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ABSTRACT



Asthma, a chronic inflammatory disease of the lungs affecting approximately 300 million
people worldwide involves airway inflammation that is associated with airway remodelling.
The IL-4 receptor alpha (IL-4Ra), which is the signal transducing receptor chain for IL-4 and
IL-13, is known to play an important role in airway hyperreactivity (AHR) and lung
pathology in asthma. Mouse models of AAD mimicking features of asthma such as airway
hyperreactivity (AHR) and inflammation have demonstrated an important role for the IL-
4Ra, IL-4 and IL-13 in the pathology of this disease. However, the effects of IL-4 and I1L-13
signaling through specific cell types in allergic asthma remain to be elucidated. The aim of
our study is to investigate the role of IL-4/1L-13 target cells in allergic airway disease using
comparative experimental cell type-specific IL-4Ra deficient mouse models of chronic

allergic airway disease.

IL-4Ro""° littermate control mice, IL-4Ra” mice and mice with cell specific impairment of
IL-4Ro on CD4" T cells (Lck“®IL-4Ra”"™) or macrophages and neutrophils (LysM ®IL-4Ro
Xy were sensitized subcutaneously with 25 micrograms of ovalbumin (OVA) adsorbed to
alum at days 0, 7, 14 and 21 and subsequently challenged intranasally with 20 micrograms of
OVA twice weekly for four weeks. Airway hyperreactivity (AHR) was measured by flexivent
in response to increasing doses of methacholine and samples were taken for analysis.

Airway resistance and elastance were significantly increased in OVA-challenged IL-4Ra ™

littermate control mice compared to PBS controls. Both global IL-4Ro”" and Lck®®IL-4Ro "
OVA mice had significantly decreased airway resistance and elastance, reduced airway
inflammation, mucus hypersecretion and airway eosinophilia compared to OVA IL-4Ro "
littermate controls and LysM®™IL-4Ra™" OVA mice. Compared to IL-4Ra™* littermate
control mice sensitized and challenged with PBS, OVA-challenged IL-4Ra”* littermate
control mice had increased AHR after methacholine challenge. Allergic airway inflammation
(airway infiltration, mucus production, Collagen deposition and airway remodelling) were

NoX mice.

reduced in Lck®™ IL-4Ra "' mice whereas it was maintained in LysM®® IL-4Ra
Th2 type antibody, Th2 cytokines and Th17 responses were altered in Lck®® IL-4Ro " mice

whereas those were unaltered in LysM®™® IL-4Ra "™ mice.

Together, these results suggest that IL-4/IL-13-activated alternative macrophages are
involved in AHR and IL-4-promoted Th2 cells are important in allergic inflammation and
remodelling during OVA-induced chronic allergic airway disease.



CHAPTER 1

General Introduction



1 General Introduction

1.1 Overview of Allergy and Asthma

1.1.1 Allergy

Allergies are the most common chronic immunological disorders where an abnormal reaction
of a person’s immune system occurs in response to harmless substances in the environment.
Allergic diseases include anaphylaxis, angioedema, asthma, food allergies, eczema, rhinitis
and urticaria. There is a dramatic increase in the prevalence of allergic diseases globally with
about 30-40% population being affected by it. The greatest burden of the rising trend of these
diseases in the last few decades is found among children.! The two broad categories of risk
factors for allergy include host and environmental factors.?> The role of host heredity and
genetic factors in the disposition to allergic diseases has been reported. However genetic
factors in the host alone cannot provide insights into the recent increased incidence of allergic
diseases even though polymorphisms in several candidate genes of allergic diseases have
been reported. * Individuals with a known family history of allergies are more prone to

develop allergies in their lifetime.

Allergy is a type | hypersensitivity reaction mediated by allergen specific immunological
mechanisms causing excessive activation of mast cells and basophils by immunoglobulin E
resulting in an inflammatory response which can range from uncomfortable to life
threatening. Type | reactions, a class of humoral immune reactions occurs within minutes of
contact with the allergen and due to its rapid onset are termed immediate hypersensitivity
reactions. They are predominantly mast cell-mediated and are caused specifically by antibody
of the IgE isotype which are capable of binding to Fc-receptors for IgE on mast cells found in
tissue. Cross-linking of these membrane-bound IgE's by specific antigen results in mast cell
degranulation releasing proallergic mediators such as histamine, leukotrienes and
prostaglandins from mast cells and basophils. This eventually results in the myriad symptoms

of allergy. *

The interplay between gene-gene, gene—environment, gene—gene—environment and gene—
environment—environment interactions contributes to the risk of developing asthma thus

emphasising that environmental factors also contribute to asthma in a genotype dependent


http://en.wikipedia.org/wiki/Natural_environment

manner.” The hygiene hypothesis is supported by various epidemiological studies and
explained the increased incidence of these diseases in developed countries thereby providing
a vital framework in understanding the allergic diseases. ® ” Even though the reduction in the
risk of developing allergies in children on exposure to certain infections in early childhood
has been shown. the validity of hygiene hypothesis has been questioned.®*° The two possible
explanations for this hypothesis are either early exposure to the allergen induces the
development of a protective Thl type immune response to the allergen, preventing a Th2 type
immune response leaving the body more susceptible to developing Th2 induced disease.” **
or the development of suppressive immunoregulatory responses to chronic or repeated

infections.?
1.1.2 Allergens

Any antigenic substance responsible for eliciting an allergic response by stimulating a type-|I
hypersensitivity reaction through IgE responses is termed an allergen. Table 1.1 below lists
some of the common allergens and their sources. Allergens can only be effective in causing
an allergic reaction in an individual if there is previous sensitization to the allergen
characterised by the induction of the IgE response directed against the allergen in the tissues

and includes modulation of dendritic cells, B cells and T cells.*®

Table 1.1: Common allergens

Source of allergen Examples

Food Eggs, fish, fruit, milk, nuts

House dust Dander from house pets, mites

Mould Food mould, plant mould

Plant Oils Oak, poison ivy, sumac

Pollen from grasses, trees and weeds Timothy grass, elm, ragweed

Venom from insects or animals Bees, wasps, yellow jackets, fire ants,
scorpion




Allergens are mostly proteins that are capable of reaching and stimulating immune cells
capable of inducing an allergic response.™* An allergic reaction is usually caused by any form
of exposure to the dietary or environmental allergens via one of the following routes—
ingestion (natural or artificial food products), inhalation through the air (pollen), direct

contact (with the skin) or injection (drugs or insect bites).

Allergens are named using the systematic nomenclature of the Allergen Nomenclature Sub-
Committee of the World Health Organization and International Union of Immunological
Societies. The system uses abbreviated Linnaean genus and species name of their source as
follows: first three letters of the genus name, first letter of the species and an Arabic number
to indicate the chronology of allergen purification. (E.g. Can f1 (Lipocalin) for domestic dog

Canis familiaris).'> ¢

1.1.3 Immunological mechanisms of allergy

Both cellular and humoral immune responses are involved in allergies. Allergen specific IgE
antibodies induce most allergic responses in humans. Any IgE-mediated reaction to common
environmental allergens is called atopy and has got a strong genetic predisposition. In most
humans, significant IgE responses are mounted against parasitic infections. In atopic
individuals, non-parasitic antigens stimulate inappropriate IgE production, leading to type |
hypersensitivity. Sensitivities vary widely from one person to another. A very broad range of
substances can be allergens to sensitive individuals. IgG antibodies (e.g. drug induced
anaphylaxis) or allergen specific lymphocytes (e.g. non-atopic asthma) can also induce

allergic reactions.*” 8

Sequence of events in allergies

Immune responses to allergies are divided in-to two main phases:

1) Sensitization phase and

2) Reaction Phase

During the sensitization phase, an immune response to the allergen is established by the
immune system on encounter with the allergen for the first time resulting in the induction of

IgE antibody. IgE antibody binds to Fc receptors on the surface of mast cells (and basophils)


http://en.wikipedia.org/wiki/Immunoglobulin_E

through its Fc portion. Dendritic cells (DCs) or antigen presenting cell (APCs) then present
the allergen to the undifferentiated T-helper cells which then undergo differentiation and
clonal expansion of allergen-specific T helper 2 (Th2) cells into allergen specific Th2 cells in
the presence of IL-4 produced by various cells of the adaptive immune system.'® B cells are
then stimulated by allergen specific Th2 cells to produce allergen specific IgE or IgG1l
antibodies. The establishment of an allergen specific T cell and B cell response to the allergen
is critical for the further development of the allergic disease. These cells activate a memory

response on second encounter with the allergen.

During the reaction phase, re-exposure to the allergen results in the binding of the allergen to
mast-cell-bound IgE antibody, causing IgE cross-linking. The crosslinking of mast-cell and
basophil cell-surface with the high-affinity receptor for IgE (FceRI) bound IgE by allergens
causes the release of large, basophilic granules into the tissues by the process of
degranulation releasing a variety of inflammatory mediators : chemokines (such as CXC-
chemokine ligand 8 (CXCL8), CC-chemokine ligand 4 (CCL4), cytokines (such as IL-4, IL-5
and IL-13), lipid mediators (such as leukotrienes, prostaglandins), proteases, and vasoactive
amines ( histamine)?® thereby increasing vascular permeability and smooth muscle cell
contraction. 2! The expression of these cytokines recruits Th2 cells and eosinophils which
play an essential role in the late phase of allergic reactions and subsequently chronic
inflammation. Histamines, one of the chemoattractant for mast cells and eosinophils increases
the vascular permeability enabling the influx of inflammatory cells at the site of the allergic
reaction which in turn establish the chronic and late phase of AAD.?? Eosinophils and
basophils in circulation and mast cells in tissue are the key players in allergic reactions.
Allergens bind to IgE on the surface of mast cells through histamine receptors releasing
histamines stored in their granules causing injury to the surrounding tissue including blood
vessels and nerve cells. Interaction of histamine with receptors on blood vessels causes
increased leakiness, leading to the fluid collection, swelling and increased redness. IgE

receptor also stimulates pain receptors, making tissue more sensitive and irritable.

1.1.4 Diagnosis and treatment of allergy

Allergy testing involves skin or blood tests to determine which allergen elicit an immune
response. Skin tests are normally done due to their rapidness, reliability and cost

effectiveness. In skin testing, a small amount of a suspected allergen is placed on or below

7



the skin to see if a reaction develops. The three types of skin tests are skin prick test,
intradermal test and skin patch test. Blood tests utilize ELISA to look for allergen specific
IgE antibodies in blood. Other laboratory testing methods include radioallergosorbent testing
(RAST) or an immunoassay capture test (ImmunoCAP, UniCAP, or Pharmacia CAP).%

Common management for allergic conditions include avoidance of known allergens.
However normally this is practically impossible. The treatments include use of variety of
medications and also allergen-specific desensitization (immunotherapy). Medications such as
anti-histamines specifically prevent allergic symptoms, steroids suppress immune responses,
and decongestants reduce the symptoms of allergy. These medications are mostly
administered orally. However, epinephrine which is used to treat anaphylactic reactions is

injected. Immunotherapy uses injected allergens to desensitize the body's response.?
1.1.5 Asthma

Asthma is a severe chronic inflammatory disease of the lungs. According to the WHO
estimates, worldwide approximately 300 million people are affected by asthma, with 180 000
deaths resulting annually from severe asthma attacks.?®> Asthma poses a serious public health
problem in all countries across the globe as shown in figure 1. Over 80% of asthma deaths
occur in low and lower-middle income countries. Asthma has become the most common
chronic disease among children and is one of the major causes of hospitalization among those
younger than 15 years of age.”® Triggers such as indoor allergens (house dust mites, pet hair
or dander etc),outdoor allergens (pollens and mould), cold air, tobacco smoke, chemical
irritants in the air or in the food, respiratory infections (common cold), extreme emotions,
physical exercise, certain medication such as aspirin, non-steroid anti-inflammatory drugs,

beta-blockers etc can cause asthma.

Asthma is characterised by recurrent episodes of symptoms such as coughing, wheezing,
chest tightness, and shortness of breath, which vary in severity and frequency from person to

person. In severe cases it can be fatal.?’

Even though the primary causes of asthma are not
completely understood, genetic predisposition combined with environmental exposure to
certain inhaled substances and particles were identified as the strongest risk factors for
developing asthma.?® The symptoms of asthma are caused by airway obstruction due to
bronchoconstriction, mucus hypersecretion and inflammation of the airways that leads to

airway wall thickening.?® The majority of asthma is associated with allergy, and allergens can



trigger bronchoconstriction due to the release of inflammatory mediators from mast cells and

basophils after IgE-crosslinking.*

T helper 2 (Th2) responses occur in most asthma and mouse models of asthma. Increased
numbers of alternatively activated macrophages and natural killer T cells have also been

31,32 and asthma exacerbations are associated with neutrophils. *

found in asthmatic airways
There is also evidence to suggest that asthmatics have intrinsic differences in the epithelial
cells of their airways that lead to impaired barrier function and enhanced signalling with
underlying immune and mesenchymal cells.?” ** Differences in smooth muscle cells isolated
from asthmatic patients including increased proliferation and increased production of
connective tissue growth factor have been reported **. A number of factors may therefore

contribute to the airway obstruction that is associated with acute asthma attacks.

Asthma cannot be cured. However, appropriate management of the disease using short-term
and/or long-term medications can control and prevent the symptoms and exacerbations, thus
enabling the patients a good quality of life. Avoidance of known triggers and exposure to risk
factors is also important in controlling asthma. Current asthma therapy does not seem to be
effective against certain types of asthma, particularly severe asthma as it uses chronic
medication which has to be taken life long, involves certain side-effects and combat only the
symptoms of the disease and not the disease itself. The most effective treatment for asthma is
corticosteroid therapy which involves suppression of leukocytes, particularly Th2 cells.®® ¥
However, limited efficacy has been shown with agents such as cyclosporine that suppress
activated T cells.®® * Furthermore, the results of clinical trials that have tested monoclonal
antibodies against individual Th2 cytokines such as IL-4, IL-5, IL-9 and IL-13 have been

disappointing overall.>*

Asthma does not kill on the scale of chronic obstructive pulmonary disease (COPD) or other
chronic diseases, but failure to use appropriate medications or to adhere to treatment can lead
to death.”® Also in developing countries, lack of access to hospitals and other health care

facilities results in the increase of the mortality rate due to asthma as illustrated in figure 2.
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Figure 1. Global prevalence of asthma. Map showing the variation in the prevalence of
asthma. The percentage of asthmatic individuals differs in each country. Map from Graham
Devereux 2006.*
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Countries shaded according to case fatality rate (per 100,000 asthmatics)®

5.1.10.0 | | Mo standar diseed data available

Figure 2. Global fatality rates of asthma. Map showing the variation in the fatality rates of

asthma across the globe. Map from Masoli M et al, 2004.%?
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1.2 Mouse models of Allergic Airway Disease (AAD)

Mouse models of allergic airway disease have been extremely useful in understanding the
pathology of asthma as they share lot of similarities with human asthma. *® In order to induce
allergic reactions in mice, sensitization with ovalbumin (OVA) with the adjuvant is carried
out first followed by the nasal administration of OVA without the adjuvant. These models are
widely used to investigate the underlying immunological mechanisms of OVA- induced
allergic airway inflammation. *“*° However, besides OVA, allergens such as Aspergillus

51, 52

conidia, cockroach antigen >, dust mite antigen >* and inhalant fish allergen > have also

been used in other murine models of AAD.

Allergic airway disease (AAD) is a complex inflammatory disease involving many cell types,
mediators and tissue responses. It involves a typical Th2 type immune response. Systemic
immunization prior to airway exposure has been used in various murine models. Some of
these models require systemic immunization of allergen prior to challenge and these allergens
always need to be administrated together with an adjuvant (aluminium hydroxide (alum) or
cholera toxin). The mice are systemically sensitised by repeated intra peritoneal (i.p) injection
of allergen and adjuvant.

Inhalation of allergens in mice induces responses that are similar to human asthma:
Production of Th2 cytokines, goblet cell hyperplasia, bronchoalveolar lavage and pulmonary
neutrophil response, followed by eosinophil response, mast cell degranulation and IgE
production, airway hyper responsiveness (AHR) to cholinergic stimuli that includes rapid and
delayed development of increased airway resistance as shown in figure 3. Both human
asthma and mouse models show memory responses as well.”® However, studies in both
animal and human have demonstrated the development of tolerance on repeated airway

49, 57-62

exposure to an antigen. indicating that instead of tolerance it leads to the disease

development in asthma.

Chronic remodelling with smooth muscle hyperplasia and subepithelial fibrosis has been
shown by some mouse models as shown in figure 3 (c).® Both human asthma and some
mouse models are suppressed to some extent by leukotriene antagonists and leukotriene
receptor antagonists, mast cell depletion, IgE antagonists, phosphodiesterase 4 antagonists,

and corticosteroids.®* It has also been reported that intraspecies genetic variability also

12



influences susceptibility to AAD in both mice and human subjects.® In humans, allergies

develop only on exposure to the allergen and not after sensitization.®®®®

Thus, murine models have contributed to our understanding of the mechanism of
development and pathology of AAD. The use of knockout mice has certainly added value to
our understanding of the roles of specific molecules and cytokines in these models. However,
different strains of mice respond differently in these models displaying contrasting
phenotypes in different backgrounds.®® Comparative animal models of AAD using C57BL/6
and BALB/c backgrounds have also been reported. © Mouse models that replicate some of
the features of asthma have been used extensively to try to uncover the underlying
mechanisms of disease. "

T helper 2 (Th2) responses are associated with mouse models of asthma and human asthma
by production of cytokines contributing to the infiltration of eosinophils (IL-5, eotaxin),
mucus hypersecretion (IL-13) and IgE production (IL-4), with IL-13 being associated with
both allergic and non-allergic asthma. >®! These mouse models have demonstrated that the
IL-4Ro, and its ligands IL-4 and IL-13 are important in the induction of Th2-driven airway
inflammation, mucus hypersecretion and airway hyperreactivity.’® 8284

In effect this demonstrates that the mechanisms behind asthma pathogenesis are not fully
understood. Individual cytokines have a wide range of effects which may be beneficial or
deleterious depending upon the cells through which they signal. By determining the cell
specific effects of cytokine signalling, we will be able to uncover the pathways that are
important for the elicitation of airway disease and identify downstream effector molecules

that may be important therapeutic targets.
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Figure 3. Immunological mechanism of asthma. Progression of asthma can involve three
phases. In acute phase (a) allergen-induced activation of mast cells releases pro-inflammatory
cytokines and mediators, leading to acute bronchoconstriction and airway obstruction, which
leads to the chronic phase (b) characterized by activation of Th2 cells and macrophages,
recruitment and degranulation of eosinophils leading to changes in the airway causing airflow
obstruction and increase in airway responsiveness. This can progress further to remodelling
changes (c) leading to permanent irreversible alterations in the airway architecture. Figure

from James E Gern et al, 2002.%°
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1.3 Immunological mechanisms of AAD

AAD, an inflammatory disease is caused by a Th2 type immune response. The immediate
reactions of AAD are mediated by the release of inflammatory mediators by IgE. However,
the mechanisms of late and chronic phases of AAD are poorly understood. A complex
interaction of immune cells, cytokines and resident cells cause the development of disease
symptoms of AAD where Th2 cytokines play a central role in this processes. IL-4 is critical
for the development of Th2 cells from uncommitted ThO cells and is also important for
isotype switching of B cells from IgG to IgE. Mice deficient in IL-4 showed abrogated Th2
response.® IL-4 neutralization during the sensitisation phase caused a reduction in airway
hyperresponsiveness, eosinophilia and allergen-specific IgE production.’® However, IL-4

neutralisation during the effector phase did not have an effect on AAD. *°

IL-13 produced by Th2 cells, mast cells, basophils and eosinophils promotes development of
alternatively activated macrophages that have been hypothesized to play a role in allergies.t”
Studies have shown that main symptoms of allergic asthma were induced by IL-13
independently of IL-4 and IL-13 is mainly responsible for goblet cell hyperplasia and mucus
production ** ™ The induction of AHR by IL-13 through a direct effect on contraction of
smooth muscle cells of the airways has also been reported.®® Murine studies have also

confirmed a common signalling pathway ie IL-4Ra. for both IL-4 and 1L-13.%

Besides IL-4 and IL-13, there are other cytokines that contribute to the development of AAD.
IL-5 plays a significant role in AAD through inducing eosinophils at inflammation sites,
since it is critically involved in the growth, differentiation, maturation, recruitment and
activation of eosinophils.*** The role of IL-5 in the pathogenesis of asthma has been
supported by various lines of experimental evidence. IL-5 deficient mice showed impaired
numbers of eosinophils in the periphery and the lung after allergen challenge. ** %% In
Clinical trials of asthmatic patients, a humanized blocking antibody specific for IL-5
(mepolizumab) although showed significant reduction in eosinophils had no effect on

improving the disease. %™

In mice, IL-9 blockade inhibited pulmonary eosinophilia, mucus hypersecretion, and AHR
after allergen challenge of sensitized mice. Studies in asthmatic patients have also shown the
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increased expression of IL-9 and its receptor in the airways enhancing mucus production,

eosinophilia and AHR. %% 102

The functional role of IL-17 in asthma is unclear, since studies have shown a dual role for IL-
17. IL-17 seems to be involved in allergic sensitization of animal models by inhibiting
eosinophilic inflammation in sensitized animals and is known to induce proinflammatory
cytokines contributing to acute inflammation. *°* Murine models have shown that 1L-25 (IL-
17E) produced by Th2 cells, mast cells, and epithelial cells induces the expression of IL-4,
IL-5, and IL-13, resulting in inflammation mediated by eosinophils, increased IgE
production, and AHR in mice. ' Expression of IL-17 in the effector phase of allergic asthma
reduces allergic symptoms by inhibiting dendritic cell functions and expression of IL-4 and
IL-5.1% T,17 cells are characterized by IL-17 (or IL-17A), IL-17F, IL-6, TNF-c, and IL-22
expression. IL-17A and IL-17F release neutrophil chemoattractants CXCL1 and CXCL8
from airway epithelial cells and airway smooth muscle cells and are responsible for
neutrophil-mediated inflammation.® Thus IL-17 plays an essential a role in the neutrophilic
inflammation of severe asthma. Increased expression of mucin-encoding genes (MUC5AC
and MUCS5B) in human airway epithelial cells by 1L-17 has also been reported.’®” Human
studies have also shown the increased levels of IL-17A in the sputum of individuals with
asthma and an increase in Th17 cells in the airways.’®® '® Human studies have also
confirmed that the secretion of Th2 cytokines is enhanced by 1L-25." ! Blocking of IL-25

in mice inhibited the development of AHR in response to allergens.'*?

1.4 1L-4 Receptor alpha (IL-4Ra): common receptor for IL-4 and 1L-13

The fundamental Th2-associated cytokines, IL-4 and IL-13, play a key role in allergic
sensitisation and in the development of symptoms for allergy as established by a range of
experimental models and epidemiological studies.*** The genes for both these cytokines are

closely linked on both human and mouse chromosomes.***

1.4.1 1L-4 and IL-13 Receptors
IL-4 and IL-13 have similar tertiary structures even though their amino acid homology amino

is low. '

IL-4 and IL-13 show overlapping functions, which is partly due to a shared
common receptor transmembrane subunit, interleukin-4-receptor alpha (IL-4Ra), in their
receptor complexes as shown in figure 4.1 1%
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IL-4 receptor is a type | transmembrane protein that can bind both IL-4 and IL-13 and has
various functions. The IL-4Ra on T cells binds IL-4 promoting differentiation of Th2 cells.
Allelic variations in this gene have been associated with many allergic conditions such as
atopy, asthma, eczema and, sinusitis.**® It is also important for the inhibition of Thi-
associated pro-inflammatory cytokines such as IFNy and TNF. *® Mice treated with anti-IL-
4Ra antibodies specifically blocked responses of IL-4 signalling. %% The IL-4Ra. consists
of a 140-kDa IL-4Ra chain and is a component of both the type | and type Il IL-4 receptors.
It is expressed in relatively low numbers on numerous cell types. ** ' The type | IL-4
receptor is a combination of IL-4Ra with the common y-chain (yc) of cytokine receptors,
which is shared with other cytokine receptors, such as IL-2, IL-7, IL-9, IL-15 and IL-21.
125128 The |L-4Ra subunit paired with the 65-70kDa IL-13Ra1 chain forms a complex known
as type Il IL-4Ra or IL-13 receptor, through which both IL-4 and 1L-13 can signal. The IL-
13Ral has a low binding affinity to IL-13 but when paired with IL-4Ra, it has a high affinity
for IL-13. IL-4 signalling can occur through both type I and type Il receptors whereas 1L-13

126,127

only binds to type 2 receptors. IL-13Ral is expressed on many cell types including- B

cells, basophils, endothelial cells, macrophages, mast cells and monocytes. 2% 128129

Although IL-13 signals via the IL-13Ral, studies have shown that IL-13 has a higher binding
affinity to the 02 chain of the IL-13 receptor (IL-13Ra2) and can signal through it.**® IL-
13Ra2 is a 55-60 kDa protein closely related to IL-13Ral except that the cytoplasmic domain
has no signalling motifs or binding sequences for signalling molecules.**" 32 In addition to
the cell surface receptors, soluble forms of both IL-4Ra and IL-13R02 exist. These are
suggested to bind IL-4 and IL-13 with high affinity as non-signalling monomers. Therefore,
the soluble receptors can act as competitive inhibitors of IL-4 and IL-13 regulating their

activity.** 13

IL-4Ra brings together receptor associated Janus Kinases (JAKSs) upon binding of IL-4 to IL-
4Ra or binding of IL-13 to IL-4Ro/IL-13Ral complex as shown in figure 1.4. JAK-
dependent tyrosine phosphorylation of the IL-4Ra results in phosphorylation of the
transcription factor known as signal transducer and activator of transcription 6 (STAT 6)
enabling the transcription of many Th2 associated genes by translocation to the nucleus.3>*%
Other signalling intermediates like Insulin like receptor substrate (IRS) family can also be
phosphorylated by IL-4Ra. This common signalling pathway favours the sharing of many

biological functions of IL-4 and IL-13 such as induction of B-cell isotype switching to IgE,
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alternate macrophage activation, inhibition of inflammatory macrophage products,
upregulation of MHC class Il and promotion of Th2 type responses.™™ ** 337 Different
affinities to the shared type Il receptor complex for both IL-4 and IL-13 have also been

reported.**®

IL-4 and IL-13 are predominantly produced by basophils, mast cells and activated CD4" Th2
cells. Inspite of common functions, these two cytokines have distinct functions because of the
expression of various receptor components on different cell types. T cells do not express type
Il 1L-4 receptor (IL-13Ral) and hence cannot respond to IL-13. This indicates the
dependency of Th2 cell differentiation on IL-4 but not 1L-13 signals. Human and mouse B
cells respond differently to IL-13 for IgE class switch. Type | and type Il IL-4 receptors are
widely expressed in different cell types and tissues. A high affinity receptor for 1L-13 is IL-
13Ra2 which exists in membrane bound and soluble forms. Due to the lack in function of
intracellular signalling, IL-13Ra2 has been reported as a decoy receptor which also inhibits
IL-13 dependent symptoms in experimental asthma providing a negative feedback

mechanism in allergic diseases.?® 13914
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Figure 4. IL-4, IL-13 cytokines, their receptor complexes and general signalling
pathways. The IL-4 cytokine can bind to a type I (left) or Type Il (middle) receptor, while
IL-13 can bind to the Type Il (middle) heterodimeric receptor or 1L-13Ra2 (right). The IL-
4Ra subunit is shared in both receptor types and associates with either JAK which activates
STAT6 upon binding, or with Syk to induce intracellular signalling. Figure from Holgate
2012.1
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1.4.2 IL-4Ra in allergies and asthma

Allergen specific Th2 cells inducing symptoms of allergic airway disease have been
reported.’*® *** Studies have shown that CD4" T cells are necessary for the development of
AHR and airway eosinophilia.'® The key cells contributing to the onset and pathogenesis of
asthma include T cells, B cells, epithelial cells and smooth muscle cells all of which express
functional IL-4Ra. .

Experimental models in which IL-4Ra was blocked, showed impairment in the development
of AHR and airway eosinophilia.**> **¢ Mice deficient in IL-4Ra lack allergen specific IgE
production, eosinophilic airway inflammation and goblet cell hyperplasia and have abrogated

Th2 type responses.”

IL-4Ra deficient animal models have also shown antigen specific
Thl type cytokine and antibody responses and airway inflammation characterised by an
increase in number of neutrophils. Other studies using gene deficient mice have shown that
the development of AHR and specific IgE is IL-5 and IL-13 dependent.**® Development of
IgE and allergic responses after prolonged sensitization in IL-4Ro” has also been
demonstrated. *** **° Our laboratory has also shown that IL-4Ra on smooth muscle cells is
not required for the development of experimental allergic asthma.'®* However, IL-4Ro
signalling on smooth muscle cells can contribute to disease.lL-4 and IL-13 responsiveness
may also contribute to the development of a Th2 type immune response.®* *>* |L-4 and 1L-13

signalling through IL-4Ra induces the development of alternatively activated macrophages.®’

IL-4, IL-13 and their receptors are potential drug targets for allergic asthma as the pathology
of the disease involves these IL-4Ra expressing cells. Although the use of anti IL-4
monoclonal antibodies was not effective at preventing asthma, the use of soluble IL-4Ra
antagonists did show some convincing results.”** *** Clinical studies have also established
that Single Nucleotide Polymorphisms (SNPs) in IL4Ralpha are associated with severe
asthma exacerbations, lower lung function, and increased mast cell-related tissue
inflammation. **® Furthermore, another clinical study has investigated the conservative region
of IL-4Ra in human susceptibility to allergic asthma, highlighting the importance of IL-4Ra

in allergic asthma. ™’

20



Thus IL-4Ra signalling seem to be essential for the development of Th2 cells in allergic
airway disease but the contribution of IL-4Ra dependent Th2 cells (or: IL-4 and I1L-13
responsive Th2 cells) to the disease development yet to be characterised.

1.4.3 Cell specific knockout mice and IL-4Ra knockout mouse models

The Cre recombinase-loxP (Cre-loxP) system has led to the development of several
transgenic strains of mice that enable the investigation of cell specific gene function in vivo.
158-160- This system utilises enzymes and DNA sequences derived from bacteriophage P1,
which uses them to excise itself from the host cell. Integration of bacteriophage P1 DNA into
the genome of the host cell results in flanking of the targeted gene promoter by loxP sites,
which are recognised by the enzyme Cre recombinase. Introduction of loxP sites on either
side of a gene or exon in the mouse favour the excision of these specific genes or exons,
resulting in cell specific deletion. Mice containing loxP sites flanking a specific gene or
exons are mated with transgenic mice that express Cre recombinase under the control of
promoter of the type of cell or tissue of interest. Thus the active Cre-recombinase in the
appropriate tissue will excise the DNA between the inserted loxP sites effectively inactivating
the targeted gene. Cells lacking the expression of the Cre- recombinase promoter will not

excise the gene thus resulting in a tissue specific knockout mouse.*®*

Using the Cre-loxP system as illustrated in figure 5, our laboratory and others have generated
mice with cell-specific IL-4Ro deletion (exon 7-9) in several different cell types, for
e.g.specific impairment of IL-4Ra expression on CD4* T-cells %% dendritic cells and
alveolar macrophages, lung (Clara) cells ®, macrophages and neutrophils 1*>*°®, B cells and
smooth muscle cells *****. These cell-specific IL-4Ra-deficient mice have been used to study

asthma ®®, anaphylaxis *®, intracellular parasite and helminth infections 627

unravelling
the importance of Th2 and hence IL-4Ra-dependent mechanisms in these cell lineages. The
first experimental study to demonstrate that IL-4Ro signalling in a single cell type was
sufficient for the development of a major symptom of allergic airway disease was performed
by Kuperman et al that allergen induced mucus production is dependent on IL-4Ra signalling

in Clara cells.t°1168

Generation of transgenic mice with cell type specific disruptions in the IL-4Ra gene are an
excellent tool for defining a role for specific contributions of IL-4Ra signalling in these cells
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in allergic airway disease. Although the general importance of the IL-4Ra in disease
development is well established, its cell type specific functions often remain elusive. To date
the cell specific role of IL-4Ra in allergy has only been described in vivo for epithelial cells
and smooth muscle cells. Disrupted IL-4Ra signalling on epithelial cells resulted in
protection from airway mucus production but not airway inflammation or hyperreactivity
whereas the impairment of IL-4Ra on smooth muscle cells in early stages of AAD did not

result in disease protection.™*

However it is quite crucial to determine the cell specific effects of cytokine signalling so that
the pathways important for the elicitation of AAD could be defined. This would eventually
lead to the identification of downstream effector molecules that may serve as important

therapeutic targets.
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Figure 5. Breeding strategy for generation of cell specific IL-4Ro knockout mice. Mice
heterozygous for a floxed and deleted IL-4Ra allele were crossed with mice harboring the
Cre-recombinase gene under the control of a cell specific promoter. The Cre, expressed only
in the desired cell type, recognizes the floxed sequence and excises the portion of the gene in
between resulting in a cell specific deletion of the IL-4Ra gene. Using a heterozygous mouse
increases the efficiency of deletion by reducing the substrate for the Cre-recombinase by half.
The insert in the figure shows the IL-4Ra gene and restriction enzyme sites are labelled E, B

and X. Figure from Radwanska et al 2007.*%
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1.4.3.1 CD4" T cell specific IL-4Ra-deficient mice (Lck®™ IL-4Ra ™)

Using the principles described above in Figure 5, mice with a specific deletion of IL-4Ra on
CD4" T cells have been generated.® An IL-4Ro. ™ mouse was crossed with a transgenic
mouse expressing Cre recombinase under control of the T-cell specific promoter, lymphocyte
specific tyrosine kinase (Lck®™) to produce a Lck®™ IL-4Ra” mouse. Subsequently, the Lck®™®
IL-4Ra”” mouse was crossed with a mouse bearing two loxed IL-4Ra alleles (lox/lox) in

lox:

order to produce Lck™ IL-4Ro”"* offspring. IL-4Ra hemizygosity (') increases the
probability of Cre-mediated deletion of the loxed allele. To generate Lck™® IL-4Ra™ mice
with a BALB/c background, Lck®™ IL-4Ra™ mice were back crossed to BALB/c wild types
for 9 generations. To confirm the specificity and efficiency of IL-4Ro " deletion on CD4*T
cells PCR genotyping, FACS analysis and real time PCR were performed.

The Lck®®IL-4Ra™ mouse strain, characterized by complete deletion of IL-4Ra on CD4™ T
showed incomplete deletion efficiency on CD8and NK T cells and normal IL-4Ra
expression on CD4™ T cells. These mice have impaired IL-4-induced CD4" proliferation and
Th2 differentiation, but normal IL-4 and/or I1L-13 responsiveness by other T cells and non-T
cells. 8 Lck®™IL-4Ra™™ mice were found to be protected against anaphylaxis in a manner
that was dependent upon their increased production of IFN-gamma. '* They were also
protected against Leishmania major infection ***, had increased survival after infection with
Schistosoma mansoni*® and were protected in oxazolone-induced colitis. 1™ Furthermore,
Lck“®IL-4Ra™ mice showed reduced lung pathology after Nippostrongylus brasiliensis
infection, with decreased mucus secretion, lymphocytes and eosinophils in the lungs.*®2

1.4.3.2 Macrophage/neutrophil specific I1L-4Ra-deficient mice (LysMcre IL-4Ra”"")

Mice with a specific deletion of IL-4Ra on macrophage/neutrophil have been generated. 164
An IL-4Ra ™ mouse was crossed with a transgenic mouse expressing Cre recombinase under
the control of a Lysozyme M promoter to produce a LysM®® IL-4Ra” mouse. Subsequently,

the LysM®® IL-4Ro”" mouse was crossed with a mouse bearing two loxed IL-4Ra alleles

-/lox on)

(lox/lox) in order to produce LysM®® IL-4Ra™ offspring. IL-4Ro. hemizygosity (°
increases the probability of Cre-mediated deletion of the loxed allele. To generate LysM®"®
IL-4Ro”"* mice with a BALB/c background, LysM®® IL-4Ra™ mice were back crossed to

BALB/c wild types for 9 generations.
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Genes under the macrophage- and neutrophil-specific lysozyme M (LysM) promoter ** have

also been used to investigate Arginasel (Argl”™*: LysMCre) 7? or IL-4Ra (LysM ®IL-4Ro

/lox 162,167

) function in macrophage/neutrophil lineages in helminth infections , anaphylaxis **,
arthritis 1™ and colon carcinoma *"*. LysM“"®IL-4Ra™ mice were generated as shown in

Figure 6 and characterized.

1~
LysMere IL4Ra*
o o) x L)
LysM°r°|L-4Ra-!- @ X @ IL-4Rq/ox/ox

N, LysMere|L-4Rq 0%
yshi

Macrophages/ Other cells
neutrophils

Figure 6. Generation of LysM“™IL-4Ra™ mice. IL-4Ro” mice were mated with
transgenic mice possessing a Lysozyme M promoter driving Cre recombinase, resulting in
LysMS™IL-4Ra” offspring. These offspring were mated with mice containing IL-4Ra
flanked by loxP sites (IL-4Ra'*""*) to produce mice with LysM driven cre-mediated deletion
of IL-4Ra (LysM " IL-4Ra”"™). Figure from Herbert et al 2004. *°
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1.5 Thesis Objectives

The aim of this study is to investigate the cell specific contributions of IL-4Ra signalling in

the development of Ovalbumin-induced chronic allergic airway disease (AAD) in mice.
Specifically, we aim to investigate the following:

Firstly, the role of IL-4/1L-13 responsive CD4* T cells in AAD, using Lck®®IL-4Ra”"™ mice

and

Secondly, the role of IL-4/IL-13 induced alternatively activated macrophages (AAM) in
AAD, using LysMcrelL-4Ro”"* mice.
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CHAPTER 2

IL-4Ra expression on CD4™ T cells is required for

chronic allergic airway disease (AAD) in mice
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2 IL-4Ra expression on CD4" T cells is required for chronic

allergic airway disease (AAD) in mice

2.1 Summary

Background

To date the cell specific role of IL-4Ra in AAD has only been described in vivo for epithelial
cells and smooth muscle cells. Disrupted epithelial IL-4Ra signalling resulted in decreased
airway mucus production but did not affect airway inflammation or hyperreactivity. This
study was conducted to investigate how IL-4Ra signalling on CD4" T cells influences the
development of AAD. By using transgenic Lck®®IL-4Ra”"™ mice deficient for IL-4Ro on
CD4" T cells, the in vivo effects of impaired IL-4Ro signalling on CD4" T cells on the

outcome of AAD could be investigated.

Objective

The aim of this study is to investigate the chronic effects of AAD in Lck™IL-4Ra ™ mice.

Methods

AAD was introduced in mice by subcutaneous sensitisation with 20 pg ovalbumin (OVA)
adsorbed to 0.65% alum on days 0, 7, 14, and 21. On days 27 and 29 and then twice weekly
for 4 weeks, mice were challenged intranasally with 20 pg OVA in 50 pL PBS under
anaesthesia. Mice were investigated for the presence of airway hyperresponsiveness (AHR),
markers of allergic inflammation, allergen specific Th2 type antibody and cytokine

production.

Results

Our studies using the chronic murine model of AAD established that Lck“®IL-4Ra™* mice
were significantly protected. Airway hyperreactivity, Th2 responses, mucus hypersecretion,
-/lox

eosinophil infiltration, and collagen deposition were decreased in comparison to IL-4Ra

littermate controls.
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Conclusion
These findings demonstrate that IL-4Ro signalling through CD4" T cells is critical for the

outcome of the chronic OVA-induced AAD in mice.

2.2 Introduction

Allergic asthma is characterised by inflammatory responses to inhaled allergens orchestrated
by CD4" T cells which produce a characteristic Th2 cytokine profile causing eosinophilic
lung inflammation. * Thus Th2 responses drive chronic allergic lung inflammation in
asthmatic patients after allergen challenge by elevated numbers of CD4" T cells and Th2
cytokines in bronchoalveolar lavage (BAL) specimens.? Airway remodelling, a characteristic
of chronic asthma is a consequence of unresolved airway inflammation that results in
irreversible permanent structural changes in the airways. The structural changes include:
increased airway wall thickness involving smooth muscle and collagen tissue, subepithelial
fibrosis and hyperplasia of myofibroblasts and goblet cells * * ° leading to increased mucus
production and increased vascularity in the airways contributing to sustained AHR. ®"® These
structural changes lead to reduced lung function in asthmatic patients and airway biopsies
from these patients suggest that the disease severity °and AHR is related to both the degree of
smooth muscle thickness and the extent of subepithelial fibrosis and magnitude of AHR.1% !
In patients with atopic asthma, allergen inhalation challenge lead to activation of CD4™ T
cells and increases Th2-type cytokine mRNA expression, which is thought to contribute to
late asthmatic responses by mechanisms that include eosinophil accumulation in the

airways.*?

Murine models of acute AAD have shown that CD4" T cells are required for eosinophilic
lung inflammation and airway hyperresponsiveness, and adoptively transferred CD4™ T cells
can induce these features. > '* In mice, CD4" T cells contribute to the pathology similar to
human asthma by an IL-4 dependent mechanism.' Studies using murine models have also
shown that Th2 cytokines which are produced as a result of CD4" T cells can induce AHR at
an early stage without a requirement for inflammatory cell recruitment.’ It has also been
established that Th2-induced airway mucus production is dependent on IL-4Ra, but not on

eosinophils.’” However, therapies targeting either CD4" T cells or Th2 cytokines such as IL-4
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and 1L-5 have not been successful. % The mechanisms through which CD4" T cells

contribute to chronic asthma pathogenesis remains poorly understood.

In acute murine models of AAD, CD4" T cell depletion reduced inflammation and airway
remodelling. %> ?* Furthermore, adoptively transferred CD4" T cells from ovalbumin (OVA)-
sensitized rats induced increases in airway smooth muscle mass after repetitive challenge
with OVA via the airways. % Thus, CD4" T cells appear to be required for both initiation of
airway inflammation and induction of remodeling. CD4 depletion three weeks after the
termination of chronic antigen challenge was found to have no effect on features of airway
remodeling. 2* Even though still underwent the process of lung remodelling, CD4* T cell

depletion in mice displayed significant reduction in signs of lung inflammation. %

The Lck“®IL-4Ra™ mouse strain is characterized by complete deletion of IL-4Ro on CD4*
T cells, incomplete deletion efficiency in CD8"and NK T cells and normal IL-4Ra expression
on y8" T cells. ?® These mice have impaired IL-4-induced CD4* proliferation and Th2
differentiation, but normal 1L-4 and/or 1L-13 responsiveness by other T cells and non-T cells.
26.27 previous studies in our laboratory have shown the various roles for 1L-4 responsive T
cells in Lck®®IL-4Ra”™ mice. Lck™IL-4Ra™™ mice were found to be protected against
anaphylaxis in a manner that was dependent upon their increased production of IFN-
gamma.?® They were also protected against Leishmania major infection, *® had increased

survival after infection with Schistosoma mansoni 2°

and were protected in oxazolone-
induced colitis . * Furthermore, Lck®®IL-4Ro”"™ mice showed reduced lung pathology after
Nippostrongylus brasiliensis infection, with decreased mucus secretion, lymphocytes and

eosinophils in the lungs. **

The phenotype of Lck™IL-4Ro”" mice in a short-term model of acute allergic airway
disease (AAD) ** 3 was previously examined by another researcher in our laboratory. Despite
all the evidence of the significance of Th2 in asthma, interestingly LckcrelL-4Ra-/lox mice
maintained susceptibility to AAD in the acute model, with comparable airway
hyperreactivity, airway resistance and elastance to IL-4Ro-/lox littermate control mice. *
This susceptible phenotype was attributed to IL-4 independent IL-13 production by CD4" T
cells, as Lck™IL-4Ro”™ x IL-13 7 mice had abrogated allergic airway disease while
Lck®™IL-4Ro” x 1L-4 7 did not . Importantly this indicates a role for IL-4 independent Th2

cells in acute allergic airway disease. Hence we were interested to study the role of IL-4Ra

50



on CD4+ T cells and airway remodelling in a chronic model. The role of IL-4 independent
Th2 in allergic airway disease is of interest, and may explain why IL-4 neutralization does

not work well as a therapy for asthma.

Therefore, we aimed to determine whether IL-4Ra dependent CD4" T cells contribute to
ovalbumin induced AAD in a chronic model, and to examine the effect of CD4" T cell
specific deletion of IL-4Ra on airway remodelling. In contrast to the susceptibility of
Lck*™®IL-4Ra™* mice in acute AAD, our studies using the long-term chronic model of AAD
we have found that Lck™IL-4Ra™ mice were significantly protected, showing decreased
airway hyperreactivity, airway resistance, and airway elastance, as well as decreased numbers
and percentages of eosinophils in the bronchiolar lavage fluid and lungs and decreased lung
inflammation, mucus hypersecretion and airway remodelling compared to IL-4Ro"
littermate controls. Our results demonstrate significant reduction in AAD in the absence of
IL-4Ra dependent CD4" T cells in the chronic model, suggesting that IL-4Ra dependent
CD4" T cells may be critical in sustaining AAD in mice showing that IL-4Ra signalling

through CD4" T cells plays an important role in chronic AAD in mice.
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2.3 Materials and Methods

Mice

Eight- to ten week-old Lck™IL-4Ra™™ ¥ IL-4Ra™™, and IL-4Ro” female mice * on a
BALB/c background were housed in independently ventilated cages under specific pathogen-
free conditions in the University of Cape Town Animal Facility. Animal procedures were
approved by the University of Cape Town Animal Ethics Committee. (Permit Number:
008/016)

Generation of IL-4Ra knockout mice

The generation and characterization of CD4" T cell-specific IL-4Ra-deficient (Lck“IL-
4Ra™™) mice were previously described. 2 Lck™ mice on a BALB/c background were
crossed with IL-4Ra” mice % and I1L-4Ro"* mice ' to generate Lck™IL-4Ro”™ mice.

lox/lox

Lck*™®IL-4Ra™* mice were generated by mating floxed IL-4Ra mice with transgenic
Lck®® mice. These mice were then back-crossed to the BALB/c background for 9
generations prior to crossing with global IL-4Ra knockout (IL-4Ra”") mice to finally obtain
Lck®™IL-4Ra™™ BALB/c mice. BALB/c (IL-4Ra*""), transgene negative littermates (IL-4Ra

Xy and IL-4Ra™ mice were used as controls in all experiments.

Genotyping of IL-4Ra knockout mice
Mice were genotyped by PCR to determine what IL-4Ra allele was present and the PCR
conditions were as follows: 94°C/30 s; 57°C/30 s, 72°C/1 min for 40 cycles on an MJ

thermocycler (Biozym, Hessisch, Oldendorf, Germany).

Primers used for PCR screening of the mice:

oLCK Cre Transgene allele

Cre LCKR: 5’- CAG GTATGC TCA GAA AAC GCC TGG -3°
Prox LCKpF: 5’- GAG GGT GGA ATG AAACTCTCG GT -3

IL-4Ra Wildtype allele
Exon 7 forward1: 5’-TGA CCT ACA AGG AAC CCA GGC-3’
Exon 8 reverse: 5’-CTC GGC GCA CTG ACC CATCT-3’

IL-4Ra Deleted allele
IL-4Ra KO P1: 5’ -GGC TGC TGA CCT GGA ATA ACC -3’
IL-4Ra KO P2: 5-CCTTTGAGAACTGCGGGCT-3
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Conditional IL-4Ra LoxP allele

IL-4Ra KO P1: 5 -GGC TGC TGA CCT GGA ATAACC -3’
IL-4R Intron 6-Rev: 5°-GTT TCC TCC TACCGC TGATT -3’

Sensitisation and challenge of mice

Mice were sensitized subcutaneously with 200 pl (20 pg ovalbumin (OVA) adsorbed to
0.65% alum) on days 0, 7, 14, and 21. On days 27 and 29 and then twice weekly for 4 weeks,
mice were administered intranasal challenges with 50 pl (20 pg OVA in 50 mL PBS) under

anaesthesia. ¢

Measurement of Airway Hyperreactivity

Airway resistance and elastance of the whole respiratory system (airways, lung chest wall)
after challenge with increasing doses of acetyl-b-methylcholine (methacholine, Sigma-
Aldrich, Aston Manor, South Africa) were determined by forced oscillation measurements as
described % with a Flexivent system (SCIREQ, Montreal, Canada) by using the
singlecompartment (‘‘snapshot’’) perturbation. Differences in the dose-response curves were
analyzed by repeated-measures ANOVA. Only mice with acceptable measurements for all

doses (coefficient of determination >0.95) were included in the analysis.

Flow cytometry
Bronchoalveolar lavage (BAL) cells were obtained by flushing the lungs of sacrificed mice
once with 1 mL PBS/10% FCS.

Single-cell suspensions were prepared from lungs after digestion for 1 hour at 37°C in
Iscove’s Modified Dulbecco’s Medium (IMDM) (Invitrogen, Carlsbad, Calif) containing 13
mg/mL DNase | (Roche, Randburg, South Africa) and 50 U/mL collagenase IV (Sigma-
Aldrich, Aston Manor, South Africa).

For intracellular cytokine staining, lung cells were incubated at 37°C for 4 hours with phorbal
myristate acetate (Sigma-Aldrich) (50 ng/mL), ionomycin (Sigma-Aldrich) (250 ng/mL), and
monensin (Sigma-Aldrich) (200 mM in IMDM/10% FCS). Cells were stained with CD3-
fluorescein isothiocyanate (clone 145-2C11) and CD4-PerCP (clone L3T4) (BD Bioscience),
and intracellular cytokines were stained with anti—IL-4 (clone 11B11), anti-IL-5 (clone
TRFKS5), anti-IFN-g (clone XMG 1.2), anti-IL-17 (clone TC11-18H10) (BD Bioscience),
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anti-IL-13 (clone eBio 13A) (eBioscience, San Diego, Calif), and rat anti-mouse IgG1l
isotype control (clone A85-1) (BD Bioscience) (all PE-labeled). Cells were acquired on a
FACSCalibur machine (BD Immunocytometry Systems, San Jose, Calif), and data were

analyzed by using Flowjo software (Treestar, Ashland, Ore).

For flow cytometry, the following antibodies were used: SiglecF-PE (clone E50-2440),
CD11c-APC (clone HL3), CD4-PerCP (clone L3T4), with streptavidin (all BD Bioscience,
Erembodegem, Belgium), CD3 FITC fluorescein isothiocyanate (clone 145-2C11) and GR-1-

fluorescein isothiocyanate (clone RB68C5).

Sorting of alveolar macrophages

Alveolar macrophages were sorted as CD11c*SiglecF cells from the pooled lungs of OVA-
sensitized and -challenged mice. Cells were sorted on a FACSVantage flow cytometer (BD
Immunocytometry Systems, San Jose, Calif). Purity was determined by flow cytometry and
checked by cytospin and staining with the Rapidiff Stain set (Clinical Diagnostics CC,
Southdale, South Africa) and was at least 99%.

RNA extraction, cDNA synthesis and Quantitative RT-PCR

Total RNA was extracted from sorted alveolar macrophages of >98% purity by using Tri
reagent (Applied Biosystems, Carlsbad, Calif) according to the manufacturer’s protocol and
purified with RNeasy Microprep kit (Qiagen Hilden, Germany).

Sorted alveolar macrophages were lysed in 500 pl TriReagent® (Molecular Research, USA)
and stored at -80 °C. To extract the RNA, thawed samples were incubated at room
temperature for 5 min to ensure complete dissociation of nucleoproteins. To each sample, 0.1
ml of chloroform was added and samples were vortexed for 15 seconds and incubated at
room temperature for a further 15 min prior to centrifugation at 12000 rpm for 15 min at 4°C.
The RNA contained in the upper aqueous layer was purified using the miRNeasy Mini Kit
(Cat. No. 217004, Qiagen, USA), RNeasy MinElute Cleanup Kit (Cat. No. 74204, Qiagen,
USA) and the RNase-Free DNase Set (Cat. No. 79254, Qiagen, USA). RNA gquantity was
determined using a Nanodrop ND1000 (Thermo Scientific, USA).

cDNA was synthesized with Transcriptor First Strand cDNA synthesis kit (Roche). Real-time
quantitative PCR was performed on cDNA samples to determine gene expression levels of
marker genes by using Lightcycler FastStart DNA MasterPLUS SYBR Green | reaction mix
(Roche) on a lightcycler 480 Il (Roche). Each reaction contained SYBR® Green Master Mix
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(Cat. No. 04913850001, Roche, Germany), primers and cDNA template. Reactions were
prepared in 96- well plates (Roche, Germany) and PCRs were performed in a LightCycler®
480 (Roche, Germany).

Primers for inducible nitric oxide synthase (iNOS), arginase, Ym-1, and FIZZ-1 have been
previously described and are listed in Table 2.1 3" 3% % Gene expression levels were

normalized according to the expression of the housekeeping genes ribosomal rs12 or HPRT.

Table 2.1: RT-PCR primers and PCR conditions

Gene Forward primer Reverse Annealing  Extension Fluorescence
sequence primer Temperature  time () acquisition
(5°-3’) sequence (°C) temperature
(3°-3°) Q)
Ym-1 60 12 80
GGGCATACCT CCACTGAAGT
TTATCCTGAG CATCCATGTC
Fizz- TCCCAGTGAA CCACTCTGGA 60 9 80
1 TACTGATGAG TCTCCCAAGA
A
Argl CAGAAGAATG CAGATATGCA 60 10 80
GAAGAGTCAG GGGAGTCACC
INOS AGCTCCTCCC ACGCTGAGTA 60 19 85
AGGACCACAC CCTCATTGGC
rs12 GGAAGGCATA CGATGACATC 60 10 80
GCTGCTGGAG CTTGGCCTGA
GT

Histology and immunohistochemistry

Lungs were fixed in 4% formaldehyde/PBS and embedded in paraffin. Tissue sections were
stained with haemotoxylin and eosin (H&E), periodic acid-Schiff (PAS) for mucus, Sirius red
for collagen, Martius scarlet blue (MSB) for fibrin and Gordon and Sweets for reticulin
(reticulin silver staining kit). Image analysis was performed on NIS Elements (Nikon
Instruments, Tokyo, Japan). Lung sections from individual mice were assessed, and data from

3 experiments were pooled.
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Antibody ELISAs

Blood samples taken by tail vein bleeding or directly from mice after sacrificing were
collected in plasma separator tubes (MicrotainerTM SST, BD, USA). Samples were
centrifuged for 20min at 6000rcf and stored at -80°C. OVA specific antibodies were
measured in blood serum by endpoint titration ELISA. For OVA specific antibodies, 96 well
ELISA plates (Maxisorp, Nunc, Denmark) were coated overnight with 50ul OVA in PBS
(5pg/ml for 1gG1, 19G2a, 1gG2b or 1mg/ml for IgE). For total IgE ELISA, plates were coated
with anti-mouse IgE antibody (clone 84.1C, 1/1000 dilution). Plates were blocked for 1h at
37°C with 200l 2% fat free milk powder in PBS. Serial dilutions of serum samples in 50ul
PBS/ 0.1% BSA were added to the wells and plates were incubated overnight at 4 °C.
Purified recombinant mouse IgE (BD, USA) was used as a standard for total IgE ELISA, at a
starting concentration of 1mg/ml. 50ul alkaline phosphatase conjugated goat anti-mouse
isotype specific antibodies (Southern Biotechnology, USA) at a 1/1000 dilution in PBS/ 0.1%
BSA were added to the wells and the plates were incubated for 3h at 37°C. Subsequently,
plates were incubated with 50ul pnitrophenylphosphate (Fluka, Switzerland) and the colour
reaction was stopped with 50ul 1M NaOH. Absorption was measured at 405nm with 492nm
as reference wave length using a VersaMax plate reader (Molecular devices,USA). Plates

were washed 4x with 200ul per well after each incubation step.

Statistical analysis

P values were calculated in GraphPad Prism 4 (GraphPad Software, Inc, San Diego, Calif) by
using ANOVA with Bonferroni’s posttest or repeated measures ANOVA, and results are
presented as mean + SD of the mean. Values p < 0.05 was considered significant.
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2.4 Results

2.4.1 Lck®™1L-4Ra™ mice are protected against the development of AHR

The airway responses of Lck™IL-4Ro” mice and littermate controls were examined in
OVA-induced allergic airway disease. Airway resistance (R) and elastance (E) were
measured in response to increasing doses of methacholine after chronic exposure to OVA.
Airway dynamic resistance (R) quantitatively assesses the level of constriction in the lungs.
Increased R values signal constriction of the lungs and this parameter reflects not only central
airway resistance, but is also influenced by the lung periphery (the "tissues™).Dynamic
elastance (E) captures the elastic rigidity of the lungs and reflects the mechanical properties
of the lungs for normal respiratory rates. Increased E values signal an increased stiffness of
the lungs.

The OVA sensitised and challenged mice developed AHR, with significant differences
between IL-4Ra”"™ PBS mice littermate controls and Lck®®IL-4Ra™ mice (Fig.1 A, B). A
trend toward a significant decrease in both airway resistance and elastance was observed in
Lck“®IL-4Ra”" mice compared to littermate control mice. Global IL-4Ra”" mice did not
show a significant increase in AHR compared with saline controls, demonstrating protection.
Since airway resistance assesses constriction of the airways, an increase in E values may
indicate similar airway remodeling in littermate controls. These results provide strong

evidence that the absence of IL-4Ro dependent CD4" T cells protect against AHR.
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Figure 1. Lck®™®IL-4Ra™® OVA mice are protected against AHR. Airway Resistance (A)
and elastance (B) were significantly decreased in Lck“®IL-4Ra”"™ OVA mice compared to
IL-4Ro”"™* PBS mice and IL-4Ro”"™ OVA mice. N= 10-16 mice, pooled data from three
individual experiments. Significant differences between IL-4Ro”"* PBS and Lck™® IL-4Ro
X mice are represented by stars (*, P<0.05, **, P<0.01), *** P<0.001) and significant
differences between IL-4Ro."™ OVA and Lck®® IL-4Ra/™ mice are represented by hashes (#,

P<0.05, ###, P<0.001). P values are in comparison to individual responses and different
concentrations of inhaled methacholine.
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2.4.2 Markers of allergic inflammation are reduced in Lck®®I1L-4Ra” mice

As a consequence of OV A sensitisation and challenge, inflammatory cells are recruited to the
lungs. Analysis of the cellular composition of BAL fluid showed that Lck“®IL-4Ra™ mice
sensitised and challenged with OVA had decreased percentage of eosinophils similar to PBS
controls and decreased in comparison with IL-4Ra”' littermate control mice sensitised and
challenged with OVA (Fig 2A). The global knockout mice IL-4Ra” OVA sensitised and
challenged with OVA had also decreased percentage of eosinophils compared to IL-4Ra ™
littermate control mice. The percentage of neutrophils in Lck®™IL-4Ra™™ mice was

decreased same as in all mice groups except for IL-4Ro”

“mice sensitised and challenged with
OVA where it was increased. IL-4Ra”'™ OVA mice had increased mucus hypersecretion
(quantified by image Analysis on NIS Elements software) compared with PBS controls, but

mucus hypersecretion was abrogated in the global IL-4Ra”" strain (Fig 2B).

The levels of collagen deposition observed in Lck® IL-4Ra™™ OVA mice (Fig 3L) was
decreased and similar to IL-4Ra”"™ PBS mice (Fig 3I), IL-4Ra”™ OVA mice (Fig 3K)
compared to IL-4Ra”'™ OVA mice (Fig 3J). Our data illustrate that IL-4Ra dependent CD4”
T cells are necessary for the development of OV A-induced allergic airway inflammation and

do not appear to regulate collagen deposition.
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Figure 2. Markers of lung inflammation are reduced in Lck®®IL-4Ra™® OVA mice.
BAL fluid (A) showed a decrease of eosinophils in Lck“®IL-4Ra”" mice sensitised and
challenged with OVA compared to IL-4Ra”"°* mice sensitised and challenged with OVA.
Mucus hypersecretion (B) and collagen deposition (C) was reduced in Lck*®IL-4Ra™* mice

-/lox

compared to IL-4Ra™™" mice sensitised and challenged with OVA mice Significance was to
IL-4Ro""* PBS. N= 8-12, pooled data from two different experiments. (*, P<0.05, **,

P<0.01)
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Figure 3. Airway infiltration of the lung tissue with inflammatory cells, goblet cell
hyperplasia and collagen deposition is affected by loss of IL-4Ra on CD4" T cells. Lung
sections from IL-4Ra™™ mice sensitised and challenged with saline /PBS (A) and OVA
sensitised and challenged littermate control IL-4Ra™™* mice (B), IL-4Ra™ mice (C) and
Lck®™®IL-4Ra™™ mice (D) were stained with H&E. Mucus hyper secretion by goblet cells

were stained with PAS in the airways of PBS sensitised and challenged IL-4Ro ™

mice (E)
and OVA sensitised and challenged littermate control IL-4Ra™ mice (F), IL-4Ra”" mice
(G) and Lck“®IL-4Ra”"™ mice (H). Collagen deposition around airways and blood vessels
were illustrated by Sirius red staining in IL-4Ra™
saline /PBS (1) and OVA sensitised and challenged littermate control IL-4Ra™* mice (J),

IL-4Ra™ mice (K) and Lck®®IL-4Ro”" mice (L).

mice sensitised and challenged with
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Figure 4. Airway remodelling is affected by loss of IL-4Ra on CD4" T cells. Lung
sections from IL-4Ra”" mice sensitised and challenged with saline /PBS (A) and OVA
sensitised and challenged littermate control IL-4Ra”"™ mice (B), IL-4Ra” mice (C) and
Lck®™®IL-4Ra™™ mice (D) were stained with Martius scarlet blue. Increased fibrin threads
(stained red) were observed in the airways of OVA sensitised and challenged I1L-4Ra™* mice
(B) and very little fibrin threads were observed in Lck®®IL-4Ra™® mice (D). Epithelial
thickness and subepithelial collagen deposition were illustrated by reticulin fibre staining.

-/lox

OVA sensitised and challenged littermate control IL-4Ro™™" mice (F) showed loose arrays of
reticular fibres (stained black) around the alveolar walls and increased collagen deposition (in

red) around the airways compared to the other strains of mice.
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The infiltration of inflammatory cells in the lung tissue around airways and blood vessels is a
characteristic of allergic airway disease. During chronic allergic airway disease, H&E
staining showed no infiltration of inflammatory cells around the airways in littermate control
mice sensitised and challenged with PBS (Fig 3A). IL-4Ra”"™ mice sensitised and challenged
with OVA showed severe infiltration of inflammatory cells around the airways (Fig 3B).
There was a reduction in inflammation observed both in IL-4Ra™ OVA mice (Fig 3C) and
Lck®IL-4Ro”"™ OVA mice (Fig. 3D).

Mucus hypersecretion by goblet cells is a characteristic of AAD. Histological examination of
lungs stained with PAS showed no signs of mucus hypersecretion in the airways of PBS
sensitised and challenged IL-4Ro”"™ mice (Fig. 3E) compared to IL-4Ra”"™ OVA mice (Fig.
3F) which showed mucus hyper secretion indicating the severity of goblet cell hyperplasia.
IL-4Ra”” OVA mice showed no mucus secretion (Fig. 3G). However Lck“®IL-4Ra™ OVA
-Nlox

mice revealed little mucus secretion around the airways (Fig. 3H) compared to IL-4Ra
OVA mice.

Sirius red staining showed little collagen deposition around airways and blood vessels in
mice sensitised and challenged with PBS (Fig. 3I) compared to the IL-4Ra™ OVA mice

where there was increased collagen deposition. (Fig. 3J) Both Lck®™IL-4Ro”"

mice (Fig.
3K) and IL-4Ro”" mice (Fig.3L) showed little collagen deposition around airways and blood

vessels.

Fibrin deposition occurs as a result of inflammatory reactions in AAD. Martius Scarlet blue
staining showed increased fibrin mass around the airways of OVA sensitised and challenged
IL-4Ro""°* littermate control mice (Fig. 4B) compared to IL-4Ro”" PBS mice (Fig. 4A) . IL-
4Ra™ OVA mice showed no fibrin threads (Fig. 4C). However Lck“®IL-4Ra™™ OVA mice
revealed few fibrin threads around the airways (Fig. 4D) compared to IL-4Ra ™ OVA mice.

In chronic AAD, airway remodelling includes structural changes such as epithelial shedding
and increased subepithelial collagen deposition. Reticulin silver staining showed increased
thickness of basement membrane and loose arrays of reticulin fibres in the airways of OVA
sensitised and challenged IL-4Ro”" littermate control mice (Fig. 4F) compared to IL-4Ra ™
PBS mice (Fig. 4E) . IL-4Ra” OVA and Lck™IL-4Ra™™ OVA mice showed thick array of

reticulin fibres (Fig. 4G and 4H).
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2.4.3 Th2 type antibodies, Th2 cytokines and Th17 responses are altered in Lck“®IL-

4Ra”" mice

In order to investigate if the antibody responses to chronic OVA sensitisation and challenge
are affected by IL-4Ra signalling on CD4'T cells, OVA specific antibody levels in Lck™®IL-

4Ro™" mice were compared to those of IL-4Ra™™ and IL-4Ra” mice.

A higher serum 1gG1 was observed in Lck®®IL-4Ra”™ OV A mice compared to IL-4Ro”
PBS mice and it was similar to IL-4Ra™™* OVA mice. IL-4Ro” OVA mice also showed a
higher IgG1. (Fig 5A) Lower IgG2a and 1gG2b titers were observed in Lck™1L-4Ro”'™ mice
compared to IL-4Ra™ mice. IL-4Ro”"* PBS and OVA mice also showed lower 1gG2a and
lgG2b. As expected, IL-4Ra”™ mice showed significantly increased levels of specific 1gG2a
and 1gG2b antibody titers. (Fig 5B and 5C) Thus IgG responses in OVA sensitised and

challenged Lck“®1L-4Ro "™ mice are similar to the littermate control OVA mice.

Concentration of Ovalbumin specific IgE was significantly reduced in OVA sensitised and
challenged Lck™IL-4Ra™™ mice compared to IL-4Ra™® OVA mice. (Fig 6A) Total IgE
antibody titer was also significantly reduced in Lck“®IL-4Ra™® OVA mice compared to
littermate control mice. (Fig 6B)

-/lox

Thus our results confirm that the humoral immune response in Lck“*IL-4Ra™™ mice is

mediated by OVA specific antibody responses.

64



OVA specific 1IgG1 OVA specific IgG2a
1.50- o
1.25+ T
E 1.004 -
E £ 1.004
5 5
g 075 Q 075
5 3,
O 0.504 8 0.50
0.254 0.254
0.00 9 a g 9 ng ) 0.00 % . .
10" 102 10 10* 10° 10° 107 10" 102 10° 10* 105 10° 107
Serum dilution Serum dilution
C .pe
OVA specific IgG2b
1.50-
1.25-
E 1.004
5
g.OJS-
8 o0.504
0.25
0.00

).
10° 102 103 104 10° 108 107
Serum dilution

——|L-4Ro. % PBS
—B |-4R % OVA
B~ |L-4R0 7" OVA

—h— [ ck°™ |L-4R0. "% OVA

Figure 5. OVA specific antibody responses of Lck®®IL-4Ra™™ mice are similar to IL-
4Ra™ littermate control mice and indicate a predominantly Th2-type response. OVA
specific antibodies were measured by end point titration ELISA. 1gG1 (A), IgG2a (B), 1gG2b
(C) subclasses were tested. Data represents three individual experiments (N=5 mice).

65



OVA specific IgE

0.20- ok

E
=
n
o
s
(m]
o
#Hit
B Total IgE
1.25+
1.00+
E 0.75+4
k=)
3. 0.504
#
0.254 7}'_
0.004 % ND
IL-4R o 0% PBS
Bl 4R OVA

LckerelL-4Ra "1°% OVA

3 iL-4rRa™ OVA

Figure 6. OVA specific and Total IgE antibody levels were significantly reduced in
Lck®IL-4Ra™ mice compared to IL-4Ra™ mice. OVA specific IgE (A) and total IgE
(B) antibodies were measured by ELISA. (ND Non Detectable) Significant differences
between 1L-4Ra”"™ PBS and Lck™ IL-4Ra”" mice are represented by stars (***, P<0.001)
and significant differences between IL-4Ra"™ OVA and Lck®™® IL-4Ro™™ mice are
represented by hashes (#, P<0.05, ##, P<0.01).
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Figure 7. Sensitisation and challenge with OVA induces a Th2 type immune response in
IL-4Ro” and reduced in Lck“®IL-4Ra™ mice. Lung cells were incubated at 37°C for 4
hours with phorbal myristate acetate (PMA), ionomycin and monensin for intracellular
cytokine staining. N=5-8 mice, pooled data from two individual experiments. Significant

differences to IL-4Ra™™ mice sensitised and challenged with PBS. (** P<0.01, ***
P<0.001).
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The percentages of I1L-4, IL-5 and IL-13 producing CD4" T cells in the lungs of Lck™IL-
4Ra™™™ mice sensitised and challenged with OVA were reduced compared with IL-4Ra™
OVA littermate controls. Lungs of IL-4Ro”™ OVA mice showed significant percentage
increases of IL-4, IL-5 and IL-13 producing CD4" T cells compared with PBS littermate
controls. The percentage of IL-17 producing CD4" cells was significantly increased both in
IL-4Ro” and Lck“®IL-4Ra™ mice sensitised and challenged with OVA (Fig 7). Hence our
results confirm that the absence of IL-4Ra on CD4" T cells did suppress Th2 and Th17

responses in allergic airway disease.

68



>

= B .
o] Fizz1
L
»
)
S @ 4
S o * s o
N x 5 o
@ 5 34 8 é
s £
x
5 s %
< *kk < 3
2 7 <2
E 81 2 g g
Fedkek .
o- A ET T3
C .
Arginase D .
45 iNOS
0.0175-
o 404
5 & 35 c @ 0.0150-
§§ 301 2 5"‘ 0.01254
e 5 £ 7, 0.0100-
<3 < s % 0.0075-
< 2 151 $3
E & 101 Z 3 000501
8 s % |_=.__| E S
1 e
0 Z 0.0000
BlLsRe " OVA  EZALck*™IL4Ra "X OVA CJiLara - ova

Figure 8. mMRNA expression in alveolar macrophages normalized with rs12
housekeeping gene. Expression of Ym-1(A), Fizz-1(B), arginase(C) and iNOS(D)
expression was decreased in Lck*™®IL-4Ra™* mice compared to IL-4Ro”"* OVA mice. Data

is representative of 2 experiments with triplicate pooled samples.
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Alveolar macrophages from OVA sensitised and challenged mice were sorted. mMRNA
expression of markers for classical activation (iNOS) and alternative activation (Ym-1, FIZZ-
1, and Arg-1) was quantified using RT-PCR, using the rs12 housekeeping gene for

-/lox

normalisation. IL-4Ra™" mice showed alternative activation of macrophages as there was
increased expression of Ym-1, FIZZ-1, and arginase in comparison to saline controls. (Fig. 8
A, B, C). The expression of arginase, Ym-1, FIZZ-1 and iNOS was decreased in

-/lox

macrophages of Lck“®IL-4Ra™ mice compared to IL-4Ra™® mice showing that in the
absence of IL-4Ra signalling on CD4" T cells, there is reduced classical and alternative

activation of macrophages.
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2.5 Discussion

Allergic asthma is characterised by Th2 inflammatory responses in the lung orchestrated by
CD4" T cells.* Studies exploring T cell therapies have been conducted over two decades ago
but without any convincing results.*” The blocking of T cells in asthmatic patients showed
some improvement in pathology of asthmatics.* But the use of anti-CD4 monoclonal
antibody did not reduce the symptoms of asthma. ** *° Th2 cytokine blocking Therapies
involving anti-cytokine agents were introduced to curb inflammation in asthma. Studies
conducted in human, aimed to target the main Th2 cytokines including IL-4, IL-5, IL-9 and
IL-13. IL-4 blockade in mouse models of asthma showed abrogated pathology in asthma. *°
Some promising evidence has been shown by the administration of solubilised IL-4 receptor
fragment in treating asthma. *” Clinical trials have shown the lack of efficacy of the soluble
IL-4 receptor and anti-IL-4 humanised monoclonal antibody. *® *® The key role of IL-5 and
use of IL-5 antibody in asthma pathology have been demonstrated by studies conducted in
murine and guinea pig models. *>** Human studies involving administration of human IL-5
antibody also failed to show prevention of asthmatic symptoms. **°® In mouse models of
asthma, blocking IL-9 by antagonists reduced allergen-induced airway inflammation and
AHR. The use of anti-IL-13 monoclonal antibodies and soluble IL-13 receptor showed
reduced inflammation in asthma.””™® In vitro and humanised animal studies using 1L-13-

neutralizing antibody showed promising results and its clinical development is underway.

Lung biopsies and respiratory secretions from asthmatic patients have demonstrated that
CD4" T cell infiltration around the airways and eosinophil recruitment are key events of the
inflammatory process contributing to disease severity.®** Murine models have demonstrated
that CD4"™ T cells and IL-5 secretion by these cells, in conjunction with eosinophil
recruitment at inflammatory sites, contribute to the pathophysiology of allergic airways
inflammation.™* Other studies using chronic mouse models have shown that even though
CD4" T cells contribute to eosinophilic lung inflammation , they are not required for
subsequent airway remodeling.** In murine T cells, IL-4 mediates multiple effects. In addition
these cells do not respond to IL-1 which plays a role in immune and inflammatory responses.
% Therefore, the model of CD4* T cell-specific IL-4Ra-deficient mice (Lck™IL-4Ra™%)
allows the investigation of the role of IL-4Ra signalling on CD4" T cells while maintaining
IL-4/IL-13-mediated functions on non-CD4" T cells.

71



In a recent study in our laboratory (unpublished), it has been demonstrated that IL-4Ra
deletion on CD4" T cells in an acute model of AAD promotes disease progression. There has
been no studies documented that defines the direct role of IL-4Ra on CD4" T cells in chronic
allergic airway disease and airway remodelling. In order to investigate the role of IL-4Ra on
CD4" T cells in a long-term model of murine AAD, the present study utilised previously
characterized and published Lck“®IL-4Ra™ mice. 2% These mice which have impaired IL-

4Ra signalling on CD4" T cells were sensitized and challenged with ovalbumin.

Our data in the present study indicates that Lck®™IL-4Ra”' mice are significantly protected
from AAD in comparison to littermate control mice sensitised and challenged with OVA (IL-
4Ra™™). It is observed that Lck“®IL-4Ro”" mice demonstrated decreased disease pathology
(although not significant) in airway inflammation, mucus hypersecretion, collagen deposition

and airway remodelling compared to OVA littermate control mice (IL-4Ra™®). In addition,

-/lox

we observed a significant decrease in AHR in Lck“®IL-4Ra™* mice when compared to OVA

-/lox -/lox

littermate control mice (IL-4Ro"'*). Decreased airway remodelling in Lck“®IL-4Ro™* mice

was confirmed by histology for fibrin and reticular fibres. Markers of AAMs such as
-llox

arginase, Ym-1, and Fizz-1 were impaired in Lck““IL-4Ra
AAD compared to OVA littermate controls (IL-4Ra ™). This observation could probably be

mice during OVA-induced

a consequence of reduced Th2 cytokines and other factors produced by T cells. Together
these data show that IL-4Ro dependent CD4" T cells play an essential role in the
pathogenesis of chronic murine AAD. However, it has been demonstrated that CD4
independent mechanisms can also support recruitment and maintenance of inflammatory
cells. Chemokines and cytokines secreted by airway epithelium, mast cells and eosinophils
can also contribute to the inflammatory process. ®>® Although it has been reported that CD4"*
T cells are required at later stages in establishing AAD, our data clearly demonstrate that IL-

4Ra dependent CD4" T cells contribute significantly to the pathology of chronic AAD.

Our findings suggest two possibilities. Firstly, IL-4 dependent Th2 is important in chronic
AAD and secondly, IL-4 inhibits CD4" T cell mechanisms that downregulate chronic AAD.
The latter may be more likely, as Lck®™®IL-4Ra™* mice still have 1L-13 producing CD4* T
cells, albeit at decreased levels compared to littermate controls (IL-4Ra”%). Unpublished
data from our group found that IL-13 signalling can occur via IL-13Ra2 which is known to

be a decoy receptor.
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The role of IL-17 in the pathogenesis of asthma has been studied. It has been established that
IL-17, through the release of proinflammatory mediators contribute to the inflammation in
asthmatics.®® Increased levels of IL-17 were observed in blood and airways of asthmatic
patients. "> ™" Human studies have shown the proliferation and increased airway smooth
muscle (ASM) mass by Th17 cytokines indicating their role in airway remodelling. "> ™ IL-
17F may have a crucial role in allergic airway inflammation, and have important therapeutic
implications in asthma. Importantly, we determined that Lck®®IL-4Ra”"™ mice had increased
IL-17 and IFN-y production by CD4" T cells (from lungs) throughout the course of the
model. While IL-17 has been shown to induce neutrophil-dependent airway hyperreactivity,
it was also found to down-regulate established allergic airway inflammation and reduce
airway hyperreactivity. “*"" From a previous publication, it was shown that IL-17 produced
by CD4" T cells was important in downregulating airway inflammation in mice in a model of

bleomycin-induced lung injury .

However, human studies have found an association
between IL-17 and severe asthma, which is often neutrophilic and corticosteroid resistant. ™*
8 |n addition, Th17 driven allergic airway inflammation was found to be steroid resistant in

vivo. &

The results presented here demonstrates the importance of IL-4Ra signalling on CD4" T cells
and confirms that it is detrimental in chronic murine model of AAD. Further studies are
required to understand the mechanism by which IL-4Ra on CD4" T cells contribute to the
pathology of AAD. Thus IL-4Ra signalling on CD4" T cells plays an essential role in murine

AAD and plays a key role in airway remodelling.
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CHAPTER 3

IL-4Ra expression on Macrophages/Neutrophils is
not required for chronic Allergic Airway Disease
(AAD) in mice
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3 IL-4Ra expression on Macrophages/Neutrophils is not required

for chronic Allergic Airway Disease (AAD) in mice

3.1 Summary

Background

Alternative activation of macrophages is induced by the Th2 cytokines IL-4 and IL-13
through IL-4Ra. Markers of alternatively activated macrophages (AAMs) are upregulated in
asthmatic lungs and mice with allergic airway disease (AAD), the role of IL-4Ra activated
AAMs in the development of AAD is not well defined. By using transgenic LysM“*IL-4Ra
X mice deficient for IL-4Ra in macrophages and neutrophils, the in vivo effects of impaired
IL-4Ra signalling in macrophages and the role of AAMs on the outcome of AAD were

investigated.

Objective
The aim of this study is to investigate the chronic effects of AAD and the role of IL-4Ra
activated AAMSs in LysM®IL-4Ra ™ mice.

Methods

AAD was introduced in mice by repeated subcutaneous sensitisation with 20 pg ovalbumin
(OVA) adsorbed to 0.65% alum on days 0, 7, 14, and 21. On days 27 and 29 and then twice
weekly for 4 weeks, mice were allergen challenged intranasally with 20 ug OVA in 50 pL
PBS under anaesthesia. Mice were investigated for the presence of airway
hyperresponsiveness (AHR), markers of allergic inflammation, allergen specific Th2 type
antibody and cytokine production, arginase activity and nitric Oxide production.

Results

Airway hyperreactivity, Th2 responses, mucus hypersecretion, eosinophil infiltration, and

-/lox

collagen deposition were not reduced in LysM®IL-4Ro™ mice but AAM expression (Ym-1

-/lox

and arginase) was decreased in macrophages of LysM“*IL-4Ro""> mice.
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Conclusion
These findings demonstrate that there is no reduction in AAD in mice in the absence of IL-
4Ra dependent AAMs, suggesting that AAMs are not critical for the outcome of allergic

airway disease.

3.2 Introduction

Alternatively activated macrophages are associated with murine AAD and human asthma * 2.
IL-4 and IL-13 induce alternative activation of macrophages through IL-4Ra. The role of IL-
4Ra dependent AAMs in the pathology of AAD was investigated in this study by using
LysMeIL-4Ra™ mice.

Monocytes derived from pluripotent hematopoietic stem cells in the bone marrow continually
migrate into the tissues where they mature into macrophages. Macrophages, the most
abundant immune cells in the lung reside in the alveolar spaces of the lung contributing to the
innate immune defense in the airways by expressing a variety of pattern recognition receptors
like mannose receptors or B-glucan receptors **. The two main subsets of lung macrophages
are alveolar macrophages (AM) and interstitial macrophages (IM) which are phenotypically
and functionally distinct. IMs express high levels of MHC II, show greater efficieny in
stimulating T cell proliferation in vitro even though have lower phagocytic potential . Thus
AMs and IMs have complementary immunosuppressive effects with differential DC function
and pulmonary immune responses.” Upon an inflammatory stimulus, monocyte derived
macrophages are recruited to the lung and in vivo studies have demonstrated that both
resident and recruited macrophages can alternatively activate and be driven to proliferate by a
Th2 environment.® Macrophages proliferate locally upon stimulation and are efficient in

3,6,7

phagocytosing debris and microbes by production of inflammatory cytokines.”™" and also in

repairing tissues by release of trophic substances.®"®

The activation of macrophages is important for their functioning " ° and exhibit multiple
phenotypes depending on the cytokine environment and disease context. The two
conventional macrophage types identified were: classically activated macrophages (CAM)

and alternatively activated macrophages (AAM).'° However another two novel macrophage
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phenotypes called oxidized phospholipid-treated murine macrophages (Mox) ** and Tumour-

associated macrophages (TAMs) has also been reported.*?

Thl-associated classically activated macrophages (CAM) are pro-inflammatory, activated by
Th-1 cytokine IFN-y, secrete TNF-a and involved in the upregulation of inducible nitric
oxide synthase (iNOS), resulting in nitric oxide (NO) production by hydrolysis of L-arginine.
caMphs mediate defence of the host by efficient bacterial killing and promotes extracellular
matrix (ECM) degradation and apoptosis causing tissue damage.’® In contrast to the
classically activated macrophages, the Th2-associated alternatively activated macrophage
(AAMs) secretes ECM components such as trans-glutaminase, fibronectin and osteopontin.
These macrophages got pro-fibrotic effects by eliciting immunity against multicellular
pathogens, are anti-inflammatory and regulate wound healing. ® ** Mox macrophages show
decreased phagocytotic and chemotactic capacity whereas TAMSs suppress antitumour

immunity.

IL-4/1L-13-activated alternative macrophages (AAMSs) are characterised by IL-4Ra-driven

7,9,15,16

increased arginase-1 expression, induction of chitinase and FIZZ family members

(ChaFFs)* and chitinase-like molecules (e.g.Ym-1), 2"

along with other biomarkers such as
peroxisome proliferator-activated receptor y (PPAR y) and mannose receptor (MR). The
enzyme Arginase-1, a marker gene for alternative activation ’ uses L-arginine as a substrate
to produce L-ornithine and urea 2°. These products are then used in the biosynthesis of proline
and polyamines * % AAMs produce increased levels of arginase-1 thereby supressing NO
production. Prolines are precursors of collagen and are associated with the construction of
ECM. Polyamines are molecules associated with cell proliferation and are important in the
generation of connective tissue, smooth muscle, and mucus.”*** Thus the production of
arginases constitute an array of anti-inflammatory, tissue repair and pro-fibrotic-associated
responses.?! L-arginine is the same substrate used by the CAM-associated iNOS and thus

these two enzymes are representative of the M1/M2 dichotomy %°.

IL-4Ra-responsive macrophages which are capable of developing into the alternatively
activated phenotype have been associated with being protective against a range of pathology
15 2224 Alternatively activated macrophages, or M2 macrophages, have been associated with

the control of inflammation %*%, down-regulation of Th2 responses, enhanced wound healing
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24 and tissue damage Zin the lung. Additionally, AAMs have been shown to control viral-

induced lung damage in an IL-4Ra dependent way. *°

It has been hypothesized that the pathogenesis of AAD is contributed by AAMs by increased
levels of arginase production and by synthesising proline and polyamines, the molecules
involved mainly in the generation of connective tissue, smooth muscle, and mucus. Studies in
both mouse models and human studies have demonstrated an upregulation in markers of
AAMs such as arginase, found in inflammatory zone 1 (FIZZ-1), chitinases, and chitinase-
like proteins in the allergic lung. > 2" 2 AAMs were thought to play an important role in
asthma by inhibiting the production of NO which is necessary for the regulation of airway
and vascular tone. It also promotes the synthesis of collagen and other connective tissues

2222930 increased secretion of mucus 2 and recruitment of eosinophils.?% %

However, other studies have demonstrated that AAMs may have regulatory or suppressive
properties. Infection with nematodes such as Heligmosomoides polygyrus and
Nippostrongylus brasiliensis in mice showed that induction of AAM by memory Th2 cells
mediated a protective immune response against the parasite ** leading to the induction of
AAM in the lung.?% Infection with other nematodes such as that of Brugia malayi, have

34

shown that AAMs suppress CD4" T-cell proliferation in vitro and IL-4-dependent

alternative activation of macrophages can occur without adaptive immunity, contributing to
wound healing . AAMs are also involved in downregulating a harmful Thl immune
response 2* when mice were infected with Schistosoma mansoni. Chronic pulmonary
infection of Cryptococcus neoformans in mice was accompanied with induction of AAM
leading to the development of symptoms similar to allergic asthma.*** AAMs were also
involved in other diseases such as filarial infection, arthritis,*® experimental autoimmune

encephalomyelitis,®* lung fibrosis

6,37,42-44

and they can also downregulate T-cell

proliferation.

Mouse models of AAD have shown induction of AAM in the lung after allergen challenge.
The expression of the chitinases Ym1 and 2 in alveolar macrophages and upregulation of
arginase-1> was dependent on IL-4Ra signalling in an ovalbumin model of allergic
asthma.®**>® Arginase 1 inhibition by RNA interference attenuated 1L-13 induced allergic
symptoms.*” In addition, IL-13Ra1 signalling is not necessary to induce AAM differentiation
in a mouse model of AAD suggesting that IL-4Ra signalling might be sufficient.”® In atopic
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asthma patients, the numbers of AAM were increased in comparison to healthy controls * and
high numbers of arginase expressing macrophages were also found in the bronchoalveolar
lavage (BAL).? An increase in the number of airway macrophages was found both in patients

with asthma 49554

and animal models of AAD 2% On the contrary, other studies in rats and
mice showed suppression of allergic symptoms by the modulation and phagocytosis function
of alveolar macrophages and allergen-loaded macrophages. *>°® However this suggests that
macrophages may play an important role in allergic inflammation of the lung but the exact

role of AAM in AAD still needs to be established.

Therefore, we aimed to test the hypothesis that IL-4Ra dependent AAMs contribute to
ovalbumin induced AAD by using LysM®®IL-4Ra™™ mice, which have abrogated IL-4Ra
signalling on macrophages and neutrophils. Our results demonstrate no reduction in allergic
airway disease in the absence of IL-4Ra dependent AAMSs, suggesting that AAMs may not be

as important in allergic airway disease as is commonly suggested.
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3.3 Materials and Methods

Mice

Eight- to ten week-old LysM“®IL-4Ra™* 7, IL-4Ra™, and IL-4Ra”" female mice?’ on a
BALB/c background were housed in independently ventilated cages under specific pathogen-
free conditions in the University of Cape Town Animal Facility. Animal procedures were
approved by the University of Cape Town Animal Ethics Committee. (Permit Number:
008/016)

Generation of IL-4Ra knockout mice

lox/lox - mijce  with

LysM eIL-4Ra™™ mice 2* were generated by mating floxed IL-4Ro
transgenic LysM®™® mice. *° These mice were then back-crossed to the BALB/c background
for 9 generations prior to crossing with global 1L-4Ra knockout (IL-4Ra™) mice *° to finally
obtain LysM®®IL-4Ra™* and iLck™IL-4Ra”"™ BALB/c mice. IL-4Ra”" littermates and IL-

4Ra™ mice were used as controls in all experiments.

Genotyping of IL-4Ra knockout mice

Mice were genotyped via PCR to determine what IL-4Ra allele was present and the PCR
conditions were as follows: 94°C/30 s; 57°C/30 s, 72°C/1 min for 40 cycles on an MJ
thermocycler (Biozym, Hessisch, Oldendorf, Germany).

Primers for PCR screening of the mice

Lys M Cre Transgene allele

M lys1: 5-CTT GGG CTG CCAGAATTTCTC -3’
Cre Antisense: 5’- CCC AGA AAT GCC AGATTACG -3

IL-4Ra Wildtype allele

Exon 7 forward1: 5’-TGA CCT ACA AGG AAC CCA GGC-3’
Exon 8 reverse: 5°-CTC GGC GCACTG ACCCAT CT-3

IL-4Ra Deleted allele

IL-4Ra KO P1: 5’ -GGC TGC TGA CCT GGA ATAACC-3
IL-4Ra KO P2: 5-CCTTTGAGAACTGCGGGCT-3
Conditional IL-4Ra. LoxP allele

IL-4Ra KO P1: 5’ -GGC TGC TGA CCT GGA ATA ACC -3’
IL-4R Intron 6-Rev : 5>-GTTTCCTCCTACCGCTGATT -3’
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Sensitisation and challenge of mice

Mice were sensitized subcutaneously with 20 pug ovalbumin (OVA) adsorbed to 0.65% alum
on days 0, 7, 14, and 21. On days 27 and 29 and then twice weekly for 4 weeks, mice were
administered intranasal challenges with 20 pg OVA in 50 pL PBS under anaesthesia. ®*

Measurement of Airway Hyperreactivity

Airway resistance and elastance of the whole respiratory system (airways, lung chest wall)
after challenge with increasing doses of acetyl-b-methylcholine (methacholine, Sigma-
Aldrich, Aston Manor, South Africa) were determined by forced oscillation measurements as
described ® with a Flexivent system (SCIREQ, Montreal, Canada) by using the
singlecompartment (‘‘snapshot’’) perturbation. Differences in the dose-response curves were
analyzed by repeated-measures ANOVA. Only mice with acceptable measurements for all

doses (coefficient of determination >0.95) were included in the analysis.

Flow cytometry
Bronchoalveolar lavage (BAL) cells were obtained by flushing the lungs of sacrificed mice
once with 1 mL PBS/1% FCS.

Single-cell suspensions were prepared from lungs after digestion for 1 hour at 37°C in
Iscove’s Modified Dulbecco’s Medium (IMDM) (Invitrogen,Carlsbad, Calif) containing 13
pg/mL DNase | (Roche, Randburg, South Africa) and 50 U/mL collagenase IV (Sigma-
Aldrich, Aston Manor, South Africa) ).

For intracellular cytokine staining, lung cells were incubated at 37°C for 4 hours with phorbal
myristate acetate (Sigma-Aldrich) (50 ng/mL), ionomycin (Sigma-Aldrich) (250 ng/mL), and
monensin (Sigma-Aldrich) (200 mM in IMDM/10% FCS). Cells were stained with CD3-
fluorescein isothiocyanate (clone 145-2C11) and CD4-PerCP (clone L3T4) (BD Bioscience),
and intracellular cytokines were stained with anti-IL-4 (clone 11B11), anti-IL-5 (clone
TRFKS5), anti-IFN-y (clone XMG 1.2), anti-IL-17 (clone TC11-18H10) (BD Bioscience),
anti-1L-13 (clone eBio 13A) (eBioscience, San Diego, Calif), and rat anti-mouse 1gG1l
isotype control (clone A85-1) (BD Bioscience) (all PE-labeled). Cells were acquired on a
FACSCalibur machine (BD Immunocytometry Systems, San Jose, Calif), and data were

analyzed by using Flowjo software (Treestar, Ashland, Ore).
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For flow cytometry, the following antibodies were used: SiglecF-PE (clone E50-2440),
CD11c-APC (clone HL3), CD4-PerCP (clone L3T4), with streptavidin (all BD Bioscience,
Erembodegem, Belgium), CD3 FITC fluorescein isothiocyanate (clone 145-2C11) and GR-1-

fluorescein isothiocyanate (clone RB68C5).

Sorting of alveolar macrophages

Alveolar macrophages were sorted as CD11c¢*SiglecF" cells from the pooled lungs of OVA-
sensitized and -challenged mice. Cells were sorted on a FACSVantage flow cytometer (BD
Immunocytometry Systems, San Jose, Calif). Purity was determined by flow cytometry and
checked by cytospin and staining with the Rapidiff Stain set (Clinical Diagnostics CC,
Southdale, South Africa) and was at least 99%.

Arginase assay

Alveolar macrophages sorted from the lungs of OVA-sensitized and -challenged IL-4Ra™*
and LysM°®IL-4Ra ™ mice were plated in triplicates in 96-well plates at 2x10” cells per well
in IMDM (containing 10% FCS, 100 U/ml penicillin G, 100 pg/ml streptomycin) in the
presence or absence of 100 ng/mL LPS (Sigma-Aldrich). Culture plates were then incubated
at 37 °C for 72 hours and following stimulation, cells were washed repeatedly with 1X PBS
and lysed with 0.1% TritonX-100. Lysates were incubated with 50 ul of 10 mM MnCl, and
50 mM Tris HCI (pH 7.5) to activate the enzyme for 10 minutes at 55°C. 25 pl of the lysate
solution was then transferred to 1.5 ml eppendorf tubes with 25 pl 500mM L-Arginine (pH
9.7) and incubated for 1 hour at 37°C. The reaction was then stopped using 400 pl of acid
mixture (H2SO4:H3PO4:H,0 at a ratio of 1:3:7). Thereafter, the colorimetric reaction was
initialised by adding 25ul of 9% a-Isonitrosopropiophenone (ISPF) and incubated at 100°C
for 45 minutes, followed by 10 minutes in the dark (at room temperature). 200 pl aliquots
were added and serially diluted, three-fold, in ddH,O on a 96-well plate (Nunc Maxisorb) and
read at 540 nm on a VersaMax microplate reader. Controls had ddH,O instead of L-Arginine
and blanks had ddH,O added instead of cell lysates. Standards consisting of doubling
dilutions of 1000 ug/ml urea were treated under identical assay conditions. Arginase activity

was calculated from the standard curve using urea concentrations (pg/ml).
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Nitric oxide (NO) measurements

Alveolar macrophages sorted from the lungs of OVA-sensitized and -challenged IL-4Ra™*
and LysM°™®IL-4Ra™"™ mice were plated in triplicates in 96-well plates at 2 x 10° cells per
well in IMDM (containing 10% FCS, 100 U/ml penicillin G, 100 pg/ml streptomycin) in the
presence or absence of 100 ng/mL LPS (Sigma-Aldrich). Cell culture supernatants were
analysed for the production of NO using the Griess reaction assay, which measures the
concentration of nitrite, a stable liquid product from the reaction of NO with O,. Supernatant
samples of re-stimulated lung cells were collected after 72 hours of incubation at 37°C and
stored at —20°C until analysis. Supernatant samples were serially diluted three-fold and
standards (ImM NaNO; solution) were serially diluted two-fold in IMDM (supplemented
with 10% FCS, 100 U/ml penicillin G, 100 pg/ml streptomycin) in a total volume of 50 ul per
well in a flat bottomed 96-well plate (Nunc Maxisorb). 25 ul of Griess Reagent 1 (1%
sulfanilamide in 2.5% phosphoric acid) and then 25 pl of Griess Reagent 2 (0.1% napthyl-
ethylene-diamine in 2.5 % phosphoric acid) were sequentially added to each well. The plate
was incubated at room temperature for 5 minutes to allow the reaction to develop. The
colorimetric reactions were read at 540 nm and the reference wavelength at 690 nm using a
VersaMax microplate reader. The absorbance reading of the samples (in OD units) was

correlated to the nitrite concentration (in mM) as calculated by the standard curve.

RNA extraction, cDNA synthesis and Quantitative RT-PCR

Total RNA was extracted from sorted alveolar macrophages of >98% purity by using Tri
reagent (Applied Biosystems, Carlsbad, Calif) according to the manufacturer’s protocol and
purified with RNeasy Microprep kit (Qiagen Hilden, Germany). Sorted alveolar macrophages
were lysed in 500 pl TriReagent® (Molecular Research, USA) and stored at -80 °C. To
extract the RNA, thawed samples were incubated at room temperature for 5 min to ensure
complete dissociation of nucleoproteins. To each sample, 0.1 ml of chloroform was added
and samples were vortexed for 15 seconds and incubated at room temperature for a further 15
min prior to centrifugation at 12000 rpm for 15 min at 4 °C. The RNA contained in the upper
aqueous layer was purified using the miRNeasy Mini Kit (Cat. No. 217004, Qiagen, USA),
RNeasy MinElute Cleanup Kit (Cat. No. 74204, Qiagen, USA) and the RNase-Free DNase
Set (Cat. No. 79254, Qiagen, USA). RNA quantity was determined using a Nanodrop
ND1000 (Thermo Scientific, USA) and the integrity was determined using the Agilent RNA
6000 Pico Kit (Cat. No. 5067-1513, Agilent Technologies, USA) and the Agilent Small RNA
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Kit (Cat. No. 5067-1548, Agilent Technologies, USA) on an Agilent 2100 Bioanalyzer
(Agilent Technologies, USA). The Agilent assays were performed by the Centre for
Proteomic and Genomic Research, Cape Town.

cDNA was synthesized with Transcriptor First Strand cDNA synthesis kit (Roche). Real-time
quantitative PCR was performed on cDNA samples to determine gene expression levels of
marker genes by using Lightcycler FastStart DNA MasterPLUS SYBR Green | reaction mix
(Roche) on a lightcycler 480 Il (Roche). Each reaction contained SYBR® Green Master Mix
(Cat. No. 04913850001, Roche, Germany), primers and cDNA template. Reactions were
prepared in 96- or 384-well plates (Roche, Germany) using a QIlAgility robot (Qiagen, USA)
and PCRs were performed in a LightCycler® 480 (Roche, Germany). Primers for inducible
nitric oxide synthase (iNOS), arginase, Ym-1, and FIZZ-1 have been previously described
and are listed in table 3.1 ® Gene expression levels were normalized according to the

expression of the housekeeping genes ribosomal rs12.

Table 3.1: RT-PCR primers and PCR conditions

Gene Forward primer Reverse Annealing  Extension Fluorescence
sequence primer Temperature  time () acquisition
(5°-3’) sequence (°C) temperature
(5°-3°) (§®)
Ym-1 60 12 80
GGGCATACCT CCACTGAAGT
TTATCCTGAG CATCCATGTC
Fizz- TCCCAGTGAA CCACTCTGGA 60 9 80
1 TACTGATGAG TCTCCCAAGA
A
Argl CAGAAGAATG CAGATATGCA 60 10 80
GAAGAGTCAG GGGAGTCACC
INOS AGCTCCTCCC ACGCTGAGTA 60 19 85
AGGACCACAC CCTCATTGGC
rs12 GGAAGGCATA CGATGACATC 60 10 80
GCTGCTGGAG CTTGGCCTGA
GT
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Histology and immunohistochemistry

Lungs were fixed in 4% formaldehyde/PBS and embedded in paraffin. Tissue sections were
stained with haemotoxylin and eosin (H&E), periodic acid-Schiff (PAS) for mucus, Sirius red
for collagen, Martius scarlet blue (MSB) for fibrin and Gordon and Sweets for reticulin
(reticulin silver staining kit). Image analysis was performed on NIS Elements (Nikon
Instruments, Tokyo, Japan). Lung sections from individual mice were assessed, and data from

3 experiments were pooled.

Antibody ELISAs

Blood samples taken by tail vein bleeding or directly from mice after sacrificing were
collected in plasma separator tubes (MicrotainerTM SST, BD, USA). Samples were
centrifuged for 20min at 6000rcf and stored at -80°C. OVA specific antibodies were
measured in blood serum by endpoint titration ELISA. For OVA specific antibodies, 96 well
ELISA plates (Maxisorp, Nunc, Denmark) were coated overnight with 50ul OVA in PBS
(5pg/ml for 1gG1, 1gG2a, 1gG2b or 1mg/ml for IgE). For total IgE ELISA, plates were coated
with anti-mouse IgE antibody (clone 84.1C, 1/1000 dilution). Plates were blocked for 1h at
37°C with 200l 2% fat free milk powder in PBS. Serial dilutions of serum samples in 50ul
PBS/ 0.1% BSA were added to the wells and plates were incubated overnight at 4 °C.
Purified recombinant mouse IgE (BD, USA) was used as a standard for total IgE ELISA, at a
starting concentration of 1ug/ml. 50ul alkaline phosphatase conjugated goat anti-mouse
isotype specific antibodies (Southern Biotechnology, USA) at a 1/1000 dilution in PBS/ 0.1%
BSA were added to the wells and the plates were incubated for 3h at 37°C. Subsequently,
plates were incubated with 50ul pnitrophenylphosphate (Fluka, Switzerland) and colour
reaction was stopped with 50ul 1M NaOH. Absorption was measured at 405nm with 492nm
as reference wave length using a VersaMax plate reader (Molecular devices, USA). Plates

were washed 4x with 200ul per well after each incubation.

Statistical analysis

P values were calculated in GraphPad Prism 4 (GraphPad Software, Inc, San Diego, Calif) by
using ANOVA with Bonferroni’s posttest or repeated measures ANOVA, and results are
presented as mean + SD of the mean. Values p < 0.05 was considered significant.
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3.4 Results

3.4.1. LysM°IL-4Ra ™ mice are not protected against the development of AHR

The airway responses of LysM ®IL-4Ra™* mice and littermate controls were examined in
OVA-induced allergic airway disease. Airway resistance (R) and elastance (E) were
measured in response to increasing doses of methacholine after chronic exposure to OVA.
Airway dynamic resistance (R) quantitatively assesses the level of constriction in the lungs.
Increased R values signal constriction of the lungs and this parameter reflects not only central
airway resistance, but is also influenced by the lung periphery (the "tissues™).Dynamic
elastance (E) captures the elastic rigidity of the lungs and reflects the mechanical properties
of the lungs for normal respiratory rates. Increased E values signal an increased stiffness of
the lungs.

The OVA sensitised and challenged mice developed AHR, with significant differences
between IL-4Ro”'™ PBS mice littermate controls and both I1L-4Ra™* and LysM®®IL-4Ra "
mice (Fig.1 A, B). A trend toward a slight, but not significant, increase in both airway
resistance and elastance was observed in LysM“®IL-4Ra”"™* mice compared to IL-4Ro”"%.
littermate controls. Global IL-4Ra” mice did not show a significant increase in AHR
compared with saline controls, demonstrating protection. Since airway resistance assesses
constriction of the airways, an increase in E values may indicate similar airway remodeling in
LysM®IL-4Ra™ mice and littermate controls. These results provide strong evidence that
the absence of IL-4Ra dependent AAMs does not protect against AHR.
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Figure 1. LysM“®IL-4Ra™™ OVA mice are not protected against AHR. Airway
Resistance (A) and elastance (B) were significantly increased in LysM“®IL-4Ra™® OVA
mice compared to IL-4Ra”"™ PBS mice. N= 10-16 mice, pooled data from three individual
experiments. Significant differences between IL-4Ra” PBS and LysM®® IL-4Ro™™ mice
are represented by stars (*p<0.01, ***, P<0.001). P values are in comparison to individual

responses and different concentrations of inhaled methacholine.
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3.4.2. Markers of allergic inflammation (Airway infiltration, mucus production and

collagen deposition) are maintained in LysM°"IL-4Ra”"* mice

During AAD, as a consequence of OVA sensitisation and challenge inflammatory cells were
recruited to the lungs around airways and blood vessels. Airway infiltration of the lung tissue
with inflammatory cells, goblet cell hyperplasia and collagen deposition was not affected by
loss of IL-4a on macrophages and neutrophils (Figs 2, 3). Analysis of the cellular
composition of BAL fluid showed that IL-4Ro""™ and LysM®™®IL-4Ra™" mice sensitised and
challenged with OVA both had significantly increased percentages of eosinophils compared
with PBS controls (Fig 2A). IL-4Ro”” OVA mice showed significant increase in percentage
of neutrophils compared to PBS littermate controls. IL-4Ra”* and LysM®®IL-4Ra™* mice
sensitised and challenged with OVA showed decreased percentages of neutrophils similar to
PBS controls (Fig 2A). IL-4Ra”™* OVA and LysM“®IL-4Ra”'™ OVA mice had increased
mucus hypersecretion (quantified by image Analysis on NIS Elements software) compared
with PBS controls but abrogated in the global IL-4Ra™ strain (Fig 2B).
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Figure 2. Markers of lung inflammation are affected in LysM°®IL-4Ra”"™ OVA mice.
BAL fluid (A) showed significant increase of eosinophils in LysM“®IL-4Ra”"* and IL-4Ra
X mice sensitised and challenged with OVA compared to IL-4Ra”'™ mice sensitised and
challenged with saline. Mucus hypersecretion (B) and collagen deposition (C) was similar in
LysM®IL-4Ra™® and IL-4Ra™®™ mice sensitised and challenged with OVA mice but
abrogated in the global IL-4Ro” mice. N= 8-12 mice, pooled data from two different

experiments. Significance was to IL-4Ra™* PBS. (n=6, *, P<0.05, ** P<0.01)
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H&E staining showed infiltration of inflammatory cells around the airways in IL-4Ra* and
LysM°®IL-4Ra™ mice (Fig. 3B, D). Mucus hypersecretion by goblet cells is a characteristic
of AAD. Histological examination of lungs stained with PAS showed no signs of mucus
hypersecretion in the airways of PBS sensitised and challenged IL-4Ro”" mice (Fig. 3E) and
IL-4Ra”” OVA mice (Fig. 3G). OVA sensitised and challenged littermate control 1L-4Ro”'%
mice (Fig. 3F), and LysM°®IL-4Ra™® mice (Fig. 3H) revealed mucus hyper secretion
showing similar severity of goblet cell hyperplasia. Sirius red staining showed increased
collagen deposition around airways and blood vessels in IL-4Ra™ OVA(Fig. 3J) and
LysM®®IL-4Ra™ mice (Fig. 3L) compared to the mice sensitised and challenged with saline
/PBS (Fig. 31) and OVA sensitised and challenged IL-4Ra”" mice (Fig. 3K) .

Increased levels of collagen deposition were observed in IL-4Ra” OVA and LysM®|L-
4Ra™™ OVA mice compared to IL-4Ro”'™ PBS and IL-4Ro”” OVA mice. Literature
suggested that AAMs may play an important role in collagen deposition through increased
production of prolines. However our data illustrate that IL-4Ro dependent AAMs are not
necessary for the development of OVA-induced allergic airway inflammation and do not

appear to regulate collagen deposition.
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Figure 3. Airway infiltration of the lung tissue with inflammatory cells, goblet cell
hyperplasia and collagen deposition is not affected by loss of IL-4a on macrophages and
-/lox

neutrophils. Lung sections from IL-4Ra
(A) and OVA sensitised and challenged littermate control IL-4Ra™ mice (B), IL-4Ro”

mice sensitised and challenged with saline /PBS

mice (C) and LysM®®IL-4Ra™ mice (D) were stained with H&E. Mucus hypersecretion by
goblet cells were stained with PAS in the airways of PBS sensitised and challenged IL-4Ra
o mice (E) and OVA sensitised and challenged littermate control 1L-4Ra™ mice (F), IL-
4Ra™ mice (G) and LysM“®IL-4Ra™ mice (H). Collagen deposition around airways and

X mice sensitised and

blood vessels were illustrated by Sirius red staining in IL-4Ra
challenged with saline /PBS (I) and OVA sensitised and challenged littermate control IL-

4Ro™ mice (), IL-4Ra™ mice (K) and LysM“®IL-4Ro™* mice (L).
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Fibrin deposition occurs as a result of inflammatory reactions in AAD. Martius Scarlet blue
staining showed increased fibrin mass around the airways of OVA sensitised and challenged
IL-4Ro""°* littermate control mice (Fig. 4B) compared to IL-4Ro”" PBS mice (Fig. 4A) . IL-
4Ra” OVA mice showed no fibrin threads (Fig. 4C). However LysM ®IL-4Ra™* OVA mice

revealed increased fibrin mass around the airways (Fig. 4D) similar to IL-4Ra”'™ OVA mice.

In chronic AAD, airway remodelling includes structural changes such as epithelial shedding
and increased subepithelial collagen deposition. Reticulin silver staining showed increased
thickness of basement membrane and loose arrays of reticulin fibres in the airways of OVA
sensitised and challenged 1L-4Ro”" littermate control mice (Fig. 4F) and LysM“®IL-4Ra ™
OVA mice (Fig. 4H). Control IL-4Ra™ PBS littermate control mice and IL-4Ra” OVA
mice showed thick array of reticulin fibres showing the absence of airway remodelling (Fig.
4E and 4G).
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Figure 4. Airway remodelling is not affected by the loss of IL-4Ra in LysM“IL-4Ra "

mice. Lung sections from IL-4Ro ™

mice sensitised and challenged with saline /PBS (A) and
OVA sensitised and challenged littermate control IL-4Ra”' mice (B), IL-4Ra” mice (C) and
LysM®®IL-4Ra™ mice (D) were stained with Martius scarlet blue. Increased fibrin threads
-llox mice

(B) and in LysM®IL-4Ra™™ mice (D). Epithelial thickness and subepithelial collagen

(stained red) were observed in the airways of OVA sensitised and challenged IL-4Ra

deposition were illustrated by reticulin fibre staining. OVA sensitised and challenged
littermate control IL-4Ro”"™ mice (F) and LysM ®IL-4Roa”"™ mice (H) showed loose arrays
of reticular fibres (stained black) around the alveolar walls and increased collagen deposition

-

(in red) around the airways compared to littermate control PBS mice (E) and IL-4Ra™ mice

(G).
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3.4.3. Th2 type antibody, Th2 cytokines and Thl7 responses are unaltered in
LysM°"IL-4Ra”"™ mice
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Figure 5. OVA specific antibody response of LysM°"IL-4Ra""*" is similar to IL-4Ra""
littermate control mice and is predominantly a Th2-type response. OVA specific
antibodies were measured by end point titration ELISA. IgG1 (A), 1gG2a (B), 1gG2b (C)

subclasses were tested. Data represents three individual experiments (N=5 mice).
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In order to investigate if the antibody responses to chronic OVA sensitisation and challenge
are affected by IL-4Ra signalling on macrophages/neutrophils, OVA specific antibody levels
in LysMIL-4Ra ™ mice were compared to those of IL-4Ra”"* and IL-4Ra™ mice. OVA-
specific 1gG levels were similar in LysM“IL-4Ra™* and IL-4Ro”"™ compared to IL-4Ro”"*
PBS and IL-4Ra” mice. A higher IgG1 but lower 1gG2a and 1gG2b titers in LysM°™®IL-4Ro
"% mice compared to IL-4Ra” mice indicated a predominant Th2-type response. (Fig 5 A,

B,C).
Ovalbumin specific IgE (Fig 6A) and total IgE concentrations (Fig 6B) were similar in both

LysMeIL-4Ra™ and IL-4Ro""™ mice sensitised and challenged with OVA compared to
those of IL-4Ro™* PBS and IL-4Ra”" mice.
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Figure 6. OVA specific and Total IgE antibody levels of LysM°®IL-4Ra™* and
IL-4Ra”* littermate control mice showed similar increase. OVA specific IgE (A) and
total IgE (B) antibodies were measured by end point titration ELISA. Significant differences
to IL-4Ra”"™ PBS mice (*, p<0.05, ** p<0.01), Significant differences to IL-4Ra™" OVA
mice (#, P<0.05, ## P<0.01, ND Non Detectable).
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The percentages of 1L-4, IL-5 and IL-13 producing CD4" T cells was significantly increased
in the lungs of IL-4Ra™™ OVA and LysM“IL-4Ro”"™ OVA mice compared with PBS
littermate controls. The percentage of IFNy producing CD4" T cells was significantly
decreased in the lungs of IL-4Ra”'** OVA mice compared with PBS littermate controls. Only
IL-4 was increased in LysM°®IL-4Ra”'™ OVA mice compared to OVA littermate control
mice. 1L-17 production was significantly increased only in IL-4Ra” OVA mice. (Fig 7)
Therefore, the absence of IL-4Ra dependent AAMs did not reduce Th2 responses or affect
Th17 responses in allergic airway disease.
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Figure 7. Sensitisation and challenge with OVA induces a Th2 response in IL-4Ra”"
and LysM®IL-4Ra™® mice. Lung cells were incubated at 37°C for 4 hours with phorbal
myristate acetate (PMA), ionomycin and monensin for intracellular cytokine staining.
Significant differences to IL-4Ra”"™* mice sensitised and challenged with PBS. N=5-8 mice,
pooled data from two individual experiments. Significant differences to IL-4Ra™ mice
sensitised and challenged with PBS. (**, P<0.01, *** P<0.001).
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Ex vivo assays were performed on alveolar macrophages of LysM®®IL-4Ra™™ OVA as
described earlier. There was a significant reduction of arginase activity and significant

increase  in  iINOS  activity when compared to IL-4Ra”™ mice. (Fig.8)

Arginase
0.3~ Fedkek

*kk

[ng/mi]

[

Medium LPS

Nitric Oxide

7_ *kk

Medium LPS

-|L4R0_ -flox MLYSMCFE|L4RQ -/lox

Figure 8. Reduced arginase activity and increased Nitric Oxide (NO) production.
Alveolar macrophages of LysM“®IL-4Ra™* mice showed significant decrease in arginase

activity and significant increase in iNos activity compared to littermate control. (***P<
0.001).
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Alveolar macrophages from OVA sensitised and challenged mice were sorted. mRNA
expression of markers for classical activation (iNOS) and alternative activation (Ym-1,
FIZZ-1, and Arg-1) was quantified using RT-PCR using rs12 housekeeping gene for

-/lox

normalising.lL-4Ro™™" mice showed alternative activation of macrophages as there was
increased expression of Ym-1, FIZZ-1, and arginase in comparison to saline controls. (Fig. 8
A, B, C). The expression of arginase, Ym-1, and FIZZ-1 was decreased in macrophages of
LysM®®IL-4Ra™ mice compared to IL-4Ra”"™* mice and. iNOS expression was increased
showing that in the absence of IL-4Ra signaling there is reduced alternative activation of

macrophages.

>

Ym-1 Fizz-1

—
N
J
(v
~
o
J

(9]
o
1

*k

N
d
1

mRNA expression
over IL-4Ra™'°* PBS
g
mRNA expression
over IL-4Ra "% PBS

c Arginase D iNOS
100+ 0.25-

0.20-

754

0.154

50+
0.104

0.00

mRNA expression
over IL-4Ra "% PBS

mRNA expression
over IL-4R "% PBS

Bl 4R X OVA [MMMiysmeeiLaRa " OVA  [JiL4Ra  OVA

Figure 9. mRNA expression in alveolar macrophages normalized with rs12
housekeeping gene. Expression of Ym-1(A), Fizz-1 (B) and arginase were reduced and

-/lox

iNOS expression was increased in LysM“®IL-4Ra™ mice compared to IL-4Ra™* PBS

mice. Data is representative of 2 experiments with triplicate pooled samples.
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3.5 Discussion

The pathology of allergic asthma involving the contribution of cytokines such as IL-4 and
IL-13 and it receptor IL-4Ra is well understood.®*® The role of AAMs in Th2 driven
pathologies such as nematode infections ** and parasitic infections ® has been reported.
Ovalbumin induced mouse model have also revealed the role of AAMs in the aggravation of

8 However, the role of AAMs in AAD remains unclear. To

allergic airway inflammation. °
date, there is no clear evidence that exists to indicate that AAMs directly play a role in AAD
although an upregulation of AAM markers in murine AAD and human asthma has been
shown.*™ Previous studies from our group have demonstrated the expression of AAM
markers that are 1L-4Ra independent.®*® Other parasitic model studies such as Schistosoma
mansoni conducted by our co-workers have proven the suppression of fibrosis by AAMs
expressing certain molecules.* Human and mice studies has demonstrated, enhanced

eosinophilic inflammation in the presence of AAMs. % 7183

There has been evidence to suggest that that immunological overreaction in the lungs is
prevented by macrophages.™, 2 either by suppressing T cell proliferation and activation
after exposure to inhaled antigens. An exacerbation of AHR, eosinophil inflammation and
Th2 cytokine secretion due to depletion of alveolar macrophages has also been reported. 8 It
is known that interstitial macrophages suppress AAD through the production of I1L-10 .°

24,31,39 and their role in the

AAMs downmodulate inflammation in several disease models
suppression of T-cell proliferation has been demonstrated. & *° 26 37 42.43. 88 | helminth
models, it has been demonstrated that FIZZ-1 (a marker of AAM) regulates Th2 responses

and associated inflammation negatively.®

A previous study from our group has demonstrated that the presence of AAMs is not required
for the onset of AAD in an acute model.*° In this study, we investigated the cell specific
contribution of IL-4Ra dependent AAMs in a chronic model of murine AAD. LysM“°IL-
4Ra™* mice which have impaired IL-4Ro signalling in macrophages and neutrophils and
therefore lack IL-4/IL-13-induced activation of macrophages through IL-4 receptor types 1

-/lox mice

and 2 were sensitised and challenged with ovalbumin. In comparison to IL-4Ra
sensitised and challenged with PBS. We observed a significant and consistent increase in
airway resistance and elastance in LysM°™®IL-4Ro”"™ mice similar to that of OVA littermate

controls (IL-4Ra™%) after methacholine challenge. AHR, airway inflammation, mucus
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X mice were similar to littermate

hypersecretion, and collagen deposition in LysM“®IL-4Ra.
controls inspite of impaired activation of AAMs. This observation suggests that 1L-4Ra~—
dependent AAMs do not play an important role in the regulation of collagen deposition, as
suggested on the basis of their expression of arginases. Hence, demonstrating that IL-4Ra
dependent AAMs are not necessary in the pathogenesis of murine AAD. It is known that
arginases compete with nitric oxide synthases (NOS) for the substrate arginine. While NOS
uses arginine to produce bacteriocidal NO, arginases convert arginine into ornithine and urea,
with downstream products that include proline and polyamines, used in collagen synthesis

and cell growth, respectively. **

Mimicking previous studies, > > 2% 8 9194

there is an upregulation of AAM markers such as
arginase, Ym-1, and Fizz-1 in OVA littermate control mice (IL-4Ra'/'°X) mice during OVA-
induced allergic airway disease. We observed an impaired expression of these markers on
alveolar macrophages in LysM ®IL-4Ra™®™ mice, although they still exhibited a slight

increase compared to the PBS littermate control mice (IL-4Ro”"

). Based on the results
obtained, it can be deduced that impaired expression of Ym-1 in the LysM“®IL-4Ro”"™* mice
suggests that AAMs are not involved in the recruitment of eosinophils. It has been
established in murine studies that AAM marker does not contribute to AAD® which
corresponds to our findings. Hence it is also vital to understand the mechanism by which
alternative activation influences the phenotype of distinct macrophage populations. However,
other murine studies haves shown that adoptive transfer of IL-4Ra"* M-CSF-dependent
macrophages in the presence of Th2 cells, significantly contributed to OVA-induced
recruitment of eosinophils to the lung.%” In addition, stimulation of macrophages through IL-
4Ra result in their alternative activation enhancing the Th2-driven allergic inflammatory

response in the lung. ¥’

In conclusion, our results suggest that association between alternatively activated
macrophages and allergic airway disease does not translate into a pathological role for these
cells in AAD. This suggests that IL-4Ra activated AAMs are merely bystander cells
responding to the Th2 cytokines. They do not play a significant role in the pathology of AAD
and are not detrimental in murine AAD. Airway hyperreactivity was increased in the absence
of AAMs, suggesting that the presence of alternative activation of macrophages in AADs
may be an attempt to downregulate excessive immune effector responses. Despite the

importance of global IL-4Ra expression, this also suggests that effector functions of other
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cell types are essential in the development of AHR and pathology of AAD. Thus AAMs in
allergic airway disease may be merely associative but not causative and is a result of elevated

Th2 responses.

112



3.6 References

1. Prasse A, Germann M, Pechkovsky DV, Markert A, Verres T, Stahl M, et al. IL-10-
producing monocytes differentiate to alternatively activated macrophages and are

increased in atopic patients. J Allergy Clin Immunol 2007; 119:464-71.

2. Zimmermann N, King NE, Laporte J, Yang M, Mishra A, Pope SM, et al. Dissection
of experimental asthma with DNA microarray analysis identifies arginase in asthma
pathogenesis. J Clin Invest 2003; 111:1863-74.

3. Peters-Golden M. The alveolar macrophage: the forgotten cell in asthma. Am J Respir
Cell Mol Biol 2004; 31:3-7.

4. Lohmann-Matthes ML, Steinmuller C, Franke-Ullmann G. Pulmonary macrophages.
Eur Respir J 1994; 7:1678-89.

5. Bedoret D, Wallemacq H, Marichal T, Desmet C, Quesada Calvo F, Henry E, et al.
Lung interstitial macrophages alter dendritic cell functions to prevent airway allergy
in mice. J Clin Invest 2009; 119:3723-38.

6. Jenkins SJ, Ruckerl D, Cook PC, Jones LH, Finkelman FD, van Rooijen N, et al.
Local macrophage proliferation, rather than recruitment from the blood, is a signature
of TH2 inflammation. Science 2011; 332:1284-8.

7. Gordon S. Alternative activation of macrophages. Nat Rev Immunol 2003; 3:23-35.

8. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M and Ley K. Development of
monocytes, macrophages and dendritic cells. Science 2010; 327:656-61.

9. Martinez FO, Helming L, Gordon S. Alternative activation of macrophages: an
immunologic functional perspective. Annu Rev Immunol 2009; 27:451-83.

113



10.

11.

12.

13.

14.

15.

16.

17.

Stein M, Keshav S, Harris N, Gordon S. Interleukin 4 potently enhances murine
macrophage mannose receptor activity: a marker of alternative immunologic

macrophage activation. The Journal of experimental medicine 1992; 176(1):287-92.

Kadl A, Meher AK, Sharma PR, Lee MY, Doran AC, Johnstone SR, Elliott MR,
Gruber F, HanJ, Chen W, Kensler T, Ravichandran KS, Isakson BE, Wamhoff BR
, Leitinger N. Identification of a Novel Macrophage Phenotype That Develops in
Response to Atherogenic Phospholipids via Nrf2. Circulation Research 2010; 107:
737-746.

Mosser DM and Edwards JP. Exploring the full spectrum of macrophage activation.
Nature Rev. Immunol 2008; 8:958-969.

Munder M, Eichmann K, Modolell M. Alternative metabolic states in murine
macrophages reflected by the nitric oxide synthase/arginase balance: competitive
regulation by CD4+ T cells correlates with Th1/Th2 phenotype. Journal of
immunology 1998; 160(11):5347-54.

Kreider T, Anthony RM, Urban JF Jr, Gause WC. Alternatively activated
macrophages in helminth infections. Current opinion in immunology 2007; 19:448-
453.

Pesce JT, Ramalingam TR, Mentink-Kane MM, Wilson MS, ElI Kasmi KC, Smith
AM. et al. Arginase-1l-expressing macrophages suppress Th2 cytokine-driven
inflammation and fibrosis. PLoS pathogens 2009; 5, e1000371.

Bronte V, Zanovello P. Regulation of immune responses by L-arginine metabolism.
Nature reviews 2005; 5:641-654.

Nair MG, Gallagher 1J, Taylor MD, Loke P, Coulson PS, Wilson RA et al. Chitinase
and Fizz family members are a generalized feature of nematode infection with
selective upregulation of Ym1 and Fizz1 by antigen-presenting cells. Infection and
immunity 2005; 73:385-394.

114


http://circres.ahajournals.org/search?author1=Alexandra+Kadl&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Akshaya+K.+Meher&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Poonam+R.+Sharma&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Monica+Y.+Lee&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Amanda+C.+Doran&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Scott+R.+Johnstone&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Michael+R.+Elliott&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Florian+Gruber&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Florian+Gruber&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Jenny+Han&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Wenshu+Chen&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Thomas+Kensler&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Kodi+S.+Ravichandran&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Brant+E.+Isakson&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Brian+R.+Wamhoff&sortspec=date&submit=Submit
http://circres.ahajournals.org/search?author1=Norbert+Leitinger&sortspec=date&submit=Submit

18.

19.

20.

21.

22.

23.

24,

25.

Nair MG, Cochrane DW, Allen JE. Macrophages in chronic type 2 inflammation have
a novel phenotype characterized by the abundant expression of Ym1 and Fizz1 that

can be partly replicated in vitro. Immunology letters 2003; 85:173-180.

Raes G, De Baetselier P, Noel W, Beschin A, Brombacher F, Hassanzadeh GhG.
Differential expression of FIZZ1 and YmL1 in alternatively versus classically activated

macrophages. Journal of leukocyte biology 2002; 71:597-602.

Hesse M, Modolell M. La Flamme AC, Schito M, Fuentes JM., Cheever AW et al.
Differential regulation of nitric oxide synthase-2 and arginase-1 by type 1/type 2
cytokines in vivo: granulomatous pathology is shaped by the pattern of L-arginine
metabolism. J Immunol 2001; 167:6533-6544.

Wynn TA. Fibrotic disease and the T (H) 1/T (H) 2 paradigm. Nature reviews 2004;
4: 583-594.

Loke P, Gallagher I, Nair MG, Zang X, Brombacher F, Mohrs M. et al. Alternative
activation is an innate response to injury that requires CD4+ T cells to be sustained
during chronic infection. J Immunol 2007; 179:3926-3936.

Stenzel W, Muller U, Kohler G, Heppner FL, Blessing M., McKenzie AN et al. IL-
4/1L-13-dependent alternative activation of macrophages but not microglial cells is
associated with uncontrolled cerebral cryptococcosis. The American journal of
pathology 2009; 174:486-496.

Herbert DR, Holscher C, Mohrs M., Arendse B, Schwegmann A, Radwanska M et al.
Alternative macrophage activation is essential for survival during schistosomiasis and
downmodulates T helper 1 responses and immunopathology. Immunity 2004; 20:623-
635.

Marsland BJ, Kurrer M, Reissmann R, Harris NL, Kopf M. Nippostrongylus
brasiliensis infection leads to the development of emphysema associated with the
induction of alternatively activated macrophages. European journal of immunology
2008; 38:479-488.

115



26.

217.

28.

29.

30.

31.

32.

33.

34.

Shirey KA, Pletneva LM, Puche AC, Keegan AD, Prince GA, Blanco JC et al. Control
of RSV-induced lung injury by alternatively activated macrophages is IL-4R alpha-,
TLR4-, and IFN-beta-dependent. Mucosal immunology 2010; 3:291-300.

Chupp GL, Lee CG, Jarjour N, Shim YM, Holm CT, He S et al. A chitinase-like
protein in the lung and circulation of patients with severe asthma. N Engl J Med2007;
357:2016-27.

Zhang L, Wang M, Kang X, Boontheung P, Li N, Nel AE et al. Oxidative stress and
asthma: proteome analysis of chitinase-like proteins and FIZZ1 in lung tissue and

bronchoalveolar lavage fluid. J Proteome Res 2009; 8:1631-8.

Vercelli D. Arginase: marker, effector, or candidate gene for asthma? J Clin Invest
2003; 111:1815-7.

Webb DC, McKenzie AN, Foster PS. Expression of the Ym2 lectin-binding protein is
dependent on interleukin (IL)-4 and IL-13 signal transduction: identification of a
novel allergy-associated protein. J Biol Chem 2001; 276:41969-76.

Loke P, Nair MG, Parkinson J, Guiliano D, Blaxter M, Allen JE. IL-4 dependent
alternatively-activated macrophages have a distinctive in vivo gene expression
phenotype. BMC Immunol 2002; 3:7.

Anthony RM, Urban JF, Jr., Alem F, Hamed HA, Rozo CT, Boucher JL, et al.
Memory T(H)2 cells induce alternatively activated macrophages to mediate protection
against nematode parasites. Nat Med 2006; 12:955-60.

Reece JJ, Siracusa MC, Scott AL. Innate immune responses to lung stage helminth
infection induce alternatively activated alveolar macrophages. Infect Immun 2006;
74:4970-81.

Loke P, MacDonald AS, Robb A, Maizels RM, Allen JE. Alternatively activated
macrophages induced by nematode infection inhibit proliferation via cell-to-cell
contact. European journal of immunology 2000; 30:2669-2678.

116



35.

36.

37.

38.

39.

40.

41.

42.

Muller U, Stenzel W, Kohler G, Werner C, Polte T, Hansen G et al. IL-13 induces
disease-promoting type 2 cytokines, alternatively activated macrophages and allergic
inflammation during pulmonary infection of mice with Cryptococcus neoformans. J
Immunol 2007; 179:5367-77.

Arora S, Hernandez Y, Erb-Downward JR, McDonald RA, Toews GB, Huffnagle
GB. Role of IFN-gamma in regulating T2 immunity and the development of
alternatively activated macrophages during allergic bronchopulmonary mycosis. J
Immunol 2005; 174:6346-56.

Taylor MD, Harris A, Nair MG, Maizels RM, Allen JE. F4/801 alternatively activated
macrophages control CD41 T cell hyporesponsiveness at sites peripheral to filarial
infection. J Immunol 2006; 176:6918-27.

Cao Y, Brombacher F, Tunyogi-Csapo M, Glant TT, Finnegan A. Interleukin-4
regulates proteoglycan-induced arthritis by specifically suppressing the innate
immune response. Arthritis Rheum 2007; 56:861-70.

Ponomarev ED, Maresz K, Tan Y, Dittel BN. CNS-derived interleukin-4 is essential
for the regulation of autoimmune inflammation and induces a state of alternative

activation in microglial cells. J Neurosci 2007; 27:10714-21.

Mora AL, Torres-Gonzalez E, Rojas M, Corredor C, Ritzenthaler J, Xu J, et al.
Activation of alveolar macrophages via the alternative pathway in herpesvirus-
induced lung fibrosis. Am J Respir Cell Mol Biol 2006; 35:466-73.

Migliaccio CT, Buford MC, Jessop F, Holian A. The IL-4R {alpha} pathway in
macrophages and its potential role in silica-induced pulmonary fibrosis. J Leukoc Biol
2007; 83(3):630-9.

Schebesch C, Kodelja V, Muller C, Hakij N, Bisson S, Orfanos CE, et al.

Alternatively activated macrophages actively inhibit proliferation of peripheral blood
lymphocytes and CD41 T cells in vitro. Immunology 1997; 92:478-86.

117



43.

44,

45,

46.

47.

48.

49.

50.

51.

Huber S, Hoffmann R, Muskens F, Voehringer D. Alternatively activated
macrophages inhibit T-cell proliferation by Stat6-dependent expression of PD-L2.
Blood 2010; 116:3311-20.

Nair MG, Du Y, Perrigoue JG, Zaph C, Taylor JJ, Goldschmidt M, et al. Alternatively
activated macrophage-derived RELM-{alpha} is a negative regulator of type 2
inflammation in the lung. J Exp Med 2009; 206:937-52.

Welch JS, Escoubet-Lozach L, Sykes DB, Liddiard K, Greaves DR, Glass CK. TH2
cytokines and allergic challenge induce YmZlexpression in macrophages by a STAT6-
dependent mechanism. J Biol Chem 2002; 277:42821-9.

Homer RJ, Zhu Z, Cohn L, Lee CG, White WI, Chen S, et al .Differential expression
of chitinases identify subsets of murine airway epithelial cells in allergic
inflammation. Am J Physiol Lung Cell Mol Physiol 2006; 291:1.502-11.

Yang M, Rangasamy D, Matthaei KI, Frew AJ, Zimmmermann N, Mahalingam S, et
al. Inhibition of arginase | activity by RNA interference attenuates IL-13-induced

airways hyperresponsiveness. J Immunol 2006; 177:5595-603.

Ramalingam TR, Pesce JT, Sheikh F, Cheever AW, Mentink-Kane MM,Wilson MS,
et al. Unique functions of the type Il interleukin 4 receptor identified in mice lacking

the interleukin 13 receptor alphal chain. Nat Immunol 2008; 9:25-33.

Kraft M, Djukanovic R, Wilson S, Holgate ST, Martin RJ. Alveolar tissue
Inflammation in asthma. Am J Respir Crit Care Med 1996; 154:1505-10.

Bousquet J, Chanez P, Campbell AM, Lacoste JY, Poston R, Enander I, et al.
Inflammatory processes in asthma. Int Arch Allergy Appl Immunol 1991; 94:227-32.

Maestrelli P, Saetta M, Di Stefano A, Calcagni PG, Turato G, Ruggieri MP, et al.

Comparison of leukocyte counts in sputum, bronchial biopsies, and bronchoalveolar
lavage. Am J Respir Crit Care Med 1995; 152:1926-31.

118



52.

53.

54,

55.

56.

S7.

58.

59.

Kuperman DA, Huang X, Koth LL, Chang GH, Dolganov GM, Zhu Z, et al. Direct
effects of interleukin-13 on epithelial cells cause airway hyperreactivity and mucus
overproduction in asthma. Nat Med 2002; 8:885-9.

Kuperman DA, Huang X, Nguyenvu L, Holscher C, Brombacher F, Erle DJ. IL-4
receptor signaling in Clara cells is required for allergen induced mucus production. J
Immunol 2005; 175:3746-52.

Moon KA, Kim SY, Kim TB, Yun ES, Park CS, Cho YS, et al. Allergeninduced
CD11b+ CD11c (int) CCR3+ macrophages in the lung promote eosinophilic airway
inflammation in a mouse asthma model. Int Immunol 2007; 19:1371-81.

Careau E, Bissonnette EY. Adoptive transfer of alveolar macrophages abrogates

bronchial hyperresponsiveness. Am J Respir Cell Mol Biol 2004; 31:22-7.

Careau E, Proulx LI, Pouliot P, Spahr A, Turmel V, Bissonnette EY. Antigen
sensitization modulates alveolar macrophage functions in an asthma model. Am J
Physiol Lung Cell Mol Physiol 2006; 290:L.871-9.

Pouliot P, Spahr A, Careau E, Turmel V, Bissonnette EY. Alveolar macrophages from
allergic lungs are not committed to a pro-allergic response and can reduce airway

hyperresponsiveness following ex vivo culture. Clin Exp Allergy 2008; 38(3):529-38.

Vissers JL, Van Esch BC, Hofman GA, Van Oosterhout AJ. Macrophages induce an
allergen-specific and long-term suppression in a mouse asthma model. Eur Respir J
2005; 26:1040-6.

Clausen BE, Burkhardt C, Reith W, Renkawitz R, Forster, I. Conditional gene

targeting in macrophages and granulocytes using LysM®® mice. Transgenic research
1999; 8(4):265-77.

119



60.

61.

62.

63.

64.

65.

66.

67.

Mohrs M, Ledermann B, Kohler G, Dorfmiller A, Gessner A, Brombacher F.
Differences between IL-4- and IL-4 receptor alpha-deficient mice in chronic
leishmaniasis reveal a protective role for IL-13 receptor signaling. Journal of
immunology (Baltimore, Md. 1950) 1999; 162(12):7302-8.

Le AV, Cho JY, Miller M, McElwain S, Golgotiu K, Broide DH. Inhibition of
allergen-induced airway remodeling in Smad 3-deficient mice. J Immunol 2007;
178(11):7310-6.

Kirstein F, Horsnell WG, Kuperman DA, Huang X, Erle DJ, Lopata AL, et al.
Expression of IL-4 receptor alpha on smooth muscle cells is not necessary for
development of experimental allergic asthma. J Allergy Clin Immunol 2010; 126:347-
54,

Grunig G, Warnock M, Wakil AE, Venkayya R, Brombacher F, Rennick DM,
Sheppard D, Mohrs M, Donaldson DD, Locksley RM , Corry DB. Requirement for
IL-13 independently of IL-4 in experimental asthma. Science 1998; 282:2261-2263.

Wills-Karp M, Luyimbazi J, Xu X, Schofield B, Neben TY, Karp CL, Donaldson DD.
IL-13: Central mediator of allergic asthma. Science 1998; 282:2258-2261.

Cohn L, Homer RJ, MacLeod H, Mohrs M, Brombacher F, Bottomly K. Th2-induced
airway mucus production is dependent on IL-4Ra, but not on eosinophils. J Immunol
1999; 162:6178-6183.

Finkelman FD, Hogan SP, Hershey GK, Rothenberg ME, Wills-Karp M. Importance
of cytokines in murine allergic airway disease and human asthma. J Immunol 2010;
184:1663-1674.

Voehringer D, van Rooijen N and Locksley RM: Eosinophils develop in distinct

stages and are recruited to peripheral sites by alternatively activated macrophages. J
Leukoc Biol 2007; 81(6):1434-1444.

120


http://www.ncbi.nlm.nih.gov/pubmed/17513781
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B7
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B11
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B13

68.

69.

70.

71.

72.

73.

74.

Melgert BN, Oriss TB, Qi Z, Dixon-McCarthy B, Geerlings M, Hylkema MN and
Ray A. Macrophages. Regulators of sex differences in asthma? Am J Respir Cell Mol
Biol 2009; 42:595-603.

Dewals BG, Marillier RG, Hoving JC, Leeto M, Schwegmann A and Brombacher F.
IL-4Ralpha-independent  expression of mannose receptor and Yml by
macrophagesdepends on their IL-10 responsiveness. PLoS Negl Trop Dis 2010;
4:e689.

Marillier RG, Brombacher TM, Dewals B, Leeto M, Barkhuizen M, Govender
D, Kellaway L, Horsnell WG, Brombacher F. IL-4R{alpha}-responsive smooth
muscle cells increase intestinal hypercontractility and contribute to resistance during
acute Schistosomiasis. Am J Physiol Gastrointest Liver Physiol 2010; 298(6):G943-
51.

Kelly-Welch AE, Melo MEF, Ford A, Noben-Trauth N, Smith E, Haudenschild C and
Keegan AD. Complex Role of the IL-4Ra in a murine model of airway inflammation:
Expression of the IL-4Ro on a non-lymphocytic cell of hematopoietic origin

contributes to severity of inflammation. J Immunol 2004; 172:4545-4555.

Kim EY, Battaile JT, Patel AC, You Y, Agapov E, Holtzman MJ. Persistant
activation of an innate immune response translates respiratory viral infection into
chronic lung disease. Nat Med 2008; 14:633-640.

Brombacher F, Arendse B, Peterson R, Holscher A, Holscher C. Analyzing classical
and alternative macrophage activation in macrophage/neutrophil-specific IL-4Ra-
deficient mice. Methods Mol Biol 2009; 531:225-252.

Kurowska-Stolarska M, Stolarski B, Kewin P, Murphy G, Corrigan CJ, Ying S,
Pitman N, Mirchandani A, Rana B, van Rooijen N, Shepherd M, McSharry C,
Mclnnes IB, Xu D , Liew FY. IL-33 amplifies the polarization of alternatively
activated macrophages that contribute to airway inflammation. J Immunol 2009;
183:6469-6477.

121


http://www.ncbi.nlm.nih.gov/pubmed?term=Brombacher%20TM%5BAuthor%5D&cauthor=true&cauthor_uid=20360135
http://www.ncbi.nlm.nih.gov/pubmed?term=Dewals%20B%5BAuthor%5D&cauthor=true&cauthor_uid=20360135
http://www.ncbi.nlm.nih.gov/pubmed?term=Leeto%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20360135
http://www.ncbi.nlm.nih.gov/pubmed?term=Barkhuizen%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20360135
http://www.ncbi.nlm.nih.gov/pubmed?term=Govender%20D%5BAuthor%5D&cauthor=true&cauthor_uid=20360135
http://www.ncbi.nlm.nih.gov/pubmed?term=Govender%20D%5BAuthor%5D&cauthor=true&cauthor_uid=20360135
http://www.ncbi.nlm.nih.gov/pubmed?term=Kellaway%20L%5BAuthor%5D&cauthor=true&cauthor_uid=20360135
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B16
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B35
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B36
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B37

75.

76.

77.

78.

79.

80.

81.

82.

Melgert BN, Pstma DS, Kuipers I, Geerlings M, Luinge MA, Hylkema MN. Female
mice are more susceptible to the development of allergic airway inflammation than
male mice. Clin Exp Allergy 2005; 35:1496-1503.

Subrata LS, Bizzintino J, Mamessier E, Bosco A, McKenna KL, Wikstrom ME.
Interactions between innate antiviral and atopic immunoinflammatory pathways
precipitate and sustain asthma exacerbations in children. J Immunol 2009; 78:5305-
5311.

Holt PG, Strickland DH. Interactions between innate and adaptive immunity in
asthma pathogenesis: New perspectives from studies on acute exacerbations. J
Allergy Clin Immunol 2010; 125:963-972.

Melgert BN, Hacken NH, Rutgers B, Timens W, Postma DS, Hylkema MN. More
alternative activation of macrophages in lungs of asthmatic patients. J Allergy Clin
Immunol 2011; 127:831-833.

Viksman MY, Bochner BS, Peebles RS, Schleimer RP, Liu MC. Expression of
activation markers on alveolar macrophages in allergic asthmatics after endobronchial
or whole-lung allergen challenge. Clin Immunol 2002; 104:77-85.

Ober C, Tan Z, Sun Y, Possick JD, Pan L, Nicolae R, Radford S, Parry RR,
Heinzmann A, Deichmann KA, Lester LA, Gern JE, Lemanske RF Jr, Nicolae DL,
Elias JA, Chupp GL. Effect of variation in CHI3L1 on serum YKL-40 level, risk of
asthma, and lung function. N Engl J Med 2008; 358:1682-1691.

Shuhui L, Mok Y, Wong WSF. Role of Mamalian Chitinases in Asthma. Int Arch
Allergy Immunol 2009; 149:369-377.

Sutherland TE, Maizels RM, Allen JE: Chitinases and chitinase-like proteins:

potential therapeutic targets for the treatment of T-helper type 2 allergies. Clin Exp
Allergy 2009; 39:943-955.

122


http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B40
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B41
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B42
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B43
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B45
http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B46

83.

84.

85.

86.

87.

88.

89.

90.

Cai Y, Kumar RK, Zhou J, Foster PS, Webb DC. Ym1/2 promotes Th2 cytokine
expression by inhibiting 12/15(S)-lipoxygenase: identification of a novel pathway for

regulating allergic inflammation. J Immunol 2009; 182:5393-9.

Thepen T, McMenamin C, Oliver J, Kraal G, Holt PG. Regulation of immune
response to inhaled antigen by alveolar macrophages: differential effects of in vivo
alveolar macrophage elimination on the induction of tolerance vs. immunity. Eur J
Immunol 1991; 21:2845-50.

Spiteri MA, Poulter LW. Characterization of immune inducer and suppressor

macrophages from the normal human lung. Clin Exp Immunol 1991; 83:157-62.

John M, Lim S, Seybold J, Jose P, Robichaud A, O’Connor B et al. Inhaled
corticosteroids increase interleukin-10 but reduce macrophage inflammatory protein-
lalpha, granulocyte-macrophage colony-stimulating factor, and interferon-
gammarelease from alveolar macrophages in asthma. Am J Respir Crit Care Med
1998; 157:256-62.

Tang C, Inman MD, van Rooijen N, Yang P, Shen H, Matsumoto K, et al. Th typel-
stimulating activity of lung macrophages inhibits Th2-mediated allergic
airwayInflammation by an IFN-gamma-dependent mechanism. J Immunol 2001;
166:1471-81.

Brys L, Beschin A, Raes G, Ghassabeh GH, Noel W, Brandt J, et al. Reactive oxygen
species and 12/15-lipoxygenase contribute to the antiproliferative capacity of
alternatively activated myeloid cells elicited during helminth infection. J Immunol
2005; 174:6095-104.

Pesce JT, Ramalingam TR, Wilson MS, Mentink-Kane MM, Thompson RW, Cheever
AW, et al. Retnla (relmalpha/fizz1) suppresses helminth-induced Th2-type immunity.
PLoS Pathog 2009; 5:e1000393.

Kirstein F, in Health Sciences Vol. Doctor of Philosophy in Clinical Laboratory
Sciences and Immunology (154 pages) (University of Cape Town, Cape Town; 2008).

123


http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B47

91.

92.

93.

94.

95.

96.

97.

Vercelli D. Arginase: marker, effector, or candidate gene for asthma? J Clin Invest.
2003; 111(12):1815-7.

Gordon S, Martinez FO. Alternative activation of macrophages: mechanism and
functions. Immunity 2010; 32:593-604.

Mosser DM. The many faces of macrophage activation. J Leukoc Biol 2003; 73:209-
212.

Anthony RM, Rutitzky LI, Urban JF Jr, Stadecker MJ, Gause WC. Protective immune
mechanisms in helminth infection. Nature Rev Immunol 2007; 7:975-987.

Holt PG, Oliver J, Bilyk N, McMenamin C, McMenamin PG, Kraal G, et al.
Downregulation of the antigen presenting cell function(s) of pulmonary dendritic cells
in vivo by resident alveolar macrophages. J Exp Med 1993; 177:397-407.

Munitz A, Cole ET, Atar-Karo D, Finkelman FD, Rothenberg ME. Resistin-like
molecule alpha regulates IL-13-induced chemokine production but not allergen-
induced airway responses. Am J Respir Cell Mol Biol 2012; 46(5):703-13.

Ford AQ, Dasgupta P, Mikhailenko | Smith E MP, Noben-Trauth N, Keegan AD.
Adoptive transfer of IL-4Ra+ macrophages is sufficient to enhance eosinophilic
inflammation in a mouse model of allergic lung inflammation. BMC Immunology;
2012:13:6.

124


http://www.biomedcentral.com/sfx_links?ui=1471-2172-13-6&bibl=B18

CONCLUSIONS

125



Conclusions

The aim of this study is to investigate the cell specific contributions of IL-4Ra signalling on
the outcome of Ovalbumin-induced chronic allergic airway disease (AAD) in mice.
Specifically we aimed to investigate the role of 1L-4/IL-13 responsive CD4" T cells in AAD,
using Lck“®IL-4Ra”™ mice and the role of IL-4/IL-13 induced alternatively activated
macrophages (AAM) in AAD, using LysM“®IL-4Ra”"™* mice.

Allergic asthma shows Th2 inflammatory responses in the lung orchestrated by CD4" T cells.
Most murine models and human studies have shown that CD4" T cells infiltration around the
airways and eosinophil recruitment are key events of the inflammatory process contributing
to disease severity. The direct role of IL-4Ra on CD4" T cells in chronic allergic airway
disease and airway remodelling is yet to be explored. Previously characterized and published
Lck®™®IL-4Ra™" mice were sensitized and challenged with ovalbumin.

Our data in the present study shows Lck®®IL-4Ra”'™ mice to be significantly protected from
AAD in comparison to OVA IL-4Ra™® littermate control mice showing a significant
decrease in AHR, airway inflammation, mucus hypersecretion, collagen deposition and
airway remodelling. Although it has been characterised that CD4" T cells are required at later
stages in establishing AAD, our data provides a strong clue that IL-4Ra dependent CD4" T
cells contribute significantly to the pathology of chronic AAD. The results presented here
clearly demonstrate the importance of IL-4Ra signalling on CD4" T cells. Our first major
conclusion from the study is that IL-4Ra signalling on CD4" T cells plays an essential role in
murine AAD.

IL-4, IL-13 and its receptor IL-4Ra’s role in the pathology of allergic asthma has been
understood well. The contribution of AAMs to certain Th2 driven pathologies has also been
studied. The role of AAMs in the aggravation of allergic airway inflammation has been
confirmed in Ovalbumin-induced mouse model. However, the role of AAMs in AAD has
remained unclear and no clear evidence exists yet to show that AAMs directly play a role in
allergic airway disease although an upregulation of AAM markers was observed in murine

AAD and human asthma.
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The current study dissected the cell specific contribution of IL-4Ra dependent AAMs in
murine AAD. LysM®®IL-4Ra”"™ mice which lack IL-4Ro signalling in macrophages and
neutrophils and therefore lack IL-4/1L-13-induced activation of macrophages through IL-4
receptor types 1 and 2 were sensitised and challenged with ovalbumin. In comparison to IL-
4Ra™™ mice sensitised and challenged with PBS, we found a significant and consistent

1 mice after methacholine

increase in airway resistance and elastance in LysM“®IL-4Ro
challenge similar to littermate controls. AHR, airway inflammation, mucus hypersecretion,
collagen deposition and airway remodelling in LysM“®IL-4Ro”"™* mice were similar to
littermate controls inspite of impaired activation of AAMs suggesting that IL-4/IL-13
induced IL-4Ro—dependent alternatively activated macrophages (AAM) do not play an

important role in the pathogenesis of chronic murine AAD.

Our second main conclusion highlighted the association between alternatively activated
macrophages and AAD which does not translate into a pathological role in AAD suggesting
that IL-4Ra activated AAMs do not play a key role in the pathology of AAD .This provides a
strong evidence that AAMs in allergic airway disease may be merely associative but not

causative and is a result of elevated Th2 responses.
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