to an antigen but once this has been established, other cells
may be responsible for the elicitation of these asthmatic symptoms (26). In addition,
antigen-specific CD4+ T cells are responsible for remodelling of airway smooth muscle
in rat models of experimental asthma (27).

A recent study investigating the role of age on the development of memory CD4+ T
cells in an asthma model using ovalbumin (OVA) as the sensitising antigen has
demonstrated that the age of initial sensitisation is important in the generation of
memory CD4+ T cells able to induce and maintain T cell-mediated airway
responsiveness and lung eosinophilia.

These findings suggested that age of first

exposure is dependent on and inversely correlated to these aspects of the asthmatic
response (28).

Whilst the function of CD4+ cells in the elicitation of asthmatic responses has been
focussed on more than other T cell subsets, a role for CD8+ T cells and natural killer
cells in the development and maintenance of AHR or eosinophilia has been suggested
(26, 29-31). Furthermore, a recent study suggests that interactions between both CD4+
and CD8+ cells are required to induce CD8+IL-13+ T cell-dependent AHR and allergic
airway inflammation (32). The potential involvement of these CD8+ and natural killer
cells in asthma demonstrates the diversity of the immune system in regulating immune
responses and highlights the need for further research into these cells in order to fully
understand the role of T cell subsets other than the classical CD4+ cells in the
pathogenesis of asthma.
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In addition to being involved in IgE production, Th2 cells also release cytokines upon
appropriate antigen presentation including IL-4, IL-5 and IL-13. The release of IL-4
and IL-13 induces IgE production from B cells whilst inhibiting the release of mediators
from macrophages and structural cells of the tissue. These cytokines are also involved
in mucus hypersecretion, the development and accumulation of eosinophils and
basophils and the development of mast cells. IL-13 also plays a role in AHR (33, 34).
IL-5 on the other hand stimulates eosinophil production in the bone marrow and
enhances the migration of these cells to the lung tissue. IL-5 also serves to enhance the
activity and survival of eosinophils once in the bronchi (9).

The infiltration of

eosinophils into the lung further contributes to tissue damage via the release of
inflammatory mediators including major basic protein and eosinophil cationic protein
(10). Thus, activated Th2 cells are involved in both initiating and propagating allergic
inflammation of the airways.

In addition to Th2 cells, regulatory T cells which produce immunosuppressive cytokines
such as IL-10 and TGF-β have been investigated in respect to allergic disease such as
asthma. In the BALF of asthmatic children, there is a decrease in the number of
CD4+CD25+ cells compared to control subjects or children with cough (35). This
reduction in CD4+CD25+ cells has also been observed in the peripheral blood of
asthmatic patients compared to non-allergic subjects (36-38). Furthermore, unlike the
CD4+CD25+ cells from the BALF and peripheral blood of non-asthmatic children,
CD4+CD25+ cells isolated from asthmatic subjects are not able to suppress
proliferation or cytokine production by CD4+CD25- responder T cells. Treatment of
asthmatic children with inhaled corticosteroids increases the percentage of CD4+CD25+
cells in BALF and peripheral blood and restores the suppressive effect of these cells in
vitro, strongly implicating these cells in the regulation of the asthmatic response (35).
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Furthermore, the balance between allergen-specific T regulatory cells and Th2 cells in
humans may be an important contributor to the immune outcome of inhaled allergens,
determining whether an individual has an allergic response (36).

In contrast to this, one investigation reported that whilst reduced CD4CD25+ cell
numbers were observed in asthmatic patients as a population compared to non-allergic
subjects, when asthmatic children were divided on the basis of the severity of the
disease, subjects with moderate-to-severe asthma had a higher number of CD4+CD25+
cells in peripheral blood compared to those with less severe asthma. Expression of
messenger ribonucleic acid (mRNA) for the regulatory marker Forkhead (winged helix)
box P3 (FoxP3) was also significantly elevated in sufferers of moderate-to-severe
asthma (37). However, over 50% of the patients with severe asthma in the study were
treated with steroids compared to only approximately 15% of subjects with mild
asthma.

As inhalation of corticosteroids has been demonstrated to restore the

suppressive capacity of CD4+CD25+ regulatory T cells in asthmatic children and
increase the numbers of these cells in BALF and peripheral blood (35), this should be
considered when interpreting this result.

Production of the regulatory cytokines IL-10 and TGF-β by CD4+CD25+ regulatory T
cells has been well documented (39, 40). The in vivo and in vitro effects of these two
cytokines on the treatment of allergy and asthma are summarised in Table 1.1.
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Table 1.1: Experimental outcomes of in vivo and in vitro trials using regulatory T
cells and / or their cytokine products IL-10 and TGF-β (41). Note: no in vivo human
trials have been conducted using these strategies.
Treatment
IL-10

In vivo
Mouse
Adoptive transfer of
CD4+CD25+ regulatory
T cells  inhibition of
IgE and Th2 responses
(42)
Adoptive transfer of IL10 transfected T cells 
inhibition of AHR and
eosinophilia (43)
Local induction of IL-10
 induction of IL-10expressing dendritic cells
and
IL-10
secreting
regulatory T cells (44, 45)

TGF-β

In vitro
Mouse
Human
Modulation of antigen- Modulation of antigenpresenting
cell presenting
cell
activation
and activation and inhibition
inhibition
of
Th2 of T cell proliferation
responses; inhibition and Th2 responses by
of T cell proliferation drug-induced
IL-10by drug-induced IL- secreting regulatory T
10-secreting regulatory cells (46, 48)
T cells (46, 47)
Ex vivo studies after
allergen immunotherapy
or in anergic individuals

IL-10
mediates
inhibition of T cell
proliferation and Th2
responses (49)

Adoptive transfer of Tgf- Modulation of antigenβ-transfected cells  presenting
cell
inhibition of AHR and activation
and
inflammation (50)
inhibition of T cell
proliferation and Th2
responses (51, 52)

Modulation of antigenpresenting
cell
activation and inhibition
of T cell proliferation
and Th2 responses (51,
52)
Enhancement of TGF-βmediated inhibition of
Th2 responses induced
by histamine (53)

Naturally
occurring
regulatory
T cells

Depletion of naturally Inhibition of naïve T
occurring regulatory T cell and Th2 responses
cells  variable efficacy (57, 58)
(54, 55)
Adoptive transfer of lung
CD4+CD25+ T cells to
OVA-TCR-transgenic
mice  inhibition of IgE
and Th2 responses, no
effect on AHR (56)
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Inhibition of naïve T
cell and Th2 responses
and inhibition of Th2
responses to allergen
(59-63)

IL-9 represents a functional link through which regulatory T cells recruit and activate
mast cells to mediate regional immune suppression and may reflect a mechanism by
which CD4+CD25+ regulatory T cells mediate tolerance. A recent study investigating
regulatory T cell tolerance demonstrated that IL-9, an important mast cell growth and
activation factor, is produced in large quantities by activated CD4+CD25+ regulatory T
cells expressing FoxP3 and is essential to the induction and maintenance of allograft
tolerance (64). However, whether this cytokine can induce tolerance to allergens in
asthma is uncertain, particularly as there is strong evidence to suggest that IL-9
promotes asthmatic symptoms including eosinophilic inflammation, AHR and mucus
production in the airways (65, 66) and mRNA expression of this cytokine correlates
with airway responsiveness to methacholine (MCh) in humans (67).

Whilst allergen immunotherapy trials resulting in the induction of regulatory T cells
shows some promise in suppressing allergic disease (49, 68), the efficacy of this
treatment is not consistent and runs the risk of side effects (69). To date, no adoptive
transfer studies of CD4+CD25+ T cells in humans have been conducted. In animal
models, intravenous (i.v.) adoptive transfer of CD4+CD25+ cells from OVA-sensitised
animals or mice transgenic for the OVA-specific T cell receptor (TCR) results in
suppression of airway inflammation and AHR in OVA-sensitised recipients (70, 71).
This regulation of experimental asthma is facilitated by the interaction of CD4+CD25+
regulatory T cells, airway mucosal dendritic cells and allergen-specific Th2 cells and is
dependent on continued allergen exposure as removal of the allergen results in
decreased numbers of regulatory T cells and restoration of AHR upon subsequent
aeroallergen exposure (71).
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Adoptive transfer of naturally occurring lung CD4+CD25+ T cells can also regulate
AHR and inflammation in an OVA asthma model but only if delivered intratracheally
(i.t.) and not when delivered i.v. (72). The activation of CD4+CD25+ cells is essential
to enable their immunosuppressive effects and is dependent on interaction of major
histocompatibility complex (MHC) class I (MHC-I) on these cells and CD8+ T cells in
the lung (73). In further support of the suppressive effects of CD4+CD25+ cells,
depletion of CD25+ cells results in exacerbation of asthmatic symptoms (74).

In addition to the well-investigated CD4+CD25+FoxP3+ regulatory T cells, recently
described Th17 cells that produce IL-17 and are induced by the presence of cytokines
such as TGF-β, IL-6, IL-23 and tumour necrosis factor (TNF) have also generated
interest. However, reports as to the role of these cells in allergy are conflicting. In
human patients with asthma, IL-17 protein is elevated in serum (75) and sputum, the
latter of which has been correlated with neutrophilia (76) and AHR (77). In an animal
model of atopic dermatitis, sensitisation of the skin resulted in increased numbers of
Th17 cells in draining lymph nodes and increased serum IL-17 which drives the allergic
response in the lungs when the antigen is later delivered to the respiratory tract (78).
Conflicting with these investigations is a recent study that shows that Th17 cells reduce
eosinophilia and bronchial hyper-reactivity when delivered in a chronic animal model of
asthma (79). These contrary findings suggest that the Th17 cell may be important in the
asthmatic response however, its exact role and the mechanisms of manipulation of this
cell for therapeutic use remain to be elucidated.

1.2.2 Mast cells
Mast cells are one of the most important inflammatory cells in the asthmatic response.
In the lung, mast cells occur in concentrations of 1 - 7 x 106 cells per gram of lung
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tissue and are distributed on the lining of the bronchioles and bronchi, beneath the
basement membrane and in the intralveolar septa (80). In normal human bronchi, these
cells are found primarily in submucosal connective tissues and are generally not present
in the smooth muscle or epithelial layers. Bronchial biopsies from asthmatic patients
however show mast cells in both smooth muscle and epithelial layers with no changes
to the numbers of mast cells in the submucosa (81). A positive correlation between the
prevalence of mast cells in the bronchial smooth muscle layer and the degree of AHR to
MCh has been described (82). This supports previous reports that mast-cell deficient
mice did not develop AHR upon immunisation and subsequent challenge with OVA
(83). However, reconstitution of these mice with bone-marrow derived mast cells
cultured from normal littermates restored their capacity to develop antigen-induced
AHR.

Brightling et al (82) also reported that mast cells were not found in the smooth muscle
layers of bronchial biopsies taken from patients with eosinophilic bronchitis, a condition
that presents with bronchial eosinophilia (as seen in asthma) but without the
characteristic AHR seen in asthmatic patients. These findings suggest that the presence
of mast cells in the smooth muscle layers of the bronchi may be an indicator of, and
play a central role in, the development of AHR in asthmatics.

Figure 1.5 shows

possible mechanisms by which mast cells may be activated and then go on to mediate
AHR.

In one mouse model of chronic asthma, mast cells were responsible for a number of
features of asthma including AHR in response to MCh or antigen, antibody responses,
lung inflammation, airway goblet cell hyperplasia, mucin gene expression and collagen
deposition (84). It should be noted however that considerable differences in results
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regarding AHR have been found by using different models of asthma in mice,
particularly by changing the frequency of sensitisations and doses of antigen used (83,
85). This may be due to different cellular mechanisms coming into play. These
differing results also indicate that the extent to which particular cells contribute to
murine asthma models may be highly dependent on the experimental conditions and
type of model used (83). Thus the results of studies using murine models of asthma,
whilst valuable in adding to our understanding of the mechanisms of this condition,
should be interpreted with caution.

Figure 1.5: Summary of possible mechanisms by which mast cells may be involved
in the augmentation and propagation of airway hyperresponsiveness (82). In
response to an environmental insult, airway T cells produce cytokines including IL-4
and IL-13 which promote the release of IgE from B cells. Cross-linking of an antigen to
its specific IgE antibodies bound to the IgE receptor (FcεRI) on mast cells causes
activation of the mast cells and release of mediators including histamine, cysteinyl
leukotrienes and prostaglandin D2 which are potent spasmogens of airway smooth
muscle. Key: ASM - airway smooth muscle; cyst-Lts - cysteinyl leukotrienes;
IgE - immunoglobulin E; IL - interleukin; PGD2 - prostaglandin D2

Mast cells express large numbers of high affinity receptors for IgE (FcεRI) on their cell
surface which bind antigen-specific IgE antibodies. Cross-linking of an antigen to its
specific IgE antibodies bound to the FcεRI on mast cells causes activation of the mast
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cells. This results in degranulation of the mast cell with the subsequent release of the
granule contents into the surrounding tissue (86).

As indicated in Table 1.2, the

inflammatory mediators released from mast cell granules can induce airway
remodelling, increased vascular permeability, smooth muscle contraction, mucus
secretion and eosinophil production and activation, all of which are key inflammatory
events in allergic asthma.

Table 1.2: Molecules that are synthesised and
antigen-binding to IgE (87).
Class of Product Examples
Enzymes
Tryptase, chymase, cathepsin
G, carboxypeptidase
Histamine, heparin
Vasoactive
mediators
IL-4, IL-13

Cytokines

Chemokines

IL-3, IL-5, granulocyte
macrophage-colony
stimulating factor
TNF-α

Macrophage inflammatory
protein-1α
Leukotrienes C4 and D4

Lipid mediators
Platelet-activating factor

released by mast cells following
Biological Effects
Induce
remodelling
of
connective tissue matrix
Toxic to parasites, increase
vascular permeability, cause
smooth muscle contraction
Stimulate and amplify Th2 cell
response
Promote eosinophil production
and activation
Promotes
inflammation,
stimulates cytokine production
by many cell types, activates
endothelium
Chemokinetic for monocytes,
macrophages and neutrophils
Induce
smooth
muscle
contraction, increase vascular
permeability, induce mucus
secretion
Chemotactic to leukocytes,
amplifies production of lipid
mediators, induces activation
of neutrophils, eosinophils and
platelets

In addition to these physiological effects as evidence of mast cell involvement in
asthma, mast cell-derived mediators (histamine, cysteinyl leukotrienes, PGD2 and
tryptase) have also been detected in BALF during the early phase response in
asthmatics, confirming mast cell activation (88). Furthermore, pre-treatment of allergic
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patients with a combination of histamine-1 receptor (H1R) antagonists and cysteinyl
leukotriene receptor antagonists almost completely prevents the early response and
significantly decreases the severity of the late phase response (89, 90). Reduction of
both early and late phase responses has also been achieved by pre-treatment of allergic
patients with anti-IgE antibody or with agents that interfere with FcεRI-dependent mast
cell activation (91).

These studies provide significant experimental evidence of a

central role of mast cells and their mediators in the pathogenesis of allergic asthma.

1.2.3 Eosinophils
Eosinophil infiltration into the bronchi is one of the key characteristics of asthma.
Indeed, the severity of asthma has been correlated with the degree of airway
eosinophilia (92). In normal human subjects, circulating eosinophils make up about 2 4% of peripheral white blood cells (93). This is only a small proportion of the total
eosinophil population however, with an estimated 200 mature eosinophils in the bone
marrow and 500 in connective tissues throughout the body for every circulating
eosinophil (94).

Of the many soluble signals implicated in eosinophil activation, IL-5 appears to be the
most important.

This cytokine is responsible for terminal differentiation of the

eosinophil precursor and enhances the effector capacity and survival of the mature
eosinophil (95). Eosinophils contribute to the pathogenesis of asthma by releasing
inflammatory mediators and toxic products stored within granules in the cytoplasm that
can cause severe injury to the airway epithelium and increase reactivity of the airways
resulting in bronchial hyperresponsiveness and airway remodelling (92, 96). As Table
1.3 indicates, the products of eosinophil degranulation can trigger histamine release
from mast cells, have neurotoxic effects and can activate other inflammatory cells,
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resulting in considerable damage to the surrounding tissues. Furthermore, the release of
leukotrienes C4 and D4 results in smooth muscle contraction, increased vascular
permeability and mucus secretion which are characteristic inflammatory events in the
asthmatic response.

Table 1.3: Molecules that are synthesised and released by eosinophils following
activation (87).
Class of Product Examples
Biological Effects
Eosinophil peroxidase
Toxic to targets by catalysing
halogenation, triggers histamine
release from mast cells
Enzymes
Eosinophil collagenase
Induces
remodelling
of
connective tissue matrix
Major basic protein
Toxic
to
parasites
and
mammalian
cells,
triggers
histamine release from mast
Toxic proteins
cells
Eosinophil cationic protein
Toxic to parasites, neurotoxin
Eosinophil-driven neurotoxin Neurotoxin
IL-3, IL-5, granulocyte
Amplify eosinophil production
macrophage-colony
by
bone
marrow,
cause
Cytokines
stimulating factor
eosinophil activation
IL-8
Promotes influx of leukocytes
Chemokines
Leukotrienes C4 and D4
Induce
smooth
muscle
contraction, increase vascular
permeability, induce mucus
secretion
Lipid mediators
Platelet-activating factor
Chemotactic to leukocytes,
amplifies production of lipid
mediators, induces activation of
neutrophils, eosinophils and
platelets

1.2.4 Neutrophils
Although many inflammatory cells have been investigated regarding their relevance to
asthma over the years, it is only recently that neutrophils have been studied in any
depth.

Neutrophils are phagocytic cells and contain a number of inflammatory

mediators stored within granules in the cytoplasm.

These inflammatory products

include cytokines, chemokines, lipid mediators, reactive oxygen species, various
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proteases and growth factors (94). Whilst neutrophils have primarily been associated
with engulfing and digesting bacteria and cellular debris, they are also attracted to sites
of tissue injury. It should be noted however that many of the toxic products released by
neutrophils are not only toxic to foreign cells (such as bacteria) but also to host cells and
can cause extensive tissue damage (97).

Neutrophils have been detected in significant numbers in sputum from patients with
mild asthma. As sputum is thought primarily to reflect the pathology in the larger
airways, this finding suggests that the larger airways may be the primary location of
neutrophils in the asthmatic condition. In severe asthmatics there is also an increase in
neutrophil numbers in the smaller airways with specific localisation to the inner wall of
the airways (98). Local allergen challenge increases neutrophil numbers in the BALF at
either 4 h or 12 to 24 h after challenge (99) and a positive correlation exists between this
neutrophilia at 12 h post challenge and non-specific bronchial hyperresponsiveness
(100). In contrast to these results, another study reported no correlation between airway
neutrophils and either epithelial cell number or bronchial hyperreactivity (101). It
should be noted however that the latter study examined patients in a stable,
asymptomatic state and as such these findings do not necessarily imply that neutrophils
are playing an active role during acute severe asthmatic episodes. An increase in
plasma chemotactic activity for neutrophils and activation of peripheral blood
neutrophils during the early and late asthmatic reactions induced by allergens has also
been reported (100).

Unfortunately, whilst this bronchial or bronchoalveolar neutrophilia in asthmatic
patients has been described by a number of investigators, the role of the neutrophil in
the pathogenesis of asthma remains unclear.
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It has been suggested that the pro-

inflammatory mediators, proteases and cytotoxic molecules released by neutrophils may
be toxic to bronchial structures and thus activation of neutrophils could potentially
result in significant damage to the epithelial lining of the airways, leading to bronchial
hyperresponsiveness (102).

1.2.5 Macrophages
The alveolar macrophage is one of the primary cell types responsible for antigen
surveillance in the lung. In addition to its ability to engulf and present antigen, this cell
has a large capacity to release various immunomodulatory mediators in response to
different antigenic stimuli including lysosomal hydrolases, oxygen radicals and
leukotrienes (103).

Macrophages also secrete numerous cytokines including

granulocyte-macrophage colony-stimulating factor (which prolongs neutrophil survival
in tissues by suppressing apoptosis), IL-6 (which induces the acute phase response),
fibroblast growth factors, PGs and chemokines which attract lymphocytes and other
leukocytes into the area. Activated macrophages also secrete nitrogen oxide which can
trigger the release of histamine and other vasoactive mediators from mast cells and
platelets, thus promoting the local vascular response of inflammation (94).

Studies by Viksman et al (104) support a role for the alveolar macrophage in airway
inflammation.

This group reported an increased expression of several activation

markers on the surface of alveolar macrophages in mild asymptomatic asthmatics
compared to normal subjects. Endobronchial challenge with pollen antigens elevated
numerous phenotypic markers on alveolar macrophages, including adhesion molecules,
receptors for immunoglobulins and histocompatibility antigens. By contrast, whole
lung challenge via nebulisation resulted in minimal activation of alveolar macrophages
(105). This difference in results may be explained by the findings of Calhoun et al
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(106) who reported that endobronchial challenge produces a highly eosinophilic
response with substantial mediator release whereas whole lung challenge produces more
of a physiological response, with mild inflammation. As such, whole lung challenge
would not be expected to produce a significant level of activation of inflammatory cells.

Increased recruitment of monocytes to the alveoli at an early, sub-clinical phase of
allergic airway inflammation has been reported (103).

Furthermore, a positive

correlation exists between expression of CD14 (a surface marker that when bound to
lipopolysaccharide (LPS) can activate macrophages) and airway cellularity.

CD14

expression also negatively correlates with airway function, suggesting that macrophage
activation may contribute to the development and maintenance of airway inflammation
in asthma (103).

1.2.6 Dendritic cells
Dendritic cells are potent antigen presenting cells that derive from the bone marrow and
are present in most tissues. Upon exposure to an antigen, dendritic cells take up the
antigen, process it into the MHC and present it to T cells in nearby lymph nodes (107).
Dendritic cells are distributed throughout the respiratory system from the larger
conducting airways through to the lung parenchyma and alveoli (108, 109).

The

function of these cells in the respiratory tract has been attributed to their anatomical
location in the airway mucosa or the parenchyma (110). In patients with atopic asthma,
there are increased numbers of dendritic cells in the airway mucosa (111) and peripheral
blood (112). These cells express the high affinity IgE receptor (113) and upon allergen
challenge are actively recruited to the bronchial mucosa (114).
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Animal models have provided insight into the potential involvement of airway dendritic
cells in asthma. These cells have been implicated in the induction of eosinophilia (115)
and AHR (116).

The latter study demonstrated that interactions between antigen-

bearing dendritic cells and memory T cells within the airways leads to rapid maturation
of the dendritic cells and activation of recruited memory T helper cells. These dendritic
cells then leave the airway wall and migrate to the regional lymph nodes within 24 h,
leaving activated T cells and AHR. In addition, these immune events occur within the
mucosa of the conducting airways but not within the parenchyma (116). Another
investigation demonstrated that whilst there is considerable migration to the draining
lymph nodes, some antigen-loaded dendritic cells remain within the lung and are able to
activate T cells in a local fashion, well after the initial antigen exposure (117). By
contrast, as well as orchestrating the asthmatic response, dendritic cells may play a role
in tolerance to inhaled antigen as lung dendritic cells are producers of IL-10 and can
stimulate the development of regulatory T cells (44, 45). Murine studies of tolerance
using an OVA asthma model have identified the involvement of CD8α+ dendritic cells
in the reversal of AHR, Th2 responses and eosinophilia (118). It has been proposed that
whether tolerance or immunity is induced may be dependent on the maturity of the
dendritic cells interacting with the T cells in the regional lymph nodes (44).
Alternatively, the outcome may be regulated by different subsets of dendritic cells
where tolerance is favoured by a subset known as plasmacytoid dendritic cells and
myeloid dendritic cells favour immunity (119, 120).

The pattern of costimulatory molecule expression on dendritic cells is important in the
antigen-presenting capacity of these cells.

CD40, CD80 and CD86 have been

investigated in various studies, however reports conflict as to the relative importance of
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each of these molecules with respect to the development of asthma. A brief summary of
the literature on this subject is provided in Table 1.4.

Table 1.4: Summary of the role of CD40, CD80 and CD86 in dendritic cell
function in asthma.
Investigators
Year
Species
Findings
Hammad et al
2001
Human • CD86 expression and production of IL1β, IL(125)
6, TNF-α and IL-10 are upregulated on bloodderived dendritic cells from mite-allergic
subjects in the presence of the major house
dust mite allergen Der p1 compared to no
upregulation in cells from normal healthy
subjects
Julia et al
(117)

2002

Mouse

• CD11c+CD11b+ dendritic cells in the BALF
of OVA-allergic mice express high levels of
CD40 and CD80 but low levels of CD86

Cheng et al
(126)

2003

Mouse

• Only expression of CD80 and not CD86 on
spleen-derived dendritic cells is upregulated
after allergen exposure and challenge

Huh et al (116)

2003

Mouse

• Airway mucosal dendritic cells upregulate
CD86 upon migration to regional lymph nodes
after taking up antigen from the airways
• The antigen-presenting capacity of airway
mucosal dendritic cells is partially dependent
on CD86 expression as blocking CD86 results
in partial inhibition of antigen-presenting
activity

Vermaelen and
Pauwels (127)

2003

Mouse

• Expression of CD40, CD80, CD86 and CD54
is upregulated on dendritic cells in the lung
following ongoing allergen-driven airway
inflammation, especially on pulmonary
dendritic cells within the airway lumen

Van Rijt et al
(128)

2004

Mouse

• CD80 / CD86 expression is required on
dendritic cells to induce Th2 responses via
naïve T cell priming
• Expression of these CD80 / CD86 is not
required during restimulation of previously
primed Th2 cells at the challenge phase
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1.3

Major antibodies involved in the asthmatic response

The asthmatic response is primarily mediated by IgE. Other antibodies including IgG
and IgA also play a role in this disease, albeit to a lesser extent (121).

1.3.1 Immunoglobulin E
IgE is a key mediator in the pathogenesis of allergic asthma. B lymphocytes secrete
antigen-specific IgE under the control of Th2 cell clones developed after primary
exposure to antigen presented by dendritic cells (122). IgE-mediated inflammation
occurs in sensitised asthmatics when inhaled antigen binds to the antigen-specific IgE
antibodies. These IgE antibodies are bound to the high affinity FcεRI receptors on
submucosal mast cells and basophils in the lower airways. Interaction of an antigen
with its specific IgE antibodies bound to FcεRI (cross-linking) triggers cell activation,
resulting in the release of both preformed and newly generated mediators that
orchestrate the inflammatory cascade (123, 124).

IgE is involved in the initiation and propagation of both the acute and chronic phases of
asthmatic attacks. The release of chemical mediators from mast cells in the acute phase
triggers bronchial smooth muscle contraction and an influx of inflammatory cells,
including eosinophils and Th2 lymphocytes. Chronic inflammation results from the
continued secretion of cytokines from activated mast cells and Th2 cells which augment
eosinophil activation and degranulation, causing further tissue injury and attracting
more inflammatory cells to the site. This chronic inflammation may go on to cause
irreversible damage to the airways (123).
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1.3.2 Immunoglobulin G
In addition to IgE, the immune response to inhaled allergens also includes the
production of antigen-specific IgG antibodies. IgG antibodies are classified into four
subclasses termed IgG1, IgG2, IgG3 and IgG4 which make up approximately 70%, 20%,
6% and 4% of total serum IgG antibody levels, respectively (94). The function of IgG
in asthma is not clearly defined, however it is generally suggested that it plays a
protective role against allergy. Evidence to support this comes from the study by PlattsMills et al (129) who reported that an IgG response without IgE in children exposed to
cat allergens (indicating a modified Th2 response) coincided with the absence of
allergic disease and asthma. Furthermore, other investigators have found increased
levels of allergen-specific IgG (particularly IgG4) titres upon successful immunotherapy
by allergen vaccination, providing further evidence for the protective function of IgG
(130).

The mechanisms of this protection remain unclear.

Protection may derive from

blocking serum IgE-facilitated antigen presentation, thus increasing the level of allergen
required for T cell activation (131). In sensitised mice, treatment with intranasal (i.n.)
allergen-specific IgG prior to challenge reduced eosinophilic inflammation and goblet
cell hyperplasia and increased Th1 reactivity and interferon(IFN)-γ levels in the BALF
(121). Furthermore, allergen capture by alveolar macrophages (which express the IgG
receptor FcγR on their cell surface) was increased. These results support the hypothesis
of a protective role of IgG namely at the local level via interference with the
inflammation cascade in a FcγR-dependent and IFN-γ-dependent mechanism.
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1.3.3 Immunoglobulin A
IgA is a secretory antibody produced at mucosal surfaces and is involved in first-line
defence of the airways. In induced sputum from atopic asthmatics sensitised to house
dust mite allergen, antigen-specific IgA production is elevated compared to healthy
control subjects (132). This has also been demonstrated in subjects allergic to grass
pollen (133) and ragweed pollen (134). Levels of IgA are also elevated in BALF from
asthmatic patients and positively correlate with levels of eosinophil cationic protein (a
marker for eosinophil degranulation) in the BALF and sputum (135).

The role of IgA in asthma is not clearly defined. IgA has been implicated in host
defence mechanisms (136) but may also contribute to tissue damage via eosinophil
activation and degranulation (132). In addition, eosinophils from allergic subjects tend
to have a higher expression of the IgA receptor FcαR, rendering these cells more
sensitive to IgA (137) and providing evidence for a pro-inflammatory role of IgA in
asthma and allergic respiratory disease.

By contrast, other investigations have

suggested a protective role for IgA as treatment with antigen-specific IgA in mouse
models prevents the development of a number of hallmark characteristics of asthma
including AHR, eosinophilia and the local production of cytokines such as IL-4 and IL5 (138).

Furthermore, deficiency in IgA production during childhood is a well-

documented risk factor for atopy (139). With evidence supporting both protective and
pro-inflammatory roles for IgA in asthmatic disease, further characterisation of this
antibody and its target cells is required.
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1.4

Major inflammatory mediators involved in asthma

Inflammatory mediators are highly relevant in the asthmatic condition and are one of
the most important mechanisms by which cells exert their effect.

1.4.1 Histamine
Histamine is an inflammatory mediator that is stored in and released from the granules
of mast cells and basophils and is one of the primary mediators of the asthmatic
response (140). It plays a role in the oedema, vasodilation, contraction of smooth
muscle, up-regulation of adhesion molecules and hypersecretion of mucus associated
with the allergic asthmatic reaction. Furthermore, histamine has also been described as
a chemotactic factor, the effect of which may be inhibited by blockade of the H1R
leaving T cells unable to home to sites of antigen exposure (141).

Mast-cell derived histamine can be detected in the BALF during the early phase
response of an asthmatic episode (88) and plays an important role in the pathogenesis of
asthma through differential regulation of T helper cells. This mediator enhances the
secretion of Th2 cytokines such as IL-4, IL-5, IL-10 and IL-13 whilst inhibiting the
production of the Th1 cytokines IL-2, IL-12 and IFN-γ (142). Although the exact
mechanism by which histamine regulates cytokine release from T cells remains unclear,
it is thought to be achieved via an upregulation of PGE2 and nitric oxide production
(143).

Histamine exerts its physiological effects by binding to any of four receptors on target
cells - H1, H2, H3 or H4. In relation to asthma, the H1R is the most relevant receptor
with respect to haematopoietic cells and is found on T cells, B cells, monocytes and
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lymphocytes, as well as endothelial cells and smooth muscle cells (144, 145). H1Rs
have been identified in the human lung (146) where binding of histamine to the H1R
results in smooth muscle contraction, increased permeability of the postcapillary
venules, pulmonary vasoconstriction, enhanced mucus secretion and production of PGs.
These effects clearly relate to the characteristic events in AHR associated with allergen
inhalation. Whilst histamine binding to the H1R has been reported to enhance Th1
responses (147), studies of murine asthma models using H1R knockout (H1RKO) mice
have shown that the H1R is essential in the development of AHR, airway inflammation
and goblet cell metaplasia via enhancement of Th2 responses (141, 148). Similar
results have been reported in studies using histidine decarboxylase knockout mice
which lack the enzyme responsible for histamine synthesis (149). Antihistamine drugs
that are used to treat allergies act by blocking the H1R, essentially preventing histamine
from binding, and by shifting the Th1 / Th2 cytokine balance (94). Furthermore, preadministration of H1R antagonists in combination with cysteinyl leukotriene receptor
antagonists almost completely prevents the early phase response whilst significantly
reducing the late phase response (90).

The histamine-2 receptor (H2R) is found on many cell types including smooth muscle
cells, cardiac cells and gastric mucosal cells (150). It has been best described in its role
in gastric acid secretion but, by its expression on dendritic cells, T cells and
macrophages, has been implicated in a number of immune processes including
inhibition of mixed T lymphocyte proliferation (151) and inhibition of immune
responses by the induction of suppressor T cell activity (152). This receptor is also
involved in the mechanism by which environmental agents such as ultraviolet-B (UVB)
radiation suppress contact hypersensitivity (CHS) responses (153).

In relation to

asthma, the H2R is involved in increasing vascular permeability and airway goblet cell
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secretion (154, 155) which may contribute to asthma pathogenesis, however the role of
the H2R in this disease is not as firmly established as that of the H1R.

Of the four histamine receptors, the histamine-3 receptor (H3R) is the least wellcharacterised and the least relevant in terms of the asthmatic response. The H3R is
expressed primarily in the central nervous system and to a lesser extent in the peripheral
nervous system including the airways, gastrointestinal tract and the cardiovascular
system (150). Whilst the role of the H3R in asthma and allergic respiratory diseases has
not been investigated in any great depth, clinical trials with H3R antagonists appear to
be most effective in treating conditions such as cognition disorders, obesity, insomnia
and myocardial ischaemic arrhythmias (156), suggesting that even if the H3R is
involved in regulating the immune response in asthma, it is likely to play a minor role
compared to that of the other histamine receptors.

The most recently identified histamine receptor, histamine-4 receptor (H4R), has
generated much interest in terms of its therapeutic potential in allergic disease. The
H4R has been identified primarily on haematopoietic cells including mast cells,
eosinophils, basophils, dendritic cells and T cells (150). This receptor is involved in
immune regulation and mediates mast cell, eosinophil and dendritic cell chemotaxis, as
well as modulating cytokine production from dendritic cells and T cells (157-160).
Mouse models investigating the role of the H4R in asthma have been conflicting.
Dunford et al (161) reported that mice deficient in H4R and mice treated with an
antagonist to the H4R demonstrated a milder asthmatic phenotype than wild type mice,
with decreased lung inflammation and decreased Th2 responses. This reduction of
allergic responses was due to regulation of CD4+ T cell activation, suggesting a proinflammatory role for the H4R in asthma and allergic respiratory disease. By contrast,
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another study found that i.t. delivery of a H4R agonist prevented AHR and airway
inflammation through the accumulation of FoxP3+ T cells.

This suggested that

activation of the H4R has a direct effect on the recruitment of regulatory T cells,
resulting in suppression of the asthmatic response (162). To date, no clinical trials with
H4R antagonists or agonists have been reported, however the early data using mouse
models certainly warrants further investigation into this receptor to clarify its role in
inflammation and to investigate the H4R as a potential therapeutic target in asthma and
other allergic diseases.

1.4.2 Prostaglandins
Prostaglandins (PGs) are formed by the metabolism of arachidonic acid by
cyclooxygenase and are generated in response to a variety of stimuli (163). A number
of different PGs have been implicated in asthma, however research thus far has focused
on the roles of PGD2 and PGE2 in this disease.

PGD2 is produced by mast cells in response to allergen challenge and is released in
large amounts during asthmatic attacks (164). It is also produced by stimulated Th2
cells and its levels in BALF increase dramatically following allergen challenge of
asthmatic subjects (165). PGD2 is a potent stimulator of eosinophil chemotaxis and this
response is both eosinophil-specific and PGD receptor (D-type prostanoid receptor; DP)
specific (163). It was postulated that the balance between this DP receptor (DP2) and
another inhibitory DP receptor (DP1) on the surface of eosinophils may play a role in
the degree of eosinophil recruitment in asthma (163).

PGE2 also plays a significant role in the asthmatic response. PGE2 synthesis can be
induced by cross-linking of IgG, IgA and IgE receptors and by exposure to cytokines
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such as IL-1, IL-6 and TNF-α (166).

This PG is synthesised by epithelial cells,

fibroblasts and monocytes (167) but its primary source is alveolar macrophages (168).
More recently, CD4+CD25+FoxP3+ regulatory T cells have been shown to suppress
effector T cell responses via PGE2 production (169).

The exact role of PGE2 in airway inflammation is unclear as it appears to possess both
anti-inflammatory and pro-inflammatory properties and reports of the function of this
mediator in asthma are conflicting. A summary of the relevant findings regarding this
PG in terms of the asthmatic response is outlined in Table 1.5.

1.4.3 Cysteinyl leukotrienes
Cysteinyl leukotrienes (cysLT), like PGs, are metabolites of arachidonic acid and
function as potent lipid mediators in inflammation (175). One of the major sources of
cysLT is mast cells which release cysLT upon degranulation. The biological effects of
cysLT mimic many of the changes seen in asthma including bronchoconstriction,
increased AHR, increased vascular permeability and increased mucus hypersecretion.
Furthermore, cysLT have the ability to induce aspects of the chronic remodelling
response (such as fibrosis) that can exacerbate the asthmatic condition (176). CysLT
are found in significant levels in the BALF of asthmatics and increased concentrations
of the cysLT, LTE4, in the BALF and in urine have been reported in asthmatic patients
after inhalation of allergen (177).
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Table 1.5: Summary of the role of prostaglandin E2 in the human asthmatic
response.
Investigators
Year
Species Role of PGE2
Findings
Armour et al
1989
Human Inflammatory • PGE2 induces smooth muscle
(170)
contraction that can contribute
to bronchospasm
Gauvreau et al
(171)

1999

Human

Antiinflammatory

•

Administration of exogenous
PGE2 to sensitised asthmatics
prior to allergen provocation
results in inhibition of both
early and late phase allergic
airway narrowing and airway
hyperresponsiveness

Peacock et al
(172)

1999

Human

Inflammatory

•

PGE2 enhances
survival in vitro

Pavord et al
(173)

1999

Human

Antiinflammatory

•

An inverse correlation exists
between levels of PGE2 in
induced
sputum
from
asthmatics and the extent of
eosinophilic
airway
inflammation

Hartert et al
(174)

2000

Human

Antiinflammatory

•

PGE2-mediated inhibition of
the asthmatic response (as
demonstrated in Gauvreau et
al,
1999)
is
due
to
downregulation
of
the
production of PGD2 and
cysteinyl
leukotrienes,
presumably from actions on
mast cells
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eosinophil

More convincing evidence for a role of cysLT in asthma comes from the results
obtained from administration of cysLT receptor antagonists. Receptors for cysLT have
been identified on human pulmonary smooth muscle, peripheral blood eosinophils,
macrophages, B lymphocytes and the pulmonary vasculature (178, 179). Use of cysLT
receptor antagonists decreases eosinophilia in blood and in sputum of patients with mild
to moderate asthma (180). Furthermore, pre-treatment with a cysLT receptor antagonist
before challenge not only reduces eosinophil numbers in the BAL but also significantly
reduces infiltration by lymphocytes and basophils (181). In addition to these findings,
mucus release and subepithelial fibrosis was also significantly reduced by the use of
specific inhibitors of cysLT synthesis (182). These findings indicate that cysLT not
only play a significant role in the pathogenesis of asthma but may also serve as a viable
target for immunotherapy to treat the asthmatic condition.

1.4.4 Growth factors
Nerve growth factor (NGF) belongs to a group of molecules called neurotrophins which
are involved in the development of the nervous system and the maintenance of neuronal
function and gene expression in adults.

NGF is produced by mast cells (183),

circulating eosinophils (184) and both Th1 and Th2 cell clones (185) and receptors for
NGF have been identified on mast cells, CD4+ lymphocytes and eosinophils. NGF has
a priming effect on histamine release from circulating human basophils (186) and
induces a selective release of cytotoxic mediators from peripheral blood eosinophils
(184). In animal models, systemic administration of NGF increased histamine-induced
bronchoconstriction in a dose-dependent manner (187) whilst in vitro studies have
shown that application of NGF induced migration of both human skin and lung
fibroblasts and increased the contractility of these cells when embedded in a collagen
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gel (188). These findings strongly support a role of NGF in the inflammatory and
remodelling processes that occur in the asthmatic response.

Further evidence for the involvement of NGF in asthma comes from studies of NGF
levels in biological fluids taken from asthmatics. Increased NGF levels in the serum of
asthmatic patients compared to healthy controls have also been reported (189).
Interestingly, the highest levels of serum NGF were from asthmatic patients that also
had a high degree of bronchial reactivity to histamine and had high levels of
eosinophilic cationic protein. Raised levels of NGF are also detected in BALF during
late asthmatic responses to allergen challenge (190). Investigations into the use of antiNGF as a treatment for asthma have found that nasal application of this molecule to
sensitised mice significantly reduced IL-4 concentrations and prevented the
development of airway hyperreactivity (191).

In addition to NGF, vascular endothelial growth factor (VEGF) has been implicated in
the asthmatic response.

VEGF is a regulator of angiogenesis that stimulates the

proliferation of epithelial cells, the formation of blood vessels and endothelial cell
survival (192). In asthmatic patients, high levels of VEGF have been reported in the
airway mucosa and sputum and may contribute to airway remodelling (193, 194).
Transgenic mice which over-express VEGF in a lung-targeted manner demonstrate an
asthmatic phenotype, characterised by AHR, airway remodelling, angiogenesis and
oedema in the lung.

Furthermore, VEGF over-expression increased Th2 antigen

sensitisation and inflammation in the lung whilst also increasing the number and
activation state of dendritic cells in the pulmonary tissues (195).
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1.5

Major cytokines involved in asthma

Cytokines are released by inflammatory cells in response to a variety of stimuli. They
are potent mediators of inflammation, particularly the Th2 cytokines IL-4, IL-13 and IL5, and are very important in regulation of the asthmatic inflammatory response.

1.5.1 Interleukin-4 and Interleukin-13
The role of IL-4 and IL-13 in allergic disease has been well documented. These
cytokines are produced by the same cell types and are regulated in similar ways. They
also produce many of the same biological effects; this is due in part to their receptors
sharing at least one common chain (IL-4 receptor-α) (196). Both IL-4 and IL-13 are
secreted by activated T helper cells, mast cells, basophils and a subset of natural killer
cells (197-199).

IL-4 is a key cytokine in the development of allergic inflammation. Its biological
effects include the promotion of IgE production and induction of low-affinity FcεRII
receptor expression on B lymphocytes and mononuclear cells and high affinity FcεRI
receptor expression on mast cells and basophils (200). The most important function of
IL-4 in relation to asthma however lies in its ability to drive the differentiation of naïve
T helper cells towards a Type 2 profile. This is particularly true of basophil-derived IL4 which is instrumental in the Th2-skewing of responses to protease allergens, such as
papain (199). Furthermore, IL-4 functions to prevent apoptosis of activated Th2 cells
by maintaining levels of a survival-promoting protein (B cell leukaemia / lymphoma-2)
in these cells (201).

In addition to these biological effects, IL-4 induces mucin gene expression and the
hypersecretion of mucus (202), thus contributing to airway obstruction.
38

IL-4 also

increases the expression of eotaxin and other inflammatory cytokines from fibroblasts,
thus possibly contributing to inflammation and lung remodelling observed in chronic
asthma.

By increasing the expression of eotaxin, IL-4 also induces eosinophil

chemotaxis and activation and inhibits eosinophil apoptosis thus promoting eosinophilic
inflammation. Furthermore, IL-4 is able to promote cellular inflammation by inducing
the expression of vascular cell adhesion molecule (VCAM)-1 on the surface of
endothelial cells which directs cells such as T cells, monocytes, basophils and
eosinophils to specific sites of inflammation (203). Investigations using IL-4 knockout
mice confirm the role of IL-4 in asthma as these mice fail to develop symptoms of
allergic asthma even upon repeated allergen challenges (204, 205).

As mentioned earlier, IL-13 has very similar biological functions as IL-4.
Overexpression of IL-13 in the lung induces inflammation, mucus hypersecretion,
subepithelial fibrosis and eotaxin production (206), whilst administration of IL-13 via
the trachea results in airway hyperreactivity, eosinophilia and increased IgE production
in mice (207). Furthermore, IL-13 is required to induce and maintain allergen-induced
activation of pulmonary dendritic cells and is involved in the priming of immune and
inflammatory responses to inhaled antigen (208). These inflammatory events are all
characteristic of the asthmatic condition and as such these findings support a role for IL13 in asthmatic inflammation.

Further evidence for the involvement of these cytokines comes from studies using (a)
receptor antagonists designed to block the binding of the cytokine to its corresponding
receptor and (b) soluble receptors which acts to neutralise the activity of the cytokine.
Administration of IL-4 receptor antagonists inhibits allergen induced bronchial
hyperresponsiveness (209) whilst soluble IL-4 receptor has been shown in murine
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models to not only inhibit the development of AHR but also to inhibit VCAM-1
expression, eosinophil influx and mucus hypersecretion (210).

Similar results

demonstrating inhibition of these inflammatory events have been achieved with the
administration of soluble IL-13 receptor although possible reductions in eosinophilia
remain a controversial issue between different groups of investigators (211). A novel
approach to blocking IL-13 production on a more long-term basis has been the use of an
IL-13 peptide-based vaccine. Administration of this vaccine resulted in suppression of
a number of asthmatic symptoms including IL-5 and IL-13 levels and inflammatory cell
numbers in the BALF, serum total and allergen-specific IgE, allergen-induced goblet
cell hyperplasia, inflammation of the lung tissue and AHR, highlighting the possible
therapeutic value of this approach (212).

With the exception of T cells, which do not carry functional IL-13 receptors, most cells
respond in a similar fashion to IL-4 and IL-13 (213). A recent study demonstrated that
the potency of cell signalling induced by these cytokines reflects differences in the
crystal structure of the IL-4 and IL-13 receptors (214). This redundancy makes it
difficult to determine the importance of these cytokines relative to each other in the
asthmatic response, although McKenzie et al (215) suggest that IL-4 may be crucial for
the initial Th2 profile development at sensitisation whilst IL-13 plays a significant role
in responses to secondary antigen exposure.

Both IL-4 and IL-13 have been detected in various biological fluids taken from
asthmatic patients. Raised levels of IL-4 have been detected in the serum (216) and
BALF compared to healthy controls and it has been reported that asthmatic subjects
have a higher frequency of IL-4 producing T cells than normal healthy subjects (217).
Similarly, IL-13 levels in BALF are higher in asthmatic patients compared to controls

40

(218) and IL-13 mRNA levels are higher in bronchial biopsy specimens taken from
asthmatic subjects than in control specimens (219). Furthermore, correlations between
polymorphisms in the IL-13 gene and asthma and allergy have been demonstrated
(220). These findings, combined with the evidence presented regarding the biological
functions of both IL-4 and IL-13, strongly implicate these cytokines in the development
and propagation of the asthmatic response.

1.5.2 Interleukin-5
IL-5 has been associated with asthma primarily due to its function as an eosinophil
growth and differentiation factor in humans. Like IL-4, IL-5 is produced by Th2 cells
and its synthesis is regulated via activation of gene transcription (221) and at the level
of mRNA stability (222).

IL-5 is also produced by mast cells and eosinophils,

suggesting that the chronicity of inflammation seen in asthma may result from autocrine
production of IL-5 (223).

IL-5 expression at both the mRNA and protein level is increased in the mucosa of
asthmatic airways. Furthermore, IL-5 mRNA expression has been shown to correlate
with disease severity (224). Expression of the IL-5 receptor has been reported to be
restricted to eosinophils in more than 90% of patients, implicating this inflammatory
cell as the major target of IL-5 mediated allergic inflammation (225).

In humans, IL-5 is selective for eosinophils and basophils (two predominant effector
cell types in allergic inflammation) whereas in the mouse IL-5 also acts on B cells
(226). Upon binding to its receptor on the cell surface of eosinophils, IL-5 induces
eosinophil growth and differentiation, migration, activation and effector function. IL-5
is unique in its ability to promote growth and differentiation to mature eosinophils in the
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bone marrow, thus making this cytokine an attractive target to reduce the severity of
eosinophil-driven allergic inflammatory conditions (227).

Further evidence for the

effects of IL-5 in allergic reactions arises from investigations into the effects of
inhalation of exogenous IL-5, which causes eosinophilia in induced sputum and
generates AHR in asthmatics (228). In addition to its effects on eosinophils, IL-5 also
enhances the activities of basophils by priming these cells to release mediators such as
histamine and leukotrienes (229).

Investigations into ways to block the biological effects of IL-5 have focused on the use
of monoclonal anti-IL-5 antibodies.

Administration of anti-IL-5 prevents antigen-

induced AHR and eosinophilia in animal models (230). However, whilst the same
treatment significantly reduces circulating eosinophil counts in human patients with
mild allergic asthma, inhibition of antigen-induced late or early responses remains to be
demonstrated in these subjects (231).

Other attempts to block IL-5 activity have included the use of soluble IL-5 receptors
(232) and the use of IL-5 receptor antagonists (233), each being met with varying
degrees of success. A recent study by Karras et al (234) used an IL-5 anti-sense
oligonucleotide to block the production of IL-5 mRNA and protein. Application of this
molecule resulted in significant inhibition of antigen-induced eosinophilia and
hyperresponsiveness, providing a novel method of inhibiting the biological effects of
this cytokine.

In addition, studies involving IL-5 knockout mice show that these

animals are unable to develop allergen-induced airway eosinophilia and AHR, thus
further supporting a role of IL-5 in the allergic response (235).

42

1.5.3 Other cytokines
In addition to IL-4, IL-5 and IL-13, a number of other cytokines have also been
implicated in the asthmatic response.

For example, blockade of the soluble and

membrane-bound receptors for IL-6 in a murine model of asthma resulted in
suppression of Th2 cells in the lung and localised proliferation of CD4+CD25+FoxP3+
regulatory T cells, respectively, implicating this cytokine in the regulation of effector
cell / regulatory cell balance in the asthmatic lung (236). Similarly, studies using a
soluble IL-15 receptor to prevent the biological action of IL-15 have demonstrated that
this cytokine is important in the induction of antigen-specific Th2 T cells, antigenspecific IgE and IgG production, pulmonary inflammation, proinflammatory and Th2
cytokine production and AHR (237). In addition to IL-6 and IL-15, IL-9 also promotes
asthmatic symptoms including eosinophilic inflammation, AHR and mucus production
in the airways (65, 66) and mRNA expression of this cytokine correlates with airway
responsiveness to MCh in humans (67).

Whilst IL-6, IL-9 and IL-15 play a role in inducing or exacerbating immune responses
in asthma, other cytokines have demonstrated a protective role in attenuating or
preventing disease progression. In rat models of asthma, mRNA expression of the Th1
cytokine IFN-γ is significantly reduced in the lungs of sensitised animals (238) whilst
mice deficient in the receptor for this cytokine develop a prolonged airway eosinophilia
in response to allergen exposure (239). Intravenous or i.t. delivery of the IFN-γ gene
suppresses the development of both AHR and airway eosinophilia, with a decrease in
serum IgE only attainable via i.v. administration of the gene (240). Similar results were
observed with i.v. delivery of the IL-10 gene in a murine asthma model, with
attenuation of asthmatic symptoms being attributed to IL-10-dependent suppression of
the antigen-presenting function and cytokine producing capacity of dendritic cells in the
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lung and reduced transportation of antigen to the draining lymph nodes (241). In
addition, administration of recombinant IL-12 via the intraperitoneal (i.p.) or i.v. route
has demonstrated a similar protective effect, not only preventing the development of
asthma when administered at the sensitisation phase but also attenuating already
established immune responses to allergens when delivered either during or shortly after
allergen challenge (242, 243).

1.6

Animal models of asthma

Animal models of asthma have been instrumental in understanding the mechanisms of
this complex disease and identifying novel targets for therapeutic intervention. Rats and
guinea pigs have been commonly used in such studies (71, 244, 245) and, to a lesser
extent, larger animals including non-human primates (246), sheep (247) and dogs (248).
However, the most utilised model by far is the mouse. The mouse model is particularly
useful in studying asthma as this species allows the use of technologies such as gene
deletion to examine the genetic and immunological aspects of this disorder. Further
advantages of this model include the ability to study the histopathology of any murine
tissue, the ability to study the physiology of the airways and the availability of mousespecific antibodies and reagents (249). Additionally, the availability and relatively low
cost of genetically characterised strains make murine models even more attractive as a
research tool.

A number of murine asthma models have been reported, with commonly used antigens
including the major house dust mite (Dermatophagoides pteronyssinus) allergen Der p 1
(250) and OVA (251, 252), with and without adjuvants such as aluminium hydroxide
(alum). Other allergens used in animal models of asthma include β-lactoglobulin (253),
fungal extracts (254), leishmania proteins (117), Aspergillus fumigatus (255), cockroach
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antigen (256) and ragweed (257). Routes of allergen administration include respiratory
and i.p. sensitisations, whilst mice are primarily challenged via the respiratory route
with aerosol or i.n. delivered antigen. A novel model of murine airway inflammation
involves adjuvant-free, i.n. administration of papain (a cysteine protease that is
homologous to Der p 1) for both sensitisation and challenge protocols (258).

Whilst animal models have contributed significantly to the study and treatment of
asthma, it should be noted however that there are limitations to the use of such models.
Firstly, different strains of mice respond differently to different antigens (259). This
causes difficulty in comparing models and the results generated, as well as resulting in
different models reflecting various aspects of the asthmatic condition rather than a
relevant, representative, all-encompassing model. Relatively small variations between
protocols can also produce significantly different results.

For example, a model

comprising systemic sensitisation with adjuvant suggested that mast cells are not
required to induce AHR (85). By contrast, in a sensitisation protocol without adjuvant,
mast cells are necessary to develop this response (260).

Most murine models of asthma closely mimic human disease with respect to the
production of antigen-specific IgE, induction of a Th2 cytokine pattern and the
generation of AHR to non-specific bronchoconstrictors such as MCh. However, it is
important to note that spontaneous development of a disease that has all the
characteristics of human asthma is not reported in any laboratory animal used for
asthma studies (261). Furthermore, airway inflammation in human asthma persists
much longer than in murine models of asthma, thus limiting the use of this model in
chronic airway inflammation studies (249). Recent studies also suggest that whilst the
distribution of eosinophils in the perivascular and peribronchial regions of the lung in
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murine models of asthma are representative of those in asthmatic humans (262), there is
an absence of eosinophilic degranulation in the lungs of asthmatic mice (263). This is
in contrast to previous studies that reported both intact and degranulated eosinophils in
asthmatic mouse lungs (264). Whilst AHR and the early phase response to allergen
challenge observed in human asthmatics can be well-mimicked in mouse models, the
existence of the late phase response in the mouse is controversial and in this aspect, the
rat provides a better model of lung mechanics (265). In addition to this, anatomical
differences between mice and humans may limit the application of mouse modelderived results to the human asthmatic condition. For example, mice lack both mast
cells and smooth muscle past the main bronchi (266) and the pattern of branching of the
airways differs considerably between mammalian species (267). This may affect how
an inhaled allergen is deposited and distributed throughout the airways (268). These
aspects of currently utilised murine asthma models highlight the need for optimisation
of such models in order to better reflect the human condition and suggest caution should
be exercised when extrapolating results from animal models to human disease.

1.7

Asthma: A rising epidemic

Over recent decades, there has been a world-wide increase in the prevalence, morbidity,
mortality and economic burden associated with asthma, particularly in developed
countries such as the United Kingdom, Australia and New Zealand (269, 270). Whilst
variations in the definition of asthma make comparisons between studies difficult, the
general trends of increasing rates of this and other allergic conditions such as allergic
rhinitis and atopic eczema (271, 272) are consistent across the various countries where
the investigations were conducted. Data gathered over the last few years suggest that
the rates of asthma and other allergic diseases may be reaching a plateau or even a slight
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decline (273, 274). However, asthma still remains a significant health issue for much of
the Western world.

In Australia, asthma is the most common and widespread chronic health problem; in
2004-2005, approximately two million people suffered from asthma (273).
Furthermore, the associated financial burden of this disease is significant, with 1.4% of
the total health expenditure for Australians being attributed to asthma in 2000-2001
(275).

1.7.1 Contributing factors to the rise in asthma prevalence
There are a number of hypotheses concerning the reasons for the recent increase in the
prevalence of asthma, although definitive conclusions cannot be reached due to the
multifactorial nature of the disease and the complex genetic and environmental
interactions that underlie the development of this condition. Genetic susceptibilities to
asthma have been investigated at some length (276). However, the rapid increase in the
prevalence of asthma over the last few decades indicates that genetics alone cannot
account for this and as such environmental factors must be considered (277).
Suggestions that air pollution, cigarette smoking and increased levels of exposure to
house dust mite allergens whilst indoors are major contributors to the rise in asthma
prevalence on an international scale are not supported by epidemiological data (278).
More recently, it was postulated that the improvement in living conditions and standards
of hygiene in the Western world have led to a decrease in exposure to microbial agents.
This was termed the “hygiene hypothesis” and suggested that by reducing Th1
responses (such as IFN-γ production) to microbes, this left a Th2-skewed phenotype of
the immune system, thus favouring the development of allergic diseases such as asthma
(277). Whilst this hypothesis is supported by studies investigating microbial agents
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such as Mycobacterium tuberculosis (279), other studies have indicated that Th1skewing viruses such as influenza exacerbate airway inflammation (280).

These

conflicting reports reflect the controversial nature of the “hygiene hypothesis” and
highlight the need for further clarification in order to determine the true immunological
merits of this postulate.

Of recent interest has been the link between vitamin D deficiency and the prevalence of
asthma. Vitamin D is produced in the skin following sun exposure and is essential for
normal functioning of the immune system (281). Human studies have shown that
genetic polymorphisms in the gene encoding the vitamin D receptor contribute to the
risk of asthma and atopy in both children and adults (282, 283). In murine models of
allergic airways disease, vitamin D reduced airway eosinophilia (284), peribronchial
and perivascular inflammation and lymphocyte recruitment to the BALF (285).
Contrary to this, other animal models of asthma using vitamin D receptor knockout
mice have demonstrated that the receptor is required for development of the asthmatic
response and lung inflammation (286, 287).

These conflicting findings highlight

potential species-specific differences in the models and demonstrate that the genetic
component of the role of vitamin D in asthma remains to be fully characterised.

In addition to genetic factors influencing one’s predisposition to develop asthma or
other allergic diseases later in life, the maternal diet has long been thought to be
important in regulating the development of the immune system of the foetus. Vitamin
D is important in regulating lung growth in utero (288) and a number of studies have
linked low maternal vitamin D intake with an increased risk of the foetus developing
asthma and wheeze in early childhood (289, 290). By contrast, another investigation
reported that high maternal levels of vitamin D increased the risk of the child
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developing eczema at 9 months of age and asthma at 9 years (291). In addition, a study
assessing the association between infant vitamin D supplementation and the
development of allergic conditions in adulthood at age 31 demonstrated that vitamin D
supplementation in infancy actually increased the risk of allergic rhinitis and atopy in
later life (292). However it should be noted that maternal vitamin D intake was not
taken into account in this study, nor was intake during the period between infancy and
adulthood and as such may confound conclusions drawn from the results.

These

conflicting reports highlight the controversial nature of research into vitamin Ddependent modulation of immune responses in allergic diseases such as asthma and the
relative lack of knowledge that currently exists in this field.

1.8

Ultraviolet radiation

Ultraviolet (UV) radiation is divided into three categories based on wavelength: UVA
(320-400 nm), UVB (290-320 nm) and UVC (200-290 nm) (293). Stratospheric ozone
prevents wavelengths shorter than 290 nm from reaching the surface of the Earth, as
well as 70-90% UVB. The depth of penetration of UV radiation into the skin increases
as the wavelength increases: UVA is absorbed by the dermis and UVB can only
penetrate as far as the epidermis. As UVC is absorbed by ozone in the stratosphere, it is
of little biological importance in determining effects of exposure to this form of
radiation.

The role of UVA in immunomodulation is unclear with some studies identifying UVA
as enhancing secondary immunity at low doses (294), playing a protective role against
immunosuppression by UVB (295, 296), acting in concert with UVB to effect immune
suppression (297, 298) or causing immunosuppression in the absence of UVB (299,
300). Further complicating these conflicting results is the suggestion that these different
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effects of UVA on the immune system may be dependent on dose and mouse strain used
(294).

UVB is historically regarded as the most important band of wavelengths in mediating
immune suppression and, as such, investigations into the effects of UV exposure have
primarily focused on UVB (301). Consequently, the effects of UVB on the immune
system and the mechanisms by which this occurs will be addressed in detail in this
review.

1.8.1 Evidence for immunomodulation by UVB
Systemic immunomodulation by UVB was first demonstrated by Kripke (302) in a
series of mouse-based tumour transplantation experiments. Transplantation of UVinduced skin tumours into normal, immunocompetent syngeneic recipients resulted in
rejection of the tumour by the host. By contrast, when tumours were transplanted into
recipients that were either immunosuppressed or irradiated with UV prior to
transplantation, tumour growth in the hosts was permitted (302). Furthermore, tumour
progression was observed when the tumour was transplanted into either the irradiated
site or a distant site not directly exposed to UV, demonstrating both local and systemic
immune suppression. This UV-induced immune suppression was due to the presence of
regulatory T cells which, when adoptively transferred into normal, non-irradiated,
syngeneic hosts, resulted in the permissive immune environment and consequent
tumour outgrowth observed in UV-irradiated tumour recipients (303). In addition, these
cells were specific only for UV-induced tumours and were not involved in immune
responses mounted against transplanted allogeneic or syngeneic tumours generated by
chemical carcinogens.
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In a different study using a model of CHS, a single dose of UVB significantly
suppressed ear swelling responses to the haptens 2-chloro-1,3,5-trinitrobenzene and 1flouro-2,4-dinitrobenzene (304).

This suppression was both dose and wavelength

dependent and required at least three days between UV irradiation and sensitisation for
suppression to occur (304, 305).

Studies of the mechanisms of UV-induced

immunomodulation have since examined the responses to antigens applied to either the
irradiated site (local immunosuppression) or a distant non-irradiated site (systemic
immunosuppression). These investigations have focused on CHS responses to haptens
painted onto the skin (306) and delayed type hypersensitivity (DTH) to alloantigens,
yeast antigens or tumour antigens injected subcutaneously (307).

UVB-induced

suppression of DTH responses to Borrelia burgdorferi (308), Leishmania major (309),
Trichinella spiralis (310) and herpes simplex virus (311) have also been reported. CHS
responses are driven by CD8+ T cells that produce IFN-γ, whilst the magnitude and the
duration of the response is mediated by CD4+ T cells that produce IL-4 and IL-10 (312315). Local immunosuppression can be demonstrated to antigen presented immediately
after irradiation whilst for systemic responses three days after UV exposure are required
(304, 316).

1.9

Cellular mechanisms of UVB-induced immunomodulation

The majority of studies into the immunosuppressive effects of UV radiation have used
models of allergic CHS. CHS is a special form of the DTH response that is induced by
application of a hapten (a substance that binds to a host protein in the skin to form the
antigen) onto the skin surface. Antigen presenting cells such as Langerhans cells or
dermal dendritic cells then present the antigen to T cells in the draining lymph nodes,
causing the T cells to proliferate and release cytokines (317).

51

1.9.1 Antigen presenting cells
The main antigen presenting cells in the epidermis are Langerhans cells (301).
Langerhans cells are involved in the initiation of cutaneous CHS reactions and it is
thought that UV exposure disrupts Langerhans cell function and leads to
immunosuppression via incorrect, inappropriate or inefficient antigen presentation. It is
also possible that depletion or apoptosis of Langerhans cells could lead to antigen
presentation by another cell type (301). More recently, dermal dendritic cells have been
implicated in the induction of CHS responses. In mice where Langerhans cell migration
was inhibited by blocking or removing the receptor for platelet activating factor (PAF),
CHS responses remained intact whilst Langerhans cell numbers in the draining lymph
nodes of these mice were significantly diminished compared to wild type sensitised
mice. Furthermore, dermal dendritic cells isolated after sensitisation from the draining
lymph nodes of the PAF receptor-deficient mice or mice administered with a PAFreceptor antagonist were able to activate T cell proliferation whereas Langerhans cells
from these mice could not (318).

Langerhans cell morphology is altered by a single exposure to UV radiation.

In

addition to this, loss of fine dendritic processes and a progressive reduction in
Langerhans cell numbers occurs with repeated exposure to UV (319).

In sheep

epidermis, this depletion of Langerhans cells is associated with an increase in their
migration to the lymph nodes (320).

Furthermore, the rates of Langerhans cell

migration are dependent on the dose and frequency of UVB exposure (320, 321). With
this decrease in the number of functional Langerhans cells, the antigen-presenting
function of the immune system is impaired which may account in part for the decreased
local CHS responses observed in mice exposed to UV.
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Loss of Langerhans cells from the epidermis may also result in these cells being
replaced by infiltrating macrophages or immature dendritic cells.

Langerhans cell

numbers are already reduced immediately following UV-irradiation, with maximal
depletion observed at three days after UV exposure (322); this three day period is the
minimum time required after UV irradiation to observe systemic suppression of CHS
responses. Increased numbers of MHC class II (MHC-II)+CD11b-hi macrophages are
detected in the epidermis and these cells are accompanied by GR-1+ neutrophils.
Removal of the MHC-II+CD11b-hi macrophages from epidermal cell suspensions
derived from UV-irradiated skin demonstrated a critical role for these cells in UVinduced tolerance to haptens (323).

This finding is further supported by in vivo

blocking of CD11b which resulted in complete restoration of the CHS response and a
50% reduction in the infiltration of MHC-II+CD11b+GR-1+ monocytes / macrophages
into the skin following UV exposure (324). In addition, inactivated C3b (iC3b; a ligand
for CD11b) is transiently expressed in the dermis following UV exposure and prevents
the infiltrating monocytes from differentiating into dendritic cells precursors, leaving
these cells in an immature state (325).

In local models of UV-induced immune

modulation, suppression of CHS responses can occur when the hapten is applied
immediately after UV exposure and, unlike systemic immune suppression, does not
require three days between UV irradiation and antigen exposure (304, 316). This
suggests that whilst reductions in Langerhans cell numbers may play a role in local
immune suppression, alterations to antigen-presenting cells within the skin, release of
regulatory cytokines or participation of other cells types may be involved in systemic
immune suppression.

One investigation reported that UV-irradiating epidermal cell suspensions or skin
explants in vitro caused Langerhans cells to lose several surface antigens such as CD1a,
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MHC-II and costimulatory antigens. As a result, these cells failed to induce T cell
responses against the antigen (301, 326). Interestingly, this does not appear to be the
case in vivo.

UV irradiation of Langerhans cell populations of human subjects

demonstrated that while the proliferation of allogeneic T cells was suppressed, the
Langerhans cells were induced to express CD1a, Human Leukocyte Antigen-DR and
B7-2 on their surface (327). Deoxyribonucleic acid (DNA) damage within these cells is
an important contributing factor to UV-induced immune suppression and is discussed in
Chapter 1.10.1.

Whilst reduced numbers of Langerhans cells and dermal dendritic cells in the skin may
be responsible in part for local immune suppression by UVB, it is more difficult to
understand systemic immune suppression where the site of UV irradiation and hapten
sensitisation are different. In this case, soluble mediators (discussed in Chapter 1.10)
may play a more important role in regulating systemic immune responses.

Our

laboratory has published evidence that systemic immunomodulation by UVB may not
be due to the migration of immature or functionally impaired antigen presenting cells to
the regional lymph nodes but rather that UV may increase the regulatory activity of
CD4+CD25+ cells in lymph nodes draining the site of UV-irradiation and, in turn,
regulate responses to new antigens (328, 329).

1.9.2 Mast cells
In human skin, mast cells are located just below the dermal-epidermal junction, lying
close to blood vessels, lymphatic vessels and nerves (330). UVB irradiation of skin
results in degranulation of mast cells and the release of histamine (331).

The

involvement of mast cell-derived histamine in UVB-induced suppression of CHS
responses has been well established. Hart et al (153) demonstrated that administration
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of histamine to the skin in place of UVB irradiation five days prior to the induction of
CHS mimicked the suppressive effects of UVB and that the use of histamine receptor
antagonists against the H1R and H2R partially reversed the immunosuppressive UVB
effects. Using mast cell deficient mice, this group demonstrated that dermal mast cells
were required for systemic, but not local, UVB-induced immune suppression of CHS
responses and that the prevalence of mast cells within the skin of different strains of
mice correlated directly with their level of susceptibility to the immune effects of UVB
(306). Studies using human buttock skin have suggested that this may also be the case
in human skin, with a positive correlation reported between dermal mast cell prevalence
in buttock skin (a non-UV-exposed site) and the incidence of both basal cell carcinoma
and melanoma, skin cancers for which UV irradiation during childhood is a significant
risk factor and the progression of which may be enabled by the immunosuppressive
function of UVB (332-334). By contrast, the prevalence of squamous cell carcinoma
did not correlate with dermal mast cell prevalence in buttock skin (335). Squamous cell
carcinomas reflect cumulative skin exposure during an individual’s lifetime and thus
may be controlled by not only the genetically-determined complement of mast cells but
also the influence of environmental UV exposure on mast cell density (335).

1.9.3 T cells
Several studies investigating the effects of UV irradiation on humans have shown that
DTH is generally downregulated upon exposure to UV.

For example, after UVB

irradiation of human skin, immune responses to intradermally injected tuberculin
(Mantoux reaction) at the irradiated site are suppressed (336). As DTH is considered an
important indicator of T cell function (301), it follows that T cell function must be
altered by this exposure. UVB irradiation of human skin causes alterations in cutaneous
CD4+ T cell numbers, suggesting that trafficking and changes in these T cells may be
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involved in the immune changes instigated by UVB irradiation (337). In addition, mice
deficient in CD4+ T cells are not sensitive to the immunosuppressive effects of UVB,
further supporting a role for these cells in UVB-induced immune regulation (338).

The role of regulatory T cells in UV-induced immunosuppression was first
demonstrated when regulatory cells from the spleen and lymph nodes of UV-irradiated
mice were adoptively transferred into normal, non-irradiated, syngeneic hosts. These
cells suppressed immune responses in recipient mice and permitted tumour outgrowth
(303). Later, Elmets et al (339) showed that i.v. injection of lymph node and spleen
cells from UV-tolerised mice into genetically identical naïve mice resulted in an
inhibition of sensitisation against the specific hapten in the recipient mice. However,
UV-induced regulatory T cells could only exert this effect when injected into naïve
mice prior to sensitisation. When these cells were injected i.v. into sensitised mice, no
suppressive effect was observed (340, 341).

UV-induced, antigen-specific regulatory T cells were first described as CD4+CD8TCR-α/β+, MHC restricted (342). These cells produced IL-10 but not IL-4 or IFN-γ
and had the capacity to block antigen-presenting cell functions and IL-12 production in
fluorescein isothiocyanate (FITC)-sensitised mice. Furthermore, upon adoptive transfer
into naïve recipients, these cells could suppress the induction of CHS to FITC in the
recipient animals.

UV-induced T regulatory cells belonging to the CD4+CD25+ subtype have been
described. These cells also express the negative regulatory cytotoxic T lymphocyte
antigen(CTLA)-4 (CD152) (341, 343) and the lymph node homing receptor CD62L but
not the skin homing receptors E- and P-selectin (341). This may explain the inability of
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T regulatory cells to inhibit the efferent arm of the CHS response as these cells may not
migrate into the skin but rather to the lymph nodes due to their pattern of receptor
expression. In agreement with this proposal, intracutaneous injection of T regulatory
cells from UV-tolerised mice into the ears of sensitised mice inhibited the immune
response against the specific hapten upon challenge of this site (341). Following these
investigations, this group demonstrated that the homing patterns of these cells can be
reprogrammed by co-incubation with tissue-specific dendritic cells, opening an array of
therapeutic potential for these cells (344).

Other studies have supported the CD25+ phenotype of UV-induced regulatory T cells
and have further characterised these cells as having high expression levels of the
activation marker CD69 and producing significant amounts of the regulatory cytokine
TGF-β (345). More recently, epidermal receptor activator of nuclear factor kappa B
(NFκB) ligand (RANKL) was implicated in the induction of CD4+CD25+ regulatory T
cells by UV irradiation. RANKL expression can be upregulated by UVB or cutaneous
vitamin D which is produced in the skin following UV exposure (346, 347). One report
suggested that overexpression of RANKL in keratinocytes induced suppression of CHS
responses by altering epidermal dendritic cell function and causing a subsequent
systemic expansion of CD4+CD25+ regulatory T cells.

These findings suggest a

functional link of receptor activator of NFκB (RANK) on dendritic cells and RANKL
on keratinocytes in UV-dependent induction CD4+CD25+ regulatory T cells (346).

Further to these CHS studies, Gorman et al (329) demonstrated in an antigen-free model
that after UVB irradiation of naïve mice there is a small but significant increase in the
proportion of CD4+CD25+ cells in the skin-draining lymph nodes (SDLNs) and that
more than 80% of these cells also express the regulatory cell marker FoxP3. When
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naïve DO11.10 transgenic mice (which have the majority of their CD4+ T cells
expressing the receptor for the OVA peptide323-339) were irradiated with UVB, CD4+
cells from their SDLNs harvested four days after UVB-irradiation demonstrated a
reduced ability to proliferate in response to the OVA peptide in vitro. This reduced
proliferation was dependent on the presence of CD4+CD25+ regulatory cells. When
transferred into naïve BALB/c mice, these cells were able to suppress not only
proliferation in response to OVA but also sensitisation to a non-related hapten (329).

Moodycliffe et al (348) also described a CD4+CD3+DX5+ natural killer T cell induced
by UVB that was able to transfer its immunosuppressive effects into recipient mice,
modulating DTH and tumour rejection. CD4+CD3+DX5+ natural killer cells isolated
from UVB-irradiated mice also produced significantly more IL-4 upon in vitro
stimulation with CD3, suggesting that UVB promotes the activation of these cells (348).

Cytokines play an important role in the function of UV-induced regulatory T cells. In
particular, these cells exert their effects in part through the induction and / or production
of IL-10 (341, 349). Upon activation, regulatory T cells produce high amounts of IL-10
(343) which can block both the induction and elicitation of CHS (341, 350). A recent
study using a transcutaneous model of OVA sensitisation demonstrated that UVinduced inhibition of antigen-specific CD8+ T cell priming is mediated by
CD4+CD25+ regulatory T cells and requires IL-10. However, upon adoptive transfer,
regulatory T cells isolated from IL-10-deficient mice mediate tolerance as effectively as
those cells isolated from wild type mice, suggesting that this cytokine is not required for
the induction of functional CD4+CD25+ regulatory T cells.

Instead, this study

demonstrated that host-derived IL-10 is required for the tolerogenic activity of UVinduced regulatory T cells in this model of transcutaneous sensitisation (349).
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In contrast to IL-10, IL-12 acts to prevent UV-induced immune suppression through its
effects on nucleotide excision repair and reversal of DNA damage, as does the
proinflammatory cytokine IL-18 (351, 352). However, unlike IL-18, IL-12 can also
break established immune tolerance and restore immune responses due to its effect on
regulatory T cells (353, 354). The role of IL-10, IL-12, IL-18 and other cytokines in
UV-induced immune suppression are addressed in detail in Chapter 1.10.2.

DNA damage is also important in the induction of regulatory T cells by UV irradiation.
DNA damage triggers Langerhans cells to leave the epidermis and migrate to the
regional lymph nodes. Injection of IL-12 (which reduces DNA damage) after UV
exposure prevents this loss of Langerhans cells (354).

Following UV irradiation,

damaged Langerhans cells that have migrated to the regional lymph nodes still retain
the ability to present antigen, however this presentation may be suboptimal, resulting in
tolerance to the antigen rather than sensitisation.

This finding suggests that the

induction of regulatory T cells following UV irradiation is an active process requiring
suboptimal presentation of antigen by damaged but still alive Langerhans cells in the
lymph nodes (355).

1.9.4 B cells
Regulatory B cells have been implicated in numerous experimental models, including
regulation of autoimmunity, infectious disease and cancer (356).

In addition,

experiments using CD19-deficient mice have shown that expression of CD19 (a marker
involved in B cell signalling) on B cells is crucial in the regulation and suppression of
CHS responses and reconstituting CD19-deficient mice with CD19+ spleen B cells from
wild-type mice normalised the CHS response (357).
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Regulatory B cells are involved in some models of UV-induced immune suppression.
This was first demonstrated by Byrne and Halliday (358) who showed that multiple
irradiations of skin using solar-simulated UV (comprising approximately 8% UVB and
92% UVA) activated B cells in the draining lymph nodes three days after the final UV
exposure. These B cells actively suppress dendritic cell initiation of T cell-mediated
immunity, resulting in immune tolerance. Furthermore, these cells produce high levels
of the immunoregulatory cytokine IL-10, suggesting that this mediator plays a role in
regulatory B cell-induced immune suppression (358).

Antigen-specific, IL-10-

secreting, CD19+B220+ regulatory B cells induced by UV radiation were later
identified and PAF and serotonin were implicated in activation of these cells (359).
Recent work has indicated that regulatory B cells result exclusively from UVB and not
from UVA irradiation.

UVB radiation activates regulatory B cells and causes an

accumulation of these cells in the draining lymph nodes whereas UVA has no effect on
B cell number or function and at high doses actually suppresses B cell activation (360).

1.10

Molecular mechanisms

There has been much interest in the effects of UV radiation on the immune system at the
molecular level. In particular, DNA damage, cytokine induction and altered expression
of immunomodulatory molecules, adhesion molecules and costimulatory molecules
have been strongly implicated in UV-induced immunosuppression.

1.10.1 DNA damage
It has been well documented that exposure to UV radiation can induce mutations in
DNA, resulting in the formation of tumours if not repaired (293). The primary lesions
are pyrimidine dimers which can occur in keratinocytes of the basal and suprabasal
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layers of the epidermis and have also been found in Langerhans cells (361). The
formation of pyrimidine dimers has been proposed as an initiating step in mutagenesis
and tumour development (362).

Pyrimidine dimer formation in Langerhans cells and dendritic cells has also been
implicated in the mechanisms of suppression of contact and delayed type
hypersensitivities (293). Topical application of the DNA repair enzyme endonuclease V
(T4N5), which increases the rate of pyrimidine dimer repair, significantly antagonises
the immunosuppressive effects of UV, specifically the inhibition of CHS induction
(363). In addition, treating mouse skin with liposomes containing T4N5 prevents UVinduced immunosuppression of both contact and delayed type hypersensitivities (364).
T4N5 treatment also reduces local immune suppression via preventing Langerhans cell
loss from the epidermis (365).

DNA damage in the antigen-presenting cells in the skin is responsible for the
suppression of local immune responses (366). Repair of cyclobutane pyrimidine dimers
within cutaneous antigen-presenting cells restores their ability to present antigen and
prevents the induction of suppressor T cells (366). Pyrimidine dimer formation is also
involved in UV-induced cytokine expression. UV-damaged keratinocytes respond to
DNA damage by producing cytokines such as IL-10 and IL-6, which can regulate
immune responses in the skin (367). Removal of pyrimidine dimers via treatment with
T4N5 significantly inhibits UV-induced production of the cytokines IL-10 and TNF-α
(368,

369),

supporting

a

role

for

DNA

immunosuppression.
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1.10.2 Cytokine induction
UV radiation alters the balance between pro-inflammatory and anti-inflammatory
cytokines in the skin by inducing changes in a variety of cell types. Experimental
evidence suggests that exposure to UVB causes a deviation toward a Th2-like cytokine
response (301) and changes in the cytokines IL-4, IL-10, IL-12, IFN-γ and TNF-α are
strongly implicated in this dysregulation.

1.10.2.1

Interleukin-4

IL-4 is secreted by activated Th2 cells, mast cells and a subset of natural killer cells and
favours Th2 cell development whilst suppressing Th1 cell function and development.
This cytokine plays a significant role in allergic disease by promoting the production of
IgE and expression of the low affinity Fcε receptors. IL-4 also participates in the
allergic response by promoting the growth and function of mast cells and eosinophils
(370).

Few studies have investigated the effects of UVB exposure on the production of IL-4 in
any real depth. Early investigations showed that UVB-irradiation caused reduced Th1
cytokines such as IL-2 and IFN-γ whilst increasing the production of Th2 cytokines
such as IL-4, IL-5 and IL-10 by lymphocytes isolated from lymph nodes draining the
site of antigen administration (371). Following on from this study, administration of an
anti-IL-4 antibody blocked UVB-induced suppression of the DTH response, suggesting
a central role of IL-4 in this process (372). In one study using IL-4 gene knockout (IL4-/-) mice, suppression by UVB of the DTH response observed in wild type mice
(parent strain) was not detected in UVB-irradiated IL-4-/- mice (373). Interestingly,
UVB-induced suppression of CHS responses to oxazolone were not affected by the IL-4
deficiency in the IL-4-/- mice. This lack of effect may be antigen-specific as a study
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investigating IL-4, independent of UV exposure, suggested that this cytokine plays no
direct role in the generation or suppression of CHS responses to oxazolone (374).

A later study demonstrated that in IL-4-/- mice UVB suppressed CHS responses to
antigens that were applied at the same site that had been exposed to UVB radiation
(local immune suppression) and not when the sensitising antigen was applied to a site
distant from the site of irradiation (systemic immune suppression) (375). As the dermal
mast cells of IL-4-/- mice expressed low levels of c-kit (the receptor for a differentiative
factor for mast cells) and have a low level of degranulation upon UVB exposure (375),
the differences seen between the CHS models in IL-4-/- mice supported previous
findings (306, 332-334) that mast cells may be a major cell involved in the initial
pathways via which UVB induces systemic immunomodulation.

1.10.2.2

Interleukin-10

IL-10 is produced by activated Th2 cells, CD8+ T cells, B cells, monocytes and
keratinocytes and is a potent inhibitor of Th1 immune responses (376). IL-10 has the
ability to inhibit cytokine production by activated T lymphocytes, natural killer cells
and macrophages. In particular, the production of cytokines such as IL-2 and IFN-γ by
Th1 cells is down-regulated, thus tipping the regulatory balance in favour of Th2
immune responses (377). In addition to this, IL-10 can affect the antigen-presenting
function of Langerhans cells and consequently further inhibit Th1 responses (378). As
studies tend to show an apparent deviation towards a Th2-like cytokine response after
exposure to UVB radiation (379), a cytokine such as IL-10 may have a central role in
UVB-induced immunosuppression.
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UV-induced upregulation of IL-10 expression has been reported in murine
keratinocytes. Indeed, these cells are the major source of IL-10 following UV exposure
in mice (380) and injection of an anti-IL-10 antibody into UV-irradiated mice prevented
UV-induced suppression of DTH responses (381).

In studies using human

keratinocytes however, reports are less consistent, although there is a general trend for
increased IL-10 following UV irradiation. These conflicting reports may be due to
differences in the sensitivity of the methods used or contamination by cells such as
melanocytes which contain IL-10 mRNA following UVB irradiation (382). Table 1.6
summarises the conflicting results reported in the literature regarding the detection of
IL-10 in human keratinocytes following UV exposure.

In humans, neutrophils and CD11b+ macrophages infiltrating the skin in response to
UVB irradiation express high levels of IL-10 (383, 384) and in studies of psoriasis
patients, peripheral blood mononuclear cells from UVB-treated subjects produce
significantly higher levels of IL-10 (385).

Table 1.6: Summary of IL-10 production from human keratinocytes following UV
exposure.
Investigators
Year
IL-10
Findings
detected
Kang et al
1994
Yes
• Slight increases in human keratinocyte IL-10
(383)
mRNA after UVB exposure
Grewe et al
(386)

1995

Yes

•

Induction of IL-10 production observed
following UV-irradiation

Jackson et al
(387)

1996

No

•

Unable to detect IL-10 from cultured human
keratinocytes

Teunissen et al
(382)

1997

No

•

Unable to detect IL-10 from cultured human
keratinocytes

Brink et al
(388)

2000

Yes

•

A time- and dose-dependent increase in IL10 mRNA levels in human skin following
UVB irradiation
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The levels of cytokines produced in relation to UVB exposure prior to sensitisation was
investigated in a study using two models of hypersensitivity (379). The first of these
was a series of CHS (Th1-mediated) experiments using picryl chloride (PCl) as a
contact sensitiser. IL-10 was not detectable in any of the culture supernatants from
spleen and lymph node cell cultures from non-sensitised, PCl-sensitised and UVBexposed, PCl-sensitised animals after subsequent challenge with PCl. The second series
of experiments used an OVA-induced hypersensitivity model which reflected a Th2mediated immune response. IL-10 (plus IL-4 and IFN-γ) production was increased in
spleen cell cultures from sensitised animals and this production was further increased by
UVB pre-exposure (379).

1.10.2.3

Interleukin-12

In contrast to IL-10, IL-12 promotes cell-mediated immunity by inducing differentiation
of Th1 lymphocytes whilst suppressing Th2 dependent functions such as the production
of IL-4, IL-10 and IgE antibodies (389). IL-12 is produced predominantly by dendritic
cells, monocytes, B cells and macrophages and is a potent inducer of IFN-γ production
by resting or activated T cells and natural killer cells (390). The synthesis of IL-12 is
partly controlled by a feedback mechanism where IL-4 and IL-10 (Th2 cytokines)
suppress synthesis whilst IFN-γ (a Th1 cytokine) sustains it (391, 392).

In the PCl and OVA models previously described, the levels of IL-12 in the cell cultures
were also measured (379). IL-12 was increased in the supernatants of lymph node cell
cultures of animals sensitised with PCl compared to non-sensitised animals and the
induction of IL-12 (which primarily induces a Th1 response) was significantly
suppressed in animals exposed to UVB. This result supports the notion that UVB
exposure leads to a suppression of Th1 immune responses. By contrast, there were no
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significant changes in IL-12 levels in the supernatants of cells cultured from the spleen.
In the OVA model, UVB exposure and sensitisation failed to have any significant effect
on IL-12 production, suggesting that the effect of UVB on IL-12 production may be
dependent on the allergen and model used (379).

In another investigation, mice were exposed to four low-dose UVB exposures before
hapten application to the irradiated skin area (353). A single i.p. injection of IL-12
administered after the last of the four doses of UV completely restored the CHS
response that would have otherwise been suppressed by UVB. Furthermore, mice
injected with IL-12 after being sensitised through UV-irradiated skin but before resensitisation were able to mount a full immune response to the hapten. These results
indicate that IL-12 can prevent UV-induced immunosuppression and moreover can
break established UV-mediated tolerance (353). This group suggested that IL-12 may
achieve this by preventing dendritic cell death mediated by suppressor T cells (393).
Alternatively,

IL-12

may interfere with UV-induced immunomodulation by

downregulating expression of IL-10 and TNF-α, cytokines involved in UV-induced
suppression of DTH and CHS, respectively (394).

IL-12 has also been implicated in repair of UV-induced DNA damage. IL-12 treatment
following UV exposure significantly reduces the number of cyclobutane pyrimidine
dimers 4 h after irradiation, indicating an active removal of DNA damage. Furthermore,
DNA repair is facilitated by IL-12-mediated induction of nucleotide excision repair
(352). A similar role has been suggested for IL-18 which can also repair UV-induced
DNA damage and suppress apoptosis (351). However, IL-18 only protects against UVinduced immune suppression, leaving IL-12 unique in its ability to also break already
established immune tolerance (354).
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1.10.2.4

Interferon-γ

IFN-γ is a pro-inflammatory cytokine produced by activated Th1 cells, CD8+ T cells,
some naïve T cells and natural killer cells. Its many functions include the activation of
T cells, B cells, natural killer cells, macrophages and neutrophils and it synergistically
enhances the cytotoxic effects of TNF-α (395). IFN-γ production is stimulated by the
presence of IL-2 and IL-12 and inhibited by IL-4, IL-10, TGF-β, glucocorticoids and
cyclosporin A (396). Being a Type 1 cytokine, IFN-γ enhances the activity of Th1 cells
whilst inhibiting the generation of Th2 cells. Furthermore, this cytokine decreases the
production of IL-4 from Th2 cells and blocks the effects of IL-4 on B cells, resulting in
the promotion of IgG1 secretion and the inhibition of IgE production (396).

UVB treatment of psoriatic lesions decreases IFN-γ mRNA transcripts by greater than
60% in irradiated lesions, with a 40-65% decrease in the frequency of T cells producing
IFN-γ within one to two weeks of starting UVB treatment (397). A similar study
investigating IFN-γ levels in psoriatic lesions in situ and in cultured dermal T cells
derived from these lesions supports these findings (398).

In a slightly different model investigating the susceptibility of mice to malarial infection
after exposure to UVB, impaired production of plasma IFN-γ was observed in irradiated
mice after infection with the parasite, with a consequent increased susceptibility to
infection (399).

By contrast, in a Leishmania infection model, low dose UVB

irradiation induced a local and systemic upregulation of IFN-γ (and TNF-α), resulting in
enhanced host resistance against the pathogen (400).

This conflicting result may

demonstrate a dose- and frequency-dependent mechanism in UV-induced regulation of
IFN-γ expression.
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The most likely mechanism by which UVB down-regulates the production of IFN-γ is
via the cytokine IL-12 (397). As mentioned previously, IL-12 production is reduced in
mice exposed to UVB (379). As IL-12 stimulates the production of IFN-γ, removal or
reduction of this stimulus would likely result in a subsequent decrease in the levels of
IFN-γ in UVB-irradiated mice. In addition to IL-12, IL-2 may play a role in UVBinduced reduction of IFN-γ levels, albeit to a lesser extent, as T lymphocytes
demonstrate a decreased ability to produce IL-2 in vitro after UVB irradiation (401). As
such, IL-2-dependent production of IFN-γ may be impaired, resulting in lower levels of
IFN-γ in mice exposed to UVB (397).

1.10.2.5

Tumour Necrosis Factor-α

TNF-α is a pro-inflammatory cytokine that is produced predominantly by activated
macrophages but also by mast cells, keratinocytes and activated Langerhans cells (293).
TNF-α plays a role in the induction of other cytokines such as IL-1β and can recruit
cells to areas of inflammation via altering adhesion molecule expression in the
surrounding environment. It is also involved in Langerhans cell migration from the skin
and as such induction of this cytokine could lead to altered or diminished antigen
presentation at this site (402). Furthermore, TNF-α affects susceptibility to UVBinduced systemic immunosuppression via modulation of the prevalence of dermal mast
cells (403).

TNF-α may play a major role in UVB-induced immunomodulation, particularly in
regards to CHS responses (404). In human subjects, UV irradiation results in a timeand dose- dependent increase in TNF-α mRNA and protein levels in the skin (388, 405).
UVB irradiation in vitro and in vivo can stimulate TNF-α release from mast cells,
leading to increased intracellular adhesion molecule (ICAM)-1 and E-selectin
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expression on endothelium within two hours of UVB exposure (406). TNF-α is also
involved in the stimulation of Langerhans cell migration from the skin to the draining
lymph nodes as dendritic cell accumulation in the lymph nodes is increased just 2 h
after exposure to UVB (402). Contrary to these findings, another investigation reported
that the same dose of TNF-α resulted in retention of Langerhans cells within the
epidermis (404). These seemingly conflicting results may be explained by a study that
reported a 30% reduction in Langerhans cells in the epidermis 2 h post-exposure but
then the numbers returned to normal within 24 h (407). Thus the variation in the results
obtained by these two groups may be due to taking measurements at different time
points post-UVB exposure (293).

1.10.3 Immunomodulatory molecules
UV exposure of skin induces the production of a number of immunomodulatory
molecules that can regulate downstream immune responses to antigen.

1.10.3.1

Vitamin D

It is well recognised that vitamin D production is induced upon exposure to UVB. This
occurs as 7-dehydrocholesterol in the skin is converted into previtamin D3, which is in
turn converted into vitamin D3. The majority of the vitamin D3 produced is then bound
to carrier proteins (predominantly vitamin D binding protein) and transported to the
liver where it is hydroxylated at the 25 position, forming 25-hydroxyvitamin D3.
Finally, this metabolite is transported to the kidney where it is converted via
hydroxylation of the C1α position into the hormonally active 1,25-dihydroxyvitamin D3
(408, 409), which shall hereafter be referred to as vitamin D.
possess the ability to autonomously produce active vitamin D (410).
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Keratinocytes also

In recent years, the association between vitamin D synthesis and UV-induced
immunoregulation has been gaining interest and compelling evidence for this
relationship is mounting (411). The beneficial immunosuppressive effects of vitamin D
have been demonstrated in a number of experimental animal studies investigating
different diseases including asthma (284), arthritis (412), multiple sclerosis (413),
diabetes (414), breast cancer (415), inflammatory bowel disease (416), prostate cancer
(417) and cardiovascular disease (418).

Furthermore, vitamin D can also mediate

transplantation tolerance (419).

There have been a number of proposed mechanisms by which vitamin D modulates
immune responses. Vitamin D inhibits the production of Th1 type cytokines such as
IFN-γ, IL-2 and IL-12 (420) whilst upregulating secretion of IL-10 and preventing the
maturation and differentiation of dendritic cells into mature antigen-presenting cells
(421). Vitamin D also inhibits the expression of costimulatory molecules on the surface
of Langerhans cells, thereby inhibiting the ability of these cells to stimulate allogeneic T
cells (422). Additionally, vitamin D impairs the migratory function of dendritic cells
(423) and inhibits chemokine-induced T cell homing to lymph nodes (285).

Vitamin D-dependent induction of CD4+CD25+ regulatory T cells has also been
described (414, 419). Gorman et al (424) investigated CD4+CD25+ cells in lymph
nodes draining the skin after a single topical vitamin D application. These cells also
expressed the regulatory marker FoxP3 and were similar in function to regulatory cells
from the SDLNs following UVB irradiation alone.

Furthermore, both types of

regulatory cells following either UVB exposure or topical vitamin D application had an
enhanced ability to suppress immune responses compared to cells bearing the same
CD4+CD25+ phenotype from control animals (424).
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Vitamin D can prevent wrinkle formation and inhibit cutaneous hyperplasia (425).
Furthermore, vitamin D prevents apoptosis of human skin cells and reduces IL-6
production following UV exposure (426). In addition, vitamin D or its low calcaemic
analogs can repair UV-induced DNA damage, dose-dependently reducing cyclobutane
pyrimidine dimers in irradiated skin cells by up to 60% (427). Vitamin D-mediated
repair of UV-induced epidermal DNA damage has since been reported both in vitro in
cultures of human melanocytes, fibroblasts or keratinocytes (428, 429) and in vivo in
BALB/c and Skh:HR1 hairless mice (424, 428). Increased nuclear accumulation of p53
and reduced production of nitric oxide products has been implicated in vitamin Dmediated reduction of DNA damage (429). UV-induced fibroblast and keratinocyte
loss from the skin is also reduced with vitamin D treatment (430), implicating vitamin D
in a protective role following UV irradiation.

Vitamin D appears to have two opposing actions: one of immune regulation through
enhancing the suppressive capacity of regulatory cells and one of photoprotection and
repair. The photoprotective effects of vitamin D are mediated via a rapid response, nongenomic pathway and not via the classic steroid receptor, genomic pathway (430).
Whilst the mechanism of action of the immunosuppressive effects of vitamin D remains
to be determined, it is hypothesised that these effects are mediated by the wellcharacterised genomic pathway.

1.10.3.2

Cis-urocanic acid

Urocanic acid (UCA) is a compound located within the stratum corneum that is found
naturally as a trans-isomer. However, upon UV irradiation (305 to 341nm), UCA is
converted to the cis-isomer (305). Taking into account the superficial location of UCA
in the epidermis, its photochemical properties and the observation that the absorption
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spectrum of UCA closely matches that of the immunosuppression action spectrum,
UCA

was

proposed

as

the

main

photoreceptor

involved

in

UV-induced

immunomodulation (305). Since then a number of experiments have been conducted in
an attempt to determine exactly how UCA may be immunosuppressive.

Experiments involving the treatment of laboratory animals with cis-UCA have reported
suppression of contact and delayed type hypersensitivities (431, 432), delayed rejection
of allografts (433, 434) and suppression of the onset of graft-versus-host disease (435).
It has been reported that cis-UCA-mediated immunosuppression of DTH responses
involves signalling through the serotonin receptor 5-hydroxytryptamine2A (436). By
contrast, an in vitro model investigating LPS-induced TNF-α and PGE2 production from
human peripheral blood mononuclear cells suggested that cis-UCA and serotonin do not
share the same receptor but rather utilise independent signalling pathways to mediate
UV-induced immune suppression (437).

As each of these studies used different

experimental outcomes to identify the receptor for cis-UCA, it is possible that this may
explain the disparity between these findings. Indeed, in in vivo models the role cisUCA plays in UV-induced immunosuppression may be influenced by the experimental
model used to examine the effects of cis-UCA and the UV-induced response that is
being investigated (438).

Cis-UCA can also synergise with histamine to increase PGE2 levels and suppress CHS
responses (439). In addition, IL-10 has been implicated in cis-UCA-mediated immune
regulation (440). Investigations into the effects of cis-UCA on different cell types have
implicated Langerhans cells (441), fibroblasts (442), CD4+ T cells (443), peripheral
blood monocytes (444) and mast cells (438, 445) as possible target cells through which
cis-UCA may mediate UVB-induced immunosuppression.
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Antibodies to cis-UCA have highlighted the role this photoreceptor plays in UVinduced immune suppression.

Administration of anti-cis-UCA antibody prevented

UVB-induced and cis-UCA-induced Langerhans cell loss from the epidermis and
abrogates the suppressive effect of UVB exposure on epidermal antigen-presenting cell
function. Regarding DTH and CHS responses, monoclonal antibody administration
prevented UV-induced immune suppression of DTH responses to herpes simplex virus
if delivered prior to UV-irradiation but could not prevent suppression of oxazolone CHS
(440, 446). A later study found that the use of antibodies to cis-UCA partially restored
UV suppression of the CHS response to 2,4,6-trinitrochlorobenzene (153), indicating
that UV-induced cis-UCA plays a major role in UV-induced immunomodulation but
that other mechanisms may be involved.

1.10.3.3

Other immunomodulatory molecules

The production of PGs by keratinocytes is affected by UV exposure. In particular,
PGE2, PGF and PG6-oxo-F1β increase after exposure to UV (447). Oral administration
of an inhibitor of PG synthesis (indomethacin) after UV exposure partially restored the
CHS response (153, 439). It was reported that the cytokines TNF-α and IL-1β were
produced in the skin following exposure to UV, resulting in an alteration in dendritic
cell function and upregulation of PGE2 synthesis from keratinocytes (448). PGE2 could
then initiate a cytokine cascade, inducing serum IL-4 which leads to increased serum
IL-10, ultimately resulting in systemic immune suppression (449).

The complement component C3 has also been implicated in UV-induced
immunosuppression and antigenic tolerance. Hammerberg et al (450) reported that
photoimmunosuppression could be reversed or prevented by a number of approaches
including inhibiting the cleavage of C3 to C3b and using C3-knockout mice.
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Furthermore, a soluble receptor for complement reduced the infiltration of CD11b+
macrophages, as did ligation of the iC3b receptor. The interaction between C3b and its
receptor appears to inhibit production of IL-12 whilst increasing synthesis of IL-10
(450). As this balance of cytokines is considered to be a major component of UVinduced immunosuppression, complement may indeed play a crucial role in modulating
the immune response post-UV exposure.

In addition to PGs and complement, many adhesion molecules are involved in
inflammatory responses initiated by events such as UV exposure. E-selectin attracts
neutrophils and T lymphocytes and is expressed at high levels at sites of acute UVBinduced inflammation. In particular, E-selectin is upregulated on vascular endothelium
and polymorphonuclear cells following exposure to UV (451).

The ICAM family acts in a similar fashion to E-selectin. As ICAM-1 mediates the
binding of T cells to keratinocytes (452), the effect of UV on keratinocyte expression of
ICAM-1 has been investigated. Norris et al (453) found that 24 h after UV exposure
there is an initial downregulation of ICAM-1 expression on keratinocytes, followed by a
significant induction. This effect was also found to be related to the dose of UV given.
Furthermore, ICAM-1 was downregulated on cultured monocytes that had been exposed
to UV, consequently reducing the ability of these cells to activate T lymphocytes (454).

Recently, tryptophan has been implicated as a chromophore through which cellular
signalling after UVB radiation may be facilitated (455). Tryptophan is the precursor for
the photoproduct 6-formylindolo[3,2-b]carbazole, which is a ligand for the
arylhydrocarbon receptor. It was reported that UVB irradiation of a keratinocyte cell
line resulted in the production of 6-formylindolo[3,2-b]carbazole and translocation of
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the arylhydrocarbon receptor into the nucleus.

This in turn led to transcriptional

induction of the enzyme cytochrome P450, internalisation of the epidermal growth
factor

receptor and

activation

of

extracellular

signal-regulated

kinase

1/2.

Subsequently, cyclooxygenase-2 was induced (455), which has been implicated in UVinduced immunosuppression and consequently the formation of UV-induced tumours
(456). By contrast, Quintana et al (457) reported that activation of the arylhydrocarbon
receptor by 6-formylindolo[3,2-b]carbazole resulted in an inflammatory environment
mediated

by

Th17

cells

and

exacerbation

of

experimental

autoimmune

encephalomyelitis in mice. Interestingly, activation of this receptor via a different
ligand, 2,3,7,8-tetrachlorodibenzo-p-dioxin, resulted in suppression of experimental
autoimmune encephalomyelitis via the action of regulatory T cells (457).

1.11

UV and asthma: Evidence for a link?

UV radiation of skin is a well-established regulator of both local and systemic immune
responses (458). Both CHS responses to haptens (306) and DTH responses to a variety
of antigens and pathogens (307-311) are suppressed following UV irradiation. There is
also a considerable body evidence for immune suppression in humans following UV
exposure (336, 459).

As yet, few studies have directly investigated the effect of UV exposure on the
development or severity of asthma.

In animal models, a role for UV in suppression of

asthmatic responses has been described (254, 379). However, the literature available on
this subject is limited.

Consequently, a surrogate for UV may be considered in

assessing the role of UV in the immunological progression of asthma. As discussed in
Chapter 1.10.3.1, vitamin D is produced in the skin following UV irradiation and the
body of evidence for the immunosuppressive properties of vitamin D and its role in UV75

induced immune regulation is growing (411). Whilst vitamin D can be obtained via the
diet, the most efficient way of producing biologically relevant amounts of this vitamin
is through UV exposure (460).

In mouse experiments, vitamin D can suppress immune responses in asthma models
(284, 285). In human studies, there have been number of correlations drawn between
maternal vitamin D intake (which can be regarded as a surrogate measure of UV
exposure) and asthma development in the foetus. For example, low maternal vitamin D
intake is associated with increased risk of the foetus developing asthma and wheeze in
early childhood (289, 290). In addition, vitamin D is important in regulating lung
growth in utero (288) and genetic polymorphisms in the gene encoding the vitamin D
receptor have been implicated in increased risk of asthma and atopy in both children and
adults (282, 283). By contrast, other studies have reported that high maternal levels of
vitamin D or infant vitamin D supplementation may increase the risk of the child
developing allergic diseases later in life (291, 292). Whilst most reports support a link
between vitamin D deficiency and the development of asthma and respiratory disease
later in life, the conflicting reports of Gale et al (291) and Hypponen et al (292)
highlight the controversy surrounding vitamin D-dependent modulation of immune
responses in allergy and the relative lack of knowledge that currently exists in this field.

Australia and New Zealand have some of the highest rates of asthma in the world (270).
Recent data indicate that serum levels of vitamin D in children of these countries have
declined in recent years (461). Using vitamin D levels as a surrogate measure of UV
exposure, these data suggest a considerable decrease in the amount of UV exposure.
Further, this is supported by the evidence that community intervention programmes that
aim to reduce sun exposure have been highly successful in increasing awareness of the
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risks associated with sun exposure. As a consequence, personal protection from UV
radiation has generally increased (462, 463). The immunosuppressive effects of UV,
coupled with epidemiological data, suggest that reductions in sun exposure over recent
decades may contribute to the concurrent increase in asthma prevalence and support a
role for UV-induced immune modulation in suppression of this disease.

1.12

Limitations of previous studies and contribution of this thesis to scholarship

Whilst the effects of UV radiation on Th1 responses have been extensively studied,
there has been little research conducted into the effects of UV radiation on systemic Th2
responses, such as asthma. To date, few animal models have investigated the effect of
UV exposure on the asthmatic phenotype. In studies from one laboratory, BALB/c
mice were UVB-irradiated (2.2 kJ/m2 for four consecutive days) and then sensitised i.p.
to OVA 7 times over 13 days before daily challenges for 8 days with aerosolised OVA.
UVB decreased OVA-specific serum IgE and IgG1 levels and ex vivo non-specific
AHR. In these same UVB-irradiated mice, mitogen-driven IL-10 production by spleen
cells in vitro was increased (379, 464). In another study using a fungal model of
allergic lung disease, BALB/c mice were UVB-irradiated (8.2 kJ/m2) before involuntary
aspiration of Metarhizium anisopliae crude antigen.

Both serum total IgE and

eosinophil influx in the BALF were decreased in UVB-irradiated mice (254). As
human asthma is characterised by increased serum IgE, eosinophilia and AHR (which
are all reduced by UVB exposure), these findings present exciting potential for the use
of UVB as a therapy or prophylaxis for the asthmatic condition.

However, little

research has been conducted since these studies into the effects of UVB on asthma or
indeed Th2 responses in general. Furthermore, whilst supporting the hypothesis that
UV can suppress the asthmatic response, none of these investigations included
mechanistic studies into how this may occur.
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This thesis challenges the dogma that UVB radiation causes a switch to a Th2
phenotype; rather these findings provide evidence for UV-induced suppression of Th2
immune responses.

This research contributes to the knowledge base by further

examining the effects of UVB on two different murine models of asthma. The first was
a novel model of allergic airways inflammation that involved the adjuvant-free i.n.
delivery of papain (a house dust mite homologue) whilst the second model utilised the
well-established OVA allergen. Furthermore, two different parent strains of mouse
were used: C57BL/6 in the papain model and BALB/c in the OVA model.

The effects of UVB on antibody and cytokine levels in vivo were evaluated, in addition
to the effects on tracheas and lung-draining lymph nodes (LDLNs) in vitro and the
phenotype of cells isolated from these tissues. Importantly, the responses evaluated
were antigen-specific. Building on the findings of van Loveren et al (464), AHR was
measured using an in vivo method (rather than the in vitro method employed in the
previous investigation) which represents a more accurate measurement of AHR in the
animal and allows examination of the central and peripheral compartments of the lung.
Furthermore, the effect of applying UVB at different stages in the development of the
asthmatic condition was examined.

In addition to observing the effects of UVB on these asthma models, the mechanisms by
which UVB modulated immune responses were also examined. The role of histamine-1
and histamine-2 receptors in allergen sensitisation and UVB-induced immune
suppression was evaluated. Following this, a series of adoptive transfer experiments
were conducted to determine whether the transfer of cells from the LDLNs of UVBirradiated, allergen-sensitised and -challenged mice into naïve mice could result in
modulation of antigen-specific responses in the recipient mice and a subsequent
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suppression of AHR. Furthermore, co-culture methods were employed to ascertain the
phenotype of this regulatory cell.

Asthma is rapidly becoming one of the most prevalent diseases in the world and the
economic burden on governments and individuals is rising. Consequently, the need for
a better understanding of this disease and for preventative therapies is great. With
population-wide reductions in sun exposure in countries where asthma is a significant
health problem (evidenced by reduced vitamin D levels), it is important that the link
between this immunomodulatory environmental factor and this allergic disease is
examined. This thesis is an in-depth evaluation of the effect of UVB irradiation on
humoural, cellular and molecular aspects of the asthmatic response and provides an
analysis of the mechanisms by which these effects are mediated.

1.13

Thesis aims

The main aim of this thesis was to examine the immunomodulatory effects of an
erythemal UVB exposure on the development and severity of murine asthma models.
This was achieved by addressing the following specific aims:
1.

To assess the immunomodulatory effects of UVB on both a novel papain
asthma model and a well-established OVA asthma model

2.

To examine the role of histamine receptors in the immunomodulation of
asthmatic responses by UVB

3.

To

determine

the

mechanism(s)

involved

in

UVB-induced

immunomodulation of the asthmatic response via a series of adoptive
transfer experiments
4.

To characterise the phenotype of the regulatory cell induced by UVB
irradiation in these asthma models via in vivo and in vitro methods
79
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Chapter Two
Materials and Methods
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2.1

Mice and rats

Pathogen-free BALB/c (BALB/cArc) and C57BL/6 (C57BL/6JArc) female mice at 8
weeks old and Sprague Dawley male rats at 22 weeks old were purchased from the
Animal Resources Centre (Western Australia, Australia).

Histamine-1 receptor

knockout (H1RKO) and histamine-2 receptor knockout (H2RKO) mice (C57BL/6
background) were derived as published (465, 466) and bred at the Telethon Institute for
Child Health Research (TICHR). The presence of the H1RKO and H2RKO genotypes
was monitored by reverse transcriptase polymerase chain reaction as previously
described (147). Female H1RKO and H2RKO mice were used at 8 - 12 weeks old.
DO11.10 (C.Cg-Tg(DO11.10)10Dlo/J) mice (BALB/c background) that are transgenic
for the OVA323-339 (ISQAVHAAHAEINEAGR)-specific TCR-αβ were originally
sourced from the Jackson Laboratories (Maine, USA) and bred at TICHR.

The

presence of the OVA-TCR genotype in the DO11.10 mice was monitored by regular
staining of lymph node cells with a Phycoerythrin-Cy5-conjugated antibody specific for
the

OVA-TCR

(DO11.10

OVA-TCR-PE-Cy5

(KJ1-26); Caltag

Laboratories,

California, USA) and analysis via flow cytometry, similar to that described in Chapter
2.10.1 and shown in Figure 2.6A. Female DO11.10 mice were used at 8 - 12 weeks old.
All experimental procedures were conducted in accordance with the NH&MRC Code of
Practice of Care and Use of Animals for Scientific Purposes, with approval by the
TICHR Animal Experimentation Ethics Committee.

2.2

UV irradiation

The UV source was a row of six FS40 UVB lamps (Westinghouse Corporation,
Philadelphia, USA) emitting a broad band of UV, 250-360 nm, with 65% of the output
in the UVB range (290-320 nm).

The radiation output for each experiment was

measured using a UVX radiometer with a UVX-31 sensor (Ultraviolet Products Inc.,
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California, USA). As previously described (153, 306), a 2 x 4 cm dorsal patch of skin
was clean-shaven. Mice were irradiated in 4 x 6 cm compartments of a clear perspex
box with wire mesh roofing and a polyvinylchloride plastic sheet (to remove
wavelengths less than 290 nm) placed between the mice and UV lamps (Figure 2.1).
The sunlamps were positioned 20 cm above the cages. The dose used was a single
UVB exposure of 8 kJ/m2 for BALB/c mice and 4 kJ/m2 for C57BL/6, H1RKO and
H2RKO mice three days prior to sensitisation with papain, OVA or β-lactoglobulin
(BLG). The effect of a similar dose of UVB exposure three days prior to boost or three
days prior to challenge was also investigated in the OVA model (as described in
Chapter 5.2). Control mice were shaved but were not exposed to UV radiation.

PVC
plastic
filter

Wire mesh
roofing

Perspex
box with
dividers

BALB/c
mouse with
shaved
dorsum

Figure 2.1: Housing for mice during UVB irradiation. The clear perspex box
contains 12 compartments and has removable wire mesh roofing. A PVC filter is taped
over the wire mesh to prevent UVC radiation from reaching the mice.

2.3

Determining the minimal oedemal dose of UVB

The minimal dose of UVB required to cause oedema in the skin of C57BL/6 and
BALB/c mice was determined by shaving a 2 x 4 cm patch of fur from the backs of the
mice. Twenty-four hours later the thickness of the skin was measured by pinching the
skin along the back from nape to tail and two measurements taken (one near the upper
back and one towards the lower back) using a spring-loaded micrometer (Mitutoyo
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Corporation, Kawasaki, Japan). Mice were then exposed to 1 kJ/m2, 2 kJ/m2, 3 kJ/m2 or
4 kJ/m2 of UVB radiation. Control mice were not irradiated with UVB. Twenty-four
hours after irradiation, double skin thickness measurements were repeated at the same
sites using the spring-loaded micrometer.

The lowest dose of UVB that caused

significant thickening of the skin (oedema) was considered the minimal oedemal dose
(MED). BALB/c mice irradiated with 8 kJ/m2 UVB received approximately four MED
whilst C57BL/6, H1RKO and H2RKO mice irradiated with 4 kJ/m2 UVB received
approximately two MED.

2.4

Sensitisation of mice

2.4.1 Papain
Mice were anaesthetised via inhalation of methoxyflurane (Medical Development
International, Victoria, Australia). Papain (Sigma Chemical Company, Missouri, USA)
dissolved in Baxter Water for Irrigation (Baxter Healthcare, New South Wales,
Australia) was delivered i.n. using a Gilson pipette (1µg in 40 µl; 20 µl per nostril) each
day for five days (days 0 - 4). After two weeks, the immune responses of mice were
boosted by the same regimen (days 21-25). Two weeks post-boost, the mice were
challenged by daily i.n. delivery of papain (100 µg in 40 µl) for three consecutive days
(days 42-44).

2.4.2 Ovalbumin
OVA (Grade V; Sigma Chemical Company) in aluminium hydroxide suspension (alum;
Serva, Heidelberg, Germany) was delivered i.p. on day 0 (20 µg OVA in 4 mg alum per
mouse; 200 µl volume) and again on day 14. Mice were then challenged on day 21 with
a 1% OVA in 0.9% saline (Baxter Healthcare) aerosol delivered using an ultrasonic
nebuliser (DeVilbiss UltraNeb®, Pennsylvania, USA) for 30 min. In some experiments,
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mice only received a single i.p. dose of OVA / alum (20 µg OVA in 4 mg alum per
mouse; 200 µl volume) on day 0.

2.4.3 β-lactoglobulin
For sensitisation of mice to BLG, a single dose of BLG (Sigma Chemical Company) in
alum was delivered i.p. (100 µg BLG in 2 mg alum per mouse; 200 µl volume) on
day 0.

2.5 Preparation and culture of single cell suspensions from lung-draining lymph
nodes
The posterior mediastinal, tracheobrachial and parathymic lymph nodes (lung-draining
lymph nodes; LDLNs) were removed from mice and stored in glucose-potassiumsodium (GKN) buffer (137 mM NaCl, 5.5 mM KCl, 25 mM Na2HPO4, 5.5 mM
NaH2PO4.2H2O, 11 mM glucose) supplemented with 5% fetal calf serum (FCS; SAFC
Biosciences, Kansas, USA) (GKN-5) and stored on ice. Lymph nodes were pooled
within experimental groups, physically disaggregated and the cells filtered through
FCS-washed 100 µm nylon mesh with GKN-5. Cells were washed twice (400 x g, 4°C,
7 min) in Roswell Park Memorial Institute 1640 (Gibco, Auckland, NZ) supplemented
with 10% FCS, 2 mM L-glutamine, 50 µM 2-mercaptoethanol and 5 µg/ml gentamicin
(RPMI-10).

Cell viability was assessed by trypan blue exclusion.

Single cell

suspensions in RPMI-10 were aliquotted into round-bottomed 96 well plates (105 live
cells / 200 µl / well; 6 replicates per treatment) and incubated with or without papain
(10 µg/ml), OVA protein (100 µg/ml) or BLG (100 µg/ml) at 37°C with 5% CO2.
Methyl-3H-thymidine (tritiated thymidine; 50 µCi/ml; 10 µl / well; Amersham
Pharmacia Biotech, New Jersey, USA) was added at 72 h and cells harvested at 96 h
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with tritiated thymidine incorporation used as a measure of cellular proliferation.
Culture supernatants were obtained at 96 h and stored at -20°C.

2.6

Addition of anti-IL-10 antibody

In unfractionated LDLN cultures, anti-mouse-IL-10 (JES5-2A5) antibody (eBioscience,
California, USA) was added at 1 µg/ml to determine the role of IL-10 production in the
regulation of proliferation by LDLN cells from UVB-irradiated, OVA-sensitised and
-challenged mice.

Briefly, LDLN cells were cultured as previously described in

Chapter 2.5 and anti-IL-10 antibody added at 1 µg/ml at the beginning of the culture.
Cells were cultured with or without OVA (100 µg/ml) for 96 h and proliferation
measured via tritiated thymidine incorporation.

2.7

Phenotyping lung-draining lymph node cells by flow cytometry

LDLN cells were incubated with rat anti-mouse CD16 / CD32 monoclonal antibody
(0.05 µg / 5 x 105 cells; BD Pharmingen, California, USA) in GKN supplemented with
0.2% bovine serum albumin (BSA; GKN-BSA) for 10 min at 4°C to block Fc receptors
and prevent non-specific binding of conjugated antibodies. All antibodies for LDLN
cell staining were titrated prior to use. Conjugated antibodies were added at optimised
concentrations and incubated for 30 min on ice in the dark. Table 2.1 outlines the
antibodies used (both for phenotyping and for determining pre- and post-depletion
purity when separating cells) and the corresponding isotype stains used. Where a
biotinylated antibody was used, cells were washed with GKN-BSA and then incubated
with Streptavidin-CyChrome conjugate (0.05 µg / 5 x 105 cells; BD Pharmingen) in
GKN-BSA for 30 min on ice in the dark. Cells were washed and, if no intracellular
staining was required, cells were resuspended in 300 µl fixative buffer (1%
formaldehyde in phosphate buffered saline (PBS)). For FoxP3 intracellular staining, a
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mouse regulatory T cell isolation kit (eBioscience) was used as per the manufacturer’s
instructions. Briefly, after surface staining, cells were resuspended in 1 ml freshly
prepared Fixation-Permeabilisation working solution (eBioscience) and vortexed. Cells
were incubated for 2 h on ice in the dark. Cells were washed twice in 2 ml 1x
Permeabilisation Buffer (eBioscience), then incubated with 100 µl 2% naïve mouse
serum in PBS supplemented with 0.2% BSA (PBS-BSA) for 15 min on ice in the dark.
Without washing after the blocking step, 0.5 µg FoxP3-FITC or rat IgG2a-FITC isotype
control antibody (eBioscience) per 5 x 105 cells was added and cells incubated for 30
min on ice in the dark. Cells were washed twice in 2 ml 1x Permeabilisation Buffer and
resuspended in 300 µl PBS-BSA.

Fluorescent activated cell sorting (FACS) was

performed using a FACSCalibur flow cytometer (BD Biosciences, New Jersey, USA)
and data analysed using FlowJo software (version 8.4.6; TreeStar, Oregon, USA). The
basic gating strategies used when analysing the phenotype of LDLN cells are depicted
in Figure 2.2.
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Table 2.1: Conjugated antibodies used for phenotypical analysis of cells.
Fluorescent label
Cell
Isotype
Quantity
Supplier
marker
added per
(Catalogue number)
5 x 105 cells
Allophycocyanin
CD4
Rat IgG2a
0.1 µg
BD Pharmingen1
(APC)
(553051)
B220
Rat IgG2b
0.1 µg
BD Pharmingen
(553092)
Fluorescein
isothiocyanate
(FITC)

Phycoerythrin (PE)

CD8

Rat IgG2a

0.1 µg

CD62L

Rat IgG2a

0.05 µg

FoxP3

Rat IgG2a

0.5 µg

IA/IE

Rat IgG2a

0.05 µg

CD4

Rat IgG2a

0.1 µg

CD8

Rat IgG2a

0.1 µg

CD25

Rat IgG2a

0.5 µg

CD69

Hamster
IgG1
Hamster
IgG1
Rat IgG2a

0.2 µg

CD11c
IA/IE

Biotinylated (bio)

Phycoerythrin-Cy5
(PE-Cy5)
1
2
3
4
5

CD3

0.2 µg
0.05 µg

0.5 µg

CD8

Hamster
IgG1
Rat IgG2a

0.1 µg

CD19

Rat IgG2a

0.5 µg

DO11.10
OVA-TCR

Mouse
IgG2a

0.5 µg

BD Pharmingen, California, USA
eBioscience, California, USA
Miltenyi Biotec, Gladbach, Germany
Biolegend, California, USA
Caltag Laboratories, California, USA
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eBioscience2
(11-0081-82)
BD Pharmingen
(553150)
eBioscience
(11-5773)
BD Pharmingen
(553623)
BD Pharmingen
(553048)
BD Pharmingen
(553032)
Miltenyi Biotec3
(130-091-024)
BD Pharmingen
(553237)
Biolegend4
(117308)
BD Pharmingen
(557000)
BD Pharmingen
(553060)
BD Pharmingen
(553029)
BD Pharmingen
(553784)
Caltag Laboratories5
(MM7515)

Isotype
1000

1000

800

800
SSC-H: SSC-Height

Viable cells

SSC-H: SSC-Height

A.

Stain

600
99.3
400

600
99.3
400

200

200

0

0
0

10 4

200

400
600
800
FSC-H: FSC-Height

1000

0.41

0

10 4

0.25

10 2

10

1

10

0

18.2

10 2

10 1

98.2
10

10 4

1000

10 3
FL3-H: CD3e bio

FL3-H: Hamster IgG1 bio

10 3

400
600
800
FSC-H: FSC-Height

29.1

B.
CD8+CD3+

200

0

1.14
10

1

2

10
10
FL2-H: Rat IgG2a PE

3

0.71

10

47.6

10 0
4

10 0

0.27

10

4

10

3

10

2

10

1

10

0

5.08
10 1

10 2
FL2-H: CD8 PE

10 3

19.9

10 4

30.2

10 3
0.21

FL3-H: CD3e bio

CD4+CD3+

FL3-H: Hamster IgG1 bio

C.

10 2

10 1

10 0

98.8
10 0

10 4

D.

0.18
10 1
10 2
10 3
FL2-H: Rat IgG2a PE

100

10 4

10 4

0

10 2

10 1

10 0

0

3.86
10

1

2

10
FL2-H: CD4 PE

10

3

0

10

4

11.9

10 3
FL2-H: CD25 PE

FL2-H: Rat IgG2a PE

CD4+CD3+

46
10

10 3

% CD25+ of

30.1

10 2

10 1

0
10 0

0
10 1
10 2
10 3
FL4-H: Rat IgG2b APC

10 4

90

10 0

0
10 0

88.1
10 1

10 2
10 3
FL4-H: CD4 APC

10 4

Isotype

CD4+CD25+

10 3

0.59

10 1

% FoxP3+ of

10

3

10

2

10

1

99.4

10

9.32e-3
10 1
10 2
10 3
FL4-H: Rat IgG2b-APC

0

59

10 0

10 4

35.2
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Figure 2.2: Basic gating strategy for analysing the phenotypes of LDLN cells.
LDLN cells from a non-irradiated, OVA-sensitised and -challenged mouse shown as a
representative sample. Staining using the corresponding isotype for each stain is also
shown. (A) Initial gate from which all further analyses were conducted using these
selected cells. (B) Gating for CD8+CD3+ cells. (C) Gating for CD4+CD3+ cells. (D)
Gating for CD25+ cells as a percentage of CD4+CD3+ cells gated in (C). (E) Gating
for CD4+CD25+ cells. (F) Gating for FoxP3+ cells as a percentage of CD4+CD25+
cells gated in (E). (G) Gating for CD4+FoxP3+ cells. (H) Gating for CD4+CD69+
cells. (I) Gating for CD8+CD69+ cells. (J) Gating for CD4+CD62L+ cells. (K) Gating
for CD8+CD62L+ cells. (L) Gating for CD11c+IA/IE+ cells. (M) Gating for
CD19+IA/IE+ cells. (N) Gating for B220+IA/IE+ cells.
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2.8

Adoptive transfer of lung-draining lymph node cells into recipient mice

The LDLNs were removed from papain-sensitised and -challenged donor mice or OVAsensitised and -challenged donor mice (with or without UVB irradiation before
sensitisation) 24 h after challenge, pooled within experimental groups, physically
disaggregated and filtered through 100 µm nylon mesh into single cell suspensions.
Cells were washed, resuspended in saline and cell viability was assessed by trypan blue
exclusion. Cells were adoptively transferred into naïve recipient mice by i.v. injection
into the tail-vein at 5 x 106 live cells / mouse in a 200 µl volume. Recipient mice were
sensitised to papain i.n. or OVA i.p. as outlined in each specific experiment 24 h after
the adoptive transfer and then underwent the respective protocols for the appropriate
antigen (as described in Figures 4.1 and 6.1). In one experiment using OVA-sensitised
and -challenged donor mice, recipient mice were not naïve but instead had received two
i.p. doses of OVA / alum prior to i.v. adoptive transfer of LDLN cells. Twenty-four
hours after receiving the donor cells, recipient mice were exposed to an OVA aerosol
(as outlined in Figure 6.9). In another set of experiments, donor mice only received a
single i.p. dose of OVA / alum and LDLNs were removed 7 days later, processed and
adoptively transferred into naïve mice as described above.

Recipient mice were then

sensitised to OVA i.p. or BLG i.p. as outlined in each specific experiment 24 h after the
adoptive transfer (as described in Figures 6.2 and 6.4). In all experiments, recipient
mice were of the same strain as the donor mice.

2.9

Purification of lymph node cells

Lymph nodes were removed and processed into a single cell suspension as described in
Chapter 2.5.

Different cell populations were purified using magnetic bead-based

technologies.

For purification of CD4+ cells, the Dynabead (Miltenyi Biotec,
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Gladbach, Germany) system was used. To purify CD4+CD25+ cells and CD11c+ cells,
the AutoMACS Cell Separation (Miltenyi Biotec) system was employed.

2.9.1 CD4+ cell separation using the Dynabead system
Cervical, brachial, axillary, mesenteric and inguinal lymph nodes were removed from
naïve DO11.10 mice and pooled. Single cell suspensions of DO11.10 lymph node cells
were incubated with concentrated supernatant from the TIB-120 hybridoma (specific for
IA/IE MHC-II, provided by Mrs J. Thomas, Cell Biology, TICHR) and rat anti-CD8α
monoclonal antibody (2.5 µg/ml; BD Pharmingen) for 30 min on ice. Cells were
washed and M-450 sheep anti-rat IgG Dynabeads (Miltenyi Biotec) added at 5 beads
per target cell. Cells were rotated for 30 min in the dark at 4˚C and then a magnetic
particle separator (Miltenyi Biotec) used twice to remove MHC-II+ and CD8+ cells by
positive selection. CD4+ cells enriched in this manner were routinely >95% pure as
depicted in Figure 2.3.
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Figure 2.3: (A) Pre-depletion and (B) post-depletion CD4+CD3+ percentage
purities of DO11.10 cells purified using the Dynabead system.
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2.9.2 CD4+CD25+ cell separation using the AutoMACS system
Single cell suspensions of LDLN cells were purified using a CD4+CD25+ regulatory
cell isolation kit (Miltenyi Biotec) as per the manufacturer’s instructions. Briefly, a
negative selection method was used to isolate CD4+ cells by labelling cells expressing
CD8α, CD11b, CD45R, CD49b and Ter-119 with biotin-conjugated monoclonal antimouse antibodies (Miltenyi Biotec) and then using anti-biotin microbeads (Miltenyi
Biotec) to select for these cells. Cells labelled in this manner formed the CD4- fraction.
Cells were also labelled with CD25-PE (Miltenyi Biotec) at this time. The Depl025
program was used on the AutoMACS (Miltenyi Biotec) to separate the cells into CD4+
and CD4- fractions. The CD4+ cell fraction then underwent a positive selection method
for CD25+ cells using anti-PE microbeads (Miltenyi Biotec). The Posseld2 program
was used on the AutoMACS to separate these cells. The negative fraction was then
purified further using the Depl025 program to remove any contaminating CD25+ cells.
Cells separated in this manner routinely yielded >95% purity in all subsets as depicted
in Figure 2.4.
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Figure 2.4: (A) Pre-depletion and (B) post-depletion percentage purities of LDLN
cells purified into CD4+CD25+, CD4+CD25- and CD4- subsets using the
AutoMACS system.
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2.9.3 Isolation and purification of CD11c+ cells using the AutoMACS system
Cervical, brachial, axillary, mesenteric and inguinal lymph nodes were removed from
naive BALB/c mice, pooled and physically disaggregated by mincing lymph nodes with
a sterile scalpel blade. Minced lymph nodes were digested in 0.01% w/v DNase (Sigma
Chemical Company) and 0.1% w/v collagenase (Worthington, New Jersey, USA) in
GKN supplemented with 10% FCS (GKN-10) at 37ºC in a shaking water bath for
30 min. The resultant cell suspension was filtered through FCS-washed 100 µm nylon
mesh with GKN-10. Cells were washed (400 x g, 4ºC, 7 min), counted and resuspended
in 400 µl GKN-10 for every 108 cells. CD11c microbeads (Miltenyi Biotec) were added
at 50 µl per 108 cells and incubated at 4ºC for 15 min. Cells were washed and the
Posseld program was used on the AutoMACS to separate the cells into CD11c+ and
CD11c- fractions. Purified CD11c+ cells obtained by this positive selection method
routinely yielded >90% purity as depicted in Figure 2.5. Purification of CD11c+ cells
was performed by Ms M. Judge (Molecular Biotechnology, TICHR).
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Fig 2.5: AutoMACS-purified CD11c+ cells stained with (A) hamster IgG1-PE
isotype or (B) CD11c-PE antibodies.
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2.10

Co-culture assays

The following methods to analyse proliferation in co-culture assays were employed:
a)

Carboxyfluorescein succinimidyl ester (CFSE) labelling: This was used to
label the responding population of CD4+ DO11.10 cells purified from lymph
nodes. Proliferation of cells labelled in this manner was then assessed by
dilution of the CFSE label using flow cytometry where, upon division, each
daughter cell contained half of the original amount of CFSE of the parent
cell.

b)

γ-irradiation and tritiated thymidine incorporation: This was used to assess
proliferation of non-γ-irradiated cells. In this co-culture system, regulatory
cell populations were γ-irradiated to prevent their proliferation without
inhibiting their regulatory function (as demonstrated in Figures 6.16 and
6.17). Tritiated thymidine was added to the co-culture system as previously
described in Chapter 2.5. The responding population (unfractionated LDLN
cells from non-irradiated, OVA-sensitised and -challenged mice) was not
γ-irradiated and was thus able to proliferate and incorporate the tritiated
thymidine.

2.10.1 CFSE labelling of cells
CD4+ DO11.10 responder cells were washed in warm RPMI-10 and then incubated
with 5 µM CFSE (Molecular Probes, Oregon, USA) for 10 min in the dark at room
temperature (RT). The labelling was stopped with the addition of ice-cold RPMI-10
and the cells washed twice in ice-cold RPMI-10 to remove any unbound CFSE. Cells
were then co-cultured with unfractionated or purified LDLN cells from UVB-irradiated
or non-irradiated, OVA-sensitised and -challenged mice at various ratios (regulatory
cell : responder cell ratios of 4:1, 2:1, 1:1; 1:2 and 1:4). CD11c+ cells were added at a
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ratio of 1:50 (CD11c+ cell : CD4+ responder cell). The number of CD4+ responder
cells and the number of CD11c+ cells were kept constant over all ratios (1 x 105 and 2 x
103 live cells per well, respectively) in a final volume of 200 µl RPMI-10. OVA protein
was added at a final concentration of 100 µg/ml and cells were cultured at 37°C with
5% CO2 for 96 h. Following culture, cells were harvested from wells and labelled with
DO11.10 OVA-TCR-PE-Cy5 and CD4-APC antibodies at optimised concentrations as
previously described in Chapter 2.7. Dilution of the CFSE label was used as a measure
of cellular proliferation. Flow cytometric analysis was performed using a FACSCalibur
flow cytometer and data analysed using FlowJo software. Briefly, CD4+OVA-TCR+
cells were selected and dilution of the CFSE label on these cells assessed to determine
the percentage and number of cells that had undergone division. The gating strategies
used when analysing the proliferation of CFSE-labelled DO11.10 CD4+ cells are
depicted in Figure 2.6.
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Figure 2.6: Gating strategy used to analyse the proliferation of CFSE-labelled
DO11.10 CD4+ cells cultured in vitro. (A) Cells double-positive for CD4 and the
OVA-TCR were selected. (B) A histogram was constructed using the selected
CD4+OVA-TCR+ cells shown in (A) to depict dilution of the CFSE label. Gates were
drawn to designate undivided cells (CFSE-hi; 20.7% in Figure B) and divided cells
(CFSE-lo; 79% in Figure B).
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2.10.2 γ-irradiation of cells
LDLN cells from UVB-irradiated and non-irradiated, OVA-sensitised and -challenged
mice were stored in 50 ml RPMI-10 per experimental group and γ-irradiated at 2254 rad
using a GammaCell 3000 Elan γ-irradiator (MDS Nordion, Ontario, Canada). These
cells were then co-cultured with unfractionated LDLN cells from non-irradiated, OVAsensitised and -challenged mice at various ratios (regulatory cell : responder cell ratios
of 4:1, 2:1, 1:1; 1:2 and 1:4). The number of unfractionated responder cells was kept
constant over all ratios (105 live cells per well). OVA protein was added at a final
concentration of 100 µg/ml and cells cultured in 200 µl RPMI-10 at 37°C with 5% CO2
for 96 h. Tritiated thymidine (50 µCi/ml; 10 µl / well) was added at 72 h and cells
harvested at 96 h with tritiated thymidine incorporation used as a measure of cellular
proliferation.

2.11

Measurement of airway hyperresponsiveness

A modified low-frequency forced oscillation technique was used to measure change in
respiratory system input impedance (Zrs) (467). Briefly, 24 h after the aerosol
challenge, mice were anaesthetised with xylazine (2 mg/ml; Troy Laboratories, NSW,
Australia) and ketamine (40 mg/ml; Troy Laboratories) delivered i.p. at a dose of 0.01
ml/g. Mice were tracheostomised and ventilated (flexiVent, Scireq, Montreal, Canada)
at 450 breaths/min with a tidal volume of 8 ml/kg and a positive end expiratory pressure
of 2 cm H2O (Figure 2.7). Baseline values were obtained by measurement of Zrs 5
times at 1 min intervals. A 90 sec saline aerosol was delivered with an ultrasonic
nebuliser (Devilbiss UltraNeb®) and Zrs measured 5 times at 1 min intervals. This was
repeated with ½ log10 incremental doses of MCh (0.1 - 30 mg/ml) and the peak response
for each parameter was recorded for analysis. The constant-phase model (468) was
used to partition Zrs into components representing the conducting airways (airway
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resistance) and the lung parenchyma (tissue damping and tissue elastance).

This

procedure was performed by Dr G. Zosky, Dr A. Larcombe and Ms J. Burchell (Clinical
Sciences, TICHR).

2.12

Bronchoalveolar lavage and removal of lung tissue for histology

Twenty-four hours after the final i.n. papain challenge or aerosol challenge with OVA,
bronchoalveolar lavages were performed via an incision in the trachea. After perfusion
of the lung tissue with PBS, the left lung was clamped at the bronchus and 1.2 ml (3 x
400 µl) PBS-BSA flushed into the right lung and recovered. Lavage samples were
centrifuged (400 x g, 4˚C, 10 min) and the supernatant stored at -20˚C until cytokine
analysis. The pellet was resuspended and cells (5 x 104 in 100 µl) were then centrifuged
onto glass slides and stained using DIFF-Quik Stain Set 64851 (Lab Aids, New South
Wales, Australia) as per the manufacturer’s instructions. After the lavage, the left lung
was removed at the bronchus and fixed in 10% phosphate buffered formalin.
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Figure 2.7: (A) Mice were tracheostomised using a 10 mm length of polyethylene
tubing and then connected to the flexiVent system. (B) The complete flexiVent
system. Mice were ventilated and incremental doses of methacholine aerosol used to
determine the degree of airway hyperresponsiveness exhibited by the animal.
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2.13

Histological sections

Lungs were embedded in paraffin blocks and 4 µm thick sections were cut and set onto
slides. This routine procedure was performed by histopathologists at Queen Elizabeth II
Medical Centre and Princess Margaret Hospital.

2.13.1 Haematoxylin and Eosin
Haematoxylin and eosin (H&E) staining of sections was performed by histopathologists
at Queen Elizabeth II Medical Centre and Princess Margaret Hospital. Briefly, slides
were deparaffinised and hydrated to distilled water by dipping slides in xylene
(Histoclear II, National Diagnostics, Georgia, USA) for 2 min followed by consecutive
90 sec dips in xylene, 100% ethanol, 100% ethanol, 90% ethanol, 70% ethanol and
finally 50% ethanol. Slides were then rinsed in running tap water for 5 min, followed
by distilled water for 1 min. Slides were placed in haematoxylin solution (Sigma
Chemical Company) for 5 min at RT and then rinsed in running tap water for 5 min,
followed by distilled water for 1 min. After a 3 sec wash in acid ethanol (1% v/v
concentrated hydrochloric acid in 70% v/v ethanol in distilled water), slides were rinsed
in running tap water for 5 min, followed by distilled water for 1 min. Slides were then
placed in eosin solution (Sigma Chemical Company) for 5 min at RT and then rinsed in
running tap water for 5 min, followed by distilled water for 1 min. Slides were
dehydrated to xylene, left to air dry and then mounted using DePeX mounting medium
(BDH Chemicals, Poole, UK). On sections stained in this manner, chromatin (nuclei)
stain dark purple-blue, cytoplasmic material stains pink-red, fibrin stains pink and red
blood cells stain pink-red.
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2.13.2 Alcian Blue
Slides were deparaffinised and hydrated to distilled water by dipping slides in xylene
for 2 min followed by consecutive 90 sec dips in xylene, 100% ethanol, 100% ethanol,
90% ethanol, 70% ethanol and finally 50% ethanol. Slides were then rinsed in running
tap water for 5 min, followed by distilled water for 1 min. Slides were placed in alcian
blue solution (1% w/v alcian blue 8GX in 3% glacial acetic acid, pH 2.5; BDH
Chemicals) for 30 min at RT and then rinsed in running tap water for 5 min, followed
by distilled water for 1 min. After a 5 min wash in 0.5% periodic acid, slides were
rinsed in distilled water for 1 min and then left to stand in Schiff’s reagent (Sigma
Chemical Company) for 30 min at RT. Slides were rinsed in running tap water for 5
min, then distilled water for 1 min. After a 5-10 sec dip in haematoxylin solution, slides
were washed in running tap water for 5 min, followed by distilled water for one min.
Slides were dipped 10 times (1 sec dips) in Scott’s Tap Water then rinsed in running tap
water for 5 min. Slides were dehydrated to xylene, left to air dry and then mounted
using DePeX mounting medium. On sections stained in this manner, mucus and mucussecreting cells stain magenta whilst the background stains blue.

2.13.3 Toluidine Blue
Slides were heated in a 60˚C oven for 10 min and then deparaffinised and hydrated to
distilled water by dipping slides in xylene for 3 min followed by consecutive 90 sec dips
in xylene, 100% ethanol, 100% ethanol, 95% ethanol and finally 75% ethanol. Slides
were then rinsed in running tap water for 5 min, followed by distilled water for 1 min.
Slides were placed in a 0.1% w/v toluidine blue in distilled water solution for 2 min at
RT and then washed in running tap water for 1 min followed by a 30 sec rinse in
distilled water. Slides were then consecutively dipped for 15 sec each in 75% ethanol,
95% ethanol, 100% ethanol, 100% ethanol, xylene and finally another dip in fresh
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xylene. Slides were left to air dry and then mounted using DePeX mounting medium.
On sections stained in this manner, mast cell granules stain a red-purple metachromatic
colour whilst the background stains blue.

2.14

Detection of cytokines in bronchoalveolar lavage fluid and tissue culture

supernatants
Cytokine levels in BALF and tissue culture supernatants were detected using a time
resolved fluorescence (TRF) assay. Nunc Maxisorp (96 well, Roskilde, Denmark)
plates were coated with 100 µl anti-IL-4, IL-5 and IFN-γ capture antibodies (BD
Pharmingen) in carbonate buffer (100 mM Na2CO3, 100 mM NaHCO3, pH 9.6) at a
concentration of 2 µg/ml and incubated overnight at 4˚C. IL-10 capture antibody (BD
Pharmingen) was diluted in 0.2 M sodium phosphate buffer (83 mM Na2HPO4, 134 mM
NaH2PO4, pH 6.5) to a final concentration of 2 µg/ml as per the manufacturer’s
recommendation. Between each incubation step, plates were washed with TRF wash
buffer (50 mM Tris-HCL, 0.9% NaCl, 0.05% NaAz, 0.05% Tween-20 (Finechem,
Auburn, NSW), pH 7.8). After washing, the wells were incubated with 200 µl blocking
buffer (1.0% BSA in Tris-HCl, pH 7.4) for 1 h at RT with shaking. Recombinant
mouse (rm)IL-4, rmIL-5, rmIL-10 and rmIFN-γ (BD Pharmingen) were used as
standards and incubated, along with test samples, for 2 h at RT with shaking. For
BALF samples 100 µl volumes were used in the TRF assay whereas 50 µl volumes were
used for culture supernatants.

The volume of the standards used for each assay

corresponded to the volume of the test samples. Anti-IL-4, anti-IL-5, anti-IL-10 and
anti-IFN-γ biotinylated antibodies (BD Pharmingen) were added to the corresponding
wells (2 µg/ml) and incubated for 1 h at RT with shaking. Streptavidin-Europium
(1/1000; Wallac Oy, Turku, Finland) was added and incubated for 30 min at RT with
shaking. Enhancer (75 µl; Wallac Oy) was added and the plates incubated in the dark
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for 15 min at RT. Time resolved fluorescence was measured at 615 nm on a Wallac
Victor 2 counter (Wallac Oy). The sensitivities of the assays were as follows: IL-4 (4
pg/ml), IL-5 (2 pg/ml), IL-10 (8 pg/ml) and IFN-γ (8 pg/ml).

2.15

Antigen-specific IgE detection via passive cutaneous anaphylaxis assay

Sprague-Dawley rats were pacified by exposure to Rhodia Halothane (Merial Australia
Pty Ltd, Parramatta, NSW) and then sedated using 5.7% chloral hydrate (Sigma
Chemical Company) in PBS delivered i.p. at 0.5 ml / 100 g body weight. The back of
the rat was then shaved to expose the skin and a red permanent marker used to indicate
where samples were to be delivered. Serum samples obtained from papain-sensitised or
OVA-sensitised mice were serially diluted in PBS. Each of the serum samples (50 µl)
was delivered subcutaneously, with the samples spaced approximately 1.5 cm apart
(Figure 2.8A). Dilutions were delivered at the highest dilution (lowest concentration)
first and PBS used to wash the syringe between each sample. Twenty-four hours later
the passive cutaneous anaphylaxis (PCA) assay was developed (Figure 2.8B). Papain or
OVA (4 mg; appropriate to serum samples previously administered) was dissolved in
1.0 ml Baxter Water and made up to 2.0 ml with 1% Evan’s Blue dye (Sigma Chemical
Company) in PBS. The rats were sedated in the same manner as described above and
1.8 ml of the papain or OVA in Evan’s Blue dye solution administered i.v. In this
assay, allergen-specific IgE in the mouse serum binds to mast cells in the rat skin.
When papain / OVA in Evan’s Blue dye is administered i.v. 24 h later, the allergen
binds to the corresponding allergen-specific IgE on the mast cells and induces
degranulation of local mast cells and vasodilation. As a result, the blue dye leaks out of
the circulation to the site of degranulation, resulting in the blue spots (indicated by the
arrows in figure 2.8B). Thus a blue spot indicates the presence of allergen-specific IgE
at that dilution of a sample. After the PCA had developed sufficiently (approximately
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15 - 20 min after injection of papain / OVA in Evan’s blue dye) the rat was euthanased
via i.v. administration of Lethabarb (325 mg/ml pentobarbitone sodium; Virbac, NSW,
Australia) at 1 ml/kg body weight.

2.16

Antigen-specific IgG1 and IgG2a detection via time resolved fluorescence

assay
Nunc Maxisorp plates (96 well) were coated with papain (0.1 µg) or OVA (1.0 µg) in
carbonate buffer and incubated overnight at 4˚C. Between each incubation step, plates
were washed with TRF wash buffer. After washing, the wells were incubated with
200 µl blocking buffer (0.5% BSA in Tris-HCl, pH 7.4) for 2 h at RT with shaking. For
papain-specific antibody detection, a pool of serum samples known to be high in antipapain IgG1 and IgG2a was used as a standard with undiluted serum assigned the
arbitrary units of 1000. For OVA-specific antibody detection, mouse anti-OVA IgG1
(Hyb 099-09) and IgG2a (Hyb 094-07) (AntibodyShop, Copenhagen, Denmark) were
used as standards. Standards and test serum samples were incubated for 2 h at RT with
shaking.

Goat-anti-mouse IgG1 and goat-anti-mouse IgG2a biotinylated antibodies

(Southern Biotechnology Associates Inc, Alabama, USA) were added (4.0 µg/ml) and
incubated for 1 h at RT with shaking. As per Chapter 2.14, Streptavidin-Europium
(1/1000) was added and incubated for 30 min at RT with shaking. Enhancer (75 µl) was
added and the plates incubated in the dark for 15 min at RT.
fluorescence was measured at 615 nm on a Wallac Victor 2 counter.
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Time resolved

A.

B.

Figure 2.8: Rat back (A) prior to development of the passive cutaneous
anaphylaxis assay and (B) after development of the passive cutaneous
anaphylaxis assay. (A) Red dots (made using a permanent marker) indicate where
serum samples were subcutaneously delivered. (B) A blue spot indicates the presence
of allergen-specific IgE at that dilution of a sample.

2.17

Statistical Analyses

Levels of significance were calculated using unpaired t tests. The statistical program
used was GraphPad Prism 4.00 where a p-value of less than 0.05 was considered to
indicate a significant difference between groups. Each experimental group consisted of
at least 5 mice, with each experiment performed at least three times (specific mouse
numbers and experiment numbers are detailed in later chapters). AHR measurements
were performed twice with each experimental group consisting of 8 mice. Data shown
are from a representative experiment unless otherwise indicated.
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Chapter Three
The suppressive effect of UVB irradiation on
an intranasal papain asthma model

111
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3.1

Introduction

There are a number of well established animal models of asthma, however the most
widely used and accepted is the model using OVA as the allergen. This model usually
consists of a variation of two i.p. doses of OVA protein delivered in the Th2-skewing
adjuvant alum, followed by an aerosol challenge of OVA dissolved in saline. This
model certainly has its advantages as it first and foremost results in sensitised mice
displaying a number of immune responses similar to human asthma including
eosinophilia, antigen-specific IgE and AHR. Furthermore, the availability of transgenic
mice that have T cells that respond to a specific segment of the OVA protein allows for
a vast array of experiments to be conducted using this model. However, one could
argue that the route of sensitisation does not mimic that of human sensitisation to
allergens. Nor are human subjects who suffer from asthma likely to be exposed to a
Th2-skewing adjuvant such as alum at the same time as exposure to a sensitising
antigen.

Hence, for this research, a novel model of allergic respiratory inflammation developed
by Prof W. Thomas and colleagues (Molecular Biotechnology, TICHR) was utilised
(258). This model is free of Th2-skewing adjuvants and involves i.n. delivery of the
allergen papain (a cysteine protease) for sensitisation, boost and challenge, thus better
mimicking the route of human sensitisation. Papain is a homologue of the major house
dust mite allergen Der p1 and is well-documented as an occupational allergen in
humans (469, 470). The protease activity of papain has been linked to its ability to
induce

allergic

reactions.

Administration

of

enzymatically

active

papain

subcutaneously induces an IgE and IgG1 response with mast cell degranulation (199,
471), whereas inactivation of the enzyme results in desensitisation, rather than allergic
sensitisation (471). In addition, subcutaneous delivery of enzymatically active, but not
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inactive, papain induces the accumulation of dendritic cells expressing high levels of the
costimulatory molecule CD86 and IL-4-producing basophils in the draining lymph
nodes. Furthermore, administration of enzymatically active papain by this same route
can have an adjuvant effect, enhancing Th2 responses to co-administered antigens
(199).

The effect of UVB on a papain-based murine model of asthma was investigated.
C57BL/6 mice have been classified as highly susceptible to the immunosuppressive
effects of UVB compared to other mouse strains such as BALB/c, with a 50%
suppression of CHS responses observed at doses of 0.7 - 2.3 kJ/m2 UVB. By contrast,
mouse strains with low susceptibility such as BALB/c demonstrate a 50% suppression
of CHS responses at a much higher dose range of 9.6 - 12.3 kJ/m2 UVB (472). This
susceptibility is directly correlated with the prevalence of mast cells within the skin
(306). In my study, C57BL/6 mice were irradiated with 4 kJ/m2 of UVB which is
equivalent to approximately two MED (see Chapter 3.3.1). This dose was delivered
three days prior to sensitisation as this is the minimum amount of time required after
UV exposure to induce systemic immune suppression (304).

Previous studies examining the effect of UVB on asthma models have used OVA
delivered i.p. in adjuvants as described previously (379, 464) or crude fungal extracts
(254). These studies collectively investigated cytokines and cells in BALF, lung tissue
histology and allergen-specific antibodies, all of which were addressed in this thesis. In
addition, van Loveren et al (464) investigated ex vivo bronchial hyperreactivity,
however the effect of UVB on this parameter could not be assessed as the papain model,
whilst generating many of the symptoms of asthma, does not generate significant AHR
(Prof W. Thomas, Molecular Biotechnology, TICHR, personal communication). Whilst
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van Loveren et al (464) and Garssen et al (379) conducted limited observational studies
into the mitogen-induced responses of cells from spleens of mice that had undergone
UV-irradiation and OVA sensitisation, the effect on the lymph nodes draining the lung
tissue was not investigated.

This is important as the lung is the site of antigen-

presentation and pathology in human asthma. Accordingly, the immune responses at
this location and the lymphatic hubs associated with this site need to be examined. This
thesis not only investigated the proliferative ability of these cells in response to the
sensitising antigen in vitro but also their cytokine-producing capacity and the phenotype
of these cells. Furthermore, histological analysis of lung tissue was carried out by
alcian blue (mucus-secreting cell) and toluidine blue (mast cell) staining, in addition to
traditional H&E stains.
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3.2

Experimental design

C57BL/6 mice underwent the standard papain protocol as outlined in Figure 3.1.
Briefly, for sensitisation (days 0-4) and boost (days 21-25), mice received five daily
doses of 1 µg papain i.n. For challenge (days 42-44), mice were administered three
daily doses of 100 µg papain i.n. Twenty-four hours after the final challenge dose (day
45), cytokines and cells in the BALF were examined, as well as the histology of the
lung tissue and the in vitro responses of LDLN cells to papain. Mice were bled
periodically throughout the protocol (day 18 and day 39) to assess levels of antigenspecific IgE, IgG1 and IgG2a. Mice were UVB-irradiated with 4 kJ/m2 at three days
prior to the first sensitisation dose (day -3) to examine the effect of UVB on the
development of asthmatic symptoms. Each experimental group consisted of 5 mice,
with each experiment performed three times.
experiment unless otherwise indicated.
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Data shown are from a representative

Day -3
UVB 4 kJ/m2
C57BL/6

Day 0-4
SENSITISATION
5 daily doses of 1 µg
papain i.n.

Day 18
Bleed 1
Day 21-25
BOOST
5 daily doses of 1 µg
papain i.n.

Day 39
Bleed 2

Day 42-44
CHALLENGE
3 daily doses of 100 µg
papain i.n.

Day 45 (24 hr post-challenge)
ANALYSIS OF ASTHMA SYMPTOMS

Proliferation, cytokine
production and phenotype
of LDLN cells

Cells and
cytokines in BALF

Histology of
lung tissue

Figure 3.1: The standard papain protocol. For sensitisation and boost, mice
received five daily doses of 1 µg papain i.n. for one week whilst challenge consisted of
three daily doses of 100 µg papain i.n. Twenty-four hours after the final challenge dose,
asthmatic symptoms were assessed. Mice were irradiated with 4 kJ/m2 UVB three days
prior to the first sensitisation dose.
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3.3

Results

3.3.1 Minimal oedemal dose of UVB for C57BL/6 mice
The double skin thickness was measured 24 h after UVB exposure and compared to preUVB measurements (Table 3.1).

There was a significant increase in double skin

thickness in mice that received 2 kJ/m2 and 3 kJ/m2 UVB, whilst there were no
significant changes in mice that received 1 kJ/m2 UVB or no UVB (0 kJ/m2) (Table
3.2). Thus, the MED for C57BL/6 mice was 2 kJ/m2.

3.3.2 Lung-draining lymph nodes
Single cell suspensions from LDLNs prepared 24 h after the final papain challenge
proliferated in vitro in response to papain, providing evidence of sensitisation (Figure
3.2), and secreted increased levels of IL-5 into the culture supernatants (Figure 3.3).
Exposure to 4 kJ/m2 UVB (equivalent to two MED) before sensitisation significantly
reduced papain-specific proliferation in vitro by LDLN cells harvested 24 h after the
last papain challenge (Figure 3.2). This suppression of proliferation was observed in all
three replicate experiments (suppression calculated in each experiment was 42%, 33%
and 47%, respectively, with a mean suppression ± SEM of 41 ± 4%). In contrast,
papain-induced cytokine production at 96 h by single cell suspensions isolated from
LDLNs was not affected by UVB-irradiation, although there was a tendency for reduced
IL-5 production (Figure 3.3).

The number of LDLN cells harvested from mice

sensitised and challenged with papain were significantly increased compared to the
number of LDLN cells isolated from naïve mice (Table 3.3). There was no significant
difference in the viability (Table 3.3) or the phenotypic profile (Table 3.4) of the LDLN
cells from control and UVB-irradiated mice.
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Table 3.1: Double skin thickness measurements of C57BL/6 mice pre- and postUVB exposure (x10-2 mm).
UVB
Dose

Location

Mouse 1
Before
UVB

Mouse 1
After
UVB

Mouse 2
Before
UVB

Mouse 2
After
UVB

Mouse 3
Before
UVB

Mouse 3
After
UVB

0 kJ/m2

Upper
back

82

88

75

82

82

82

0 kJ/m2

Lower
back

85

82

85

82

92

95

1 kJ/m2

Upper
back

82

85

72

75

77

79

1 kJ/m2

Lower
back

92

105

78

78

82

85

2 kJ/m2

Upper
back

82

108

79

120

80

115

2 kJ/m2

Lower
back

95

112

80

85

82

92

3 kJ/m2

Upper
back

88

155

75

130

84

142

3 kJ/m2

Lower
back

96

118

80

95

88
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Table 3.2: Percentage changes in double skin thickness measurements of C57BL/6
mice after UVB exposure. The lowest dose at which there was a significant increase in
double skin thickness was 2 kJ/m2. This was then the minimal oedemal dose (MED) for
C57BL/6 mice. Data show mean ± SEM; * p < 0.05 compared to values obtained from
non-irradiated mice.
UVB
Dose

Location

% Change

% Change

% Change

Significance

Mouse 3

Mean ±
SEM

Mouse 1

Mouse 2

0 kJ/m2

Upper back

↑7

↑9

0

↑5±3

-

0 kJ/m2

Lower back

2

↓4

↓4

↑3

↓2±2

-

2

Upper back

↑4

↑4

↑3

↑ 4 ± 0.3

0.5770

1 kJ/m

Lower back

↑ 14

0

↑4

↑6±4

0.1027

2 kJ/m2

Upper back

↑ 32

↑ 52

↑ 44

↑ 43 ± 6

0.0054*

2 kJ/m2

Lower back

↑ 18

↑6

↑ 12

↑ 12 ± 3

0.0307*

3 kJ/m2

Upper back

↑ 76

↑ 73

↑ 69

↑ 73 ± 2

<0.0001*

3 kJ/m2

Lower back

↑ 23

↑ 19

↑ 22

↑ 21 ± 1

0.0009*

1 kJ/m
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(p-value)

Figure 3.2: Papain-specific proliferation by LDLN cells from papain-sensitised
and -challenged C57BL/6 mice, with or without UVB-irradiation before
sensitisation. Single cell suspensions from LDLNs were cultured with (+) and without
(-) papain (10 µg/ml) for 96 h. Bars show mean + SEM (n = 6 replicate cultures).
* p < 0.05.

Figure 3.3: Papain-induced cytokine production in vitro by LDLN cells from
papain-sensitised and -challenged C57BL/6 mice, with or without UVB-irradiation
before sensitisation. Single cell suspensions from LDLNs were cultured with (+) and
without (-) papain (10 µg/ml) for 96 h. Bars show mean + SEM (n = 3 replicate culture
supernatants). * p < 0.05.
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Table 3.3: Number and viability of LDLN cells from naive C57BL/6 mice or
papain-sensitised and -challenged C57BL/6 mice, with or without UVB-irradiation
before sensitisation. LDLN were removed 24 h after challenge, processed to a single
cell suspension and counted. Values show mean ± SEM (n = 3 experiments). * p < 0.05
compared to naïve mice.
Number of LDLN cell /
Viability (%)
mouse (x 106)
Naïve
1 ± 0.2
87 ± 2
Control
8 ± 4*
86 ± 1
UVB before sensitisation
5 ± 2*
86 ± 4

Table 3.4: Phenotype of LDLN cells in papain-sensitised and -challenged C57BL/6
mice, with or without UVB-irradiation before sensitisation. LDLN were removed
24 h after challenge and cells stained for surface markers. Values show mean ± SEM
(n = 3 experiments).

Number of LDLN cells /
mouse (x106)
% CD3+CD4+
% CD3+CD8+
% CD4+CD25+
% CD25+ of CD3+CD4+
% CD11c+IA/IE+
% CD19+IA/IE+

Control
8±4

UVB before sensitisation
5±2

21 ± 4
19 ± 3
2 ± 0.2
9±2
7 ± 0.9
41 ± 5

21 ± 3
19 ± 2
2 ± 0.5
10 ± 3
7 ± 0.7
42 ± 2
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3.3.3 Bronchoalveolar lavage fluid
In the BALF harvested 24 h after the final papain challenge, significantly higher levels
of IL-4 and IL-5 were detected (Figure 3.4A) and there was increased infiltration of
lymphocytes, neutrophils and eosinophils into the BALF with sensitisation to papain
(Figure 3.4B). By comparison with non-irradiated, papain-sensitised mice, the total
number of cells, the cellular profile and levels of IL-4, IL-5, IL-10 and IFN-γ in the
BALF were not affected by UVB exposure (Figure 3.4).

3.3.4 Histology of lung tissue
3.3.4.1 Haematoxylin & Eosin
H&E staining of lung tissue from papain-sensitised mice showed cuffs of inflammatory
cells around the bronchioles with frequent perivenular inflammation and increased
numbers of inflammatory cells in the alveolar walls compared with naïve mice (Figure
3.5). There were no observable effects of UVB on lung tissue histology in papainsensitised and -challenged mice, with sections from UVB-irradiated mice closely
resembling those from non-irradiated control mice (data not shown).
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Figure 3.4: Cytokine levels and cellular composition of the BALF of naïve
C57BL/6 mice or papain-sensitised and -challenged C57BL/6 mice, with or without
UVB-irradiation before sensitisation. A. Levels of IL-4, IL-5, IL-10 and IFN-γ, and
B. Cell numbers in BALF taken from naïve (-) and papain-sensitised and -challenged
(+) C57BL/6 mice at 24 h after challenge. Bars show mean + SEM (n = 5 mice).
* p < 0.05; nd = not detectable
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Perivenular
inflammation

Vein

Inflammatory
cells within
alveolar walls
Smooth
muscle
Epithelial lining
of bronchiole

Peribronchial
inflammation

Figure 3.5: H&E stained section of lung from a papain-sensitised and -challenged
control C57BL/6 mouse (200x). A distinct ring of inflammatory cells surrounds both
the bronchiole and its associated blood vessel. Increased numbers of inflammatory cells
in the alveolar walls are also visible.

3.3.4.2 Alcian Blue
Pathological changes were evaluated according to the modified 5-point scoring system
(96) where each section was graded based on the average percentage of mucus-secreting
cells in the epithelial lining of bronchioles and larger airways (Table 3.5). Five airways
were randomly chosen from each histological section (equivalent to five airways per
mouse) and an average score was obtained for the airways of that section. Figure 3.6
shows a number of mucus-secreting cells (most likely goblet cells) lining the
bronchiole, with a mucus plug occluding the airway. No significant differences in
percentage of mucus-secreting cells or the frequency of mucus plugs were observed
between UVB-irradiated mice and control mice (Figure 3.7).
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Table 3.5: Modified 5-point scoring system used to evaluate differences in mucus
production between UVB-irradiated and non-irradiated, papain-sensitised and
-challenged C57BL/6 mice (96).
Grade
0
1
2
3
4

Percentage of Mucus-Secreting Cells per Airway
No mucus-secreting cells
< 25%
25-50%
50-75%
>75%

Epithelial cells lining
bronchiole wall

Mucus-secreting
cells

Mucus plug

Figure 3.6: Alcian blue stained section of lung obtained from a papain-sensitised
and -challenged control C57BL/6 mouse (x200). This airway was given a grade of 4
due to the >75% mucus-secreting cells in the epithelial lining of the bronchiole.
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Figure 3.7: Histological scores for alcian blue-stained sections of mouse lungs
harvested from papain-sensitised and -challenged C57BL/6 mice, with or without
UVB-irradiation before sensitisation. Bars show mean + SEM (n = 5 mice).

3.3.4.3 Toluidine Blue
No mast cells were observed in any of the lung tissue sections obtained from UVBirradiated mice or from control mice (Figure 3.8). In order to ensure that the staining
protocol was correct and the reagents functional, a section of mouse skin (which has an
abundance of mast cells) was stained at the same time and using the same reagents as
the lung tissue sections as a positive control. Figure 3.9 shows a section of murine skin
and indicates how mast cells appear after staining with toluidine blue.

3.3.5 Antibodies
Papain-specific IgE and IgG1 were observed two weeks post-sensitisation (Bleed 1) and
two weeks post-boost (Bleed 2) (Figure 3.10A and B). Papain-specific IgG2a was only
detectable at two weeks post-boost (Figure 3.10C). UVB had no significant effect on
papain-specific IgE, IgG1 or IgG2a titres in papain-sensitised animals. There was a
tendency for increased papain-specific IgG1 and decreased IgG2a by Bleed 2 in UVBtreated animals, however these changes were not statistically significant (Figure 3.10).
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Figure 3.8: Toluidine blue stained lung section obtained from a papain-sensitised
and -challenged control C57BL/6 mouse depicting a bronchiole and its associated
vein (x400). Toluidine blue staining revealed an absence of mast cells in the murine
lung tissue.

Figure 3.9: Toluidine blue stained skin section obtained from a naïve C57BL/6
mouse (x400). Arrows indicate mast cells.
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Figure 3.10: Papain-specific antibody levels in the serum of naïve C57BL/6 mice
or papain-sensitised and -boosted C57BL/6 mice, with or without UVB-irradiation
before sensitisation. Levels of papain-specific A. IgE measured by a passive
cutaneous anaphylaxis assay, B. IgG1 and C. IgG2a measured by a time resolved
fluorescence assay in C57BL/6 mice at two weeks post-sensitisation (Bleed 1) and two
weeks post-boost (Bleed 2). Bars show mean + SEM (n = 15 mice). nd = not
detectable.
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3.4

Discussion

Sensitisation and challenge i.n. with papain induced allergic airway inflammation and
increased the number of airway mucus-secreting cells in C57BL/6 mice.

Papain-

specific IgE, IgG1 and IgG2a antibodies were detected in serum and the BALF had an
increase in total cell number which was attributable to increases in lymphocytes,
neutrophils and eosinophils. Levels of IL-4 and IL-5, key cytokines involved in the
asthmatic response, were increased in the BALF.

These allergen-specific immune

responses are similar to those observed in human inflammatory respiratory diseases
such as asthma (1). Additionally, papain-sensitisation and -challenge increased the
number of cells in the LDLNs and single cell suspensions of LDLNs from mice
sensitised and challenged with papain proliferated and produced IL-5 in response to
papain in vitro.

UVB before sensitisation suppressed papain-specific responses by cells from the
LDLNs of papain-sensitised and -challenged mice. This is an important finding as these
cells are central to the pathogenesis of asthma as they drain the site of antigenpresentation. Reduced proliferation in cultures of LDLN cells from UVB-irradiated
mice may indicate that these cells are less sensitised to the antigen and / or that there is
active suppression of proliferation in these cultures via the induction of regulatory cells.
When the phenotype of the LDLN cells was analysed, there were no significant
differences in the number or percentage of T cells (CD3+CD4+, CD3+CD8+ or the
regulatory phenotype CD4+CD25+), dendritic cells (CD11c+IA/IE+) or B cells
(CD19+IA/IE+), making identification of a regulatory cell difficult. However, the
existence of such a cell cannot be ruled out with only phenotypic data and further
functional assays are required to determine if UVB-induced regulatory cells are present
in the LDLNs of UVB-irradiated mice.
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Cytokine production was not altered in cultures of LDLN cells obtained from UVBirradiated, papain-sensitised and -challenged mice, although there was a tendency for
decreased IL-5 production. It is possible that the levels of cytokines were too low to
detect any significant suppression or induction by UVB, particularly IL-4 and IFN-γ.
This may indicate low levels of production or that the cells are rapidly utilising the
cytokines, leaving little in the supernatants. No other reports to date have investigated
the effect of UVB on cytokine production by LDLN cells. In the study of mitogenstimulated spleen cells from UVB-irradiated, OVA-sensitised and -challenged mice,
IL-10 but not IL-4 or IFN-γ production was increased compared with cells from nonirradiated, OVA-sensitised and -challenged mice (379, 464). The outcomes measured in
my study were in response to the sensitising antigen and not to a non-specific mitogen,
making the findings of my thesis more biologically relevant than those of previous
investigations.

UVB exposure before sensitisation had no effect on antibody levels in serum. This is in
contrast to other investigations which have demonstrated a decrease in total (254) and
allergen-specific (379) IgE in UVB-irradiated animals. Decreased allergen-specific
IgG1 has also been demonstrated in one study (464). In the BALF, no changes were
observed in cellular infiltration, cellular profile or cytokine production. The only other
study to investigate the effects of UVB exposure on the BALF in asthma models
supports the lack of effect on IL-4 levels, however that study also reported decreased
IL-5 and decreased lymphocyte and eosinophil infiltration in the BALF (254).
Histologically there were no significant differences observed in lung tissue obtained
from UVB-irradiated mice compared to control mice. This finding was supported by
van Loveren et al (464) who also reported no change in cellular infiltrates into the lung
tissue in UVB-irradiated animals. It has been demonstrated recently that UVB-induced
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regulatory T cells home to the lymph nodes and do not move out to the periphery (341).
It is possible in this study that the effects of UVB were localised to the lymph nodes
draining the site of antigen presentation and were unable to extend to the lung tissues.

The results obtained in this study contrast with the findings of other investigations that
used different sensitisation protocols (254, 379). In those studies, BALB/c mice were
used compared with C57BL/6 mice used in this study; this may account for some
discrepancies in results as strain-dependent susceptibilities to UVB have been described
(306, 472). The extent of the regulatory effects of UV reported by other investigators
also varied between different experimental models.

For example, eosinophilic

responses were unchanged by UVB irradiation in an OVA model (464) but significantly
reduced in a respiratory model using a fungal extract (254). A brief summary of studies
investigating the effect of UVB on murine asthma models is outlined in Table 3.6. The
response to the fungal extract is more closely allied to this study because it used
respiratory and not peritoneal sensitisation. The extract could however contain many
undefined immunomodulators compared with the protein allergen used in this
investigation.
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Table 3.6: Summary of studies investigating the effect of UVB-irradiation prior to
sensitisation in murine asthma models.
Author
Mouse
Allergen
Route of
Effect of UVB before
Strain
Sensitisation
sensitisation
Garssen et
BALB/c
Ovalbumin
Intraperitoneal • ↓ OVA-specific IgE
al (379)
• ↑ IL-10 in spleen cell
cultures
• No effect on IL-4, IL-12
or IFN-γ in spleen cell
cultures
• ↓ OVA-specific IgE,
IgG1 (IgG2a not
detectable)
• ↓ AHR
• ↑ IL-10 in spleen cell
cultures
• No effect on IL-4 or
IFN-γ in spleen cell
cultures
• No effect on lung
inflammation

Van
Loveren et
al (464)

BALB/c

Ovalbumin

Intraperitoneal

Ward et al
(254)

BALB/c

Metarhizium
anisopliae
fungal extract

Intranasal

• ↓ serum and BALF total
IgE
• ↓ eosinophil and
lymphocyte influx into
the lung
• ↓ IL-5 in BALF
• No effect on IL-4 in
BALF

McGlade et
al (258)

C57BL/6

Papain

Intranasal

• ↓ papain-specific
proliferation by LDLN
cells in vitro
• No effect on papainspecific IL-4, IL-5, IL10 or IFN-γ in LDLN
cultures
• No effect on phenotype
of LDLN cells
• No effect on IL-4, IL-5,
IL-10 or IFN-γ or cell
numbers in BALF
• No effect on lung
inflammation
• No effect on papainspecific IgE, IgG1 or
IgG2a
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Another feature of the asthmatic response is the induction of AHR upon antigen
challenge.

AHR was not assessed in this thesis as this model does not generate

measurable AHR (Prof W. Thomas, Molecular Biotechnology, TICHR, personal
communication), despite the increased IL-5 in the BALF which has been positively
associated with AHR (264). This may be the result of the adjuvant-free nature of the
model. Toluidine blue staining of lung sections indicated that mast cells were not
present in the airways of papain-sensitised and -challenged mice. As mast cells are
essential for the development of AHR in adjuvant-free protocols (260), this may explain
the lack of AHR in the papain model. By contrast, mast cells are not required to induce
AHR in models of systemic sensitisation with adjuvant (85) which may explain why
models such as the OVA model (where the antigen is delivered in alum) are successful
in generating AHR.

Whilst mast cells are virtually absent in the alveoli of naïve C57BL/6 mice (0.09 ± 0.07
cells/mm2) (473), it was expected that application of a lung-focussed allergic model
would induce recruitment of these cells to the airways. However, this was not the case.
In a model of chronic OVA exposure (daily aerosolised OVA for three weeks), Masuda
et al (474) reported significant levels of mast cells in lung tissues. Thus it is likely that
the delivery of the challenge doses in the papain model was not chronic enough to
induce recruitment of mast cells to the airways.

In contrast to the lack of mast cells in the alveoli, Gersch et al (473) reported that mast
cells were commonly found in close proximity to bronchial smooth muscle in naïve
C57BL/6 mice. This was not observed in any of the sections obtained from naïve or
papain-sensitised mice in my study, although most of the sections were primarily
parenchyma with few of the larger airways. Taking this into account, and the fact that
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mast cells are one of the main effector cells in allergic inflammation, further research
into these cells is recommended, perhaps by employing a more chronic model of
allergic sensitisation such as that described in Masuda et al (474) or investigating the
role of mast cell products such as histamine.

The dose of UVB to which the mice were exposed in this study is equivalent to two
minimal oedemal doses in mice on a C57BL/6 background and approximately five
minimal erythemal doses in humans. However, individual phototype and sensitivity to
UV radiation should be considered when estimating this value (475). This is analogous
to approximately 20 min exposure to the midday sun in the more populated parts of
Australia for people of average skin phototype. It should be noted however that whilst
sunlight is made up of approximately 4% UVB, this study used lamps emitting
predominantly UVB wavelengths.

As such, extrapolations of this data to natural

sunlight should be undertaken with caution.

The findings of this study demonstrate that UVB modulates immune responses to
papain in a murine asthma model, in particular allergen-specific responses in the LDLN,
which have not been previously examined.

However, observational data without

function is only half the story and the mechanism by which UVB acts in this model
remains to be identified.

Histamine has been implicated in both asthma pathogenesis (141) and UVB-induced
immune modulation (153).

In previous studies, the application of H1R and H2R

antagonists before and after UVB irradiation partially reversed the immunosuppressive
effects of UVB and cis-UCA (153, 476). In order to further examine the role of the
H1R and H2R in asthma pathogenesis and UVB-induced immunosuppression,
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investigation of papain-specific responses of mice lacking each of these receptors is
required.

As mentioned earlier, UVB altered the ability of the LDLN cells to proliferate.
However, the phenotypic analysis of these cells did not yield a distinct alteration in
major cell types in UVB-treated animals. As such, a series of functional studies is
required to elucidate the mechanism by which this suppression of proliferation occurs.
Regulatory cells have been described in studies investigating UVB-induced immune
suppression (304, 339). It was reasoned that if regulatory cells were responsible for the
UVB-induced suppression of LDLN cell proliferation, adoptive transfer of these cells
into naïve mice would modulate subsequent papain sensitisation and papain-specific
LDLN cell proliferation in recipient mice.
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Chapter Four
The role of histamine receptors in papain
sensitisation and UVB-induced
immunosuppression

137

138

4.1

Introduction

Histamine is involved in acute inflammatory processes and plays a role in the oedema,
vasodilation, contraction of smooth muscle, up-regulation of adhesion molecules and
hypersecretion of mucus associated with the allergic asthmatic reaction (141).
Histamine levels are elevated in the BALF of asthmatic patients and in the plasma of
patients with allergic rhinitis, both corresponding to a decrease in airway function (477479).

Histamine has been described as a chemotactic factor, the effect of which may be
inhibited by blockade of the H1R, leaving T cells unable to home to the sites of antigen
exposure (141). The H1R has been implicated in the progression of asthma in many
murine models. Deficiency in the H1R decreases inflammation in the airways, AHR,
goblet cell metaplasia and Th2 cytokine mRNA levels in the lung (141, 148). Similarly,
blockade of the H1R using an antagonist can prevent the development of AHR and lung
inflammation (480, 481). At normal therapeutic doses, this treatment is only effective
when the antagonist is delivered before sensitisation (480), however higher doses are
effective after sensitisation and at challenge (482).

Whilst early human trials using H1R antagonists to treat asthma were promising (483,
484), subsequent studies have suggested that the limited clinical efficacy of these drugs,
combined with potential unwanted side effects, does not warrant their use over existing
steroid treatments for asthmatic events in adults (485). Studies investigating the use of
antihistamines prophylactically in children with atopic asthma however have reported
success in limiting the development of asthma (486).
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In contrast to the H1R which enhances Th1 type responses, both Th1 and Th2 type
responses are negatively regulated by histamine binding to the H2R (147). Moreover,
production of the regulatory cytokine IL-10 is increased following H2R activation
(487).

The role of the H2R in asthma is less clearly defined than that of the H1R. In contrast
to the suppressive role on inflammatory responses suggested in some studies (147, 487),
activation of the H2R results in the expression of some asthmatic symptoms including
mucus secretion from airway goblet cells (154) and vasodilation (488). The use of H2R
antagonists however have not proved successful in blockade of allergic asthma (489).

UVB irradiation of skin results in degranulation of mast cells and the release of
histamine (331). Correlations between dermal mast cell prevalence and UVB-induced
immune suppression have been reported in mice (306) and in human studies relating
mast cell numbers in the skin to the development of basal cell carcinoma and melanoma
(332-334). In addition, previous studies have demonstrated that the application of H1R
and H2R antagonists before and after UVB irradiation partially reversed the
immunosuppressive effects of UVB and cis-UCA (153, 476).

Mice lacking the H1R or the H2R have normal development, fertility and general
health, similar to wild type mice.

However, H1RKO mice demonstrate impaired

locomotor activity and are more active during the light hours than wild type mice.
H1RKO mice also show reduced exploratory behaviour when placed in a new
environment (465).

In contrast, H2RKO mice have defects in the function and

morphology of the gastric mucosa, with elevated levels of serum gastrin and
hypertrophy of the gastric mucosa. The basal gastric pH of H2RKO mice is normal and
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whilst the lack of the H2R prevents gastric acid secretion by histamine or gastrin, this
can be compensated for via signals from cholinergic receptors (466). Immunologically,
both H1RKO and H2RKO mice are affected by depletion of their respective histamine
receptors, with H1RKO mice demonstrating reduced Th1 responses and H2RKO mice
showing enhanced Th1 and Th2 responses (147).

As mentioned previously, studies using H1RKO mice have suggested that Th1-driven
responses are enhanced by the action of histamine binding to the H1R (147) and that
histamine may act as a chemotactic factor to facilitate T cell migration to the site of
antigen exposure (141). As histamine is released from mast cells in the skin upon UVirradiation (331), the responses of H1RKO mice were therefore studied to determine the
effect of papain sensitisation on potentially Th2-susceptible mice and secondly, the role
of the H1R in UVB-induced immunosuppression. Sensitisation of H2RKO mice was
also investigated to examine the specificity of the changes for the deletion of the H1R
and to determine whether this receptor is involved in (a) responses to papain and (b)
immunosuppression by UVB.

Further, in contrast to the purely observational studies conducted by Garssen et al (379),
van Loveren et al (464) and Ward et al (254), this study examined the mechanisms by
which modulation of the immune response by UVB was occurring in this model. In
addition, this study contributes to the knowledge base of papain-induced asthma by
determining the involvement of the H1R and H2R in the development of asthmatic
symptoms following inhalation of this occupational allergen.
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4.2

Experimental design

Histamine receptor-1 knockout (H1RKO) and histamine receptor-2 knockout (H2RKO)
mice (C57BL/6 background) were derived as published (465, 466) and bred at TICHR.
C57BL/6, H1RKO and H2RKO mice underwent the standard papain protocol as
described in Chapter 3 (Figure 3.1) to assess the immune responses of each of these
mouse strains to inhaled papain. In addition, one experimental group from each strain
was irradiated with UVB (4 kJ/m2) three days prior to the first sensitisation dose
(day -3) to examine the role of the H1R and H2R in UVB-induced immune regulation
(Figure 4.1).

Following on from these experiments, adoptive transfer studies were conducted to
determine if the suppressive effects of UVB were due to the presence of a regulatory
cell within the LDLN of UVB-irradiated mice. Briefly, donor mice underwent the
standard papain protocol (with or without UVB-irradiation before sensitisation).
Twenty-four hours after the final challenge dose (day 45), the LDLN were removed,
single cell suspensions prepared and 5 x 106 cells / recipient mouse injected i.v. Donor
and recipient mice were of the same strain (for example, H1RKO mice received cells
from H1RKO donors). Twenty-four hours after the adoptive transfer (day 46), recipient
mice underwent the standard papain protocol.

Twenty-four hours after the final

challenge (day 91), LDLN were removed from the recipient mice and single cell
suspensions prepared and cultured in vitro to examine papain-induced proliferation
(Figure 4.1). Each experimental donor and recipient group consisted of 10 and 5 mice,
respectively, with each experiment performed three times.
representative experiment unless otherwise indicated.
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Data shown are from a

C57BL/6
H1RKO
H2RKO

Day -3
UVB 4 kJ/m2

Day 0-44
STANDARD PAPAIN
PROTOCOL

Day 45 (24 hr post-challenge)
ANALYSIS OF ASTHMA
SYMPTOMS

Proliferation,
cytokine production
and phenotype of
LDLN cells

Day 45
ADOPTIVE TRANSFER
OF LDLN CELLS

Cells and
cytokines in BALF

Donor  Recipient
C57BL/6  C57BL/6
H1RKO  H1RKO
H2RKO  H2RKO

Day 46-90
STANDARD PAPAIN
PROTOCOL
Day 91 (24 hr post-challenge)
Proliferation, cytokine production
and phenotype of LDLN cells

Figure 4.1: Experimental protocol to investigate the role of histamine receptors in
papain sensitisation and UVB-induced immune modulation. C57BL/6, H1RKO and
H2RKO mice underwent the standard papain protocol and asthma symptoms were
assessed. In addition, adoptive transfer experiments were performed to determine
whether regulatory cells within the LDLN were responsible for the suppressive effects
of UVB in this model.
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4.3

Results

4.3.1 Sensitisation and challenge of H1RKO and H2RKO mice to papain
Papain-specific proliferation by LDLN cells taken from H1RKO mice 24 h after
challenge was significantly higher than that observed in LDLN cells from similarlytreated C57BL/6 and H2RKO mice (Figure 4.2). LDLN cells from papain-sensitised
and -challenged H1RKO mice secreted significantly higher baseline (unstimulated by
papain in vitro) levels of IL-4, IL-5 and IFN-γ compared with those from C57BL/6 mice
(Figure 4.3) and higher levels of IL-4, IL-5, IL-10 and IFN-γ when stimulated with
papain in vitro compared with single cell suspensions of papain-stimulated LDLN cells
from C57BL/6 mice. LDLN cells from H1RKO mice secreted significantly higher
levels of IL-4, IL-5 and IL-10 in response to papain in vitro compared with
unstimulated H1RKO LDLN cells. In contrast, there was reduced IFN-γ production by
LDLN cells cultured with papain in vitro from H1RKO mice (Figure 4.3).

The

responses of H2RKO mice were not significantly different to those observed from
C57BL/6 mice (Figure 4.2; cytokine production in vitro not shown). There was no
significant difference in the number, viability or phenotypic profile of LDLN cells
between the different mouse strains (Table 4.1).
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Figure 4.2: Papain-specific proliferation by LDLN cells from papain-sensitised
and -challenged C57BL/6, H1RKO and H2RKO mice. Single cell suspensions from
LDLNs were cultured with (+) and without (-) papain (10 µg/ml) for 96 h. Bars show
mean + SEM (n = 6 replicate cultures). * p < 0.05.

Figure 4.3: Papain-induced cytokine production in vitro by LDLN cells from
papain-sensitised and -challenged C57BL/6 and H1RKO mice. Single cell
suspensions from LDLNs were cultured with (+) and without (-) papain (10 µg/ml) for
96 h. Open bars represent C57BL/6 mice. Solid bars represent H1RKO mice. Bars
show mean + SEM (n = 3 replicate culture supernatants). * p < 0.05.
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Table 4.1: Phenotype and viability of LDLN cells in papain-sensitised and
-challenged C57BL/6, H1RKO and H2RKO mice, with or without UVB-irradiation
before sensitisation. LDLN cells removed 24 h after challenge. Values show mean ±
SEM (n = 3 experiments).
C57BL/6
H1RKO
H2RKO
Control
UVB
Control
UVB
Control
UVB
8+4
Number of LDLN
5+2
6+2
5+2
7+2
7+3
cells / mouse (x106)
Viability (%)
86 + 1
86 + 4
84 + 3
83 + 3
87 + 3
88 + 2
% CD3+CD4+
21 + 4
21 + 3
25 + 3
27 + 0.8
20 + 4
25 + 3
% CD3+CD8+
19 + 3
19 + 2
17 + 2
20 + 1
18 + 2
17 + 3
% CD4+CD25+
2 + 0.2
2 + 0.5
2 + 0.2
3 + 0.0
2 + 0.4
2 + 0.1
% CD25+ of
9+2
10 + 3
9 + 0.3
8 + 0.3
9+2
8+2
CD3+CD4+
% CD11c+IA/IE+
7 + 0.9
7 + 0.7
6 + 0.6
8+1
7+2
6+2
% CD19+ IA/IE+
41 + 5
42 + 2
43 + 3
36 + 6
40 + 3
41 + 5

Significantly higher levels of all cytokines (IL-4, IL-5, IL-10 and IFN-γ) were measured
in the BALF of naïve H1RKO mice compared with naïve C57BL/6 mice (Figure 4.4AD). H1RKO mice sensitised and challenged with papain produced higher levels of IL-4
in the BALF than papain-sensitised and -challenged C57BL/6 mice, and lower levels of
IL-10 and IFN-γ than naïve H1RKO mice. The levels of IL-5, IL-10 and IFN-γ were
similar in H1RKO and C57BL/6 mice that had been sensitised and challenged with
papain (Figure 4.4A-D).

Papain sensitisation and challenge induced infiltration of inflammatory cells
(particularly lymphocytes, neutrophils and eosinophils) into the BALF of both C57BL/6
and H1RKO mice compared to naïve mice of the corresponding strain (Figure 4.4E).
Whilst the infiltration of lymphocytes and eosinophils into the BALF of papainsensitised and -challenged H1RKO mice was similar to the C57BL/6 mice, there was a
significant increase in neutrophils in the BALF of H1RKO mice compared to C57BL/6
mice (Figure 4.4E). Papain-specific IgE (Figure 4.4F), IgG1 and IgG2a (data not shown)
in H1RKO mice were similar to the responses of C57BL/6 mice, with both strains of
mice having elevated papain-specific IgE upon sensitisation (Bleed 1) and boost
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Figure 4.4: Cytokine levels and cellular composition of the BALF of naïve or papain-sensitised and -challenged
C57BL/6 and H1RKO mice, and papain-specific IgE levels in the serum of naïve or papain-sensitised and -challenged
C57BL/6 and H1RKO mice, with or without UVB-irradiation before sensitisation. Levels of A. IL-4, B. IL-5, C. IL-10,
D. IFN-γ and E. cell numbers in BALF of naïve (-) and papain-sensitised and -challenged (+) C57BL/6 and H1RKO mice at
24 h after challenge. F. Papain-specific IgE in serum from naïve (-) and papain-sensitised and -challenged (+) C57BL/6 and
H1RKO mice, with (+) and without (-) UVB-irradiation before sensitisation. Open bars represent C57BL/6 mice. Solid bars
represent H1RKO mice. Bars show mean + SEM (n = 5 mice). * p < 0.05

(Bleed 2) compared to naïve mice. Responses in the BALF and serum of H2RKO mice
were not significantly different from C57BL/6 mice (data not shown).

4.3.2 Effects of UVB irradiation on papain sensitisation and challenge in H1RKO and
H2RKO mice
UVB exposure (4 kJ/m2) before sensitisation of H1RKO mice significantly reduced
proliferation of LDLN cells in vitro (Figure 4.5A). However, UVB had no significant
effect on these responses in H2RKO mice (Fig 4.5B). In contrast to the C57BL/6 mice
examined previously, UVB irradiation significantly decreased papain-induced IL-5 and
IL-10 production by LDLN cells from H1RKO mice, with little effect on IL-4 and
IFN-γ production (Figure 4.6). UVB irradiation had no significant effect on cytokine
production from LDLN cells from H2RKO mice (data not shown). There was no
significant difference in the phenotypic profile of the LDLN cells from control and
UVB-irradiated mice in either the H1RKO or the H2RKO mice (Table 4.1). In both
H1RKO and H2RKO mice, the total number of cells, the cellular profile and levels of
IL-4, IL-5, IL-10 and IFN-γ in the BALF were not affected by UVB exposure (data not
shown). There was no significant difference in papain-specific IgE (Figure 4.4F), IgG1
or IgG2a (data not shown) between UVB-irradiated and non-irradiated papain-sensitised
H1RKO mice at either Bleed 1 or Bleed 2, similar to that observed in C57BL/6 mice.
Levels of papain-specific IgE, IgG1 or IgG2a were also unaffected by UVB exposure in
H2RKO mice (data not shown).
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H1RKO

H2RKO

Figure 4.5: Papain-specific proliferation by LDLN cells from papain-sensitised
and -challenged H1RKO and H2RKO mice, with or without UVB-irradiation
before sensitisation. Single cell suspensions from LDLNs of A. H1RKO and B.
H2RKO mice were cultured with (+) and without (-) papain (10 µg/ml) for 96 h. Bars
show mean + SEM (n = 6 replicate cultures). * p < 0.05.

Figure 4.6: Papain-induced cytokine production by LDLN cells from papainsensitised and -challenged H1RKO mice, with or without UVB-irradiation before
sensitisation. Single cell suspensions from LDLNs were cultured with (+) and without
(-) papain (10 µg/ml) for 96 h. Bars show mean + SEM (n = 3 replicate culture
supernatants). * p < 0.05.
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4.3.3 Adoptive transfer of LDLN cells from UVB-irradiated, papain-sensitised and
-challenged mice
UVB-induced, antigen-specific regulatory T cells have been previously reported (490).
To determine whether the suppressive effects of UVB on papain-induced proliferation
of LDLN cells were due to UVB-induced regulatory cells, 5 x 106 unfractionated LDLN
cells from UVB- or non-irradiated, papain-sensitised and -challenged C57BL/6,
H1RKO and H2RKO mice were adoptively transferred into naïve mice of the same
strain. These recipient mice were subsequently sensitised and challenged with papain
and 24 h after the final challenge, proliferative responses to papain by single cell
suspensions from the LDLN were assessed. Papain-induced proliferation of LDLN
cells from recipients of unfractionated LDLN cells from UVB-irradiated, papainsensitised and -challenged mice had significantly reduced proliferation compared with
recipients of LDLN cells from non-irradiated, papain-sensitised and -challenged mice of
the C57BL/6 and H1RKO mouse strains, similar to that observed in the respective
donor mice (Figure 4.7). The proliferation in response to papain by LDLN cells from
H2RKO mice that received LDLN cells from UVB-irradiated H2RKO mice was not
suppressed, also in accordance with responses observed in the H2RKO donor mice
(Figure 4.7).

150

Figure 4.7: Papain-specific proliferation by LDLN cells from recipients of LDLN
cells from non-irradiated or UVB-irradiated, papain-sensitised and -challenged
C57BL/6, H1RKO or H2RKO mice. Donor mice were sensitised and challenged with
papain before harvest of LDLNs and 5 x 106 unfractionated cells transferred i.v. into
naïve recipients of the same strain. Recipient mice were subsequently sensitised and
challenged with papain. LDLN cells were cultured in vitro with papain (10 µg/ml) for
96 h. Bars show mean + SEM; background proliferation values have been subtracted
from papain-induced counts / min (n = 6 replicate cultures). * p < 0.05.

151

4.4

Discussion

This study identified histamine acting on the H1R as a modulator of papain-induced
responses in both the lymph nodes draining the lung and at the lung mucosal surface. In
contrast, histamine acting on the H2R was involved in the immunomodulatory effects of
UVB irradiation. Further, the induction by UVB of a regulatory cell was identified in
adoptive transfer experiments between mice of the same strain that was able to suppress
papain-induced proliferative responses in the LDLN of recipient C57BL/6 and H1RKO
mice but not H2RKO mice.

Papain-specific proliferation in vitro was reduced for LDLN cells from UVB-irradiated,
papain-sensitised and -challenged C57BL/6 mice. The effect of UVB was greater in the
H1RKO mouse, in which papain sensitisation induced significantly higher levels of
papain-specific proliferation and cytokine production in LDLN cell cultures and higher
levels of IL-4 in the BALF compared with C57BL/6 mice. This increased reactivity of
the H1RKO mice to papain reflects the absence of histamine enhancement of Th1
responses following its interaction with the H1R. This supports an earlier study in mice
in which IFN-γ production was suppressed when the H1R was deleted and the secretion
of Th2 cytokines including IL-4 and IL-13 was enhanced (147) although in my study
levels of IFN-γ were increased in cultures of LDLN cells from H1RKO mice. A similar
bias in cytokine production was also observed in splenocytes of H1RKO mice in an
OVA asthma model, suggesting that the deletion of the H1R resulted in a systemic Th2
phenotype upon antigen exposure (141).

In the BALF of naïve H1RKO mice compared with naïve C57BL/6, higher basal levels
of IL-4, IL-5, IL-10 and IFN-γ were measured. This supports the findings of Bryce and
colleagues (141) who proposed an elevated constitutive activation of T cells within the
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airways of H1RKO mice. In papain-sensitised H1RKO mice, levels of IL-4 but not
IL-5, IL-10 and IFN-γ, were significantly increased in the BALF. No effect on cytokine
production in sensitised H1RKO mice, other than a decrease in IL-5, has been reported.
This was explained by an unresponsiveness of T cells from H1RKO mice to
chemotactic histamine and thus these cells were unable to migrate to sites of respiratory
inflammation. As a result, whilst a systemic Th2 phenotype was promoted in the
H1RKO mice, this effect was restricted to the spleen as a trafficking defect in the T
cells prevented migration to the lungs (141). In my study the increase in IL-4 at the
respiratory mucosal surface may reflect the activation of residential inflammatory cells
in response to papain and not necessarily migrating T cells.

In the H1RKO mice, UVB before sensitisation reduced papain-specific proliferation and
IL-5 and IL-10 production from LDLN cells. It could be argued that once the basal
level of inflammatory response to papain was increased in the H1RKO mice, the
sensitivity of the assay was increased in terms of the immunomodulatory effects of
UVB; that is, it may be easier to detect a suppressive effect by UVB when the control
response is greater. Alternatively, whilst histamine may regulate immune responses to
papain,

it

may

also

be

involved

in

the

mechanisms

of

UVB-induced

immunomodulation. UVB irradiation causes the degranulation of mast cells in the skin,
which results in the release of mediators, including histamine (331). Further, mast cell
prevalence in the skin also determines susceptibility of mice to UVB-induced systemic
suppression of CHS responses (306) and in humans has been correlated to susceptibility
to some skin cancers (332-334).

Removal of the H2R in mice had no effect on immune responses to papain (Figure 4.2).
However, papain-induced proliferation and cytokine production in vitro by LDLN cells
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from H2RKO mice were not suppressed if the mice had been UVB-irradiated before
sensitisation. The inability of UVB to alter proliferative responses in the H2RKO mice
whilst reducing those of C57BL/6 and H1RKO mice suggests that the H2R is important
in the pathway by which UVB is immunomodulatory in this experimental asthma
model.

Histamine and its derivatives can act via the H2R to inhibit the immune

response by the induction of T suppressor cell activity (152) and, in humans, have been
shown to inhibit mixed T lymphocyte proliferation (151). An early study investigating
the effect of H2R antagonists on suppressor T cell expression demonstrated that the
suppressive activity of adoptively transferred, UV-induced regulatory cells could be
inhibited by high-dose administration of a H2R antagonist to the recipient mice prior to
adoptive transfer (491). This suggested that regulatory T cells require this receptor for
their suppressive function. Administration of a H1R antagonist had no effect (491).
Furthermore, this inhibition of suppressive activity was only effective on Lyt-1+ cells, a
marker expressed by UV-induced regulatory cells (492), and not Lyt-2+ regulatory
cells, suggesting that H2R-dependent mediation of suppressor activity is specific for
certain regulatory cell types.

In support of this, in models of UVB control of CHS responses, H1 and H2 receptor
antagonists applied before and immediately after UVB irradiation partially reversed the
effects of UVB (153). At the time it was hypothesised that this modulation was by
histamine binding to the H2R on dendritic cells and a subsequent increase in cyclic
adenosine monophosphate (cAMP). In turn, elevated cAMP could suppress dendritic
cell function via enhanced secretion of IL-10 and reduced MHC-II expression (493,
494). In addition, H2Rs on Langerhans cells are necessary for the process by which
activated mast cells in murine skin induce Langerhans cell migration (495).
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Recently, the H4R has been implicated in the development of allergic airway
inflammation via regulation of CD4+ T cell activation (161). When the H4R was
genetically removed or pharmacologically inactivated by the use of H4R antagonists in
a mouse OVA asthma model, there were reductions in lung inflammation and Th2
cytokine production from peribronchial T cells. The H4R is also involved in histamineinduced IL-16 release from human CD8+ T cells (157). IL-16 is elevated in the BALF
of asthmatic patients following challenge (496) and has been detected in the bronchial
mucosa of atopic asthmatics (497). This cytokine is also involved in the recruitment of
CD4+ T cells to the lung in asthma (496). In animal models, blocking IL-16 prevents
the development of allergic asthma (498, 499), adding further support for a proinflammatory role of the H4R in asthma.

In contrast to the findings of these

investigators, a recent study using a mouse model similar to that employed by Dunford
and colleagues (161) reported that i.t. delivery of a H4R agonist prevented AHR and
airway inflammation through the accumulation of FoxP3+ T cells. This suggested that
activation of the H4R has a direct effect on the recruitment of regulatory T cells,
resulting in suppression of the asthmatic response (162). It was proposed that the
disparity between the findings of Dunford et al (161) and Morgan et al (162) may be
due to different routes of administration of the antagonist or agonist, resulting in
systemic versus local elevation of drug levels, respectively. Nonetheless, these early
data certainly implicate the H4R in asthma and allergic respiratory disease and repeating
my papain experimental protocol using H4R knockout mice would allow the definition
of the role of the H4R in i.n. sensitisation to this allergen or UVB-induced
immunomodulation.

Few studies have investigated the effects of UVB irradiation on Th2-driven allergic
responses. UVB before sensitisation suppressed papain-specific responses by cells from
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the LDLNs of sensitised and challenged C57BL/6 and H1RKO mice and reduced IL-5
and IL-10 production by LDLN cells from UVB-irradiated H1RKO mice.

This

decrease in IL-10 in response to papain contrasts with a previous report of increased IL10 levels in supernatants of mitogen-stimulated spleen cells taken from UVB-exposed
animals sensitised with OVA (464). However, a number of experimental variables
differed between the two investigations, including the strain of mouse used, the antigen
administered, the route of sensitisation and the tissue analysed.

In addition, the

responses measured in my study were to the sensitising antigen and not to a nonspecific mitogen, making these findings more biologically relevant than those of
previous investigations.

This study highlights the systemic suppressive effects of erythemal UVB irradiation of
skin prior to the delivery of antigen to the respiratory tract. The effects of UVB on
responses to papain challenge may be explained by altered antigen-presenting cells that
affect the process of sensitisation (320), or the induction or accumulation of UVBinduced regulatory T cells that can control subsequent antigen sensitisation (328).
When LDLN cells from UVB-irradiated, papain-sensitised and -challenged C57BL/6
and H1RKO mice were adoptively transferred into naïve mice of the corresponding
strain, papain-induced proliferation by LDLN cells from recipient mice was
significantly suppressed compared with the responses of LDLN cells from mice that
received cells from non-irradiated, papain-sensitised and -challenged mice of the same
strain. Adoptive transfer of LDLN cells from UVB-irradiated, papain-sensitised and
-challenged H2RKO mice had no effect on papain-induced proliferation by cells from
the H2RKO recipient mice. Thus, for each strain, adoptive transfer of LDLN cells from
UVB-irradiated mice resulted in a similar papain-induced proliferative response by
LDLN cells from recipient mice compared with their respective donors. The adoptive
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transfer experiments indicate the induction by UVB of regulatory cells in C57BL/6 and
H1RKO mice that can be adoptively transferred into naïve mice and actively suppress
subsequent papain-sensitisation in the recipient mice. Furthermore, the induction or
suppressive activity of these regulatory cells by UVB is dependent on a functionally
active H2R.

When antigen is applied to a UVB-irradiated site, antigen-specific CD4+CD25+
regulatory T cells induced by UVB exposure have been reported (341, 500). However,
in my experiments the proportion of CD4+CD25+ cells in the LDLN was not altered by
UVB-irradiation. CD4+CTLA4+ T cells have also been implicated in UVB-induced
immune tolerance (343). Further, UVB-induced regulatory CD3+CD4+DX5+ natural
killer T cells that suppressed tumour rejection and DTH reactions have been described
(348).

My adoptive transfer experiments indicate the presence of UVB-induced

regulatory cells that contribute to the reduced immune responses to papain.
Consequently, the characterisation of this UVB-induced regulatory cell and its antigen
specificity should be the focus of future work. In addition, it is important that this
research be coupled with studies into whether the donor or the recipient animal requires
the H2R for the immunomodulatory properties of UVB to be effective.

I attempted to perform these further experiments, following the promising results that I
had attained thus far. Griswold et al (491) demonstrated that the H2R, but not the H1R,
is required for the function of regulatory cells. Moreover, the H2R is only required for
the suppressive activity of Lyt-1+ cells (UV-induced regulatory cells) and not cells
expressing Lyt-2. To further examine the role of the H2R in UV-induced immune
suppression in the papain model in the context of the findings of Griswold et al (491), I
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established a set of experiments that involved cross-strain adoptive transfers. The
experimental design and the aim of each experiment are outlined in Table 4.2.

Table 4.2: Experimental designs and aims of investigations attempted to further
examine the role of histamine receptors in the induction or function of UVB
regulatory cells.
Donor
Recipient
Aim
C57BL/6
H1RKO To establish whether the regulatory cells from C57BL/6 mice
can modulate more than just LDLN responses in the H1RKO
mice, given that the H1RKO mice have more robust immune
responses to papain
This will also give insight into whether the suppressive
activity of the regulatory cells in the C57BL/6 mice is
restricted to the LDLN due to the limited level of response in
the C57BL/6 mice

H1RKO

H2RKO

To determine whether the H2R is required in the donor or
recipient animal for the immunomodulatory effects of UVB to
be effective

C57BL/6

To establish whether the regulatory cells from H1RKO mice
can modulate more than just LDLN responses in the C57BL/6
mice, given that the C57BL/6 mice have more limited immune
responses to papain
To establish whether adoptively transferred LDLN cells from
non-irradiated, papain-sensitised H1RKO donor mice can
enhance immune responses to papain in the C57BL/6 mice

H2RKO

To determine whether the H2R is required in the donor or
recipient animal for the immunomodulatory effects of UVB to
be effective
To establish whether adoptively transferred LDLN cells from
non-irradiated, papain-sensitised H1RKO donor mice can
enhance immune responses to papain in the H2RKO mice

H2RKO

C57BL/6

To determine whether the H2R is required in the donor or
recipient animal for the immunomodulatory effects of UVB to
be effective

H1RKO

To determine whether the H2R is required in the donor or
recipient animal for the immunomodulatory effects of UVB to
be effective
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Unfortunately, problems arose with a new batch of papain manufactured by Sigma
Chemical Company. Mice sensitised and challenged with the new batch of papain
failed to develop significant responses to the allergen and results were inconsistent and
inconclusive. Sigma failed to provide any explanation as to why the allergen was no
longer effective, despite a very distinct change in the appearance of the papain from the
old batch (fluffy, pale brown, flaky powder) to the new batch (fine, white powder).
Following this, a different batch of papain was sourced by Sigma from America but its
appearance was similar to the fine, white powder of the new batch and experimentation
with the American papain yielded similar results. To determine if LPS contamination
was the cause for the differing immunological outcomes between batches, a limulus
assay was performed on all three different batches of papain, in addition to a newer
batch from another laboratory.

All four batches demonstrated LPS contamination

greater than 100 pg/ml at the concentrations delivered to mice at sensitisation (25
µg/ml), boost (25 µg/ml) or challenge (2500 µg/ml) (data not shown).

After the

elimination of a number of variables and trialling the American papain, experimentation
with this allergen had to be abandoned in the interests of the thesis and due to time
constraints.

Papain is a cysteine protease, one of many allergens that are enzymes with proteolytic
activity (501). It has been reported that papain must be enzymatically active in order to
induce allergic responses in mice (199, 471). In addition, administration of an inactive
form of papain (chemically-inactivated with L-trans-Epoxysuccinyl-leucylamido(4guanidino)butane (E-64), an irreversible cysteine protease inhibitor) resulted in
desensitisation to the allergen (471). It is possible that the protease activity of the
papain was different in the three batches of papain I used. However, both of the new
batches had a stated activity level of 21 units / mg protein as opposed to the older, more
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effective batch that had a stated activity of only 12 units / mg protein. Despite this,
another laboratory has recently reported that activating the new batch of papain prior to
administration results in a restoration of the asthmatic phenotype previously observed
with the older batch of papain, which did not require activation (Dr P. Cunningham,
Molecular Biotechnology, TICHR, personal communication). Once this result has been
confirmed, experiments investigating UV-induced immune suppression with this
allergen can resume.

In light of these issues, I continued my research using a well-established model of
murine asthma that uses OVA as the sensitising antigen.

This model generates

symptoms typical of the asthmatic condition in humans, including AHR. Use of this
model allowed me to confirm the effects of UVB observed with the papain model, as
well as permitting investigation of the effects of UVB on the development of AHR,
which was not possible with the papain model. With the OVA model, I continued
characterisation of a UVB-induced regulatory cell with the capacity to suppress the
asthmatic phenotype in mice.
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Chapter Five
The suppressive effect of UVB irradiation on
an ovalbumin asthma model
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5.1

Introduction

The use of OVA as a sensitising allergen in murine models of allergic asthma has been
well-established. In contrast to the papain model, OVA is delivered i.p. for sensitisation
and boost whilst the challenge consists of a single OVA-in-saline aerosol. Whilst the
i.n. route of allergen administration employed in the papain model delivers the allergen
directly to the site of asthma pathology, sensitisation through routes other than the
respiratory tract can also result in airway reactivity. In mouse models, epicutaneous
sensitisation with OVA through the skin causes dermatitis (502). When followed by a
dose of aerosolised OVA, an asthmatic phenotype results with AHR and lung
inflammation (502, 503).

Similar results are observed with a combination of

epicutaneous and i.n. administration of Aspergillus fumigatus, suggesting that
sensitisation through the skin can prime for allergic responses in the lung (504). In
human patients with concomitant atopic dermatitis and asthma, the severity of the late
phase asthmatic response correlates with the severity of atopic dermatitis, suggesting
that the disease processes that are triggered in atopic dermatitis may predispose patients
to airway inflammation and asthmatic symptoms (505).

It has been demonstrated in the mouse, rat and sheep that the lymph nodes that drain the
lung also drain the peritoneal cavity (506-508). As such, an i.p. dose of an allergen
results in antigen presentation and antigen-induced T cell proliferation in the LDLN.
Upon delivery of antigen via the respiratory route, these primed T cells are then able to
participate in immune responses to the inhaled antigen (507). This suggests that while
the physical route of allergen administration varies between i.n. and i.p. delivery
systems, ultimately sensitisation takes place in the same lymph node location.
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In contrast to the papain model, the OVA model uses the Th2-skewing adjuvant alum
for the i.p. administrations of the allergen. A recent study using OVA adsorbed in alum
investigated the mechanism behind the immunogenic adjuvant effect of alum. This
study demonstrated that alum induces dendritic cell maturation in vivo and enhances
antigen processing by recruited monocytes and dendritic cells.

These antigen-

presenting cells then become “inflammatory” dendritic cells able to induce a persistent
Th2 response. In addition, alum induces the release of uric acid in the peritoneal cavity
(507). Uric acid is released by necrotic cells and is an endogenous danger signal (509).
Alum administration induces a significant amount of necrosis (510), resulting in uric
acid release. This results in the recruitment of monocytes and dendritic cells which are
subsequently activated and stimulated to differentiate into inflammatory dendritic cells,
thus promoting adaptive immunity (507).

To date, only two studies (conducted by the same group of researchers) have
investigated the effect of UVB on the development of asthma using the OVA model.
This group reported that UVB-irradiation prior to sensitisation reduced OVA-specific
IgE and IgG1 and reduced tracheal reactivity as measured by an in vitro technique.
They also reported increased levels of IL-10 in spleen cell cultures but no effect on
levels of IL-4, IL-12 or IFN-γ. UVB had no effect on lung inflammation (379, 464).
Although these studies suggest that UVB is a potential mediator of the asthmatic
response, one of the most important components of the immune system, the lymph
nodes draining the lung tissue, was not examined. In addition, whilst inflammation in
the lung tissue was analysed, inflammatory cells and cytokine levels in the BALF were
not assessed.
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Further to the studies of Garssen et al (379) and van Loveren et al (464), this thesis
examined the following immune parameters:
a)

Cells isolated from the LDLN
i. Proliferation in response to the sensitising antigen (OVA)
ii. Cytokine production in response to the sensitising antigen (OVA)
iii. Phenotypic profiles of cells

b)

BALF
i. Cytokine levels
ii. Inflammatory cell profile

c)

AHR

d)

Serum OVA-specific antibodies
i. IgE
ii. IgG1 and IgG2a

In contrast to other methods, AHR in this thesis was assessed using an in vivo forced
oscillation technique. This technique involved intubation of the experimental animal
whilst anaesthetised and allowed examination of specific regions of the respiratory tract
responsible for AHR - the conducting airways (airway resistance) and the lung
parenchyma (tissue damping and tissue elastance). The in vitro method employed by
van Loveren et al (464) removed the trachea from its physiological environment, raising
questions as to the functional relevance of the findings. Furthermore, only tracheal
reactivity was able to be measured and the effect of UVB on the reactivity of the smaller
conducting airways was unattainable with this method.

Other methods of AHR

measurement such as whole body plethysmography also have their disadvantages in that
reactivity of the components of the upper and lower airways cannot be distinguished,
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preventing identification of the specific region of the respiratory tract participating in
AHR (504).

UVB can alter established immune responses in DTH models in mice and humans (307,
511).

Only one study to date has investigated the effect of UV exposure after

sensitisation in a murine asthma model. In contrast to the DTH models, this study
reported that UV cannot alter established immune responses and is only suppressive if
the irradiation takes place prior to sensitisation (254). Furthermore, Schwarz et al (341)
demonstrated that homing markers on UV-induced regulatory T cells were important in
the regulatory cell’s ability to suppress immune responses in pre-sensitised mice upon
adoptive transfer. The regulatory cells require the specific homing markers for the
tissue where challenge is to take place if suppression of immune responses is to occur
(341, 344). As the effect of UVB in sensitised mice has not been examined in any great
detail in an asthma model and not in terms of the immune parameters investigated in
this thesis, the effects of UVB were further examined by irradiating mice at different
time-points in the development of asthma (before sensitisation, before boost or before
challenge).

In contrast to the papain experiments where C57BL/6, H1RKO or H2RKO mice were
irradiated with 4 kJ/m2 UVB, the BALB/c mice used in the OVA experiments were
irradiated with 8 kJ/m2 UVB. This higher dose was used as it has been established that
BALB/c mice are more resistant to the immunosuppressive effects of UVB than
C57BL/6 mice (306, 472). This susceptibility directly correlates with the prevalence of
mast cells in the skin (306). As in the papain experiments, UVB irradiation occurred
three days prior to sensitisation as this is the minimum amount of time required after
UV exposure to induce systemic immune suppression (304).
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5.2

Experimental Design

BALB/c mice underwent the standard OVA protocol as outlined in Figure 5.1. Briefly,
for sensitisation (day 0) and boost (day 14), mice received a single i.p. dose of 20 µg
OVA adsorbed in 4 mg alum in a 200 µl volume. Challenge (day 21) consisted of a
single 30 min exposure to a 1% OVA-in-saline aerosol. Twenty-four hours after
challenge, the following immune parameters were analysed: proliferation and cytokine
production by single cell suspensions of LDLN cells, phenotype of the LDLN cells,
AHR, cells and cytokines in the BALF and histology of the lung tissue. Mice were bled
periodically throughout the protocol (day 11 and day 18) to assess levels of OVAspecific IgE, IgG1 and IgG2a. Mice were irradiated with a single 8 kJ/m2 dose of UVB
three days before sensitisation, boost or challenge. No group of animals was irradiated
more than once in each experiment. Each experimental group for the analysis of LDLN
cells, BALF and histology of the lung tissue consisted of 5 mice, with each experiment
performed three times.

Due to time constraints and the limited availability of

equipment, another series of experiments to measure AHR were performed twice with 8
mice per experimental group for mice receiving UVB prior to sensitisation and once
with 8 mice per group for mice receiving UVB prior to boost. Data shown are from a
representative experiment unless otherwise indicated.
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UVB before sensitisation group
Day -3
UVB 8 kJ/m2

BALB/c
Day 0
SENSITISATION
20 µg OVA /
4 mg alum i.p.

UVB before boost group
Day 11
UVB 8 kJ/m2
Day 11
Bleed 1

Day 14
BOOST
20 µg OVA /
4 mg alum i.p.

UVB before challenge group
Day 18
UVB 8 kJ/m2
Day 18
Bleed 1

Day 21
CHALLENGE
1% OVA-in-saline
aerosol for 30 min

Day 22 (24 hr post-challenge)
ANALYSIS OF ASTHMA SYMPTOMS

Proliferation, cytokine
production and phenotype
of LDLN cells

AHR
Cells and
cytokines in
BALF

Histology of
lung tissue

Figure 5.1: The standard OVA protocol. For sensitisation and boost, mice received a
single i.p. dose of 20 µg OVA adsorbed in 4 mg alum in a 200 µl volume. Challenge
consisted of a single 30 min exposure to a 1% OVA-in-saline aerosol. Twenty-four
hours after challenge, asthmatic symptoms were assessed. Mice were irradiated with a
single 8 kJ/m2 dose of UVB three days before sensitisation (day -3), boost (day 11) or
challenge (day 18).
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5.3

Results

5.3.1 Minimal oedemal dose of UVB for BALB/c mice
The double skin thickness was measured 24 h after UVB exposure and compared to preUVB measurements (Table 5.1).

There was a significant increase in double skin

thickness in mice that received 2 kJ/m2, 3 kJ/m2 and 4 kJ/m2 UVB, whilst there were no
significant changes in mice that received 1 kJ/m2 or no UVB (0 kJ/m2) (Table 5.2).
Thus, the MED for BALB/c mice was 2 kJ/m2.

Table 5.1: Double skin thickness measurements of BALB/c mice pre- and postUVB exposure (x10-2 mm).
UVB
Dose

Location

Mouse 1 Mouse 1 Mouse 2 Mouse 2 Mouse 3 Mouse 3
Before
After
Before
After
Before
After
UVB
UVB
UVB
UVB
UVB
UVB

0 kJ/m2

Upper
back

100

115

100

110

110

105

0 kJ/m2

Lower
back

105

90

115

124

100

95

1 kJ/m2

Upper
back

102

100

75

70

85

80

1 kJ/m2

Lower
back

90

80

94

90

95

105

2 kJ/m2

Upper
back

92

130

95

140

90

135

2 kJ/m2

Lower
back

95

110

102

130

100

140

3 kJ/m2

Upper
back

80

142

74

140

85

150

3 kJ/m2

Lower
back

85

130

74

125

75

120

4 kJ/m2

Upper
back

105

160

80

130

70

125

4 kJ/m2

Lower
back

105

156

88

125

90

140
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Table 5.2: Percentage changes in double skin thickness measurements of BALB/c
mice after UVB exposure. The lowest dose at which there was a significant increase in
double skin thickness was 2 kJ/m2. This was then the minimal oedemal dose (MED) for
BALB/c mice. Data show mean ± SEM; * p < 0.05 compared to values obtained from
non-irradiated mice.
UVB
Dose

Location

% Change

% Change

% Change

Significance

Mouse 3

Mean ±
SEM

Mouse 1

Mouse 2

(p-value)

2

0 kJ/m

Upper back

↑ 15

↑10

↓5

↑7±6

-

0 kJ/m2

Lower back

↓ 14

↑8

↓5

↓4±6

-

1 kJ/m2

Upper back

↓2

↓7

↓6

↓5±2

0.1330

1 kJ/m2

Lower back

↓ 11

↓4

↑ 11

↓1±6

0.8104

2 kJ/m2

Upper back

↑ 41

↑ 47

↑ 50

↑ 46 ± 3

0.0039*

2 kJ/m2

Lower back

↑ 16

↑ 27

↑ 40

↑ 28 ± 7

0.0293*

2

3 kJ/m

Upper back

↑ 78

↑ 89

↑ 75

↑ 81 ± 4

0.0006*

3 kJ/m2

Lower back

↑ 53

↑ 69

↑ 60

↑ 61 ± 5

0.0012*

4 kJ/m2

Upper back

↑ 52

↑ 63

↑ 71

↑ 62 ± 6

0.0025*

4 kJ/m2

Lower back

↑ 49

↑ 42

↑ 56

↑ 49 ± 4

0.0022*

5.3.2 Lung-draining lymph nodes
Single cell suspensions from LDLNs prepared 24 h after OVA aerosol challenge
proliferated significantly in response to OVA in vitro, providing evidence of
sensitisation (Figure 5.2) and secreted increased levels of IL-4, IL-5, IL-10 and IFN-γ
into the culture supernatants (Figure 5.3). There was significantly reduced proliferation
by the LDLN cells isolated from mice irradiated with UVB prior to sensitisation but not
in LDLN cells isolated from mice UVB-irradiated before boost or challenge (Figure
5.2). The mean suppression of proliferation ± SEM in cultures of LDLN cells from
mice irradiated with UVB before sensitisation observed over three experiments was 39
± 3%. Similarly, decreased levels of IL-4, IL-5 and IL-10 but not IFN-γ were detected
in cultures of LDLN cells isolated from mice irradiated with UVB prior to sensitisation
compared to non-irradiated mice (Figure 5.3) whilst there were no significant
differences in cytokine levels in cultures of LDLN cells isolated from mice irradiated
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with UVB before boost or challenge (data not shown). The number of LDLN cells
harvested from mice sensitised and challenged with OVA were significantly increased
compared to the number of LDLN cells isolated from naïve mice (Table 5.3). There
was no significant difference in the number or viability of LDLN cells isolated from
mice UVB-irradiated before sensitisation, boost or challenge and non-irradiated mice
(Table 5.3). There were also no significant differences in the phenotypic profile of
LDLN cells isolated from mice that were irradiated with UVB before sensitisation or
non-irradiated mice (Table 5.4). Similar phenotypic profiles were obtained from mice
UVB-irradiated before boost or challenge (data not shown).
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Figure 5.2: OVA-specific proliferation by LDLN cells from OVA-sensitised and
-challenged BALB/c mice, with or without UVB-irradiation before sensitisation,
boost or challenge. Single cell suspensions from LDLNs were cultured with (+) and
without (-) OVA (100 µg/ml) for 96 h. Bars show mean + SEM (n = 6 replicate
cultures). * p < 0.05.

A.

B.

C.

D.

Figure 5.3: OVA-induced cytokine production in vitro by LDLN cells from OVAsensitised and -challenged BALB/c mice, with or without UVB-irradiation before
sensitisation. Levels of (A) IL-4, (B) IL-5, (C) IL-10 and (D) IFN-γ production by
single cell suspensions from LDLNs that were cultured with (+) or without (-) OVA
(100 µg/ml) for 96 h. Bars show mean + SEM (n = 3 replicate cultures). * p < 0.05.
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Table 5.3: Number and viability of LDLN cells from naive BALB/c mice or OVAsensitised and -challenged BALB/c mice, with or without UVB-irradiation before
sensitisation, boost or challenge. LDLN were removed 24 h after challenge, processed
to a single cell suspension and counted. Values show mean ± SEM (n = 4 experiments).
* p < 0.05 compared to naïve mice.
Number of LDLN cell /
Viability (%)
6
mouse (x 10 )
Naïve
1 ± 0.2
87 ± 2
Control
7 ± 0.6*
86 ± 1
UVB before sensitisation
7 ± 0.7*
87 ± 1
UVB before boost
7 ± 0.6*
79 ± 4
UVB before challenge
6 ± 0.9*
87 ± 4

Table 5.4: Phenotype of LDLN cells from OVA-sensitised and -challenged BALB/c
mice, with or without UVB-irradiation before sensitisation. LDLN were removed
24 h after challenge and stained for surface markers (FoxP3 was measured
intracellularly). Values show mean ± SEM (n = 4 experiments)
Control
UVB before sensitisation
Number of LDLN cells /
7 ± 0.6
7 ± 0.7
mouse (x106)
% CD3+CD4+
32 ± 1
32 ± 1
% CD3+CD8+
21 ± 1
21 ± 2
% CD4+CD25+
4 ± 0.4
4 ± 0.4
% CD25+ of CD3+CD4+
12 ± 1
12 ± 1
%CD4+ FoxP3+
5 ± 0.3
5 ± 0.5
% FoxP3+ of CD4+CD25+
60 ± 6
60 ± 9
% CD4+CD69+
2±1
3±1
% CD8+CD69+
6±1
5±1
% CD4+CD62L+
34 ± 5
34 ± 5
% CD8+CD62L+
23 ± 1
22 ± 1
% CD11c+IA/IE+
6±1
6±1
% CD19+IA/IE+
33 ± 3
35 ± 3
% B220+IA/IE+
30 ± 2
33 ± 2
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5.3.3 Bronchoalveolar lavage fluid
Levels of IL-5 and IFN-γ in the BALF were significantly elevated in mice sensitised
and challenged with OVA compared with levels detected in the BALF of naïve mice
(Figure 5.4A). In mice that received UVB before sensitisation, the level of IL-5 in the
BALF was significantly reduced to a level not significantly different to that of naïve
mice, whilst levels of IL-4, IL-10 and IFN-γ remained unaltered (Figure 5.4A). In mice
that received UVB before boost or challenge, no significant differences in the levels of
IL-4, IL-10 and IFN-γ in the BALF compared to non-irradiated mice were observed
(data not shown).

OVA sensitisation and challenge did not significantly increase the number of cells per
mouse in the BALF compared with naïve mice (approximately 2 x 106 cells / mouse).
However, the ratio of macrophages: lymphocytes: neutrophils: eosinophils in the lavage
fluid of naïve mice shifted from 95: 4: 0.5: 0.5 to 81: 6: 9: 4 upon OVA sensitisation
and challenge, representing a 20-fold and 10-fold increase in the prevalence of
neutrophils and eosinophils, respectively (Figure 5.4B). Upon UVB-irradiation of mice,
the absolute numbers of cells (data not shown) and relative percentages of cells (Figure
5.4B; UVB before sensitisation only shown) in the BALF of OVA-sensitised and
-challenged mice were not significantly altered, irrespective of whether the UVBirradiation took place before sensitisation, boost or challenge.
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Figure 5.4: Cytokine levels and cellular composition of the BALF of naïve BALB/c
mice or OVA-sensitised and -challenged BALB/c mice, with or without UVBirradiation before sensitisation. (A) Levels of IL-4, IL-5, IL-10 and IFN-γ and (B)
percentage of macrophages, lymphocytes, neutrophils and eosinophils in the BALF
were assessed 24 h after challenge. Bars show mean + SEM (n = 5 mice). * p < 0.05.
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5.3.4 Airway hyperresponsiveness
OVA sensitisation and challenge significantly increased changes in airway resistance,
tissue damping and tissue elastance compared to naïve mice in response to MCh at
30 mg/ml MCh (Figure 5.5).

UVB irradiation before sensitisation significantly

decreased the airway resistance component of AHR in OVA-sensitised and -challenged
mice such that there was no significant difference between naïve and UVB-irradiated,
OVA-sensitised and -challenged mice at 30 mg/ml MCh (Figure 5.5A). Whilst UVB
irradiation before sensitisation did not significantly reduce tissue damping (Figure
5.5B) and tissue elastance (Figure 5.5C) in response to MCh in OVA-sensitised and
-challenged mice, these components were not significantly different from naïve mice.

UVB irradiation before boost did not alter any components of the AHR response to
MCh (Figure 5.6A-C). Due to the findings thus far that reductions in LDLN responses
and IL-5 in the BALF were isolated to the group that received UVB before
sensitisation, in conjunction with time restraints and high demand for the AHR
equipment, the effect of UVB before challenge on AHR responses was not assessed.

As a control for the effect of UVB radiation on the airways, naïve mice were UVBirradiated and then AHR assessed at day 22, without any exposure of the mice to OVA.
UVB irradiation alone did not alter AHR in non-sensitised mice, indicating that UVB
exposure alone, without antigen sensitisation, does not suppress AHR (data not shown).
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A.

B.

C.

Figure 5.5: Airway hyperresponsiveness of naïve BALB/c mice or OVA-sensitised and
-challenged BALB/c mice, with or without UVB-irradiation before sensitisation. (A)
Airway resistance, (B) tissue damping and (C) tissue elastance are shown. Data show doseresponse curves to inhaled methacholine (MCh) for non-irradiated, OVA-sensitised and
-challenged mice (blue squares), OVA-sensitised and -challenged mice irradiated with UVB
before sensitisation (red triangles) and naïve mice (black circles). Bas = baseline value obtained
by measurement of Zrs 5 times at 1 min intervals after stabilisation of the mouse on the
ventilator; sal = saline values obtained by measurement of Zrs 5 times at 1 min intervals after a
90 sec saline aerosol; % saline = % increase of saline values for increasing doses of
methacholine. Data points show mean ± SEM (n = 8 mice). * p < 0.05 at 30 ml/ml MCh,
ns = not significant
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A.

B.

C.

Figure 5.6: Airway hyperresponsiveness of naïve BALB/c mice or OVA-sensitised and
-challenged BALB/c mice, with or without UVB-irradiation before boost. (A) Airway
resistance, (B) tissue damping and (C) tissue elastance are shown. Data show dose-response
curves to inhaled methacholine (MCh) for non-irradiated, OVA-sensitised and -challenged mice
(blue squares), OVA-sensitised and -challenged mice irradiated with UVB before boost (red
triangles) and naïve mice (black circles). Bas = baseline value obtained by measurement of Zrs
5 times at 1 min intervals after stabilisation of the mouse on the ventilator; sal = saline values
obtained by measurement of Zrs 5 times at 1 min intervals after a 90 sec saline aerosol;
% saline = % increase of saline values for increasing doses of methacholine. Data points show
mean ± SEM (n = 8 mice). * p < 0.05 at 30 mg/ml MCh, ns = not significant
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5.3.5 Histology of lung tissue
5.3.5.1 Haematoxylin & Eosin
H&E staining of lung tissue from OVA-sensitised and -challenged mice showed cuffs
of inflammatory cells around the bronchioles, with little to no perivenular inflammation
evident (Figure 5.7A). Small numbers of inflammatory cells were observed within the
alveolar walls (Figure 5.7B). UVB exposure had no effect on the degree of these
histopathological changes in OVA-sensitised and -challenged mice, regardless of when
the UVB irradiation occurred, with sections from UVB-irradiated mice closely
resembling those from non-irradiated control mice (data not shown).

5.3.5.2 Alcian Blue
No mucus-secreting cells were observed in any of the sections obtained from UVBirradiated mice or from control mice (Figure 5.8).

As such, the grading system

employed to analyse the lung sections from papain-sensitised mice (Table 3.5) could not
be used.

5.3.5.3 Toluidine Blue
No mast cells were observed in any of the sections obtained from UVB-irradiated mice
or from control mice. The sections stained appeared similar to that obtained from
papain-sensitised mice depicted in Figure 3.8 (data not shown).
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A.

Vein is relatively free of
surrounding inflammatory cells

Cuff of inflammatory
cells present around
the bronchiole

B.

Figure 5.7: H&E stained section of lung obtained from an OVA-sensitised and
-challenged control BALB/c mouse (100x) and (400x). (A) Inflammatory cells
surround the central bronchiole, however the vein shows little associated inflammation
(100x). (B) The alveolar walls show infiltration of inflammatory cells but are not
notably thickened and still remain approximately one cell thick (400x).

180

Figure 5.8: Alcian blue stained section of lung obtained from an OVA-sensitised
and -challenged control BALB/c mouse (x400). Alcian blue staining revealed an
absence of mucus-secreting cells in the murine lung tissue. This section is
representative of what was observed in all sections from OVA-sensitised mice,
regardless of UVB-irradiation at any time-point.

5.3.6 Antibodies
Levels of OVA-specific IgE were detected in the serum of mice two weeks after OVA
i.p. sensitisation (Bleed 1) and one week after OVA i.p. boost (Bleed 2) (Table 5.5).
OVA-specific IgG1 was only detectable at Bleed 2, whereas OVA-specific IgG2a was
not detectable at either Bleed 1 or Bleed 2 (data not shown). UVB irradiation of mice
before sensitisation or boost did not significantly alter OVA-specific serum IgE titres at
either Bleed 1 or Bleed 2 (Table 5.5). OVA-specific IgG1 levels at Bleed 2 were not
altered by UVB exposure before sensitisation or boost (data not shown).
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Table 5.5: OVA-specific IgE titres measured by a passive cutaneous anaphylaxis
assay at Bleed 1 (day 11) and Bleed 2 (day 18) from OVA-sensitised and -boosted
BALB/c mice, with or without UVB-irradiation prior to sensitisation or boost.
Data show mean ± SEM, n = 5 mice.
Bleed 1 (-log2)
Bleed 2 (-log2)
Non-irradiated
4.6 ± 0.6
4.0 ± 0.3
UVB before sensitisation
4.6 ± 0.7
3.4 ± 0.2
UVB before boost
3.8 ± 0.7

5.3.7 Analysis of LDLN cells at time-points other than 24 h after challenge
It has been demonstrated in a rat model that the bulk of dendritic cell recruitment in the
airways occurs within 2 h after OVA aerosol challenge (116). Interactions between
antigen-bearing dendritic cells and memory T cells within the airways leads to rapid
maturation of the dendritic cells (evidenced by transient expression of CD86 at 2 h postchallenge) and activation of recruited memory T helper cells. These dendritic cells then
leave the airway wall and migrate to the regional lymph nodes within 24 h, leaving
activated T cells and AHR (116).

In my thesis, UVB before sensitisation suppressed AHR and proliferation and Th2
cytokine production by LDLN cells at 24 h post-challenge. Taking into account the
findings of Huh et al (116), it was important to assess LDLN responses at 2 h following
OVA aerosol challenge to determine if the regulatory effects of UVB were detectable at
this early time-point (Figure 5.9). Theoretically, if the suppressive effects of UVB were
not detectable at 2 h, it would suggest that the cells responsible for the suppression
derived from, or were induced by, cells trafficking from the trachea and had not yet
reached the lymph nodes.

Alternatively, if the suppressive effects of UVB were

detectable at this earlier time-point, it would suggest that the cells responsible for the
regulation are already present in the lymph node and regulate AHR. Finally, it is also
possible that the suppression of AHR and the suppression of proliferation by the LDLN
cells are regulated independently of each other.
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An i.p. dose of an allergen results in antigen presentation and antigen-induced T cell
proliferation in the LDLN. Upon delivery of antigen via the respiratory route, these
primed T cells are then able to participate in immune responses to the inhaled antigen
(507). Thus, as the LDLN drain both the i.p. cavity and the lungs, LDLN responses 7
days after sensitisation were also analysed to determine if the regulatory effects of UVB
in the LDLN were detectable at this early stage of the protocol (Figure 5.10).

Exposure to UVB before sensitisation significantly suppressed proliferation and Th2
cytokine production by LDLN cells, IL-5 in the BALF and airway resistance at 24 h
after challenge. UVB exposure before boost or before challenge was unable to alter any
immune responses in the OVA asthma model. Therefore, in the following experiments,
mice were only irradiated with UVB prior to sensitisation.
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Day -3
UVB 8 kJ/m2
BALB/c

Day 0-21
STANDARD OVA
PROTOCOL

Day 21 (2 hr post-challenge)
Proliferation, cytokine production and
phenotype of LDLN cells
Figure 5.9: Protocol for analysing LDLN cells 2 h after OVA aerosol challenge.
Mice were irradiated with UVB (8 kJ/m2) at day -3. Mice then underwent the standard
OVA protocol and 2 h after challenge LDLN were removed and OVA-specific
proliferation, cytokine production and phenotype assessed.

Day -3
UVB 8 kJ/m2
BALB/c

Day 0
20 µg OVA /
4 mg alum i.p

Day 7
Proliferation, cytokine production and
phenotype of LDLN cells
Figure 5.10: Protocol for analysing LDLN cells 7 days after OVA sensitisation.
Mice were irradiated with UVB (8 kJ/m2) at day -3. Mice were then sensitised with
OVA / alum i.p. and 7 days after sensitisation LDLN were removed and OVA-specific
proliferation, cytokine production and phenotype assessed.
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5.3.7.1 Analysis of LDLN cells at 2 h following aerosol challenge
UVB irradiation before sensitisation significantly reduced OVA-induced proliferation
by cells isolated from LDLN removed 2 h post-challenge (Figure 5.11). The mean
suppression of proliferation ± SEM observed over three experiments was 46 ± 4%.
Decreased levels of IL-4, IL-5 and IL-10 but not IFN-γ (p = 0.16) were detected in
cultures of LDLN cells isolated from UVB-irradiated mice (Figure 5.12). These results
closely resemble the suppressive effects of UVB prior to sensitisation on LDLN
responses that were observed when LDLN were harvested 24 h following challenge
(Figures 5.2 and 5.3). The number of LDLN cells isolated 2 h after challenge from nonirradiated mice was significantly less than the number of LDLN cells isolated 24 h after
challenge from non-irradiated mice (Table 5.6), whilst the phenotype of the cells
remained unaltered (data not shown). No significant differences between the number of
LDLN cells (Table 5.6), the viability of LDLN cells (Table 5.6) or the phenotype of
LDLN cells (data not shown) isolated 2 h after challenge from mice irradiated with
UVB prior to sensitisation compared to non-irradiated mice were observed.

Figure 5.11: OVA-specific proliferation by LDLN cells harvested 2 h postchallenge from OVA-sensitised and -challenged BALB/c mice, with or without
UVB-irradiation before sensitisation. Single cell suspensions from LDLNs were
cultured with (+) and without (-) OVA (100 µg/ml) for 96 h. Bars show mean + SEM
(n = 6 replicate cultures). * p < 0.05.
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A.

B.

C.

D.

Figure 5.12: OVA-induced cytokine production in vitro by LDLN cells harvested
2 h post-challenge from OVA-sensitised and -challenged BALB/c mice, with or
without UVB-irradiation before sensitisation. Levels of (A) IL-4, (B) IL-5,
(C) IL-10 and (D) IFN-γ production by single cell suspensions from LDLNs that were
cultured with (+) or without (-) OVA (100 µg/ml) for 96 h. Bars show mean + SEM
(n = 3 replicate cultures). * p < 0.05.

Table 5.6: Number and viability of cells isolated from the LDLN of UVBirradiated or non-irradiated, OVA-sensitised and -challenged BALB/c mice
harvested at different time-points. LDLN were removed 24 h or 2 h after challenge
or 7 days after i.p. sensitisation, processed into single cell suspensions and counted.
Values show mean ± SEM (n = 4 experiments). * p < 0.05 compared to LDLN cells
from non-irradiated, OVA-sensitised and -challenged mice harvested 24 h after
challenge.
Time-point of
Treatment
Number of LDLN
Viability (%)
LDLN harvest
cells / mouse (x 106)
24 h after challenge
Non-irradiated
7 ± 0.6
86 ± 1
UVB-irradiated before
7 ± 0.7
87 ± 1
sensitisation
2 h after challenge
Non-irradiated
4 ± 1*
86 ± 2
UVB-irradiated before
3 ± 0.4*
84 ± 3
sensitisation
7 days after i.p.
Non-irradiated
5 ± 1*
88 ± 2
sensitisation
UVB-irradiated before
5 ± 1*
88 ± 1
sensitisation
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5.3.7.2 Analysis of LDLN cells at 7 days following intraperitoneal sensitisation
UVB irradiation before sensitisation significantly reduced OVA-induced proliferation
by cells isolated from LDLN removed 7 days after sensitisation (Figure 5.13). The
mean suppression of proliferation ± SEM observed over three experiments was 39 ±
12%. Decreased levels of IL-4, IL-5 and IL-10 but not IFN-γ were detected in cultures
of LDLN cells isolated from UVB-irradiated mice (Figure 5.14). These results closely
resemble the suppressive effects of UVB prior to sensitisation on LDLN responses that
were observed when LDLN were harvested at either 2 h or 24 h following challenge
(Figures 5.2, 5.3, 5.11 and 5.12). The number of LDLN cells isolated 7 days after
sensitisation from non-irradiated mice was significantly less than the number of LDLN
cells isolated 24 h after challenge from non-irradiated mice (Table 5.6), whilst the
phenotype of the cells remained unaltered (data not shown). No significant differences
between the number of LDLN cells (Table 5.6), the viability of LDLN cells (Table 5.6)
or the phenotype of LDLN cells (data not shown) isolated 7 days after sensitisation
from mice irradiated with UVB prior to sensitisation compared to non-irradiated mice
were observed.

Figure 5.13: OVA-specific proliferation by LDLN cells harvested 7 days after
sensitisation from BALB/c mice that received a single i.p. OVA sensitisation, with
or without UVB-irradiation before sensitisation. Single cell suspensions from
LDLNs were cultured with (+) and without (-) OVA (100 µg/ml) for 96 h. Bars show
mean + SEM (n = 6 replicate cultures). * p < 0.05.
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B.
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D.

Figure 5.14: OVA-induced cytokine production in vitro by LDLN cells harvested
7 days after sensitisation from BALB/c mice that received a single i.p. OVA
sensitisation, with or without UVB-irradiation before sensitisation. Levels of (A)
IL-4, (B) IL-5, (C) IL-10 and (D) IFN-γ production by single cell suspensions from
LDLNs that were cultured with (+) or without (-) OVA (100 µg/ml) for 96 h. Bars
show mean + SEM (n = 3 replicate cultures). * p < 0.05.
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5.4 Discussion
Using the allergen OVA, a murine model of asthma was established that replicated
many of the typical hallmarks of asthma. When OVA-sensitised mice were challenged
with OVA aerosol, there was significant AHR, increased numbers of cells in the
LDLNs, increased cytokines in the BALF and significant levels of antigen-specific
serum IgE. Upon UVB-irradiation of mice and subsequent OVA sensitisation and
challenge, there was a consistent, significant reduction in airway resistance in response
to MCh, as well as significantly reduced levels of IL-5 in the BALF, a key cytokine in
the asthmatic response in humans.

OVA-specific proliferation and Th2 cytokine

production by LDLN cells from UVB-irradiated, OVA-sensitised and -challenged mice
were also reduced. These modified immune responses highlight the systemic effects of
UVB delivered to the shaved dorsal skin of mice. The erythemal dose of UVB to which
the mice were exposed is realistic and is a dose that is equivalent to an exposure of 20
min to midday sunlight in summer in many areas of Australia for a Caucasian of
average skin phototype.

In contrast to the inhibition of immune responses in mice exposed to UVB before
sensitisation, when mice were irradiated with UVB before boost or before challenge, no
immune suppression was observed. These data support the findings of the only other
published investigation that analysed immune responses in mice UVB-irradiated after
sensitisation in an asthma model. It was reported that UV exposure did not have any
significant effects on the elicitation of respiratory allergy, whilst UV irradiation prior to
i.n. sensitisation with a fungal extract decreased IL-5 in the BALF, eosinophil and
lymphocyte influx into the lung and total IgE in the serum and BALF (254). Other
studies have demonstrated that UVB can alter established immune responses in DTH
models in mice and humans (307, 511). It is possible that differences in the irradiation
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protocols, species used (mouse versus human), sensitisation methods or the sensitising
antigen used may play a role in the disparities between the findings of this thesis and
that of Ward et al (254) compared to the reports of UVB breaking established immune
responses. Unpublished data from our laboratory suggests that exposure to UVB within
one day following i.p. sensitisation with OVA / alum is as effective in suppressing
immune responses as UVB exposure three days before i.p. sensitisation (Ms J.
Lisciandro, Molecular Biotechnology, TICHR, personal communication).

As UVB

irradiation occurred shortly after i.p. administration of the allergen in that model, these
data suggest that immune suppression by UVB is still effective if the UVB is delivered
whilst the immune response is being established during the process of sensitisation.
Once established, however, the immune response to the antigen is difficult to alter and
as such exposure to UVB at day 11 or day 18 (as examined in this thesis) is not
effective at modulating immune responses.

Twenty-four hours after challenge with OVA aerosol, UVB-irradiated mice had
significantly suppressed airway resistance in response to MCh which was not
significantly different from that observed in naïve mice. This is the first report of UV
suppressing airway responses to MCh using an in vivo technique capable of partitioning
responses into components representing the airway and lung tissues separately. This
offers a great advantage over other methods such as the in vitro method employed by
van Loveren et al (464) or whole body plethysmography where the reactivity of the
components of the upper and lower airways cannot be distinguished (504).

AHR is mediated by bidirectional interactions between resident dendritic cells in the
conducting airways and activated memory T cells (512).

After aerosol challenge,

antigen is taken up by airway mucosal dendritic cells which then interact with memory
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T cells in the airways and translocate to the draining lymph nodes within 24 h after
challenge, leaving activated T cells in the airways responsible for the development of
AHR (116). It is possible that UVB-induced antigen-specific regulatory T cells interact
with the dendritic cells and memory T cells in the airways, resulting in modified
antigen-presentation and curtailed development of AHR. In addition, activation of
dendritic cells in the airways is restricted to the conducting airways, not the lung
parenchyma (116).

This correlates with significantly suppressed airway resistance

(which represents responses in the larger airways) in UVB-irradiated, OVA-sensitised
and -challenged mice but no significant effect on tissue damping or tissue elastance
(which represent responses in the lung periphery).

The suppression of airway resistance in mice irradiated with UVB prior to sensitisation,
taken in combination with the suppression of OVA-specific responses of LDLN cells
and the findings of Huh et al (116), suggests that analysis of the cells within the trachea
may give some insight into the mechanism behind this regulation. Phenotyping of
tracheal cells could determine any modulation of cell surface marker expression,
particularly on dendritic cells or T cells which are critical to the development of AHR
(116). In addition, the increased number of cells in the LDLN at 24 h after challenge
compared to 2 h after challenge or 7 days after sensitisation suggests that cell trafficking
into the LDLN occurs after exposure to aerosolised allergen, most likely originating
from the circulation, resulting in increased cell numbers in the LDLN by 24 h (Table
5.6). Huh et al (116) reported that dendritic cells from the airways mature by 2 h postchallenge and migrate to the regional lymph nodes by 24 h. Dendritic cells migrating
from the trachea may assist in the recruitment of cells from the circulation into the
LDLNs. Tracking the migration of cells between the trachea and the LDLN may help in
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determining whether UVB exposure affects the trafficking of cells between these two
immune compartments, thus altering responses in both the airways and the LDLN.

Histologically, the OVA model did not induce a highly inflammatory environment in
the lungs when examined 24 h after challenge. Whilst the OVA model resulted in cuffs
of inflammatory cells surrounding the bronchioles, the extent of the inflammation was
significantly less than what was observed in the papain model.

Furthermore,

perivenular inflammation was virtually absent in sections obtained from OVAsensitised mice and there was less cellular congestion within the alveolar walls than that
observed in the papain model. These differences between models are most likely due to
the different methods of delivery of antigen. Papain is delivered i.n. for sensitisation,
boost and challenge whereas in the OVA model the allergen is administered i.p. for
sensitisation and boost and only at the challenge is it delivered directly to the lungs via
aerosol. In addition to this, the papain protocol runs for a longer period of time than the
OVA model (7 weeks versus 4 weeks). Thus the respiratory environment is exposed to
the allergen for a longer period of time in the papain model, allowing more time for the
establishment of the inflammatory environment. Furthermore, the number of challenges
varies between the two models.

The papain model has three consecutive daily

challenges, 24 h after which the lungs are removed for histology. In comparison, the
OVA model only has a single challenge followed by lung removal at 24 h after
challenge. Again, this exposes the lungs in the papain model to more allergen for a
longer period of time, which is likely to result in more extensive inflammation than in
the OVA model. In addition, papain is a cysteine protease, the activity of which has
been linked to its allergenicity (199, 471). This represents a key difference in the
mechanism by which papain and OVA may induce an allergic immune response.
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Analysis of the H&E-stained lung sections from UVB-irradiated mice indicates that
UVB had no effect on any of these histopathological events in the lung tissue in OVAsensitised mice. This supports the findings of van Loveren et al (464) who reported that
UVB pre-exposure had no effect on cellular infiltrates in the lung tissue of OVAsensitised mice.

No mucus-secreting cells were observed in any of the sections obtained from OVAsensitised mice. There are a number of possible reasons why such cells were observed
in the papain model but absent from the OVA model. Firstly, the OVA model is not as
‘lung-focussed’ as the papain model; the papain model is entirely i.n. (directed to the
respiratory system) whereas the OVA model is comprised of i.p. sensitisation and boost
with only the aerosol challenge directed to the lungs. In addition to this, the BALF
collection and lung tissue removal in the OVA model is performed 24 h after a single
aerosol challenge. As such, the OVA model may simply be not chronic enough to allow
the development of mucus production in the airways. This hypothesis is supported by
data from Masuda et al (474) that report significant goblet cell hyperplasia only in mice
that were sensitised to OVA in alum and then exposed to aerosolised OVA daily for
three weeks.

No mast cells were detected in the lungs of OVA-sensitised and -challenged mice,
regardless of UVB-irradiation, similar to what was observed in the papain model. As
addressed with regard to the papain model in Chapter 3.4, this is also most likely the
result of the lack of chronicity in the OVA model (474).

In contrast to other investigations (254, 464), OVA-specific serum IgE titres were not
significantly suppressed in UVB-irradiated mice, although a trend supporting this was
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evident at Bleed 2. It is possible that in our model, titres of OVA-specific IgE were not
sufficient to detect a significant difference between UVB-irradiated and non-irradiated
mice as the protocol only involved two i.p. sensitisations and a single aerosol challenge
compared to other models in which multiple i.p. sensitisations and multiple aerosols
over a longer timeframe (approximately 7 weeks) were administered (464). In a further
study (254), the mice were sensitised i.n. to a crude fungal extract and UV irradiation of
mice also decreased the number of eosinophils in the BALF. This was not observed in
our study, possibly as the single OVA aerosol did not induce a significant increase in
the number of inflammatory cells in the BALF compared with naïve mice and thus
limited any potential regulatory effects of UVB.

Proliferation and Th2 cytokine production by LDLN cells isolated from mice irradiated
with UVB before sensitisation were consistently reduced compared to non-irradiated,
OVA-sensitised and -challenged mice, irrespective of whether the LDLN were
harvested 2 h or 24 h after challenge, or even 7 days after sensitisation. This suggests
that the regulatory effects of UVB are detectable as early as after a single i.p.
administration of OVA / alum and are maintained until after the challenge phase. This
suppression after only one injection of OVA / alum could indicate reduced sensitisation
in UVB-irradiated animals, or the presence of a regulatory cell that can actively
suppress immune responses, or even a combination of both of these possible scenarios.
If sensitisation was affected in UVB-irradiated mice, one may expect to see fewer cells
in the LDLNs of these mice as a result of a diminished immune response. However,
there was no difference in the number of cells in the LDLNs isolated from nonirradiated and UVB-irradiated mice, not only at 7 days after sensitisation but at any of
the harvest time-points (Table 5.6). Importantly, at all harvest time-points, numbers of
LDLN cells from mice exposed to OVA were significantly higher than that observed
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from naïve mice, regardless of whether the mice had been irradiated with UVB,
providing evidence of sensitisation (Tables 5.3 and 5.6).

This suggests that the

existence of a regulatory cell is a more likely explanation for the regulatory effects
observed in this model.

The UVB-induced suppression of proliferation and Th2 cytokine production by LDLN
cells harvested 7 days after a single i.p. dose of OVA / alum also suggests that the
suppression of LDLN responses at 24 h after challenge in UVB-irradiated mice is not
derived from, or induced by, trafficking of cells from the trachea. Furthermore, this
finding raises the possibility that regulatory cells in the LDLN may be responsible for
the modulation of AHR and IL-5 in the BALF, as these regulatory cells would be
present early in the sensitisation protocol (before exposure to aerosolised OVA) and
survive through to the challenge phase. Alternatively, once again this could be the
result of less sensitisation in UVB-irradiated animals that has a downstream effect on
AHR and IL-5 in the BALF upon aerosol challenge.

Regulatory cells have been described in studies investigating UVB-induced immune
suppression (304, 339) and the presence of regulatory cells in the LDLN in UVBirradiated mice was identified in the papain model (see Chapter 4). As in the papain
experiments, it was reasoned that if a regulatory cell was responsible for the UVBinduced suppression observed in the OVA model, adoptive transfer of this cell into
naïve mice would modulate subsequent immune responses to OVA.
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Chapter Six
Identification of the mechanism by which
UVB suppresses the asthmatic phenotype in
an ovalbumin asthma model
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6.1

Introduction

Regulatory cells play an important role in modulating the development and severity of
asthma, in particular CD4+CD25+ regulatory T cells. The balance between allergenspecific T regulatory cells and Th2 cells in humans may be an important contributor to
the immune outcome of inhaled allergens, determining whether an individual has an
allergic response (36). In the BALF of asthmatic children, there is a decrease in the
number of CD4+CD25+ cells compared to control subjects or children with cough (35).
This reduction in CD4+CD25+ cells has also been observed in the peripheral blood of
asthmatic patients compared to non-allergic subjects (36-38). Furthermore, unlike the
CD4+CD25+ cells from the BALF and peripheral blood of non-asthmatic children,
CD4+CD25+ cells isolated from asthmatic subjects are not able to suppress
proliferation or cytokine production by CD4+CD25- responder T cells. Treatment of
asthmatic children with inhaled corticosteroids increases the percentage of CD4+CD25+
cells in BALF and peripheral blood and restores the suppressive effect of these cells in
vitro, strongly implicating these cells in the regulation of the asthmatic response (35).
These reports suggest an integral role of CD4+CD25+ regulatory cells in suppressing
the asthmatic response.

In animal models, i.v. adoptive transfer of CD4+CD25+ cells from OVA-TCRtransgenic or OVA-sensitised animals results in suppression of airway inflammation,
Th2 cytokine production and AHR in OVA-sensitised recipients (70, 71).

This

regulation of experimental asthma is dependent on host IL-10 (70) and is facilitated by
the interaction of CD4+CD25+ regulatory T cells, airway mucosal dendritic cells and
allergen-specific Th2 cells (71). In addition, the immune suppression is dependent on
continued allergen exposure as removal of the allergen results in decreased numbers of
regulatory T cells and restoration of AHR upon subsequent aeroallergen exposure (71).

199

In further support of the suppressive effects of CD4+CD25+ cells, depletion of CD25+
cells prior to sensitisation with allergen results in exacerbation of asthmatic symptoms
in C3H mice which are normally resistant to developing an allergic asthmatic response
(74).

Adoptive transfer of naturally occurring lung CD4+CD25+ T cells can also regulate
AHR and inflammation in an OVA asthma model but only if delivered i.t. and not when
delivered i.v. (72). The activation of CD4+CD25+ cells is essential to enable their
immunosuppressive effects and is dependent on interaction of MHC-I on these cells and
CD8+ T cells in the lung (73).

The role of regulatory T cells in UV-induced immunosuppression was first
demonstrated when regulatory cells from the spleen and lymph nodes of UV-irradiated
mice were adoptively transferred into normal, non-irradiated, syngeneic hosts. These
cells suppressed immune responses in recipient mice and permitted tumour outgrowth
(303). Since this seminal investigation, UV-induced regulatory cells have been shown
to suppress CHS responses (306, 339, 341), DTH responses to Candida albicans (348)
and T cell proliferation in naïve OVA-TCR-transgenic mice (329).

UV-induced T regulatory cells belonging to the CD4+CD25+ subtype have been
described. These cells also express the negative regulatory molecule CTLA-4 (341,
343). In addition, expression of epidermal RANKL on keratinocytes and RANK on
dendritic cells has been implicated in the induction of CD4+CD25+ regulatory T cells
by UV irradiation (346).
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Inhibition of sensitisation by i.v. transfer of regulatory cells from UV-irradiated mice
into naïve recipients has been demonstrated in a number of studies (339-341).
However, the ability of adoptively transferred regulatory cells to systemically modulate
immune responses in sensitised mice depends on the homing markers expressed on the
surface of the transferred cells (341, 344). UV-induced CD4+CD25+ regulatory cells
express the lymph node homing receptor CD62L but not the skin homing receptors Eand P-selectin. As such, these cells do not migrate into the skin but rather home to the
lymph nodes due to their pattern of receptor expression, rendering them unable to
inhibit the efferent arm of the CHS response in sensitised mice unless injected directly
into the site of subsequent antigen challenge (341). However, the homing patterns of
these cells can be reprogrammed by co-incubation with tissue-specific dendritic cells,
opening an array of therapeutic potential for these cells (344).

In a model without antigen, UV-irradiation of naïve mice resulted in a small but
significant increase in the proportion of CD4+CD25+ cells in the SDLNs, with more
than 80% of these cells also expressing the regulatory cell marker FoxP3 (329). When
CD4+ cells were isolated from the SDLNs of UVB-irradiated naïve DO11.10 transgenic
mice, these cells had a reduced ability to proliferate in vitro.

Furthermore, upon

adoptive transfer into BALB/c mice these CD4+ cells suppressed not only proliferation
in response to OVA but also sensitisation to a non-related hapten. This suppressive
effect was abrogated by depletion of CD4+CD25+ cells, implicating CD4+CD25+ cells
in UVB-induced immune suppression in this model (329).

UV-induced regulatory T cells exert their effects in part through the induction and / or
production of IL-10 (341, 349) and TGF-β (345). Upon activation, regulatory T cells
produce high amounts of IL-10 (343) which can block both the induction and elicitation
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of CHS (341, 350).

Further to this, it has been demonstrated in a model of

transcutaneous sensitisation that host-derived IL-10 is required for the tolerogenic
activity but not the induction of UV-induced regulatory T cells (349).

In addition to the CD4+CD25+ T cell, other cell types with regulatory activity that are
generated by UV exposure have been described. CD4+CD3+DX5+ natural killer T
cells induced by UVB are able to transfer their immunosuppressive effects into recipient
mice, modulating DTH and tumour rejection (348). Regulatory B cells have also been
implicated in some models of UV-induced immune suppression. Following multiple
irradiations of skin using solar-simulated UV, activated B cells are detected in the
draining lymph nodes three days after the final UV exposure. These cells actively
suppress dendritic cell initiation of T cell-mediated immunity and produce high levels
of the immunoregulatory cytokine IL-10 (358).

Antigen-specific, IL-10-secreting,

CD19+B220+ regulatory B cells induced by UV radiation have also been identified
(359). Furthermore, recent work suggests that regulatory B cells result exclusively from
UVB, and not from UVA, irradiation (360).

No study to date has investigated the potential of UV-induced regulatory cells to
modulate the asthmatic response. In this thesis, adoptive transfer experiments were
performed to examine whether the immunosuppressive effects of UVB observed in the
OVA model were due to regulatory cells. The donor mice were UVB-irradiated prior to
sensitisation as this was the time-point at which UVB was able to significantly suppress
immune responses to OVA in this model (see Chapter 5.3). The antigen-specificity of
the regulatory cells was also examined. Following this set of investigations, co-culture
experiments with purified subsets of LDLN cells were performed in order to determine
the phenotype of the regulatory cells.
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6.2

Experimental design

6.2.1 Determining the presence of regulatory cells in the LDLN
In order to determine if the suppressive effects of UVB observed in the OVA model
were due to the presence of regulatory cells, adoptive transfer experiments were
conducted. Briefly, donor mice underwent the standard OVA protocol, with or without
UVB irradiation (8 kJ/m2) three days before sensitisation. Twenty-four hours after the
aerosol challenge (day 22), the LDLN were removed, single cell suspensions prepared
and 5 x 106 live cells / recipient mouse were injected i.v. OVA-induced proliferation
and cytokine production in vitro by LDLN cells isolated from the donor mice were
assessed to confirm that the UVB-irradiation was effective. Responses of the donor
mice were consistently similar to that reported in Chapter 5.3 and shall not be addressed
further in this chapter.

In the first set of experiments, 24 h after adoptive transfer (day 23), recipient mice
underwent the standard OVA protocol. Twenty-four hours after the aerosol challenge
(day 45), LDLN were removed from the recipient mice and single cell suspensions
prepared and cultured in vitro to examine OVA-induced proliferation and cytokine
production. In addition, AHR and levels of cytokines in the BALF were measured
(Figure 6.1). Each experimental donor and recipient group consisted of 10 and 5 mice,
respectively.

Experiments assessing LDLN responses and BALF responses were

performed three times. Another series of experiments to measure AHR were performed
once with 16 donor mice and 8 recipient mice per experimental group. Data shown are
from a representative experiment unless otherwise indicated.

203

Day -3
UVB 8 kJ/m2
BALB/c

Day 0-21
STANDARD OVA
PROTOCOL

Day 22 (24 h post-challenge)
Proliferation and cytokine
production by LDLN cells

Day 22
ADOPTIVE TRANSFER
OF LDLN CELLS
Donor  Recipient
BALB/c  BALB/c

Day 23-44
STANDARD OVA
PROTOCOL
Day 45 (24 hr post-challenge)
Proliferation and cytokine
production of LDLN cells, cytokines
in BALF and AHR

Figure 6.1: Experimental protocol to determine if the suppressive effects of UVB
observed in the OVA model were due to the presence of regulatory cells. Donor
mice underwent the standard OVA protocol (with or without UVB irradiation before
sensitisation). Twenty-four hours after challenge, asthmatic symptoms were assessed
and LDLN cells were adoptively transferred into naïve recipients, which then underwent
the standard OVA protocol. Twenty-four hours after challenge, asthmatic symptoms
were assessed in the recipient mice.
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In addition, to determine if the suppressive effect observed in the LDLN after one
sensitisation (see Chapter 5.3.7.2) was transferable, a similar adoptive transfer
experiment was established in which both donor and recipient mice were only sensitised
and did not undergo the full OVA protocol. Briefly, donor mice were sensitised with a
single i.p. dose of OVA / alum (with or without UVB before sensitisation). Seven days
after sensitisation (day 7), the LDLN were removed, single cell suspensions prepared
and 5 x 106 cells / recipient mouse were injected i.v. OVA-induced proliferation and
cytokine production in vitro by LDLN cells isolated from the donor mice were assessed
to confirm that the UVB-irradiation was effective. Responses of the donor mice were
similar to that reported in Chapter 5.3 and shall not be address further in this chapter.
Twenty-four hours after adoptive transfer (day 8), recipient mice were sensitised with a
single i.p. dose of OVA / alum. Seven days after sensitisation (day 15), the LDLN were
removed from the recipient mice and single cell suspensions prepared and cultured in
vitro to examine OVA-induced proliferation and cytokine production (Figure 6.2).
Each experimental donor and recipient group consisted of 10 and 5 mice, respectively,
with each experiment performed three times. Data shown are from a representative
experiment unless otherwise indicated.

6.2.2 Assessing the antigen-specificity of the regulatory cells
To determine if the transferred regulatory cells were OVA-specific, naïve recipients of
unfractionated cells from UVB-irradiated and non-irradiated, OVA-sensitised and
-challenged mice were subsequently sensitised to a different antigen, β-lactoglobulin
(BLG). BLG sensitisation for allergic reactions in mice has been previously described
by other investigators (253). However, to first confirm that UVB could suppress
immune responses to BLG, mice were UVB-irradiated (or not irradiated) and then
sensitised to BLG (100 µg BLG / 2 mg alum) i.p. three days later. After a further 7
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days, LDLN were removed and proliferative responses by single cell suspensions to
BLG in vitro investigated (Figure 6.3).

Day -3
UVB 8 kJ/m2
BALB/c

Day 0
20 µg OVA /
4 mg alum i.p.

Day 7
ADOPTIVE TRANSFER
OF LDLN CELLS

Day 7 (7 days post-sensitisation)
Proliferation and cytokine
production by LDLN cells

Donor  Recipient
BALB/c  BALB/c

Day 8
20 µg OVA /
4 mg alum i.p.
Day 15 (7 days post-sensitisation)
Proliferation and cytokine
production of LDLN cells

Figure 6.2: Experimental protocol to determine if the suppressive effect observed
in the LDLN after only one sensitisation was transferable to naïve mice. Donor
mice underwent a single OVA sensitisation (with or without UVB irradiation before
sensitisation). Seven days after sensitisation, LDLN cell responses were assessed and
LDLN cells were adoptively transferred into naïve recipients, which then underwent a
single OVA sensitisation. Seven days after sensitisation, LDLN cell responses were
assessed in the recipient mice.
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Day -3
UVB 8 kJ/m2
BALB/c

Day 0
100 µg BLG /
2 mg alum i.p

Day 7
Proliferation by LDLN cells

Figure 6.3: Protocol for determining if UVB could suppress immune responses to
BLG in the LDLN. Mice were irradiated with UVB (8 kJ/m2) at day -3. Mice were
then sensitised with BLG / alum i.p. and 7 days after sensitisation, LDLN were
removed and BLG-specific proliferation assessed.

In the adoptive transfer experiments, mice received 5 x 106 cells from OVA-sensitised
and -challenged mice and were then administered an i.p. dose of BLG / alum 24 h after
cell transfer and responses of LDLN cells to BLG in vitro examined 7 days later. As a
control, other naïve mice received 5 x 106 cells from the same OVA-sensitised and
-challenged donor mice. These recipient mice were then administered an i.p. dose of
OVA / alum and responses of LDLN cells to OVA in vitro examined (Figure 6.4). Each
experimental donor and recipient group consisted of 10 and 5 mice, respectively, with
each experiment performed three times.
experiment unless otherwise indicated.
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Data shown are from a representative

Day -3
UVB 8 kJ/m2
BALB/c

Day 0-21
STANDARD OVA
PROTOCOL

Day 22
ADOPTIVE TRANSFER
OF LDLN CELLS

Day 22 (24 h post-challenge)
Proliferation by LDLN cells

Donor  Recipient
BALB/c  BALB/c

Day 23
100 µg BLG /
2 mg alum i.p.

Day 23
20 µg OVA /
4 mg alum i.p.

Day 30 (7 days post-sensitisation)
Proliferation by LDLN cells

Figure 6.4: Protocol to determine if the transferred regulatory cells were OVAspecific. Donor mice underwent the standard OVA protocol (with or without UVB
irradiation before sensitisation). Twenty-four hours after challenge, LDLN cells were
adoptively transferred into naïve recipients, which then underwent either a single OVA /
alum injection i.p. or a single BLG / alum injection i.p.. Seven days after sensitisation,
LDLN responses were assessed in the recipient mice.
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6.2.3 Identifying the phenotype of the regulatory cells
To identify the phenotype of the regulatory cells in the LDLN of UVB-irradiated, OVAsensitised and -challenged mice, a series of in vitro suppression assays were conducted.
Two assay systems were used as outlined in Table 6.1. Briefly, LDLN from nonirradiated or UVB-irradiated, OVA-sensitised and -challenged mice were removed 24 h
after challenge and processed to a single cell suspension. They were then either:
a)

co-cultured with 105 CFSE-labelled CD4+ cells from DO11.10 mice (which
have the majority of their CD4+ T cells expressing the receptor for the OVA
peptide323-339) plus 2 x 103 CD11c+ dendritic cells to present antigen to the
responding population or

b)

γ-irradiated (2254 rad) and co-cultured with 105 unfractionated LDLN cells
from non-irradiated, OVA-sensitised and -challenged mice (Table 6.1)

Table 6.1: The two different co-culture systems that were utilised to assess the in
vitro suppressive activity of different subsets of the regulatory LDLN population in
the OVA model.
Co-culture
Regulatory population
Responding
Measurement of
system
population
proliferation
CFSE system Unfractionated or purified CFSE
labelled, Dilution of the
LDLN cells from non- CD4+ purified cells CFSE label
irradiated or UVB-irradiated, from lymph nodes
OVA-sensitised
and of DO11.10 mice
-challenged mice
(CD11c+ dendritic
cells added in vitro
to
present
the
antigen)
Tritiated
Unfractionated or purified Unfractionated
Incorporation of
thymidine
LDLN cells from non- LDLN cells from tritiated
system
irradiated or UVB-irradiated, non-irradiated,
thymidine
OVA-sensitised
and OVA-sensitised and
-challenged mice.
LDLN -challenged mice
cells were γ-irradiated to
prevent proliferation of these
cells whilst maintaining their
regulatory activity
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In both co-culture systems, OVA (100 µg/ml) was added in vitro for the 96 h culture
period. Cells were cultured at various ratios of regulator cells to responder cells (4:1,
2:1, 1:1, 1:2 and 1:4). Following these co-culture experiments using unfractionated
LDLN cells as the regulatory population, LDLN cells isolated from UVB-irradiated or
non-irradiated, OVA-sensitised and -challenged mice were purified via a magnetic cell
separation technique into CD4+CD25+, CD4+CD25- and CD4- subsets.

Purified

subsets of cells were then used in the in vitro co-culture suppression assay that used
dilution of the CFSE label to determine which subtype was responsible for the
regulatory effects of UVB observed in the LDLN. Each of these co-culture experiments
was performed three times. Due to time constraints, further purifications based on other
cell surface markers (and subsequent co-cultures) were not possible.

6.2.4 Determining the role of IL-10 in in vitro suppression
In order to determine whether IL-10 was involved in the in vitro suppression observed
when unfractionated LDLN cells isolated from UVB-irradiated mice were cultured,
anti-IL-10 antibody was added to cultures of unfractionated LDLN cells isolated from
non-irradiated or UVB-irradiated, OVA-sensitised and -challenged mice 24 h after
challenge. Briefly, LDLN cells were cultured as previously described and anti-IL-10
antibody added at 1 µg/ml at the beginning of the culture. Cells were cultured with
OVA (100 µg/ml) for 96 h and proliferation measured via tritiated thymidine
incorporation. Due to time constraints, this experiment was only performed twice and
was not carried out in the aforementioned co-culture experiments.
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6.3

Results

6.3.1 Adoptive transfer of lung-draining lymph node cells from OVA-sensitised and
-challenged mice irradiated with UVB prior to sensitisation
LDLN cells from recipient mice that had received 5 x 106 LDLN cells from UVBirradiated, OVA-sensitised and -challenged donors (as detailed in Figure 6.1) had
significantly reduced proliferation in response to OVA protein in vitro at 24 h after
challenge (Figure 6.5A). The mean suppression of proliferation ± SEM observed over
three experiments was 32 ± 6%. Similarly, decreased levels of IL-4, IL-5 and IL-10
were detected in these cultures (Figure 6.5B-D). IFN-γ production was not significantly
altered (p = 0.31) (Figure 6.5E).

Similar results were obtained when both donor and recipient mice only received one
dose of i.p. OVA / alum as detailed in Figure 6.2. LDLN cells isolated from recipients
of 5 x 106 LDLN cells from UVB-irradiated, OVA-sensitised donors demonstrated
significantly suppressed proliferation compared to recipients of cells from nonirradiated donors (Figure 6.6A).

The mean suppression of proliferation ± SEM

observed over three experiments was 22 ± 2%. As observed in the other OVA adoptive
transfer experiment, decreased levels of IL-4, IL-5, IL-10 but not IFN-γ were detected
in cultures of LDLN cells isolated from recipients of LDLN cells from UVB-irradiated
donors (Figure 6.6B-E).
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Figure 6.5: OVA-induced (A) proliferation and (B) IL-4, (C) IL-5, (D) IL-10 and
(E) IFN-γ production by LDLN cells from OVA-sensitised and -challenged BALB/c
mice that received 5 x 106 LDLN cells i.v. from UVB-irradiated or non-irradiated,
OVA-sensitised and -challenged donor BALB/c mice. LDLN cells were cultured in
vitro with or without OVA (100 µg/ml). Bars show mean + SEM (n = 6 replicate
cultures). * p < 0.05
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A.

B.

C.

D.

E.

Figure 6.6: OVA-induced (A) proliferation and (B) IL-4, (C) IL-5, (D) IL-10 and
(E) IFN-γ production by LDLN cells from OVA-sensitised BALB/c mice that
received 5 x 106 LDLN cells i.v. from UVB-irradiated or non-irradiated, OVAsensitised donor BALB/c mice. LDLN cells were cultured in vitro with or without
OVA (100 µg/ml). Bars show mean + SEM (n = 6 replicate cultures). * p < 0.05
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In contrast to the responses to OVA-sensitisation and -challenge in UVB-irradiated
donor mice, mice that received LDLN cells from UVB-irradiated, OVA-sensitised mice
and were subsequently sensitised and challenged with OVA did not have reduced IL-5
levels in the BALF. Levels of IL-4, IL-10 and IFN-γ in the BALF were also not
reduced (Figure 6.7). Furthermore, airway resistance (Figure 6.8), tissue damping and
tissue elastance in response to MCh (data not shown) were not significantly different
between recipients of LDLN cells from either UVB-irradiated or non-irradiated, OVAsensitised and -challenged mice at any dose of MCh.

Figure 6.7: IL-4, IL-5, IL-10 and IFN-γ levels in BALF from OVA-sensitised and
-challenged BALB/c mice that received 5 x 106 LDLN cells i.v. from UVBirradiated or non-irradiated, OVA-sensitised and -challenged donor BALB/c mice.
Bars show mean + SEM (n = 5 mice).
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Figure 6.8: Airway resistance in response to methacholine in BALB/c recipients of
LDLN cells from UVB-irradiated or non-irradiated OVA-sensitised and
-challenged donor BALB/c mice transferred before sensitisation. Data show doseresponse curves to inhaled methacholine (MCh) for recipients of LDLN cells from nonirradiated, OVA-sensitised and -challenged mice (blue squares), UVB-irradiated, OVAsensitised and -challenged mice (red triangles) and naïve mice (black circles).
Bas = baseline value obtained by measurement of Zrs 5 times at 1 min intervals after
stabilisation of the mouse on the ventilator; sal = saline values obtained by measurement
of Zrs 5 times at 1 min intervals after a 90 sec saline aerosol; % saline = % increase of
saline values for increasing doses of methacholine. Data points show mean ± SEM
(n = 8 mice). * p < 0.05; ns = not significant
One previous study demonstrated that adoptive transfer of 106 purified CD4+CD25+
regulatory cells 18 h prior to challenge suppressed AHR in the rat (71). In order to
determine whether AHR could be suppressed by transferring the regulatory cells closer
to the time of challenge, an adoptive transfer experiment was conducted where cells
from the LDLN of UVB-irradiated or non-irradiated, OVA-sensitised and -challenged
mice were transferred i.v. 24 h before challenge into mice that had been sensitised and
boosted with OVA. Recipient mice then received a single OVA aerosol and AHR
responses, proliferation of LDLN cells and levels of cytokines in the BALF were
assessed 24 h later (Figure 6.9). Due to time constraints, this experiment was only
performed once and the same mice were used to analyse all asthmatic responses.
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DONOR

RECIPIENT
Day -3
UVB 8 kJ/m2

BALB/c

Day 2
SENSITISATION
20 µg OVA /
4 mg alum i.p.

Day 0-21
STANDARD OVA
PROTOCOL
Day 16
BOOST
20 µg OVA /
4 mg alum i.p.

Day 22 (24 h post-challenge)
Proliferation and cytokine
production from LDLN cells

Day 22
ADOPTIVE TRANSFER
OF LDLN CELLS
Donor  Recipient
BALB/c  BALB/c

Day 23
CHALLENGE
1% OVA-in-saline
aerosol for 30 min

Day 24 (24 hr post-challenge)
Proliferation and cytokine
production of LDLN cells, cytokines
in BALF and AHR
Figure 6.9: Experimental protocol to determine if AHR could be suppressed by
transferring the regulatory cells closer to the challenge phase. Donor mice
underwent the standard OVA protocol (with or without UVB irradiation before
sensitisation). Twenty-four hours after challenge, asthmatic symptoms were assessed
and LDLN cells were adoptively transferred into recipients that had received two i.p.
doses of OVA / alum. Twenty-four hours after adoptive transfer, these recipient mice
then underwent a single OVA-in-saline aerosol challenge. Twenty-four hours after
challenge, asthmatic symptoms were assessed in the recipient mice.
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Airway resistance was significantly suppressed in recipients of cells from UVBirradiated donors at 1 mg/ml, 3 mg/ml, 10 mg/ml and 30 mg/ml MCh compared to
recipients of cells from non-irradiated donors (Figure 6.10). However, as the airway
resistance in recipients of LDLN cells from non-irradiated mice was only significantly
higher than naïve mice at the 10 mg/ml and 30 mg/ml doses of MCh, only these doses
should be considered when analysing suppression by transferred regulatory cells from
UVB-irradiated donors.

Tissue damping and tissue elastance were not different

between recipients of LDLN cells from UVB-irradiated or non-irradiated donors (data
not shown). By contrast, proliferative responses by LDLN cells in response to OVA
were not suppressed in mice that had received LDLN cells from UVB-irradiated donors
compared to recipients of LDLN cells from non-irradiated donors (Figure 6.11). In
addition, levels of IL-4, IL-5, IL-10 and IFN-γ in the BALF were not significantly
different between recipients of LDLN cells from non-irradiated and UVB-irradiated
mice (Figure 6.12), although the levels of IFN-γ were elevated considerably, in addition
to raised IL-10, in both recipient groups compared to what has been previously
observed using this model (refer to Figure 5.4A and Figure 6.7 for previous data).

217

Figure 6.10: Airway resistance in response to methacholine in BALB/c recipients
of LDLN cells from UVB-irradiated or non-irradiated OVA-sensitised and
-challenged donor BALB/c mice transferred before challenge. Data show doseresponse curves to inhaled methacholine (MCh) for recipients of LDLN cells from nonirradiated, OVA-sensitised and -challenged mice (blue squares), UVB-irradiated, OVAsensitised and -challenged mice (red triangles) and naïve mice (black circles).
Bas = baseline value obtained by measurement of Zrs 5 times at 1 min intervals after
stabilisation of the mouse on the ventilator; sal = saline values obtained by measurement
of Zrs 5 times at 1 min intervals after a 90 sec saline aerosol; % saline = % increase of
saline values for increasing doses of methacholine. Data points show mean ± SEM
(n = 8 mice). * p < 0.05 between recipients of cells from UVB-irradiated or nonirradiated donors.

Figure 6.11: OVA-specific proliferation by LDLN cells isolated from BALB/c
recipients of LDLN cells from UVB-irradiated or non-irradiated OVA-sensitised
and -challenged donor BALB/c mice transferred before challenge. LDLN cells
were cultured in vitro with or without OVA (100 µg/ml). Bars show mean + SEM
(n = 6 replicate cultures).
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Figure 6.12: IL-4, IL-5, IL-10 and IFN-γ levels in BALF from BALB/c recipients
of LDLN cells from UVB-irradiated or non-irradiated, OVA-sensitised and
-challenged donor BALB/c mice transferred before challenge. Bars show mean +
SEM (n = 8 mice).

6.3.2 Antigen-specificity of UVB-induced regulatory cells
To determine if the transferred regulatory cells were OVA-specific, naïve recipients of
unfractionated cells from UVB-irradiated and non-irradiated, OVA-sensitised and
-challenged mice were subsequently sensitised to a different antigen, BLG. BLG
sensitisation for allergic reactions in mice has been previously described by other
investigators (253).

To first confirm that UVB could suppress immune responses to BLG, mice were UVBirradiated and then sensitised to BLG three days later. After a further 7 days, LDLN
were removed and proliferative responses by single cell suspensions to BLG in vitro
investigated. Responses were significantly suppressed if the mice were UVB-irradiated
prior to BLG sensitisation (Figure 6.13A).
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Figure 6.13: (A) Proliferation in response to BLG in vitro by LDLN cells from
UVB-irradiated or non-irradiated, BLG-sensitised BALB/c mice. (B) and (C)
Proliferative responses to (B) BLG and (C) OVA by LDLN cells from BALB/c
mice adoptively transferred with 5 x 106 unfractionated LDLN cells from UVBirradiated and non-irradiated, OVA-sensitised and -challenged donor BALB/c
mice and then subsequently sensitised to (B) BLG or (C) OVA. LDLN cells were
cultured in vitro with or without (A, B) BLG or (C) OVA (100 µg/ml). Bars show mean
+ SEM (n = 6 replicate cultures). * p < 0.05
In the adoptive transfer experiments, mice receiving 5 x 106 cells from OVA-sensitised
and -challenged mice were sensitised to BLG 24 h after cell transfer and responses of
LDLN cells to BLG in vitro examined 7 days later. As a control, other naïve mice
receiving 5 x 106 cells from the same OVA-sensitised and -challenged donor mice were
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sensitised to OVA and responses of LDLN cells to OVA in vitro examined. In contrast
to reduced responses to OVA, there was no difference in BLG-induced proliferation in
vitro by LDLN cells from mice adoptively-transferred with cells from UVB-irradiated,
OVA-sensitised and -challenged mice compared with those from mice that received
LDLN cells from non-irradiated, OVA-sensitised and -challenged mice (Figure 6.13B).
LDLN cells from recipient mice sensitised to OVA had reduced proliferation in vitro as
previously observed (Figure 6.13C).

These results suggest that the transferred

regulatory cells were OVA-specific and were unable to regulate immune responses to
the different antigen, BLG.

6.3.3 In vitro suppression assays
To identify the phenotype of the regulatory cells in the LDLN of UVB-irradiated, OVAsensitised and -challenged mice, a series of in vitro suppression assays were conducted.

6.3.3.1 Whole LDLN co-cultures
To first assess the regulatory capacity of unfractionated LDLN cells from UVBirradiated, OVA-sensitised and -challenged mice in vitro, two different assay systems
were used as outlined earlier in Table 6.1. In the first system, LDLN from nonirradiated or UVB-irradiated, OVA-sensitised and -challenged mice were removed 24 h
after challenge and processed to a single cell suspension. They were then co-cultured
with CFSE-labelled CD4+ cells from DO11.10 mice and CD11c+ dendritic cells and
dilution of the CFSE label used to determine the proportion of DO11.10 cells that had
divided. Cells were cultured at ratios of regulators to responders of 4:1, 2:1, 1:1, 1:2
and 1:4, with the number of responding CD4+ DO11.10 cells kept constant across all
ratios (105 cells / well).
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In the second system, as confirmation of the results obtained by the CFSE method,
LDLN from non-irradiated or UVB-irradiated, OVA-sensitised and -challenged mice
were γ-irradiated and co-cultured with unfractionated LDLN cells from non-irradiated,
OVA-sensitised and -challenged mice. Tritiated thymidine incorporation was used to
assess proliferation of the non-γ-irradiated responding population. As for the CFSE
experiment, cells were cultured at ratios of regulators to responders of 4:1, 2:1, 1:1, 1:2
and 1:4, with the number of cells in the responding population kept constant across all
ratios (105 cells / well).

LDLN cells isolated from UVB-irradiated, OVA-sensitised and -challenged mice
suppressed the proliferation of DO11.10 CD4+ cells (Figure 6.14), with significant
suppression observed at a ratio of regulators to responders of 1:1, 1:2 and 1:4. This is
further illustrated in Figure 6.15 which depicts the percentage and number of divided
CD4+ DO11.10 cells.

Similarly, when LDLN cells from UVB-irradiated, OVA-sensitised and -challenged
mice were γ-irradiated and cultured with unfractionated LDLN cells responsive to
OVA, proliferation of the responding population as measured by tritiated thymidine
incorporation was suppressed (Figure 6.16). Figure 6.17 demonstrates the effectiveness
of the γ-irradiation on preventing proliferation of the regulatory cells, showing
proliferation of the cells over 96 h without (Figure 6.17A) or with (Figure 6.17B) γirradiation prior to culture. In contrast to the CFSE system, suppression was only
observed at the higher ratios of regulators to responders of 4:1 and 2:1. As the CFSE
system required less regulatory cells to demonstrate the same suppressive effect
compared to the tritiated thymidine system, this method was chosen for the further coculture experiments with purified subsets of cells.
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Figure 6.14: In vitro suppression assay using CFSE-labelled CD4+ DO11.10 cells
as the responding population and unfractionated LDLN cells from non-irradiated
or UVB-irradiated, OVA-sensitised and -challenged BALB/c mice as the
regulatory population. Cells were cultured at ratios of regulators to responders of 4:1,
2:1, 1:1, 1:2 and 1:4. Red line indicates proliferation in cultures containing LDLN cells
from non-irradiated, OVA-sensitised and -challenged mice, blue shading indicates
proliferation in cultures containing LDLN cells from UVB-irradiated, OVA-sensitised
and -challenged mice. Cells were cultured with OVA protein (100 µg/ml) for 96 h.
Data shown are median samples from 3 replicate cultures.
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A.

B.

Figure 6.15: (A) Percentage and (B) number of divided CD4+ DO11.10 cells
cultured with unfractionated LDLN cells from non-irradiated or UVB-irradiated,
OVA-sensitised and -challenged BALB/c mice. Cells were cultured at ratios of
regulators to responders of 4:1, 2:1, 1:1, 1:2 and 1:4. Cells were cultured with OVA
protein (100 µg/ml) for 96 h. Bars show mean + SEM (n = 3 replicate cultures).
* p < 0.05.
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Figure 6.16: In vitro suppression assay using unfractionated LDLN cells from
OVA-sensitised and -challenged BALB/c mice as the responding population and
unfractionated LDLN cells from non-irradiated or UVB-irradiated, OVAsensitised and -challenged BALB/c mice as the regulatory population. Cells were
cultured at ratios of regulators to responders of 4:1, 2:1, 1:1, 1:2 and 1:4. Cells were
cultured with OVA protein (100 µg/ml) for 96 h. Bars show mean + SEM (n = 6
replicate cultures). * p < 0.05.

A.

B.

Figure 6.17: OVA-specific proliferation of LDLN cells taken from UVB-irradiated
or non-irradiated, OVA-sensitised and -challenged BALB/c mice (A) without or
(B) with γ-irradiation prior to culture. Cells were cultured with OVA protein
(100 µg/ml) for 96 h. Bars show mean + SEM (n = 6 replicate cultures). * p < 0.05.

225

6.3.3.2 CD4+CD25+ LDLN cultures
UV-induced CD4+CD25+ regulatory T cells have been described in a number of studies
(341, 345). In order to determine if the regulatory cells induced by UVB in my model
belonged to the CD4+CD25+ subtype, LDLN cells from UVB-irradiated or nonirradiated, OVA-sensitised and -challenged mice were purified into CD4+CD25+,
CD4+CD25- and CD4- fractions (as described in Chapter 2.9.2.). All fractions were
routinely >95% pure (Figure 2.4). As the 1:1 and 1:2 (regulators : responders) ratios
were the ratios at which the best suppression was observed in the unfractionated coculture experiments these ratios were used in this co-culture experiment with the
purified subsets of cells being added at the approximate numbers they would have been
present at in the unfractionated co-culture, as outlined in Table 6.2.

Table 6.2: Relative cell numbers used in CD4+CD25+ / CD4+CD25- / CD4- coculture assays.
Ratio
(regulator:
responder)
1:1

Subset (and approximate
proportion normally
found in LDLN)
CD4+CD25+ (~4%)
CD4+CD25- (~26%)
CD4- (~70%)

BALB/c
regulatory cells

DO11.10 CD4+
responding cells

Dendritic
cells

4.0 x 103
2.6 x 104
7.0 x 104

1.0 x 105
1.0 x 105
1.0 x 105

2.0 x 103
2.0 x 103
2.0 x 103

1:2

CD4+CD25+ (~4%)
CD4+CD25- (~26%)
CD4- (~70%)

2.0 x 103
1.3 x 104
3.5 x 104

1.0 x 105
1.0 x 105
1.0 x 105

2.0 x 103
2.0 x 103
2.0 x 103

CD4+CD25+ LDLN cells from UVB-irradiated, OVA-sensitised and -challenged mice
had no effect on the proliferation of DO11.10 CD4+ cells (Figure 6.18A). CD4+CD25purified LDLN cells also had no effect on the proliferation of the responding population
(Figure 6.18B). However, the CD4- fraction of LDLN cells from UVB-irradiated,
OVA-sensitised and -challenged mice significantly suppressed the proliferation of the
DO11.10 CD4+ cells (Figure 6.18C). This suggests that the regulatory cells induced by
UVB are not CD4+CD25+ but rather are present in the CD4- population. This is further
illustrated in Figure 6.19 which depicts the percentage and number of divided CD4+
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DO11.10 cells in the 1:1 co-cultures. In vitro regulation of proliferation by CD4- cells
from UVB-irradiated, OVA-sensitised and -challenged mice was observed in three
experiments.
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Figure 6.18: In vitro suppression assays using (A) CD4+CD25+, (B) CD4+CD25or (C) CD4- purified subsets of LDLN cells from UVB-irradiated or nonirradiated, OVA-sensitised and -challenged BALB/c mice. Cells were cultured at
ratios of regulators to responders of 1:1 and 1:2 in the relative proportions observed in
unfractionated LDLN. Red line indicates proliferation in cultures containing LDLN
cells from non-irradiated, OVA-sensitised and -challenged mice, blue shading indicates
proliferation in cultures containing LDLN cells from UVB-irradiated, OVA-sensitised
and -challenged mice. Cells were cultured with OVA protein (100 µg/ml) for 96 h.
Data shown are median samples from 3 replicate cultures.
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A.

B.

Figure 6.19: (A) Percentage and (B) number of divided CD4+ DO11.10 cells
cultured with CD4+CD25+, CD4+CD25- or CD4- purified subsets of LDLN cells
from non-irradiated or UVB-irradiated, OVA-sensitised and -challenged BALB/c
mice. Cells were cultured at a ratio of regulators to responders of 1:1 in the relative
proportions observed in unfractionated LDLN. Cells were cultured with OVA protein
(100 µg/ml) for 96 h. Bars show mean + SEM (n = 3 replicate cultures). * p < 0.05.
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6.3.4 Determining the role of IL-10 in in vitro suppression
IL-10 is a regulatory cytokine and has been implicated in UV-induced suppression of
immune responses (341, 349, 381). In order to determine if this cytokine was involved
in the in vitro suppression observed in cultures of LDLN cells, anti-IL-10 antibody
(1 µg/ml) was added to cultures of unfractionated LDLN cells from non-irradiated or
UVB-irradiated, OVA-sensitised and -challenged mice. As observed previously, the
proliferation of LDLN cells was significantly suppressed in cultures of cells isolated
from mice irradiated with UVB prior to sensitisation (Figure 6.20). The addition of
anti-IL-10 antibody did not reverse this suppression (Figure 6.20), suggesting that this
in vitro regulation occurred independently of IL-10. As confirmation that the antibody
was effective, levels of IL-10 in the culture supernatants were assessed by TRF. As
observed previously, levels of IL-10 were significantly lower in supernatants from
cultures of LDLN cells isolated from UVB-irradiated mice compared to non-irradiated
mice (Figure 6.21). The addition of anti-IL-10 significantly reduced the detection of
IL-10 in all cultures to baseline levels (Figure 6.21).
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Figure 6.20: The effect of anti-IL-10 antibody on in vitro suppression of
proliferation in cultures of LDLN cells isolated from OVA-sensitised and
-challenged BALB/c mice, with or without UVB-irradiation before sensitisation.
Cells were cultured with or without anti-IL-10 (1 µg/ml) and with (+) or without (-)
OVA (100 µg/ml) for 96 h. Bars show mean + SEM (n = 6 replicate cultures).
* p < 0.05

Figure 6.21: The effect of anti-IL-10 antibody on levels of IL-10 in supernatants of
cultures of LDLN cells isolated from OVA-sensitised and -challenged BALB/c
mice, with or without UVB-irradiation before sensitisation. Cells were cultured
with or without anti-IL-10 (1 µg/ml) and with (+) or without (-) OVA (100 µg/ml) for
96 h. Bars show mean + SEM (n = 6 replicate cultures). * p < 0.05
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6.4

Discussion

When 5 x 106 LDLN cells from UVB-irradiated, OVA-sensitised and -challenged donor
mice were adoptively transferred into naïve recipients which were subsequently
sensitised and challenged with OVA, responses to OVA by cells from the LDLN of the
recipient mice were significantly reduced, indicating the transfer of regulatory cells.
When recipient mice were sensitised to BLG, and not OVA, responses to BLG in vitro
by LDLN cells were not altered, indicating that the transferred regulatory cells were
OVA-specific.

Furthermore, when LDLN cells from UVB-irradiated donor mice that had only received
one i.p. dose of OVA / alum were transferred into naïve recipients, LDLN responses to
OVA were suppressed in the recipient mice. This suggests that the regulatory effects of
UVB are detectable as early as after a single i.p. administration of OVA / alum and that
these cells are maintained until after the challenge phase in mice that subsequently
receive aerosolised OVA. It has been demonstrated that antigen-specific regulatory
cells require continued allergen exposure to maintain their regulatory activity (71). It is
possible that in my model, the regulatory cells induced by UVB-irradiation are
maintained within the LDLN over the course of the asthma protocol via continued
allergen exposure.

Whilst OVA-specific proliferation and cytokine production by LDLN cells from
recipients of transferred cells from UVB-irradiated donor mice were suppressed, the
reduction of AHR and lowering of IL-5 in the BALF observed in the UVB-irradiated
donor mice were not transferred to the recipients when cells were adoptively transferred
before sensitisation. Initially, it was considered possible that the transferred regulatory
cells localised to the LDLN in the recipient mice and were not able to relocate into the
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periphery to modulate immune responses in the airways and lung. This homing could
have been due to the expression of molecules on the cell surface such as CD62L (Lselectin), a lymph node homing receptor (341). Unlike the well-described pathways of
lymphocyte homing to the skin and gut, homing to the lung tissue is yet to be defined.
Studies have identified cell surface markers present on lung T cells that are different
from those described on skin or gut homing T cells, suggesting a distinct lung-homing
pathway (513). However, the exact mechanisms and markers required for lung homing
remain to be clearly characterised. Chemokine receptor-3 and -4 have been implicated
in mouse models (514), whilst human studies suggest P-selectin and binding of
lymphocyte function-associated antigen-1 to both ICAM-1 and -2 are involved in
homing to the bronchial mucosa (513, 515).

Alternatively, the failure of the

transferred regulatory cells to suppress AHR may be a downstream effect of their
inability to suppress IL-5 production in the BALF, as IL-5 has been associated with the
development of AHR (516).

Finally, another possible explanation was that the

transferred regulatory cells were not long-lived enough in the recipient mice to regulate
challenge, or that the lung components of the immune response (AHR and BALF) were
regulated independently of the lymph node components (T cell proliferation and
cytokine production).

When the regulatory cells were transferred i.v. 24 h before challenge of the recipient
mice, AHR was significantly suppressed in the recipients that received LDLN cells
from UVB-irradiated donors. This supports the findings of another investigation using
a rat model in which adoptive transfer of 106 purified CD4+CD25+ cells from OVAexposed animals 18 h prior to challenge resulted in suppression of AHR in the recipient
animals (71).

However, compared to the highly purified regulatory cells used by

Strickland et al (71), in my study 5 x 106 unfractionated LDLN cells were transferred of
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which only a small proportion are likely to be regulatory, suggesting that these cells
have a robust suppressive capacity.

Furthermore, in the model of regulatory cell

transfer used by Strickland et al (71), the donor animals were exposed to aerosolised
OVA to generate regulatory cells, making these animals similar to the non-irradiated
donor mice in my model in that no other agent is used to generate regulatory cells other
than the allergen (although the number of aerosols do vary between the models).
Therefore the UVB-induced regulatory cells in my model are suppressive beyond the
level which is normally generated in an animal exposed to OVA.

In contrast to my findings, in a model using naturally occurring lung CD4+CD25+ T
cells AHR was only suppressed if the regulatory cells were delivered i.t. and had no
effect when delivered i.v. prior to challenge (72). This difference in findings may be
due to the different phenotype of regulatory cells in each model, the different
derivations of these cells (naturally occurring versus UVB-induced) and to the fact that
the regulatory cells in my model were antigen-specific as opposed to being isolated
from naïve mice.

The reduced AHR in this adoptive transfer experiment suggests that, contrary to my
prior hypothesis, these UV-induced, antigen-specific transferred cells could home to the
lung tissue and regulate AHR. By contrast, levels of IL-5 were not suppressed in
recipients of cells from UVB-irradiated donor mice. Whilst this may represent an
independent regulation of AHR and cytokine levels in the BALF, it is important to note
that in this experiment, levels of IL-10 and, more strikingly, IFN-γ were elevated
considerably compared to what has been previously observed using this model. As
these mice had their BALF collected after MCh challenge, this may indicate that MCh
challenge of the airways affects BALF cytokine levels and hence may confound the
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results.

Repetition of this experiment with mice that do not undergo AHR

measurements is recommended to determine if the lack of effect observed on BALF
cytokines by transferred UVB-induced regulatory cells in this experiment was due to
interference of the results by the MCh challenges.

In addition, the proliferation of LDLN cells was not suppressed in mice that received
LDLN cells from UVB-irradiated donors prior to challenge. This finding supports the
hypothesis stated earlier that the lung compartments and the lymph node compartments
of the immune systems may be regulated by different mechanisms - the airways require
the regulatory cells to be present at the time of challenge whereas the lymph node
responses can only be skewed if the regulatory cell is present at the first sensitisation
but not once OVA-specific immune responses within the lymph nodes have been
established. Alternatively, regulation may not have been observed in this experiment as
the lymph nodes were collected in a different manner to all previous experiments. Due
to time constraints, in this experiment, AHR and LDLN harvest were performed on the
same set of mice as opposed to having separate sets of experimental animals for
assessment of these two immune responses. As the AHR measurements take 2 h to
perform per mouse, the LDLNs from each mouse were processed and cultured
individually as opposed to being collected from all the mice at once and pooled as
described in earlier experiments. The culture time for each individual LDLN cell
culture was 96 h and analysis of cellular proliferation was staggered accordingly.
Whilst every effort was made to alternate the harvesting of LDLNs between recipients
of LDLN cells from UVB-irradiated and non-irradiated donors, the individual culture of
LDLN cells over four days may have interfered with the ability to compare the two
recipient groups due to plate-to-plate variations. Repeating this experiment with mice
that do not under AHR measurements (as the previous experiments were conducted) is
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recommended to remove any potential influences of the MCh challenges or the
individual harvesting and culturing of LDLN cells.

To attempt to identify the phenotype of the regulatory cells, a series of in vitro coculture suppression assays were conducted. In the co-cultures where unfractionated
LDLN cells were used as regulators, LDLN cells from UVB-irradiated, OVA-sensitised
and -challenged mice were able to suppress the proliferation of both (a) CD4+ DO11.10
cells in the CFSE system and (b) unfractionated LDLN cells from non-irradiated, OVAsensitised and -challenged mice in the tritiated thymidine system. Interestingly, in the
CFSE system, significant suppression was achieved at lower ratios of regulatory cells to
responding cells compared to the tritiated thymidine system. It is likely that this is due
in part to the nature of the responding population in each of the respective co-culture
systems. In the CFSE system, the majority of the CD4+ responder cells would have
been responsive to the OVA protein as they were isolated from DO11.10 mice (which
have the majority of their CD4+ T cells expressing the receptor for a portion of the
OVA protein). By contrast, the responding population in the tritiated thymidine system
contained a mixture of cells, only a small proportion of which could respond to the
OVA protein. It then follows that the regulatory cells would have less chance of
interacting with an OVA-responsive cell when cultured at the same ratio as in the CFSE
system and thus more regulators are required to provide a similar suppressive effect in
vitro. In addition, purified CD11c+ dendritic cells were added to the CFSE system to
facilitate antigen-presentation to the CD4+ DO11.10 cells. Whilst dendritic cells would
have been present in the tritiated thymidine system, it is possible that the exact ratios of
dendritic cells varied between the systems, thus introducing a variable that could affect
the magnitude of the proliferation by the responding populations. Importantly, within
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each system the ratios of dendritic cells were constant between co-cultures of LDLN
cells from UVB-irradiated and non-irradiated mice.

In addition, the regulatory cells in the CFSE system were cultured directly ex vivo and
were not altered prior to co-culture. As such, these cells were able to proliferate in
response to the OVA in vitro, thus effectively increasing the number of regulatory cells
over time from that which was originally cultured. By contrast, the regulatory cells in
the tritiated thymidine system were γ-irradiated prior to co-culture, thus preventing
these cells from proliferating in response to the OVA in vitro.

Further to illustrating the suppressive effects of regulatory cells in the LDLN of UVBirradiated, OVA-sensitised and -challenged mice, these experiments also clearly
demonstrate that the process of regulation in this model is one of active suppression,
rather than a lack of proliferation on the part of the LDLN cells isolated from UVBirradiated animals.

Interestingly, in both the co-culture systems using unfractionated LDLN cells as the
regulatory population, proliferation of the responding population was enhanced when a
higher ratio of regulatory cells were added in the co-culture, both in cultures containing
LDLN cells from non-irradiated and UVB-irradiated mice. This seems counter-intuitive
as one would expect that a higher ratio of regulator to responder cells would result in a
stronger suppression. As the number of responding cells is kept the same in each of the
ratios, it follows that there is a larger number of total cells in the wells containing ratios
with a higher proportion of regulatory cells. Whilst there is the possibility of increased
competition for nutrients within the co-culture (which would result in less proliferation
of the responding population), in the CFSE model there are also increased numbers of
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cells that can proliferate and produce IL-2, which in turn stimulates further proliferation
of T cells (517). However, this cannot hold true for the tritiated thymidine model as the
regulatory population is γ-irradiated to prevent proliferation of these cells. A more
likely explanation is that in the cultures with more regulatory cells there is an increased
ratio of antigen-presenting cells (from within the regulatory population) to responder
cells and hence more opportunities for interactions between antigen-presenting cells and
OVA-responsive cells, resulting in increased proliferation of the responding population.
In addition, these antigen-presenting cells may also still be loaded with OVA from the
aerosol challenge in vivo, thus also increasing the concentration of OVA in vitro in cocultures with higher ratios of the regulatory population.

When the LDLN cells were purified into CD4+CD25+, CD4+CD25- or CD4populations and co-cultured with responder cells, the suppressive effect of UVB was
only observed in the CD4- co-cultures. This suggests that the regulatory cells induced
by UVB exposure were not of the CD4+CD25+ phenotype as described in other papers
(341, 345) nor were they within the CD4+ fraction but rather the regulatory cells did not
express this surface marker and were present in the CD4- fraction. However to verify, it
will be necessary to test increasing numbers of CD4+CD25+ cells, up to a 1:1 ratio of
regulatory cells to responder cells, to ensure that the lack of suppression in these
cultures is not due to too few regulatory cells being added in vitro. The lack of effect of
the anti-IL-10 antibody in reversing the suppressive effects of UVB exposure on LDLN
proliferation in vitro supports the data that the regulator was not a CD4+CD25+ cell, as
UV-induced CD4+CD25+ cells mediate their regulatory effect via production of this
cytokine (341, 343, 350).
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There are a number of potential candidates for the identity of the UVB-induced
regulatory cells. Unfortunately due to time constraints it was not possible to investigate
them within this thesis. UV-induced regulatory B cells have been described (358, 359).
These B cells actively suppress dendritic cell initiation of T cell-mediated immunity,
resulting in immune tolerance and produce high levels of the immunoregulatory
cytokine IL-10 (358). UV-induced regulatory B cells may also be antigen-specific and
express CD19+ in addition to B220+ (359). However, in my thesis, the addition of antiIL-10 to the LDLN cell cultures had no effect on the suppressive effect of the UVBinduced regulatory cells in vitro.

This suggests that a regulatory B cell, whose

suppressive function is at least partially dependent on IL-10, may not be the most likely
candidate for the phenotype of the regulatory cells in my model.

UV-induced DX5+ natural killer cells able to transfer immunosuppressive effects into
recipient mice have been described (348).

However, these cells have also been

identified as expressing CD4 (348) and so are not likely to be the regulatory cells
present in my model.

As the regulatory cell in my model is found within in the CD4- population, a CD8+ cell
is a possible candidate. Regulatory CD8+ cells have been reported to suppress Th2 cellmediated allergic asthma in a model using an anti-CD137L monoclonal antibody (518).
In other models of regulation, CD8+ cells have been shown to suppress a number of
immune responses including T cell proliferation (519, 520), experimental autoimmune
encephalitis (521), experimental inflammatory bowel disease (522), Graves’
hyperthyroidism (523) and Th2-mediated autoimmunity (524).

To date, no CD8+

regulatory cells have been reported to be induced by UVB exposure. However, this
does not rule out the possibility that they are active in my model. Alternatively,
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antigen-presenting cells such as dendritic cells may be less efficient in UVB-irradiated
animals, resulting in less stimulation of OVA-specific T cells. Co-culture experiments
addressing this and considering the other potential candidates to either confirm or
discount their involvement will be the focus of future research with this model. Once
identified, purified subsets of the regulatory population could be used in adoptive
transfer experiments to confirm the phenotype of the UVB-induced regulatory cells in
vivo.
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Chapter Seven
General Discussion and Conclusions
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7.1

Aims of this thesis and summary of findings

The principal aim of this thesis was to examine the immunomodulatory effects of an
erythemal UVB exposure on the development and severity of murine asthma models.
In order to achieve this aim, a series of specific aims were established. These aims and
the findings of the experiments conducted to address them are outlined below.

7.1.1 Aim 1: To assess the immunomodulatory effects of UVB on both a novel papain
asthma model and a well-established OVA asthma model
7.1.1.1 Comparison of the papain and OVA models
Sensitisation and challenge i.n. with papain induced allergic airway inflammation and
increased the number of airway mucus-secreting cells in C57BL/6 mice.

Papain-

specific IgE, IgG1 and IgG2a antibodies were detected in serum and the BALF had an
increase in total cell number which was attributable to increases in lymphocytes,
neutrophils and eosinophils. Levels of IL-4 and IL-5, key cytokines involved in the
asthmatic response, were increased in the BALF.

These allergen-specific immune

responses were similar to those observed in human inflammatory respiratory diseases
such as asthma (1).

Additionally, single cell suspensions of LDLNs from mice

sensitised and challenged with papain proliferated and produced IL-5 in response to
papain in vitro. AHR was not assessed in the papain experiments as this model does not
generate measurable AHR (Prof W. Thomas, Molecular Biotechnology, TICHR,
personal communication), despite the increased IL-5 in the BALF which has been
positively associated with AHR (264).

Using the allergen OVA, a murine model of asthma was established that replicated
many of the typical hallmarks of asthma. When OVA-sensitised mice were challenged
with OVA aerosol, there was significant AHR and significant levels of antigen-specific
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serum IgE. OVA-sensitised and -challenged mice had higher levels of IL-5 and IFN-γ
and increases in neutrophils and eosinophils in the BALF compared to naïve mice.
When cultured with OVA in vitro, single cell suspensions of LDLNs from mice that had
received two i.p. doses of OVA and an aerosol challenge, or mice that had only received
one i.p. injection of OVA, proliferated in response to the antigen and produced
significant levels of IL-4, IL-5, IL-10 and IFN-γ.

Whilst both these models mimic key aspects of the human asthmatic reaction, there are
a number of fundamental differences between the immune responses each model
evokes. LDLN cells isolated from OVA-sensitised and -challenged mice produced an
array of cytokines in response to the antigen in vitro as compared to LDLN cells
isolated from papain-sensitised and -challenged animals which only produced
significant amounts of IL-5 when cultured with papain. By contrast, the papain model
induced a more extensive cellular inflammation throughout the lung tissue than the
OVA model and generated high levels of papain-specific serum IgE, IgG1 and IgG2a
antibodies whereas in the OVA model lower levels of antigen-specific IgE and IgG1
were detected in serum and IgG2a was not detectable.

Finally, one of the most

distinguishing differences between these models was the ability of the OVA model to
generate AHR whilst this does not occur when papain is used as the sensitising antigen.

There are a number of possible reasons why these differences exist. First and foremost,
different mouse strains were used in each model: the papain model used C57BL/6 mice
whilst the OVA model used BALB/c mice.

Unpublished observations from our

laboratory suggest that BALB/c mice mount poor immune responses to i.n. delivered
papain compared to C57BL/6 mice (Dr J. Lenzo and Ms J. McGlade, Molecular
Biotechnology, TICHR, unpublished observation).
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It was hypothesised that the

difference between the immune reactivity of strains to papain may be due to variation in
their ability to present antigen based on their MHC-II haplotype. When the BALB/c
mouse was substituted with the BALB/cH-2b (BALB/b) mouse which carries the
MHC-II H-2b allele of the C57BL/10 mouse (same as the C57BL/6) on a BALB/c
background, these mice produced papain-specific IgE at levels equivalent to those
observed in the C57BL/6 mice (Dr J. Lenzo, Molecular Biotechnology, TICHR,
personal communication). These data support the hypothesis that MHC-II haplotype is
a significant factor in determining responsiveness to i.n. papain and by extension
possibly other antigens.

This may contribute to the different immune responses

observed in the different models, particularly levels of antigen-specific IgE.

Other studies have also demonstrated genetic MHC class restriction to i.n. delivered
antigen. Tamura et al (525) showed that mice with the H-2b haplotype were high
responders to i.n. OVA (with cholera toxin adjuvant), those with a H-2d haplotype were
intermediate responders whilst those with a H-2k haplotype were low responders. In
comparison, in a model of i.n. administration of phospholipase A2 (bee venom
allergen), the H-2k mice were high responders whilst H-2b mice showed low responses
(526). These studies indicate that whilst MHC-II haplotype affects the level of response
a strain will have to an i.n. allergen, it is also dependent on the nature of the antigen
delivered. Therefore, it is important to acknowledge that the allergens used in this
thesis are different and as such may induce different degrees and types of immune
responses. Papain is a cysteine protease, the activity of which has been linked to its
allergenicity (199, 471). This represents a key difference in the mechanism by which
papain and OVA may induce an allergic immune response.
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In addition to this, papain is administered adjuvant-free in water whilst in the OVA
model a non-physiological adjuvant, alum, is used. Alum induces a non-specific Th2
cytokine environment when injected without antigen; when injected with antigen, Th2
responses raised to the antigen are enhanced (527). This may partly explain the higher
levels of cytokine production by LDLN cells to OVA in vitro, as immune responses to
the allergen have been enhanced through the use of alum. However, it is more difficult
to explain the increased IFN-γ levels with this theory as IFN-γ is a Th1 cytokine and
should thus be unaffected by alum administration.

The adjuvant-free nature of the papain model may also explain the inability of this
model to generate AHR. Toluidine blue staining of lung sections indicated that mast
cells were not present in the airways of papain-sensitised and -challenged mice. As
mast cells are essential for the development of AHR in adjuvant-free protocols (260),
this may explain the lack of AHR in the papain model. By contrast, mast cells are not
required to induce AHR in models of systemic sensitisation with adjuvant (85) which
may explain why the OVA model (where the antigen is delivered in alum) is successful
in generating AHR.

The administration protocol of each allergen is also significantly different between the
models. The papain model is entirely i.n. for sensitisation, boost and challenge whereas
the OVA model consists of i.p. sensitisation and boost with only the aerosol challenge
directed to the respiratory system. Furthermore, sensitisation and boost consists of five
daily i.n. doses in the papain model, whilst only a single i.p. dose is administered for
sensitisation and boost in the OVA model. The number of challenges also varies
between the models; the papain model consists of three daily challenges whilst the OVA
model only has a single aerosol challenge. These variations between the models mean
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that the murine lungs in the papain model are exposed to more allergen for a longer
period of time.

This is likely to result in the more extensive lung-focussed

inflammation observed in the papain model. In addition to this, the papain protocol
spans a longer timeframe than the OVA model (7 weeks versus 4 weeks), resulting in a
more chronic inflammation in the papain model. Again, this exposes the murine lungs
to the allergen for a longer period of time than in the OVA model and allows more time
for the establishment of the inflammatory environment. This may also account for the
differences in antibody levels observed between the two models as antibody levels
increased with time and the number of allergen exposures.

These variations in

administration protocols and timeframes are likely reasons for a number of the
differences observed between the models, particularly those pertaining specifically to
the respiratory system.

7.1.1.2 Comparison of the effects of UVB exposure on the papain and OVA models
UVB irradiation of skin before sensitisation suppressed key immune responses in both
the murine asthma models used in this thesis.

In the model using papain as the

sensitising antigen, UVB irradiation three days before sensitisation suppressed papaininduced proliferation of cells isolated from the LDLN. In the model using OVA as the
sensitising antigen, suppression of OVA-induced proliferation and Th2 cytokine
production by LDLN cells was observed in mice that received UVB prior to
sensitisation.

Furthermore, UVB exposure reduced IL-5 levels in the BALF and

suppressed airway resistance in response to inhaled MCh in the OVA model. When the
UVB irradiation occurred after sensitisation (three days before boost or challenge), the
established immune responses raised against the sensitising antigen were not altered.
These data support the findings of the only other published investigation that analysed
immune responses in mice UVB-irradiated after sensitisation in an asthma model (254).
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Although other studies have demonstrated that UVB can alter established immune
responses in DTH models in mice and humans (307, 511), differences in irradiation
protocols, species used, sensitisation methods or the sensitising antigen used may
explain, at least in part, the different observations reported.

Antigen-induced proliferation was suppressed in cultures of LDLN cells harvested from
UVB-irradiated mice in both the papain model and the OVA model. From experiments
using the OVA model, it was established that this effect was detectable after only one
sensitisation. As the lymph nodes draining the site of sensitisation are the same for
papain administered i.n. as for OVA delivered i.p., it is likely that the suppression of
this immune response by UVB occurs via the same mechanisms, from as early as the
sensitisation phase.

In the OVA model, UVB-irradiation of mice before sensitisation resulted in suppression
of production of the Th2 cytokines IL-4, IL-5 and IL-10 by LDLN cells in vitro whereas
in the papain model, cytokine production in vitro by LDLN cells was unaffected by
UVB exposure, although a tendency for decreased IL-5 levels was observed. IL-5 was
the only cytokine induced by papain addition in vitro. As such, any modulation of the
other cytokines by UVB would be impossible to detect. By comparison, production of
all cytokines measured in cultures of LDLN cells isolated from OVA-sensitised and
-challenged mice were significantly elevated above baseline levels by in vitro addition
of OVA. Thus the suppression of Th2 cytokines in cultures LDLN cells from UVBirradiated mice was easily detected. This more robust immune response may be due to a
number of factors including the allergenicity of the antigen, the adjuvant with which
OVA was administered or the mouse strain used (as discussed earlier in Chapter
7.1.1.1). Alternatively, UVB may induce more robust regulatory cells in the OVA
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model that are more suppressive than in the papain model, perhaps as a result of the
combination of UVB exposure with one or more of the aforementioned factors.

In the OVA model, UVB before sensitisation significantly suppressed levels of IL-5 in
the BALF whereas no effect by UVB on IL-5 levels in the BALF was observed in
papain-sensitised and -challenged mice. As the levels of IL-5 detected in both models
were similar for non-irradiated mice, it is more difficult to understand the mechanism
behind UVB modulating one response and not the other. It is possible that in the OVA
model, the UVB-induced regulatory cells are formed in the LDLN following
sensitisation and move out to the lung to modulate immune responses (such as BALF
cytokines and AHR) only upon aerosol challenge. In the papain model, the constant
delivery of the allergen to the lung may prevent this regulation as the lung immune
responses are being constantly stimulated, perhaps overriding the ability of the UVBinduced regulatory cells to suppress this aspect of the immune response, whilst
maintaining the ability to regulate lymph node responses. Once again, it is also possible
that this difference in UVB-induced suppressive effects is due to more robust regulatory
cells being induced in the OVA model than in the papain model.

7.1.2 Aim 2: To examine the role of histamine receptors in the immunomodulation of
asthmatic responses by UVB
Papain sensitisation and challenge of H1RKO mice resulted in a more robust immune
response to the sensitising antigen.

Significantly higher levels of papain-induced

proliferation and cytokine production (IL-4, IL-5, IL-10 and IFN-γ) in cultures of
LDLN cells and higher levels of IL-4 in the BALF were detected compared with the
levels observed in C57BL/6 mice. This increased reactivity of the H1RKO mice to
papain reflects the absence of histamine enhancement of Th1 responses following its
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interaction with the H1R. This supports an earlier study in mice in which IFN-γ
production was suppressed when the H1R was deleted and the secretion of Th2
cytokines including IL-4 and IL-13 was enhanced (147). A similar bias in cytokine
production was also observed in splenocytes of H1RKO mice in an OVA asthma model,
suggesting that the deletion of the H1R resulted in a systemic Th2 phenotype upon
antigen exposure (141).

In the H1RKO mice, UVB irradiation before sensitisation reduced papain-specific
proliferation and IL-5 and IL-10 production from LDLN cells. It could be argued that
once the basal level of inflammatory response to papain was increased in the H1RKO
mice, their sensitivity was increased to any immunomodulatory effects of UVB. That
is, it may be easier to detect a suppressive effect by UVB when the control response is
greater. This theory is supported by the findings of reduced responses in cultures of
LDLN cells isolated from UVB-irradiated, OVA-sensitised and -challenged mice (as
discussed in Chapter 7.1.1.2). Alternatively, whilst histamine may regulate immune
responses to papain, it may also be involved in the mechanisms of UVB-induced
immunomodulation (153, 331-334).

In contrast to the effects of H1R deletion, removal of the H2R in mice had no effect on
immune responses to papain.

However, papain-induced proliferation and cytokine

production in vitro by LDLN cells from H2RKO mice were not suppressed if the mice
had been UVB-irradiated before sensitisation.

The inability of UVB to alter

proliferative responses in the H2RKO mice whilst reducing those of C57BL/6 and
H1RKO mice suggests that the H2R is important in the pathway by which UVB is
immunomodulatory in this experimental asthma model. Histamine and its derivatives
can act via the H2R to inhibit the immune response by the induction of T suppressor
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cell activity (152) and, in humans, can inhibit mixed T lymphocyte proliferation (151).
In addition, the suppressive activity of adoptively-transferred, UV-induced regulatory
cells can be inhibited by high-dose administration of a H2R antagonist, but not a H1R
antagonist, to the recipient mice prior to adoptive transfer (491), suggesting that
regulatory T cells require this receptor for their suppressive function. Furthermore, this
inhibition of suppressive activity was only effective on Lyt-1+ cells, a marker expressed
by UV-induced regulatory cells (492), and not Lyt-2+ regulatory cells, suggesting that
H2R-dependent mediation of suppressor activity is specific for certain regulatory cell
types. In support of this, in models of UVB control of CHS responses, H1 and H2
receptor antagonists applied before and immediately after UVB irradiation partially
reversed the effects of UVB (153).

7.1.3 Aim 3:

To determine the mechanism(s) involved in UVB-induced

immunomodulation of the asthmatic response via a series of adoptive transfer
experiments
In both the papain and the OVA model, i.v. adoptive transfer of 5 x 106 LDLN cells
from UVB-irradiated, antigen-sensitised and -challenged mice into naïve mice that
subsequently underwent the respective sensitisation protocol resulted in transfer of the
immunosuppressive effects of UVB observed in the donor mice. This indicates the
presence of regulatory cells that can actively control immune responses in recipient
animals that are subsequently sensitised and challenged with the corresponding antigen.
In the OVA model, this regulation was demonstrated in the donor mice as early as after
a single sensitisation and this effect was transferable into recipient mice. This suggests
that the regulatory effects of UVB are detectable as early as after a single i.p.
administration of OVA / alum and are maintained until after the challenge phase.
Furthermore, this also demonstrates that the process of regulation in these models is one
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of active suppression rather than reduced sensitisation or a lack of proliferation on the
part of the LDLN cells isolated from UVB-irradiated animals. Additionally, when
recipients of LDLN cells from OVA-sensitised and -challenged donors were sensitised
to BLG, responses to BLG in vitro by LDLN cells were not altered, indicating that the
transferred regulatory cells were antigen-specific. In vitro addition of an anti-IL-10
antibody to single cell suspensions of LDLNs also demonstrated that the suppression of
proliferation observed in cultures of LDLN cells from UVB-irradiated mice was
independent of IL-10.

In the OVA model, suppression of airway resistance was observed in recipient mice if
the regulatory cells were transferred 24 h before challenge but not if the cells were
transferred before sensitisation.

By contrast, proliferation of LDLN cells was not

suppressed in mice receiving regulatory cells before challenge. IL-5 levels in the
BALF, which were suppressed in donor mice that received UVB before sensitisation,
were not altered when regulatory cells from UVB-irradiated, OVA-sensitised and
-challenged donor mice were transferred either before sensitisation or before challenge.
This suggests that the lung compartments and the lymph node compartments of the
immune systems may be regulated by different mechanisms - for suppression of airway
resistance the lung requires the regulatory cells to be present at the time of challenge
whereas the lymph node responses can only be skewed if the regulatory cell is present at
the time of first sensitisation but not once OVA-specific immune responses within the
lymph nodes have been established. The inability of transferred regulatory cells to
regulate IL-5 levels in the BALF suggests that modulation of this response by UVB in
the donor mice may occur via a different mechanism other than regulatory cells, perhaps
the result of the induction of soluble mediators.
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7.1.4 Aim 4: To characterise the phenotype of the regulatory cell induced by UVB
irradiation in these asthma models via in vivo and in vitro methods
Co-culture suppression assays using LDLN cells from OVA-sensitised and -challenged
mice established that the regulatory cells induced by UVB exposure prior to
sensitisation were CD4- and did not belong to the CD4+CD25+ or CD4+CD25subtypes.

Potential candidates for the identity of the UV-induced regulatory cells

include CD19+ / B220+ regulatory B cells (358, 359), DX5+ natural killer cells (348) or
CD8+ regulatory T cells (518). Whilst each of these possible cell types have data in
support of and against their role in UV-induced suppression in these asthma models, it
is imperative that each possibility is assessed in order to rule out the other candidates
and to definitively determine which cell type is responsible.

7.2

Significance of findings and contribution to scholarship

To date, little research has been conducted into the effect of UV exposure on the
asthmatic phenotype, or indeed Th2 responses in general. Other studies have reported
that UVB irradiation prior to sensitisation decreased OVA-specific serum IgE and IgG1
levels and ex vivo non-specific AHR, whilst increasing mitogen-driven IL-10
production by spleen cells in vitro (379, 464). Another study using a crude fungal
antigen reported decreased serum total IgE and eosinophil influx in the BALF in UVBirradiated mice (254). Whilst demonstrating exciting potential for the use of UVB as a
therapy or prophylaxis for the asthmatic condition, the responses analysed provided no
understanding of the immune events occurring in the lymph nodes draining the site of
antigen administration where, importantly, sensitisation occurs.

Furthermore, these

studies were limited by the fact that they provided no insight into the mechanism by
which UVB modulated immune responses in these models.
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This thesis challenges the dogma that UVB radiation causes a switch to a Th2
phenotype; rather these findings provide evidence for UV-induced suppression of Th2
immune responses.

This research contributes to the knowledge base by further

examining the effects of UVB on two different murine models of allergic airways
inflammation and asthma, using papain or OVA as the sensitising antigens.
Furthermore, two different parent strains of mouse were used: C57BL/6 in the papain
model and BALB/c in the OVA model. This allows for confirmation of the results
obtained regarding UVB-induced suppression of the asthmatic phenotype in terms of
antigen and mouse strain. Consequently, the data can be considered more robust.

Importantly, the responses evaluated in this thesis were antigen-specific. Furthermore,
AHR was measured using an in vivo method (rather than the in vitro method employed
by van Loveren et al (464)) which represents a more accurate measurement of AHR in
the animal and allows examination of the central and peripheral compartments of the
lung. Using this method, the exact component of AHR modulated by UVB and its
corresponding physiological location in the lung was elucidated. Furthermore, the
effect of applying UVB at different stages in the development of the asthmatic condition
was examined which had only previously been investigated by Ward et al (254) using
the crude fungal antigen model.

In addition to observing the effects of UVB on these asthma models, the mechanisms by
which UVB modulated the immune responses were examined. An analysis of the
mechanisms behind the function sets this thesis apart from the findings of previous
investigators. The role of the H1R and the H2R in allergen sensitisation and UVBinduced immune suppression was evaluated, with the H1R involved in immune
responses to papain and the H2R essential UVB-induced for modulation of immune
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responses in the LDLN of papain-sensitised and -challenged mice. In both models,
regulatory cells in the LDLN were identified as the primary mechanism through which
UVB suppressed the asthmatic response and this was further analysed to identify the
phenotype of the regulatory cells as CD4- in the OVA model.

The dose of UVB to which the animals were exposed in this study is equivalent to two
minimal oedemal doses (MED) for mice on a C57BL/6 background, four MED for mice
on a BALB/c background and approximately five minimal erythemal doses for humans.
However, individual skin phototype and sensitivity to UV radiation should be
considered when estimating this value (475). This is analogous to approximately 20
min exposure to the midday sun in summer in the more populated parts of Australia for
people of average skin phototype. It should be noted however that whilst sunlight is
made up of approximately 4% UVB, this study used lamps emitting predominantly
UVB wavelengths. As such, extrapolations of these data to natural sunlight should be
undertaken with caution. As many people are exposed to UVB radiation on a daily
basis, it is important that the scope of the immunomodulatory effects of UVB and the
mechanisms by which it acts are defined.

This combination of UVB and allergy

research provides a tool not only for the dissection and recognition of how UVB
modulates immune responses but also allows the elucidation of the mechanisms by
which allergic responses can be regulated, thus providing a better understanding of
allergic respiratory disease.

Asthma is rapidly becoming one of the most prevalent diseases in the world and the
economic burden on governments and individuals is rising. Consequently, the need for
a better understanding of this disease and for preventative therapies is great. With
population-wide reductions in sun exposure in countries where asthma is a significant
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health problem (evidenced by reduced vitamin D levels), it is important that the link
between this immunomodulatory environmental factor and allergic disease is examined.
This thesis provides an in-depth evaluation of the effect of UVB irradiation on
humoural, cellular and molecular aspects of the asthmatic response and provides an
analysis of the mechanisms by which these effects are mediated, implicating UVB or its
downstream mediators as a potential approach to reducing the severity of asthma.

7.3

Future directions

This thesis identified the regulatory cells responsible for the immunosuppressive effects
of UVB on the OVA asthma model as CD4-. The positive identity of this cell needs to
be ascertained. Whilst UVB-induced B cells (358, 359) and natural killer cells (348)
that have immunoregulatory properties have been described, the regulatory cells
isolated in this model do not appear to act via the actions of IL-10 (like the regulatory B
cells), nor do they express CD4 (like the natural killer cells).

Nonetheless, the

possibility that the regulatory cells induced in my model express any one of the B cell
markers CD19 or B220 or the natural killer cell marker DX5 must be addressed in
future experiments to confirm or discount the involvement of these cells in the UVBinduced immune suppression of the asthmatic phenotype.

Another possible candidate for the regulatory cells in my model is CD8+ cells. Whilst
there are to date no reports of UVB inducing CD8+ cells with regulatory properties,
other models have demonstrated that this subset of cells can suppress Th2-mediated
allergic asthma (518) and T cell proliferation (519, 520), as well as a number of other
immune responses (521-524).
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In order to ascertain the phenotype of the regulatory cells, co-culture experiments such
as those described and performed in this thesis using purified subsets of cells would
allow for identification of the cell type responsible for the in vitro suppression of T cell
proliferation. In addition to the ratios used in this thesis, a titration of the ratio of
purified regulatory cells to responding cells should be established, starting from a 1:1
ratio and halving the number of regulatory cells with each subsequent dilution.
Repeating this titration method with CD4+CD25+ / CD4+CD25- / CD4- purified cells
would also serve to confirm the results and demonstrate that the effects observed were
not due to different co-culture concentrations of each subtype.

Following positive identification of the regulatory cell type, adoptive transfer of
purified cells into naïve and sensitised mice should be conducted in order to
demonstrate in vivo suppression and confirm the phenotype of the regulatory cells.
Analysis of all aspects of the asthmatic response in recipient mice will demonstrate
whether these purified regulatory cells are responsible for all or some of the suppressive
effects observed when unfractionated LDLN cells were adoptively transferred in the
experiments conducted in this thesis. Further to this, a titration of the numbers of
regulatory cells transferred would demonstrate the potency of the transferred cell and
would allow the determination of whether transferring a larger number of purified
regulatory cells will result in a stronger suppression of immune responses in recipient
mice.

In this thesis, a single OVA aerosol was used to challenge the airways of sensitised
mice. Using this protocol, no suppressive effects of UVB irradiation on cellular influx
in the BALF or the histology of the lung tissue were observed. Using multiple aerosol
challenges would create a more inflammatory environment, recruiting more
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inflammatory cells to the airways and maintaining these populations (252). Increasing
the numbers of these cells in the airways and BALF may increase the sensitivity and
allow for better detection of any suppressive effects of UVB on these cellular aspects of
the asthmatic response, should these immune responses be affected by UVB exposure.
However, other components of the immune response may not be able to be assessed
depending on the number of aerosols the mice are exposed to. For example, whilst one
aerosol generates detectable AHR, this effect is lost after three aerosol challenges but is
recovered if six aerosols are administered (528).

This should be taken into

consideration when employing a multiple aerosol model.

In addition to immune regulation, UVB radiation is well-known for its carcinogenic
properties. Indeed, the immune suppression that results from UVB exposure prevents
robust immune responses to newly created / exposed antigens on UVB-damaged cells
and permits tumour outgrowth (302). As such, differentiation between the specific
pathways that induce immune suppression and those that induce the initial damage to
DNA would allow for beneficial use of immune suppression, as demonstrated in this
thesis, but without the risk of cancer development. Substitution of UVB with UVBinduced molecules that are know to suppress immune responses such as cis-UCA (153,
431, 439, 445) or vitamin D (or its low calcaemic analogue calcitriol) (284, 412, 424,
428, 429) would allow for determination of whether these molecules are responsible for
the suppressive effects observed in the asthma models employed in this thesis. If this
substitution is successful in reproducing the effects of UVB, this could represent an
exciting therapy or prophylactic treatment for sufferers of asthma and allergic airways
disease.
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