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Abstract

Asthma is a chronic and inflammatory disease of the airways determined by genetic and
environmental factors which trigger an uncontrolled immune response. Airway
hyperresponsiveness (AHR) is inherited as a complex trait and associated with asthma. We
assessed AHR in naive A/J and C57BL/6J mice using the non-invasive method and demonstrated
its correlation with invasive method evaluating AHR in non-sensitized mice. Aditionally, we
studied the genetic causes underlying AHR using six F2 backcrosses generated from
recombinant congenic strains (RCS) created from A/J and C57BL/6J parental strains. Our genetic
study allowed us to narrow down the significant regions previously identified in the RCS, as
associated with AHR. Quantitative trait loci analysis of BcA86xC57BL/6J (F2) and
BcA86xC3H/HelJ (F2) crosses shows 3 significant regions on chromosome 12. These significant
regions contain 232 genes, of which 9 genes have been identified as potential candidates.
Those genes include the Arhgap5, Foxal, Cleci4a, Ctage5, Rtnl, Gpx2, Rsad2, Prkd1l and
Adam21.

Additionally, increased levels of secretory leukocyte protease inhibitor (SLPI), an anti-
inflammatory mediator, have been observed in asthmatic patients compared to healthy
controls. We investigated the role of SLPI in the development of phenotypes associated with
allergic asthma and the effect of resiquimod on SLPI expression. Our results demonstrated that
over expression of SLPI leads to a lower degree of airway inflammation and higher lung
resistance, whereas the ablation of SLPI has the opposite effect on allergic asthma phenotypes.

We also demonstrated that the treatment with resiquimod is independent of SLPI expression.

Overall, the results presented in this thesis demonstrate how the non-invasive method is a
reliable tool for the assessment of AHR in naive A/J and C57BI/6J mice. Furthermore, loci on
mouse chromosome 12 are linked to the susceptibility to develop AHR. Candidate genes have
been identified in these loci and remain to be explored. Finally, we demonstrate the

immunoregulatory activity of SLPI in the airways by diminishing inflammation and improving



lung function in allergic asthma. Taken together, our results provide a better understanding of
the inheritance and molecular mechanisms of phenotypes of asthma as well as provide insights

for the design of new therapies.



Résumé

L'asthme est une maladie chronique et inflammatoire des voies respiratoires déterminée par
des facteurs génétiques et environnementaux qui déclenchent une réponse immunitaire non
contrélée. L‘hyper-responsivité aérienne (HRA) est hérité comme un trait complexe et est
associée a I'asthme. Nous avons évalué HRA dans des souris de souches A/J et C57BL/6J suivant
la méthode non-invasive et nous avons démontré sa corrélation avec la méthode invasive en
évaluant I'HRA dans des souris non-sensibilisés. En outre, nous avons étudié la cause génétique
de I'HRB en utilisant six croissement en retour (F2) générer avec des souches de souris
cogéniques recombinantes (SCR) et les souches parentales, A/J ou C57BL/6J. Notre étude
génétique nous a permis de rétrécisse les régions signifiantes identifier dans les SCR. L’analyse
des locus quantitatifs des croisements BcA86xC57BL/6J (F2) et BcA86xC3H/HelJ (F2) prouve trois
régions significative sur le chromosome 12. Cette région significative contient 232 genes dont
neuf ont été identifié comme geénes candidats. Ces genes incluent Arhgap5, Foxal, Clecl4a,

Ctage5, Rtn1, Gpx2, Rsad2, Prkd1 and Adam21.

En outre, une augmentation du niveau de I'inhibiteur de la protéase des leucocytes sécrétoire
(IPLS), un médiateur anti-inflammatoire, a été observée dans des patients souffrant de I'asthme
comparé a des contrdles sains. Nous avons étudié le r6le de I'IPLS dans le développent des
phénotypes associe avec I'asthme allergique et |'effet de resiquimod sur I'expression de I'IPLS.
Nos résultats démontrent que I’hyper-expression de I'IPLS réduit le degré d’inflammation dans
les voies respiratoires et augmente la résistance des poumons, tandis que I'ablation de I'IPLS a
I'effet opposé sur les phénotypes associés avec I'asthme allergique. Nous avons aussi démontré

gue le traitement avec resiquimod est indépendant de I’expression de I'IPLS.

En somme, les résultats présentés dans cette thése démontrent que la méthode non-invasive
est une technique fiable pour I’évaluation de I’'HRA dans des souris des souches A/J et C57BL/6)
non-sensibilises. De plus, des locus sur le chromosome 12 des souris sont liés a la susceptibilité

pour développer 'HRA. Des genes candidats on été identifié dans ces locus et restent a étre



explorés. Finalement, on a démontré la propriété immuno-modulatrice de I'lPLS dans les voies
respiratoires, en diminuant l'inflammation et en améliorant la performance des poumons des
individus souffrant de I'asthme allergique. En tout, nos résultats fournissent une meilleure
compréhension de I’hérédité et le mécanisme moléculaire des phénotypes de I'asthme et aux

développements de nouvelles stratégies thérapeutiques.
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General Introduction

Asthma is defined as a chronic, complex and inflammatory disease of the airways generated by
genetic and environmental factors which trigger an uncontrolled immune response to a broad
variety of allergens.! Asthma is one of the most common chronic diseases in developed
countries,” and remains a major public health issue® affecting around 300 million people
worldwide and 3 million people in Canada (www.asthma.ca). During the last four decades there
has been an increase in the prevalence and severity of diagnosed asthma cases around the

world, accompanied by an augmented number of hospitalization and mortality rates.*®

Asthma symptoms include shortness of breath, chest tightness, cough and wheezing. This
disease is characterized by both acute and chronic inflammatory responses of the airways
leading to activation of immune cells, increase in both T helper 2 (Ty2) cytokines and IgE levels,
and eosinophilic infiltration in the lungs.” The bronchial inflammation in turn leads to airway
hyperresponsiveness in response to various inhaled stimuli (allergens, cold air, acetylcholine, or
methacholine), airflow obstruction, goblet cell hyperplasia with excessive mucus production

and airway remodelling.?

In spite of the broad spectrum of strategies for the treatment of asthma, physicians and
patients still need more effective new therapeutic options with fewer side effects. Actual
asthma treatments include inhaled corticosteroids (ICS), which decrease the immune response

and reduce inflammation but show several side effects.’ Leukotrienes Receptor Antagonists or

10;11

anti-leukotrienes, those avoid bronchoconstriction. Short- and long-acting 2 agonists,

exert their effect as bronchodilators and often used in combination with 1CS.* Many other
alternative therapies for asthma have been developed but with fewer efficacies than the

previously mentioned, those include inhaled ipratropium bromide (anticholinergic

13-15

bronchodilator),*? inhaled helium — oxygen mixture, inhaled anesthetics such as halothane

16-19

and isoflurane, and anti-IgE, which basically blocks immunoglobulin E.?
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Airway responsiveness (AR) is the ability of the airway to reduce the diameter after exposure to
direct or indirect stimuli and airway hyperresponsiveness (AHR) has been defined as the
exacerbation of that ability.?! AR is inherited as a complex trait and it has been associated with
the development of allergic asthma. In mouse models, AR can be assessed both before and
after the experimental induction® of allergic airway inflammation using either invasive® or
non-invasive methods.”* Many studies had measured AR after allergen exposure.’*?’ The
invasive method has been considered to be the gold standard for the assessment of AR.
However, it is technically demanding, requires the use of anaesthesia, tracheotomy,
endotracheal intubation, and mechanical ventilation, making this method laborious, time
consuming, unsuitable for phenotyping large numbers of animals and it is impossible to
perform repeated experiments on the same subject.27 The non-invasive method using the
whole body plethysmograph (WBP) has been used to assess AR because it overcomes some of
the limitations of the invasive method. WBP is simple, fast to use, has the ability to measure

AHR in conscious mice, and is a non terminal technique.27"28

Previous studies have reported correlation between enhanced pause (Penh) measured by WBP,
and airway resistance measured using the invasive method. However, other studies

demonstrate a limited correlation between these techniques.z‘c"'29

Additionally, preliminary
studies performed in our laboratory showed how Penh increases after serial challenges with
methacholine (Mch). As described in Chapter 2, we performed many different experiments in
order to validate the phenotype method and analysis of the factors that may modify the output
parameter. We studied how consecutive challenges with Mch affect Penh assessed using the
WBP in A/J and C57BL/6J mice and how this measurement correlates with airway resistance
measured using the invasive method. Our results demonstrate that under our experimental
conditions, non-sensitized A/J and C57BL/6J mice show a dose dependent response to
increasing doses of Mch using both the non-invasive and invasive methods. Additionally,

consecutive challenges with Mch increases the Penh values in non-sensitized A/J and C57BL/6)

mice using both the non-invasive method and invasive method. Furthermore, to obtain a

14



reliable reassessment of AHR in mouse models we established of a minimum rest period of 15

days in between exposures to Mch.

Once our phenotyping method was validated, we employed recombinant congenic mice,
derived from A/J and C57BL/6J strains of mice and six different F2 backcrosses generated from
the recombinant strains, in order to dissect the genetic factor underlying the susceptibility to
airway responsiveness and its association to allergic asthma. As presented in Chapter 3, we
performed a phenotyping survey of all 35 BcA/AcB congenic strains (previously genotyped using
625 microsatellite markers) and identified 3 of the most informative strains. From there, we
generated six different crosses backcrossing with the parental background strain or with a non
related strains with similar phenotype as the parental background. We phenotyped and
genotyped around 1700 mice and performed a linkage analysis. The quantitative trait loci
analysis of the two F2 crosses [F2(BcA86xB) and F2(BcA86xC3H/Hel)] independently confirmed
the association between intrinsic airway hyperresponsiveness and the region on chromosome

12.

In the significant region on chromosome 12, we identified 9 candidate genes expressed in the
lungs that might be responsible for changes in airway responsiveness. Those genes include the
Arhgap5 gene related to cell activation, myogenesis, and hepatocellular carcinoma; Foxal
associated with inflammation and hematopoiesis; Clec14a involved in the process of cell-cell
adhesion and immune response to pathogens, and Ctage5 linked with the pathophysiology of
meningioma and glioma. We had also identified the Rtnl gene associated with neuroendocrine
secretion, intracellular traffic, and susceptibility to ethanol; the Gpx2 gene related to
hepatocarcinogenesis in rats and the protection from allergen-induced airway inflammation in
mice, and the Rsad2 gene located at 27.1 Mbp that has antiviral activity and has been involved
in the resistance to fungus infection. Within the significant region, we identified two additional
genes, even if they have not exactly fulfilled our gene selection criteria. These are the Prkd1
associated with activation and TLR9 signalling, and Adam21, related to cell-cell and cell-matrix

interactions, including fertilization, muscle development, and neurogenesis.
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Secretory leukocyte protease inhibitor (SLPI) has shown higher levels in asthmatic patients and
its anti-inflammatory effect has been documented in chronic obstructive pulmonary disease®
and cystic fibrosis (reviewed by Weldon et al. 2007%'). But the role of SLPI in the
immunomodulation of the response during allergic asthma, however, has not yet been fully
elucidated. Previous studies have shown that asthmatic patients showed a significant increase
in SLPI levels compared to healthy controls? while our group and others have demonstrated
the protective effect of resiquimod (528463), a synthetic TLR7 ligand, against allergic asthma in

mice? and rats.?*

As explained on Chapter 4, preliminary experiments performed in our laboratory show a
significant increase in SLPI expression at the both messenger RNA and protein levels following
in-vitro treatment of macrophages with resiquimod. We postulated that SLPI might play a
protective role in the development of allergic asthma and that it might also be involved, directly
or indirectly, in mediating the protective effect of resiquimod treatment against allergic
asthma. Our results demonstrated that over expression of SLPI leads to a lower degree of
airway inflammation and higher lung resistance, whereas the ablation of SLPI has opposite
effect against allergic asthma phenotypes. We also showed that the treatment with resiquimod
in independent of the SLPl expression. Our results demonstrate that SLPI plays an
immunoregulatory role in the respiratory tract reducing the inflammatory process and

improving lung physiology in a model of acute allergic asthma.

Overall, the results presented in this thesis demonstrate how the non-invasive method is a
reliable tool in the assessment of airway hyperresponsiveness using non-sensitized A/J and
C57BL/6) strains of mice. Furthermore, the susceptibility to develop airway
hyperresponsiveness is linkaged to loci in the chromosome 12 of the mouse and where several
candidate genes have been identified at the genetic and transcriptional level. Finally, SLPI plays
an immunoregulatory role in the airways diminishing inflammation and improving lung function

in allergic asthma. Taken together, our results contribute to better understanding of the

16



inheritance of disease-related phenotype and molecular mechanisms underlying asthma
resistance or susceptibility as well as provide novel knowledge for the design of new

therapeutic alternatives.
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Chapter 1 - Literature Review
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Abstract

Asthma is a chronic, complex and inflammatory disease affecting both adults and children. The
disease is generated by genetic and environmental factors which trigger an uncontrollable
immune response to a variety of allergens resulting in symptoms such as shortness of breath,
chest tightness, cough, wheezing and phenotypes such as eosinophilia, high IgE levels and
increased airway responsiveness. To understand the mechanism underlying the pathogenesis of
asthma, it is necessary to identify the factors that trigger, modulate or inhibit the inflammatory
response of the airways. Since asthma is an inflammatory disease with several sub-phenotypes,
many studies have looked for biomarkers that might predict the development or progression of
the disease. These phenotypes should be objective, quantitative, affected by only one set of
genetic factors and reproducible in animal models in order to assess them in systematic
manner. Despite significant progress in genome-wide association and linkage studies of human
populations, numerous genes have been postulated as being responsible for the development
and severity of allergic asthma but none of them have fulfilled the criteria of an informative

biomarker which could be linked to the development or progression of allergic asthma.
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1. - Definition and epidemiology of asthma

1.1. — Definition

Asthma is a complex, multi-factorial and inflammatory disease which includes symptoms such
as shortness of breath, chest tightness, cough and wheezing.! The disease is characterized by
episodes of intermittent reversible bronchoconstriction, airway hyperresponsiveness, airway
smooth muscle hyperplasia, excessive mucous production and chronic inflammation of the
airways and the infiltration of inflammatory cell into the airways.30 Asthma is one of the most
common chronic diseases affecting children and adolescents in industrialized countries and
affecting more than 20 million people around the world.? Despite many advances in treatment,
asthma has became a major public health issue® not only because of its high and increasing
worldwide morbidity and mortality,** but also due to health care costs it entails.>? The response
to the treatments available for asthma vary from patient to patient due to the heterogeneity of
the genetic composition of the disease between individuals.>* Moreover, the development,
progression and severity of asthma is controlled by the expression of several genes which
interact with multiple environmental factors. Airway responsiveness (AR) and atopy represent
two important genetically-regulated phenotypes that might be the key to understanding the

mechanisms underlying this disease.

1.2. - Epidemiology of asthma

Asthma is a worldwide problem affecting around 300 million individuals®* and according to the
World Health Organization an estimate of 255 000 people died of asthma in 2005. Asthma is
the most common chronic childhood disease and over 80% of asthma deaths occur in low and
lower-middle income countries (source: www.who.int). For years, asthma has not been
promptly diagnosed and many patients still remain without any treatment, generating a
significant burden in lifestyle and reducing the quality of life of many individuals and families

(source: www.who.int). During the last four decades there has been an increase in prevalence
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and severity of diagnosed asthma cases around the world, accompanied by an augmented
number of hospitalized cases and mortality rates. However, there is still no clear explanation

for the expansion of this disease.*®

The prevalence of asthma varies between 1-18% depending on the ethnicity, but this range
appears to be closing as the prevalence is increasing at a faster rate in regions such as Africa
and South America (ginasthma.com). The general prevalence of asthma has increased in Latin
America and parts of Asia®® and the global prevalence of diagnosed asthma in children
increased significantly, probably due to the awareness about this disease and the improvement

in the guidelines in the diagnosis of asthma.*®

Asthma is one of the most prevalent chronic conditions in Canada, representing an economic
burden for around $12 billion in 2003. Asthma was reported in 12.2% of youth less than 20
years of age in Canada, based on the data from the 1998-1999 National Population Health
Survey (source: www.statcan.gc.ca). Despite the many asthma treatments available, the
prevalence of this disease has been increasing over time. It is unclear if this is the result of the
effort in a more accurate diagnosis of asthma or there is a real increase in prevalence. Around
485,700 children (15.6%) between 4 to 11 years old have been diagnosed with asthma in
Canada and around 2.2 million (8.3%) of Canadians 12 years of age and over have been
diagnosed with asthma by a physician. Since 1994-95, the prevalence of physician-diagnosed
asthma has been higher in young boys compared to girls, but no significant difference has been
observed between both genders in adult population. The prevalence of physician-diagnosed
asthma increased by 60% in women from 35 to 44 years old and 80% among women aged from

45-64 years, from 1994 to 2005 (source: www.phac-aspc.gc.ca).

Despite of the decrease in hospitalized asthma cases, the economical burden that this disease
entails represents a governmental issue for many industrialized countries around the world. A
decline in hospitalization rates in children, young adults and seniors aged 65 and over with

asthma in Canada has been reported since 1987; which likely reflects the improvement in
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asthma control and the potential downsizing in the hospital sector about the decrease in the
availability of beds. Asthma still represents a major cause of hospitalization for children in
Canada and is considered as one of the first five diagnoses on the hospitalization record. In
2004, asthma generated 18% of all hospitalization cases in patients from 0 to 14 years old. For
the same year, patients 5 years old or younger had the highest hospitalization rates for asthma.
Asthma mortality rates have been decreasing in all age groups since 1987 (0.38/100,000 in
1987 to 0.06/100,000 in 2004). Deaths from asthma are uncommon among children and young
adults but it shows the highest mortality rate in women over 65 in comparison to men in the
same age group, representing 680 and 300 death cases in 2004, respectively (Source:

www.phac-aspc.gc.ca).

Finally, social and economic factors are the key point to understanding the complexity of
asthma as a disease and its consequences. Asthma represents a significant problem not only for
the patients but also for the health care professionals and the individuals that covers the health
care expenses. Additional concerns are the social impact represented by work or school day

absence by affected individuals or relatives of patients with asthma.

2. - Biomarkers and pathophysiology of asthma

Airway narrowing is a final effect of different mechanisms that generated a variety of
symptoms observed in allergic asthma. Theses mechanisms include airway smooth muscle
contraction, airway inflammation (cell infiltration and cytokine production), atopy, airway
edema, airway membrane thickening and goblet cell hyperplasia.a'7 Many changes in sub-
phenotypes can be observed in the central and peripheral airways and vary based on the
severity of the disease. Although, there are some exceptions such as allergic asthma can be

observed without increase in eosinophil migration to the airways.*®
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2.1 - Biomarkers of Asthma

Asthma is a complex disease characterized with the presence of several sub-phenotypes.
Diagnosis of asthma is not always easy; it is important to validate the diagnostic tests and the
differences between asthmatic patients compared with healthy or asthma like subjects.*
Biomarkers of asthma are defined as laboratory tests which are associated with the physiology
and pathogenesis of the clinical process of the disease. A broad diversity of biomarkers has
been associated with asthma, including different measurements of airway physiology, levels of

inflammatory mediators (in urine, blood and secretions) and composition of the sputum.*

Bronchial biopsy has been considered the gold standard method to demonstrate airway
inflammation. However, this is an invasive method, not conducive to repetition and only a
limited number of indications justify performing this procedure. Another method to identify
biomarkers is through the examination of bronchoalveolar lavage fluid, however this method is
also not ideal due to its excessive dilution of the samples and also its invasiveness.”* Therefore,
repeatable and non-invasive methods are needed to assess degree of airway inflammation in
asthmatic patients. The measurement of inflammation-related parameters, including mediators
of inflammation such as eosinophilic cationic protein (ECP), exhaled nitric oxide (eNO),
eosinophils count in sputum, interleukin-5 (IL-5) and eotaxin in bronchial secretions has been

proposed for the evaluation of inflammation in the airways.**

Eosinophilic cationic protein

Asthma is a complex disease characterized by a chronic airway inflammation and remodelling.42
Eosinophils are effector cells against parasitic infection and in asthma through the release of
inflammatory mediators such as platelet-activating factor, cysteinyl leukotrienes, oxygen
radicals, cytokines and ECP.** ECP belongs to the superfamily of RNases, and is also known as
RNase 3. It is one of several highly basic proteins present in the secretory granules of the

eosinophils and mediates its actions through its cytotoxic and fibrogenic functions.****
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ECP or its derivatives has been used as indicators of the inflammatory activation of eosinophils
and some authors suggests that eosinophils and their products can be employed as markers of
disease activity in asthma.”® Other studies have shown the role of ECP in the tissue remodelling

45;47

and development of fibrosis, using both experimental and animal models. Furthermore,

significantly high levels of ECP have been reported in serum of children with acute asthma than

48;49

in those with stable asthma or healthy individuals. High levels of ECP have been found in

blood, bronchoalveolar lavage fluid, saliva and sputum of subjects with allergic asthma.>®

ECP levels has been also well correlated with peripheral blood eosinophil count and IL-5 levels
in the serum of children with acute asthma, suggesting that eosinophil activation during acute
asthma is mediated at least in part by IL-5."® Additionally, Zagai et al. demonstrated how ECP
stimulates lung fibroblast migration, suggesting a potential mechanism of airway remodelling
leading to airway fibrosis in asthmatic patients.51 Taken together, all these studies demonstrate
a broad variety of functions attributed to ECP and its correlation with the inflammatory role in
asthma, suggesting that this protein might be considered as a biomarker of asthma progression

and severity making it a therapeutic target in asthma.

Exhaled Nitric Oxide (eNO)

Nitric Oxide (NO) is a product of the molecular oxygen and guanidine nitrogen of L-arginine and
generates different nitrogen oxides (i.e. nitrite and peroxynitrite) involve in many biological
processes.52 Method of eNO measurement is a reproducible, non invasive, fast and painless
that makes it ideal for the clinical practice.”® eNO supplemented with eosinophil count in
sputum has been used as indirect measurement of inflammation in asthma, aiding in its
diagnosis> and treatment,> by reducing drug dosage and preventing side effects, however,
without compromising the control of the disease.”® Also, eNO has been employed in the
differentiation of asthmatics from non asthmatic patients.56 In the lower airways, eNO reflects

inflammation and it has been well adapted for diagnosing children.>” It proportionally increases
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in the presence of wall inflammation, eosinophilia and airway hyperresponsiveness,>

correlates with disease severity and loss of asthma control.”®

For the diagnosis and management of asthma, eNO shows increased concentration in patients
with asthma®® and has been correlated to the increase in expression and activity of inducible
NO synthase within the airways.”® Shome et al. found significant elevated eNO levels in
moderate to severe asthmatic patients compared with controls but eNO was not different in
mild asthmatics comparing with the same control group. They also found a correlation between

eNO and decrease in IL-4 and IL-13 expression by CD8" peripheral blood Iymphocytes.52

eNO has been correlated with many other phenotypes such as breathing patterns, sputum and
peripheral eosinophil count, methacholine challenge, airway hyperresponsiveness, ECP and
bronchial wall thickness. Nordwall et al, found a strong association between eNO and allergic
asthma symptoms, while breathing patterns were not, suggesting that eNO is a sensitive
marker of asthma.”” In addition, Lumiere et al. did not find correlation comparing eNO and
sputum eosinophils counts of subjects with severe and moderated asthma, but they find a good

correlation between eNO and mucosal eosinophils counts in biopsies of the same subjects.®

Senna et al. postulated that eNO detection is a more sensitive method of detecting bronchial
inflammation than forced expiratory volume in 1 second (FEV1).5" eNO has shown similar
diagnostic sensitivity to asthma tested on methacholine challenge.®* Additionally, it correlates
with others markers like increase in sputum and peripheral eosinophil count, airway

® Ten Broeke et al. have shown that

hyperresponsiveness, ECP and bronchial wall thickness.’
both the airway hyperresponsiveness and airway inflammation could be attenuated by the
overexpression of the endothelial nitric oxide synthase in a model of allergic asthma, also

founding a 46% reduction in the influx of eosinophils into the lungs after ovalbumin challenge.®

eNO could be influenced by the airway pH. Acidopnea (acid breath) has been associated with

exacerbations of acute asthma. Gaston et al. showed that eNO decreases when airway acid is
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neutralized using phosphate buffer and this change is greatest in persistent asthma. They
concluded, PBS challenge should improve the analysis and interpretation of the eNO as a
noninvasive test of asthmatic airway inflammation.®* Normal level of eNO in absence of sputum
eosinophils, could help to exclude mucosal eosinophilia in endo-bronchial biopsy.>* Overall,
these data provide clear evidence that eNO is a valuable test which represents the
inflammatory condition of the airway but it has to be complemented with others such as airway

responsiveness and sputum analysis.

Total and differential eosinophils count in sputum

Induced sputum cell count is a non invasive, easy, safe and useful procedure that provides

567 There is a

assessment of the presence, type and degree of the airway inflammation.
controversy surrounding eosinophils count as a marker for non-eosinophilic asthma patients.68
However, quantitative induced sputum cell count has been used to identify non-eosinophilic
asthmatic patients, whose are not responsive to corticosteroids treatment. It is clear that
patients with asthma present a sputum eosinophilia while normal subjects have an induced
sputum rich in macrophages and neutrophils but poor in eosinophils (less than 2.4%),
lymphocytes and epithelial cells.® In terms of sensitivity and specificity, sputum cell count,
methacholine bronchoconstriction response and eNO are the most reliable tests in the

differential diagnostic of asthma from asthma-like subjects and the non invasive method to

evaluate the severity of asthma and monitoring the steroids therapy.*

The reliability of the results generated using non invasive tests (sputum and eNO) compared to
invasive tests (bronco alveolar lavage and biopsies) is questioned. Lex et al. performed the first
pediatric study including twenty children with moderate to severe persistent asthma and
compared sputum eosinophils, eNO, bronco alveolar lavage (BAL), bronchoscopy and bronchial
biopsy. They found that BAL eosinophilia could be predicted by the presence of elevated
sputum eosinophils and elevated eNO levels, and the absence of mucosal eosinophilia could be

correlated with the absence of sputum eosinophils and normal eNO. Concluding, there is the
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need for better non invasive markers to evaluate anti-inflammatory therapies involving airway

wall eosinophilia.>

Lemiere et al. compared airway inflammation using invasive (bronchial biopsy) and non invasive
(induced sputum, exhaled NO) methods in subjects with moderate (35 subjects) and severe (32
subjects) asthma. They found a correlation between high sputum eosinophils counts and
asthma exacerbations, but did not find correlation between the sputum eosinophils counts and
mucosal eosinophils counts. They also did not find correlation between sputum eosinophils
counts and eNO in subjects with moderate and severe asthma. Concluding that sputum
eosinophils count is a better marker for current disease activity than bronchial biopsies or
eNO.% Those results corroborate with previous findings where the sputum eosinophilia, being

particularly sensitive and specific, was a valid marker of asthma in adults.”

Piacentini et al. found significant correlation between induced sputum eosinophil count with
eNO and exhaled air temperature in 41 children with allergic mild asthma.”* Di Lorenzo et al.
evaluated the validity of diagnostic test of asthma (including induced sputum eosinophils count)
in 115 individuals including: 60 patients with mild asthma, 30 patients with gastro-esophageal
reflux disease and 25 healthy controls. They established that methacholine exposure causing
20% fall in the forced expiratory volume in 1s (MCh PC,o/FEV,) and induced sputum eosinophil
count are the most sensitive and specific markers of mild bronchial asthma and the most
clinically useful tests in the diagnosis of asthma from patients with asthma-like. Induced
eosinophil count can be a valid marker of bronchial asthma and it is more sensitive and specific

than blood eosinophils counts.*

The correlation between the eosinophil count and symptoms in asthmatic patients is
controversial, mainly when eosinophil counts are low. Some studies reported a low correlation
between sputum and peripheral blood parameter that could be explained by the lack of deep
analysis of the sputum parameters.”> Moreover, the heterogeneity of the sputum samples and

variability of the distribution of airway inflammation generate large variation in the number of
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eosinophils and other components, such as ECP concentration in the same individual.” Bacci et
al. studied sixty-seven symptomatic patients with moderate asthma and treated with
corticosteroids for 4 weeks and found that 26% (17 patients) had low sputum eosinophils count
despite the presence of symptoms, giving low clinical importance to the sputum eosinophils
analysis. In the same study, patients treated with inhaled corticosteroids and expressing high
eosinophils count showed larger improvement in bronchial hyperresponsiveness and lung
function than patients under the same treatment but low eosinophils count. They concluded
that sputum eosinophils counts have some predicted value when assessing corticosteroid

treated patients with low baseline eosinophil count.”

There are additional factors that may change the results of the total and differential cell count
analysis in induced sputum. Those factors include age, gender, quality of the sample, method
and time of processing samples, treatments patient has been subjected to, etc. And,
inflammatory response in asthma could be more accurately evaluated when sputum markers

are detected in valid samples.”

The lack of a shared protocol for sputum collection and processing significantly contributes to
the observed variation of the total and differential cells counts by different groups. In some
studies the analysis was done in the total expectoration, while others analyzed saliva and the
rest of the expectoration independently. The total cell count is higher when the sputum is
processed and filtered and lower when is not purified.®” However, Spanevello et al. showed no
difference in the differential cell count in a selected proportion of sputum and the total
expectoration assessed in the same group of healthy volunteers.®® Considering the age of
population in study, Belda et al. obtained 81% of valid samples in a total of 118 adults included
in the study.®” Spanavello et al. obtained 84% of valid samples from a total of 114 healthy
adults,®® whereas Wilson et al. obtained only between 60 — 61% valid sputum samples in 87
children involved in the study.”®

When analyzing the processing time of the sputum samples, Efthimiadis et al. showed that

ideally the samples should be processed within two hours of collection, but the samples can still
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be analyzed reliably even nine hours post collection if kept at 4°C.”” Repeated sputum induction
in healthy subjects increases the percentage of eosinophils, neutrophils, decreases the number
of sputum macrophages and does not modify ECP levels in sputum samples during the first 48
hours, for that reason repeated induced sputum should be done in a period greater than 48
hours.”® Additionally, Toungoussova et al. explored the composition of the sputum at 5, 10 and
15 minutes of induction in healthy subjects and patients with asthma and COPD; and they

found that there was no significant difference in the cellular composition between samples.®

Gender is another factor influencing the results obtained from the total and differential cells
counts. Belda et al. found a correlation between atopy and female gender in eosinophils counts
possibly due to a hormone effect increasing the number of cell and receptor expression.67
Those results are not apparently related to the quality, provenience or way of processing
samples. We can conclude that induced sputum cell count is a sensitive, easy and non invasive
technique which reflects the degree of the airway inflammation in most of the patients with
asthma. But specific guidelines should be established in order to provide a standardized

procedure to guarantee reproducible and accurate results.

Interleukin 5 (IL-5)

IL-5 is a cytokine that promotes migration, activation and prolongs the survival of eosinophils.
Higher levels of IL-5 correlate with higher eosinophils viability in the sputum of asthmatic
patients and is associated with higher airway hyperresponsiveness.79 It is well documented in
the literature that IL-5 is an important cytokine expressed by epithelial cells and fibroblasts in
the respiratory tract which regulates eosinophil activity in the pathogenesis of asthma and
allergic inflammation, and previous studies have shown correlation between markers of

8081 Enhanced IL-5 levels seems to

eosinophils activation and the number of lymphocyte T.
coincide not only with an increased eosinophil count and but also with overexpressed IL-3 in

allergic patients compared with normal controls.®
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The increase of eosinophil counts in peripheral blood after IL-5 elevation, suggests that IL-5 is
involved in the eosinophils hematopoiesis and release from the bone marrow.”? IL-5 increases
the interaction of epithelial cells with inflammatory cells and there is also well substantiated
evidence demonstrating that IL-5 abrogates apoptosis in vitro and inhibits apoptosis of
eosinophils in vivo. Additionally, IL-5 in induced sputum of asthmatic patients shows positive
correlation with the number of eosinophils.®® IL-5 may be used as biomarker of allergic asthma
not only for its proven role in the pathogenesis of this disease but also for its correlation with
the severity and progression of asthma. It is also convenient that IL-5 can be easily measured
using both blood and sputum samples. Although several asthmatic patients show mild
symptoms there is a subpopulation who suffer from severe asthma, characterized by
eosinophilia in their sputum, which is considered to be a potential diagnostic asthma bio-
marker. Since IL-5 is a chemoattractant and activator of eosinophils, this interleukin has
become a target in the development of novel therapies. The studies using humanized
antibodies directed at IL-5 have demonstrate that neutralization of IL-5 is effective in reducing
eosinophilia in patients with refractory asthma subsequently leading to reduction of asthma

exacerbation.?

Despite the important role of IL-5 in the recruitment and activation of eosinophils, the
importance of this interleukin is not exclusive to the regulation of asthma progression and its
severity. Increased levels of IL-5 were demonstrated also in viral infections (hepatitis C) and in

858 |L-5 increase was also demonstrated in gastro-

parasitic infections (e.g. giardia infection).
esophageal reflux diseases where no pathogen organism is involved. In this particular disease,
an inhalation of gastric fluid and vagal reflex, was shown to lead to the release of
neurotransmitter and tachyninis, increasing IL-5 and recruiting eosinophils and

878 Up to date, a unique biomarker for allergic asthma for

polymorphonuclear leukocytes.
disease diagnosis and monitoring its progression has not yet been identified. Therefore, a
combination of markers and clinical parameters has to be considered when trying to diagnose

allergic asthma and to assess the effectiveness of asthma treatments.
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Eotaxin

Airway smooth muscle cells have been described as the responsible cells for triggering airway
hyperresponsiveness; this airways ability to reduce their diameter in response to
bronchoconstricting stimuli is mediated by the expression of several proteins such as adhesion
and costimulatory molecules, and by secreting multiple pro-inflammatory cytokines and
chemokines.®’ Chemokines are a subfamily of cytokines that mediate leukocyte migration into
tissues in both physiological and pathological states.”° Eotaxin is a CC chemokine that was first

purified from the bronchoalveolar lavage fluid of antigen-sensitized and -challenged guinea

pigs.91

Several diseases have a characterized eosinophilia, including allergic disorders such as rhinitis,
conjunctivitis, systemic vasculitis and asthma. Several inflammatory disease including
pneumonia and inflammatory bowel disease, and some neoplasias including T-cell leukemia
and Hodgkin’s disease are also associated with an increase in the number of eosinophils.’?
Moreover, several published studies investigating the role of eotaxin demonstrated the
relationship between an increase in eotaxin and the number of eosinophils. However, there are
also reports demonstrating the association of eotaxin with various cellular mechanisms which

involve mast cells, basophils, T helper 2 lymphocytes and dendritic cells.”***

Eosinophilia has been associated with an increased eotaxin expression in several diseases.
Eotaxin is detected at high levels in the sputum of asthmatic patients; is produced and
regulated by cells in the bronchi, appears to be involved in the pathogenesis of asthma and
several studies showed a immunoregulatory role in the inflammatory process lead by
eosinophils.95 Previous studies have reported increased levels of eotaxin in the bronchial
mucosa and bronchoalveolar lavage fluid from asthmatic patients compared to healthy
controls.”® Moreover, Nakamnura et al. suggested that eotaxin concentrations correlate well
with the severity of asthma disease.”” In sputum samples of asthmatic patients, eotaxin levels

positively correlate with IL-5 levels and eosinophil counts, suggesting an important role of
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eotaxin in chemotaxis of eosinophils into the lungs. Therefore, increased inflammation may
affect eotaxin expression, suggesting that this chemokine might also participate as a
hematopoietic factor in addition to its role as a chemoattractant explaining, at least in part, its

role in the accumulation of eosinophils in the asthmatic airways.83

The direct participation airway smooth muscle cells®® and eotaxin in the chemotaxis of
eosinophils has been demonstrated using anti-eotaxin antibodies in mice which substantially
reduced eosinophil recruitment following antigen challenge. These results document further
functional role of eotaxin in promoting eosinophil migration and in enhancing airway
inflammation in asthma.” Furthermore, decreased eosinophilia due to the neutralizing effect of
antibodies on eotaxin, supports the potential therapeutic value of anti-eotaxin antibodies in

allergic diseases.”

Antibodies against different molecules involved in the mechanisms associated with
inflammation or immune response of asthma have been studied as therapeutic alternatives
with different degree of success. Omalizumab (anti-IgE), a recombinant humanized IgG1
monoclonal and the first antibody to be approved for the treatment of moderate to severe

0

persistent allergic asthma,'® reduces exacerbations and corticosteroid use in patients with

severe persistent allergic (IgE-mediated) asthma® that remains inadequately controlled despite

1 102

extensive pharmacological therapies10 and low incidence of side effects.” " Furthermore,

mepolizumab (anti-IL-5) has recently been studied in a bronchial challenge model'® and the

104 Although some studies demonstrated that

management of hyper-eosinophilic syndrome.
tissue eosinophilia was markedly reduced following neutralization of IL-5, no significant changes
in intensity of responses to allergen challenge or bronchial hyperactivity were observed. These
data suggests that inhibition of IL-5 alone, does not represent a significant mechanism of
elimination of eosinophil chemotaxis to the airways which could prevent inflammatory process

characterizing allergic asthma.'® Overall, the results from the previous studies using eotaxin

demonstrate that this chemokine represents a potential candidate in the treatment of allergic
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asthma; however the effects of such therapy are likely to go far beyond its pathogenic

mechanism mediated by eosinophils.

2.2. - Pathophysiology of asthma

Many sub-phenotypes are expressed in the pathogenesis of asthma and include the
participation of structural components such as airway epithelium, airway smooth muscle and
endothelium; as well as, immunoregulatory molecules such as cytokines, chemokines and
antibodies, specifically IgE. However, interaction between environmental and genetic factors is

196 Asthma is clinically

required in order to develop and to express these phenotypes.
characterized by repeated, variable, episodic attacks of breathlessness, cough, and wheezing as
consequences of bronchoconstriction due to airway hyperresponsiveness and excessive
mucous production. In the inflammatory cell infiltration that characterizes asthma, it has been
demonstrated the presence of eosinophils and T-helper (Ty1 and Tn2) cells, which secrete
cytokines such as IL-4, IL-5, and IL-13. These cytokines direct different effects such as recruiting
eosinophils into the tissue, stimulating mast cells and leukocytes, triggering the IgE production

by B-cell, and also exerting regulatory roles in the airway remodelling of asthma.'%%%’

Cytokines

Asthma is characterized as airway inflammation present with a large numbers of inflammatory
cells and mediators, in the lungs of asthmatic patients. Although numerous inflammatory cell
types participate in the inflammation in asthma, many studies highlight the roles of eosinophils,

mast cells and T cells.'®

T cells are responsible for the allergen sensitization and B cell
production of allergen-specific IgE. Cytokines produced by T,2 cells, particularly IL-4 and IL-13,
promote allergen-reactive B cells activation and expansion, and together with IL.-4 and IL-13,
they trigger the IgE class-switching and up regulation of IgE receptors. Additionally, IL-4 and IL-

13 lead to growth of airway epithelia and their transformation into mucus-producing goblet
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cells. Furthermore, IL-5 produced by Th2 cells is responsible for the development,

differentiation, recruitment, activation and survival of eosinophils.109

Finally, in the inflammatory process observed in the airways of allergic patients and animal
models, inflammatory cell are activated and generate more inflammation through the release
of granules which potentiate the tissue damage. Degranulation of neutrophils, eosinophils and
mast cells is trigger by the paracrine, autocrine and endocrine effects of cytokine. Some
cytokines activate transcription factors which bind to the promoter region of the genes, initiate
the inflammatory response. The list of those transcription factors include nuclear factor-xB,
activator protein-1, nuclear factor of activated T cells, cyclic AMP response element binding
protein and several transduction-activated transcription factors. These transcription factors
encode for chemokines, adhesion molecules and other cytokine which induce and sometime
potentiate inflammation, tissue damage, airway narrowing and increased airway

responsiveness.no

Atopy

Atopy is the predisposition of certain individuals to produce immunoglobulin E (IgE) antibody in
response to common and innocuous antigens.100 IgE is one of the five antibody classes and is

108

responsible of type | immediate hypersensitivity immune response.” Previous studies have

demonstrated an association between IgE and the severity of asthma, and transforming this

111

phenotype into a marker linked with the risk of developing this disease.”" Similarly to AR, the

presence of IgE is controlled genetically, this phenomenon has been studied in humans and

reproduced in animal models.**#*3

To generate IgE, inhaled antigens are processed by dendritic cells and presented to T and B cells
in the lymph nodes and the interaction between these cells is influenced by cytokines (IL-4 and
IL-13) and costimulatory molecules (CD40, CD28 and B7). IgE is then synthesized by activated

plasma cells, IgE circulate in the blood for a short period of time and bind to mast cells
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expressing high- affinity IgE receptors (FceRl) and low-affinity IgE receptors (FceRll) on
lymphocytes, eosinophils, platelets, macrophages. Antigens bind to FceRlI, resulting in the cross-
linking of IgE at the surface of the mast cells. Mast cells are thus activated and release
inflammatory mediator such as IL-4, IL-13, histamine and tryptase. Basophils and mast cells can
secrete IL-4 and IL-13 but since the release of cytokines depends on the cross-linking of IgE by
allergen, these cells amplify the synthesis of IgE. Atopy and AHR are the hallmark of allergic
asthma; they have been used as markers to evaluate the risk for developing this disease for

their correlation with the severity and progression.®

Based in the relevance of IgE in the pathophysiology of allergic asthma, antibodies against this
immunoglobulin have been employed as a treatment for patients with non treatable moderate

100:114 s atients with severe non-allergic asthma and allergic

to severe persistent allergic asthma,
asthma. Omalizumab is a monoclonal anti-immunoglobulin E antibody which has been
demonstrated as safe and tolerable by patients with severe persistent allergic (IgE-mediated)

asthma® that remains inadequately controlled despite optimal pharmacological therapy.101

One of the mechanisms of action of Omalizumab in severe asthma consists in the removal of
IgE from circulation, blocking it from fixing to low and high-affinity receptors in mast cells and
basophils, and reducing the infiltration of inflammatory cells, especially eosinophils, into the
airways. Omalizumab inhibits the early and late phases of the allergen-induced asthmatic and

5 The anti-IgE is

prevents the development of eosinophilia and bronchial hyperreactivity.
effective in preventing or minimizing the IgE-mediated severe reaction during immunotherapy.
In combination with specific immunotherapy, it is reported to improve bronchial asthma and

allergic rhinitis, and also decrease the symptoms of interstitial cystitis.116
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Airway responsiveness (AR)

AR is the ability of the airway to reduce their diameter after exposure to direct (histamine,
acetylcholine, methacholine, prostaglandin D, and leukotrienes) or indirect (exercise, cold air,
distilled water, pollutants and allergens) stimuli and airway hyperresponsiveness (AHR) is

defined as an exaggerated AR.?* AHR is inherited as a complex trait; it has been associated with

22;117

development of allergic asthma and shows homology between mouse and human. It has

been demonstrated that the allergic response leads to early and late responses and airway

responsiveness in murine models resembles what is observed in humans.*®

Repeatable and non-invasive methods are needed to assess lung physiology in asthmatic
patients. AR to bronchoconstricting stimulants is one of the most reliable methods, not only for
its reproducibility but also for it characteristic measuring the physiology of the airway; which
has been employed as a tool in the diagnosis of asthma and as a monitor of treatment

effectiveness.”® Previous studies demonstrate that AHR precedes asthma and it has been

120

considered as a risk factor for the development of this pathology.™ AHR, eosinophilic

inflammation of the airway and lung function impairment are considered as hallmarks of

23;121

allergic asthma. Furthermore, asthmatic patients show much stronger airway response to

bronchoconstrictor stimuli than healthy controls.?! Palmer et al. has also demonstrated that

AHR in response to histamine is significantly associated with the development of asthma by age

6,"%° it has been reported that children with AHR are more likely to develop asthma than

children with low AR.1%

The mechanisms underlying the development of AHR are unclear but genetic studies showed

that AHR is inherited as a complex trait, in both man and mouse®® and it has been associated

124;125

with atopy, where increased bronchoconstriction response and infiltration of mast cells

within the muscle may be involved.'”® Moreover, determinant data has shown that AHR

7

precedes the development of asthma'?’ and non-asthmatic parents of asthmatic children

express higher levels of AR compared with non-asthmatic adults with no familial history of
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asthma. In both clinical and research studies, AR is assessed using histamine or

methacholine (Mch) as airway constrictor agonists in order to characterize patients with

21;121

asthma and to evaluate the therapy effectiveness. Furthermore, several studies have

demonstrated genetic linkage of several specific loci and AHR in response to histamine and

124;125

methacholine. Overall, the results generated from genetic studies show that AHR is

genetically determined and is associated with the development of asthma.

However, it is important to remember that AHR is the result of airway narrowing, which is
triggered by the combination of genetic and environmental factor. However, the exact
mechanisms controlling the development and severity of this phenotype are still unclear. Some
of those mechanisms include structural component of the airway, such as sensory nerves that
may be sensitized by the inflammatory process and leading to an exacerbated response to
bronchoconstricting stimuli.*® Additionally, excessive contraction of the smooth muscles, due

130

to increased contractibility and size of airway smooth muscle cells.” Control loss in the smooth

muscle contraction originated by the airway inflammation which leads to excessive
narrowing.131 And finally, airway remodelling, characterized by thickening of the airway walls.*?
Taken together, these data demonstrate how changes in structural component of the airway
lead by genetic and environmental factor, are responsible for the airway narrowing and AHR

observed in asthma.

Other mechanisms of asthma

Additional mechanisms involved in both triggering and exacerbation of asthma have been
proposed, including those observed in acute asthma attacks and exercise induced asthma (EIA).
Exercise can trigger an acute asthma attacks or exacerbate the symptoms of asthma in some
patients with chronic asthma and reduced lung function at rest. There is another kind of asthma
patients which do not have a reduced lung function or any symptoms of asthma in the absence
of exercise, showing normal and physical examination, however the exercise elicits asthma

episodes and reduces the lung function in these individuals without evidence of chronic
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inflammation. The pathophysiology of EIA has not been well clarified and some theories

have been proposed to explain the mechanisms responsible for this condition, like

hyperosmolarity, re-warming and heat loss theories.*****’

The hyperosmolarity theory proposes that a high osmolarity condition of the airway caused by
water loss during exercise, leading to an hypertonicity of the airway surface liquid and a
hypermolar condition.*** During or after exercise hyperventilation there is evaporation and
airway drying. The airway cells become hyperosmolar, provide osmotic stimulus for water to

136 The volume decrease

move from nearby resident cells, which originates cell volume loss.
generates the release of pro-inflammatory mediators such as histamine, leukotrienes and
prostaglandins, which generate smooth muscle contraction and increased mucus production. A
feedback mechanism controlled by the inflammation that amplifies the process, increasing the
water loss seem to be involved in this process.134 Additionally, Hogman M et al. proposed that
the bronchial hyper-reactivity caused by exercise and dry air, mediates the water loss from the
fluid covering the tracheal mucosa, creating the environment of a hypertonic salt solution over
the mucosa. This condition changes the epithelium permeability by opening the tight junction
between cells. This pathophysiologic mechanism might be the key in the understanding of

asthma and could be explored therapeutically since it potentially facilitated the movement of

some medications through the respiratory epithelium.**’

Other of the proposed mechanisms is explained by the re-warming theory, whereas the low
temperature of inspired air and the increased minute ventilation (V) causes the humidification
and warming processes to occur deep in the airway. During the exercise, there is a cooling of
the surface cells in the airway produced by hyperventilation and after exercise, a re-warming
process occurs and result in rebound vascular engorgement (dilatation of the small bronchiolar
vessels around the airways); this process originates a hyperemia of the airway lining, fluid
exudation from the blood vessels into the submucosa of the airway wall and mediators release

133;134

and bronchoconstriction. This response amplifies the airway narrowing caused by the

normal contraction of the bronchial smooth muscle or the presence of mucus.® Although cold
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dry air is considered a trigger for EIB, the dryness rather than the temperature in the inspired
air is the causative factor. However, cold air has low water content regardless of relative
humidity, therefore chronic inhalation of high-volume of air causes damage to mucosa, and

increase airway hyperresponsiveness.

Finally, the heat loss theory supports the fact that asthma is an inflammatory disease of the
airways, characterized by increased vascular and bronchial flood flow. These changes can
trigger a reduction in the airway temperature and bronchoconstriction, and then the release of
inflammatory mediators, such as histamine, bradikynin, leukotrienes, platelet-activating factor,
prostaglandin E,, adenosine, and nitric oxide, which cause bronchial vascular dilatation and
airway narrowing. Paredi P et al. found that patients with asthma have faster increase of
exhaled breath temperature compared with normal subjects and correlates with exhaled nitric

oxide concentration.*®

3. - Genetics of asthma

Asthma is trigger and determine by the interaction between environmental and genetic factors,
however, the mechanisms of how asthma is controlled is not well understood.>® Previous
studies have demonstrated that genetic factors are in part responsible for the development of
asthma and most results show how intermediate phenotypes such as total and allergen specific
IgE levels, cytokine levels, eosinophil counts and airway responsiveness are correlated with the

development and severity of this disease.'*

Intermediate phenotypes have been used for linkage analyses and gene mapping analyses
rather than the diagnosis of asthma, because they are objective, quantitative, can be
reproduced in animal models and be affected by genetic factors associated with asthma. %4
Association studies on asthma have shown the role of multiple genes in the pathophysiology of
the disease and the list of genes vary depending on the ethnic groups used in the study.'*?

Several genetic studies have focused their attention on intermediate phenotypes, including
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chemokines, cytokines (Thl and Th2), inflammatory mediators, growth factors, atopy and

airway responsiveness. ¥4

Linkage and case-control association studies in humans have identified potential chromosomal
regions associated with asthma susceptibility and bronchial hyperresponsiveness; and potential

145147 However, the success of

QTLs are found on chromosomes 2q, 5q, 6p, 11q, 12g and 13q.
human studies has been relative, due to the genetic variability between individuals, the large
chromosomal regions and the large number of candidate genes for the phenotype investigated.
While, large-scale multicenter whole-genome association studies look promising for the
identification of significantly more candidate genes from these regions in human
populations,148 animal models, represents a more practical tool in the identification of
candidate genes because genetic and environmental factors are precisely controlled. Other
phenotypes studied in the human population using genome-wide analysis have identified other
genes linked to asthma susceptibility, including STAT6,****' GATA2™? and FCER1A,
dipeptidyl peptidases cleaving terminal dipeptides from cytokines (e.g. Interlekin-5, -13 and -

154

33)™° and chemokines, transcription factors (e.g. MYB),** and the cytokine receptors (e.g. IL-

1R1),"* WDR26 (a protein co-regulated with IL-2), and IRAK-M.*>

Additional association studies have identified several other candidate genes linked to the

asthma genetic risk loci. Those gene include urokinase-type plasminogen activator which is

associated with atopy.™***°

Furthermore, several other genes which belong to the G-protein
coupled receptor class have been associated with atopy and a predisposition to several
respiratory diseases including bronchial hyperreactivity. Those genes include cysteinyl
leukotriene receptors (CTSLTR1 and CTSLTR2),'%%*%%%€2 prostaglandin D2 receptors (PTGDR and
CRTH2),*%3% thromboxane A2 receptor (TBXA2R),**®'*’ beta2-adrenergic receptor (ADRB2),'®8

169;170

chemokine receptor 5 (CCR5), and the G protein-coupled receptor associated with asthma

(GPRA).***'"* Finally, a mechanistic role has recently been identified for a disease-associated
genetic variant within the ADAM33 asthma susceptibility gene;'’*'”® and asthma progression

has been shown to correlate with increased expression of the ADAM33'®” and ADAM8Y+17®
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genes, although only a small proportion of asthma cases could be explained by variants in these

genes.

Airway hyperresponsiveness (AHR) has been demonstrated to precede the development of
asthma and to be controlled by genetic factors in both humans and animal models.*?%!?//128
Furthermore, AHR to a variety of bronchoconstrictor stimulants, usually modeled in mice using
methacholine or acetylcholine, has shown considerable variability among inbred strains.'’”’
Despite significant progress in genome-wide association studies of human populations, it has
been difficult to dissect the asthmatic phenotype and to identify genes which are responsible
for each aspect of the asthma pathophysiology. For these reasons, significant stratification of
the sample population has been required in order to discriminate between different sub-
phenotypes in asthmatic patients; requiring very large sample populations in order to have
reasonable statistical power. As an alternative and complementary approach to whole-genome

association studies, genetic analysis using mice can be used to identify candidate genes for

targeted human studies and to confirm loci found to be associated with asthma.

To dissect the genetic underlying the development and severity of complex diseases modeled in
mice, generation of F2 crosses from 2 strains with opposite phenotype has been employed to
identify quantitative trait loci ruling the pathophysiology of those disease. A/J and C57BL/6J or
C3H/HeJ) strains have been identified as hyperresponsive and hyporesponsive to
bronchoconstricting agonist, respectively, and have been used in several studies in the analysis
of AHR. Three of the eight studies have employed intercrosses between the A/J and C3H/He)
strains and the rest used A/J and C57BL/6J. In those previous studies, significant or suggestive
QTL for airway responsiveness were identified on chromosomes 2,136 6,136‘178 7,178 and 1778 by
employing F2 intercrosses generated from A/J and C3H mice and QTL have been identified on
chromosomes 2,2 6,*”° 15,'7% and 17*’® by employing various breeding schemes derived from

A/J and C57BL/6 mice.
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To narrow QTLs associated to AHR, additional studies have combined increased genetic
diversity with improved analysis. Furthermore, as with many complex diseases, each
susceptibility gene, by itself, only accounts for a small percentage of the observed phenotypic
variance. What has been lacking in many asthma gene mapping projects is the ability to assess
multiple interacting genes, which together are expected to explain a larger portion of the
observed phenotypes. The Recombinant Congenic Strain (RCS) panel of mice presents an ideal
and unique platform to investigate the genetics of such diseases and it is likely that the
proposed study will result in the identification of novel genes controlling asthma susceptibility,

progression and severity.

The AcB/BcA RCS were derived from the A/J and C57BL/6J inbred strains of mice in order to aid
in the dissection of complex traits. This RCS panel has allowed to identify QTLs for numerous
traits, including amphetamine-induced locomotion,*® emotionality and stress response,'%182
nicotine effect,'®® opioids dependence,184 and Salmonella infection.’® Each RCS is fully inbred
and contain approximately 12.5% of the genome of one parental strain on a background of the

other parental strain thus allowing subsets of loci that contribute to the phenotype to be

isolated in different inbred lines.®

Additional studies using AcB/BcA RCS identified genetic loci underlying the trait of AR in
response to methacholine as assessed by whole-body plethysmography. This screen has shown
16 chromosomal regions significantly associated with AHR: 8 are supported by previously and
independent published reports while 8 are entirely novel.?” Regions, which overlap with
previous reports, include two regions on chromosome 2, three on chromosome 6, one on
chromosome 15, and two on chromosome 17. The 8 novel regions are located on chromosome
1 (92 - 100cM), chromosome 5 (> 73cM), chromosome 7 (> 63cM), chromosome 8 (52 — 67cM),
chromosome 10 (3 — 7cM and > 68cM), and chromosome 12 (25 — 38cM and >52cM). These
novel regions still represent large number of genes in order to identify potential candidates in
an efficient manner; around 157 potential candidate genes are included in these 16

chromosomal regions significantly associated with AHR.
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Overall, previous studies have shown the invaluable effort in this study of the genetic
underlying asthma and the phenotypes associated to this disease, however, new strategies in
the analysis of the genetics of asthma are required in order to narrow down the significant
intervals and the potential candidate genes associated with each phenotype, which will offer a
better understanding of inheritance and molecular mechanisms controlling the

pathophysiology of this disease.
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Chapter 2 - Assessment of airway responsiveness in mice is

affected by previous exposure to methacholine
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Preface

Airway hyperresponsiveness has been associated with the development of allergic asthma in
humans, is inherited as a complex trait and shows homology between mouse and human.
Methacholine exposure is performed in the assessment of airway responsiveness using both
invasive and non-invasive methods. However, re-exposures to methacholine show modification
in airway responsiveness. The goal of the studies presented in this chapter was to validate the
assessment of airway responsiveness using the whole body plethysmograph as the phenotyping
technique in our study of genetics of asthma and to determine how consecutive challenges with
methacholine affect airway responsiveness in non-sensitized C57BL/6J and A/J mice. Our results
demonstrate that airway responsiveness can be assessed in non-sensitized C57BL/6J and A/)
mice using both the non-invasive and invasive methods. Consecutive challenges with
Methacholine increased airway responsiveness if the re-exposure has happened within the first
few days after initial methacholine challenge. Based in our results, we concluded that a reliable
reassessment of airway responsiveness in the same mouse should be performed following a
rest period of at least 15 days between exposures to Mch. The results provide relevant data
enabling a better design of experimental protocols and thereby allowing the generation of
reliable and reproducible results using mouse models of airway hyperresponsiveness and

asthma.
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Abstract

Airway responsiveness (AR) is defined as the ability of airways to reduce their diameter after
bronchoconstricting stimuli and an association between airway hyperresponsiveness and the
development of asthma in humans has been found. Assessment of AR to methacholine (Mch) in
mice is performed using invasive or non-invasive methods. The non-invasive method using a
whole body plethysmograph (WBP) has overcome some of the limitations of the invasive
method and has allowed testing individual animals multiple times. The effect of methacholine
has been considered to be very transient but the result of our meticulous study presented in
this manuscript aimed at testing this assumption. We evaluated how consecutive challenges
with methacholine affect airway responsiveness assessed using the WBP in C57BL/6J and A/)
mice and how this measurement correlates with airway resistance measured using an invasive
method. Our results demonstrate that C57BL/6J and A/J mice responded in a dose dependent
manner to increasing concentrations of Mch using both the non-invasive and invasive methods.
C57BL/6J mice showed significantly higher (p<0.0001) ED,qg using Penh compared to A/J mice
and similar a relationship between the ED,qo values was observed when measuring airway
resistance (p<0.0001). Consecutive challenges with Mch significantly increased Penh (p<0.05)
and airway resistance (P<0.05) in both C57BL/6J and A/J mice, and no inflammatory cell
infiltration in the lungs or difference in plasma IgE levels was found. Finally, our data
demonstrate a good correlation (p<0.05) between Penh and airway resistance only after 15
days rest period during re-exposures to Mch, whereas shorter period of rest seemed to be
associated with greater AR. Overall, our results demonstrate that non-sensitized C57BL/6J and
A/J mice show a dose dependent response to increasing doses of Mch using both the non-
invasive and invasive methods and a significant difference in AR between both strains.
Consecutive challenges with Mch increases the Penh values in non-sensitized C57BL/6J and A/)
mice using the non-invasive method, as well as airway resistance using the invasive method.
Furthermore, to obtain a reliable reassessment of AR in mouse models we established a

minimum rest period of 15 days between exposures to Mch. Our results provide relevant data
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for improved experimental protocol design, which should allow more reliable and reproducible

results in mouse models and more accurate retesting of the same animal to the same stimulus.
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Introduction

Airway responsiveness (AR) is the ability of the airway to reduce their diameter after exposure
to direct or indirect stimuli and airway hyperresponsiveness (AHR) is defined as an exaggerated
AR.”! AHR is inherited as a complex trait; it has been associated with development of allergic

asthma and shows homology between mouse and human.?%**

Animal models have become an important tool to study the pathophysiology and genetics

8719 |n mouse models, AR can be assessed both

associated with the development of AHR.
before and after the experimental induction? of allergic airway inflammation using either
invasive or non-invasive methods.”> Many studies have used the BALB/c strain of mice to

**27 However, since the C57BL/6J and A/ strains of mice

measure AR after allergen exposure.
have proven to be hypo- and hyper-responsive to Methacholine (Mch), respectively, both
before and after allergen exposure, they have been employed in both respiratory diseases
studies and studies of the genetics of airway responsiveness.?>'817%18 additionally the
C57BL/6J strain is commonly used for genetic manipulation to generate transgenic, knockout,

consomic and congenic strains, 2222178179191

For the study of respiratory diseases, invasive methods are considered to be the gold standard
for the assessment of parameters of AR, such as lung resistance and compliance. However,
these methods are comparatively technically demanding, requiring the use of anaesthesia,
tracheotomy, endotracheal intubation, and mechanical ventilation, making this method
laborious, time consuming, inefficient for phenotyping large numbers of animals, and do not

allow for repeated measurements of individual subjects.?’

Whole body plethysmograph (WBP) has been used to assess AR because it overcomes some of
the limitations of the invasive methods. WBP is simple, quick, has the ability to measure AHR in

27,28

conscious mice, and is a non terminal technique. Enhanced pause (Penh) is commonly used

to evaluate airway responsiveness in conscious and unrestrained mice; it is calculated based on
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the relationship between the pressure signals from inspiration and expiration and the timing of
expiration. Penh increases after challenges with bronchoconstrictors such as histamine or
methacholine, and it has been described as an empirical parameter which also reflects changes
in the respiratory system in addition to changes in airway responsiveness.24 These changes may

occur in the upper airway (nasal cavity, larynx, and pharynx) and represent airflow limitation.?’

Previous studies have reported correlations between Penh, measured by WBP, with airway
resistance, measured using invasive methods, after a constrictor challenge with MCh in OVA
sensitized and challenged BALB/c24 and C57BL/6 mice.’* However, other studies have

demonstrated a limited correlation between these techniques.?*°

In a mouse model of allergic
asthma created by allergen sensitization and challenge, the inflammatory process generated in
the upper airways may induce changes in the pattern of breathing, which affects Penh values.
Additionally, since WBP assesses AR in conscious and unrestrained mice, changes in stress in
addition to changes in the respiratory mechanics might contribute to changes in Penh.** We
identified discrepancies in consecutive assessment of AR to Mch using WBP in non-sensitized
mice which prompted us to determine how consecutive challenges with Mch affect Penh
assessed using WBP in both C57BL/6J and A/J mice, and how these measurements correlate
with airway resistance using an invasive method. Our results enabled the development of

reliable protocols for the repetitive assessment of lung physiology in the same animal following

methacholine exposure in mouse models.
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Material and Methods

Animals

C57BL/6J and A/J mice were purchased from Charles River Canada. Male mice between 8-10
weeks-old were used in all experiments. No allergen sensitization or challenges were
performed. Mice were bred in the pathogen-free facility of the Montreal General Hospital
Research Institute at McGill University Health Center (Montreal, Canada). All procedures
performed on the animals were approved by the McGill University Animal Care Committee in

compliance with the Canadian Council of Animal Care guidelines.

Non-invasive assessment of airway responsiveness

AR was assessed using an unrestrained WBP (Buxco Research Systems) as described
previously?’, and expressed as the Penh parameter. Briefly, the system was turned on and
warmed up for 20 minutes; four chambers were calibrated and used simultaneously. An
unrestrained and spontaneously breathing mouse was placed in each chamber and allowed to
acclimate for at least 5 minutes. Following a baseline reading, mice were exposed to nebulized
PBS for 1 minute and subsequently to increasing doses of Mch (5, 10, 15, and 20 mg/ml)
(Sigma-Aldrich, Oakville, ON), allowing the Penh to return to baseline between each challenge.
After each aerosol challenge the average Penh measured during the 5 minutes after Mch

exposure was recorded.

Kinetics of airway responsiveness to Mch using non-invasive method

To assess the effect of consecutive challenges with Mch on AR using the non-invasive method,
we employed WBP in C57BL/6J and A/J mice as described previously. Three groups of 8 mice of
each strain were challenged every 5 days with increasing doses of Mch and the AR was

expressed as the Penh parameter.
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Invasive assessment of airway hyperresponsiveness

193194 and expressed as

AHR was assessed using an invasive method as described previously
airway resistance (Rrs, cm H,O0*s/ml). Briefly, mice were anaesthetized with Ketamine (70
mg/Kg) and Xylaxine (10 mg/Kg). After the depth of anesthesia was verified, mice were
tracheotomized, endotracheally intubated (with an 18 gauge stainless steel cannula), injected
intraperitoneally (i.p.) with of 10 ul/g of Pancuronium (1 mg/ml) and finally connected to the
MiniVent (type 845) small animal ventilator (Harvard Apparatus, Saint-Laurent, QC). Tidal
volume was adjusted to 10 pl/g and a respiratory frequency of 180 strokes/min. Increasing
doses of Mchin aerosol (10 pL of 0—80 pg/ml) were administered consecutively and the peak of
resistance was measured with the Buxco resistance system (Buxco Electronics, Inc. Wilmington,
NC). Mice were euthanized and samples were collected. We used 40 pg/ml of Mch as the most

reliable dose to compare Rrs. The dose required to increase airway resistance by 200% (EDq0)

was also calculated.

Correlation between invasive and non-invasive methods for measuring airway responsiveness

to Mch

To correlate AR to Mch using the invasive and non-invasive methods, we measured Penh and
airway resistance in C57BL/6J and A/J mice following the following schedule. On day 0, five
groups of 8 mice of each strain were challenged with increasing doses of Mch and the Penh
parameter was assessed. Then, every group was challenged with Mch every five days and Penh
was re-tested on days 0, 5, 10, 15, and 20. At each time point, one group was assessed for
airway resistance to Mch using the invasive method, the latter group was euthanized and
samples were collected. To determine the optimal rest time between Mch exposures, different
groups of mice were assessed on day 0 using the WBP and re-assessed for airway resistance on
day 5, 10, 15 or 20 without consecutive exposures to Mch. Correlation between ED,qo for Penh

and airway resistance was calculated for all groups of mice.
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Histological analysis of lung inflammation

After AR assessment the mice were euthanized, the lungs were dissected, inflated with 10%
buffered formalin by gravity force, kept overnight in a 50ml tube filled with 10% formalin, and
paraffin embedded. Finally, the lungs were cut into 5um sections; deparaffinized and hydrated
for further staining with Hematoxylin and Eosin (H&E). Inflammation of the lungs was assessed
by histological analysis of H&E stained sections by identifying inflammatory cell infiltration in

the perivascular space of the airways.

Plasma immunoglobulin E (IgE) levels

Mice were euthanized after AR to Mch was assessed; blood was collected by cardiac puncture
and preserved with 0.05M EDTA. Plasma was isolated from blood by centrifugation and total
IgE levels were measured using a commercial ELISA kit according to the manufacturer’s
instructions (BD Biosciences, San Diego, CA, USA). Briefly, Immulon 2HB 96-well plates (Thermo
Labsystems, Franklin, MA, USA) were coated with anti-mouse IgE monoclonal antibody at 4°C
overnight and blocked for 1 h at room temperature (RT) with 10% fetal bovine serum (FBS)
(Winsent Inc, Saint-Bruno, QC, Canada) in PBS. Standards and plasma samples were incubated
for 2 hours at room temperature and mouse IgE was detected with biotinylated anti-mouse IgE
and  streptavidin-horseradish peroxidase  (HRP)-conjugate  using  2,2'-Azino-di-[3-
ethylbenzthiazoline sulfonate (6)] diammonium salt (ABTS) reagent mixture (Roche, Laval, QC,
Canada). The plate was read at 450nm in an ELISA plate reader (Biorad, Hercules, CA, USA).

Purified mouse IgE was used as a standard.

Statistical Analysis

Time points in the Penh kinetic and IgE plasma levels were analyzed using a non-parametric
one-way analysis of variance method followed by Bonferroni multiple comparison post-test and

differences were considered significant at p<0.05. Comparison of AHR to Mch using the non-
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invasive and invasive methods was performed by correlation between Penh and resistance in
C57BL6 and A/J mice; correlation coefficient was calculated and significance was considered at
p<0.05. The concentration of Mch required to increase airway resistance by 200% (ED,q0) was
calculated by linear interpolation. All the analysis were performed using GraphPad Prism 4,

version 4.03 (GraphPad Software Inc., San Diego, CA).
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Results

Airway responsiveness to methacholine in C57BL/6 and AJ mice

To evaluate the effect of Mch on AR after multiple and consecutives challenges, we first
assessed Penh and airway resistance to increasing doses of Mch in C57BL/6J and A/J mice using
the non-invasive and invasive methods. A/J mice showed significantly (p<0.05) higher Penh
compared to C57BL/6J mice with Mch doses higher than 7.5 mg/ml (Figure 1 panel A). The
same effect was observed using the invasive method where A/J mice displayed significantly
(p<0.05) higher airway resistance compared to C57BL/6J mice following their exposure to 20
ug/ml or more of Mch (Figure 1 panel B). As expected, C57BL/6J and A/J mice exhibited dose

response effect to increasing concentrations of Mch evaluating Penh and airway resistance.

We calculated the Mch dose required to increase Penh and airway resistance to 200% of
baseline (EDq0). C57BL/6J mice showed significantly higher (p<0.0001) EDyqo (16.6£1.7 mg/ml)
using Penh compared to A/J mice (7.7£1.3 mg/ml) (Figure 1 panel C). A similar relationship for
the ED,go values using airway resistance were observed where the values for C57BL/6J mice
were significantly higher (p<0.0001) ED,qo (34.6%2.1 mg/ml) compared to A/J mice (8.2+1.3
mg/ml) (Figure 1 panel D). These results demonstrate that the hypo- and hyper-responsiveness
phenotype to Mch of C57BL/6J and A/J mice, respectively, can be reliably reproduced using

both invasive as well as non-invasive methods.

Consecutive challenges with methacholine modify measured Penh in mice

To study the effect of consecutive exposure to Mch on the AR, we challenged C57BL/6J and A/)
mice every five days and measured Penh after each Mch exposure. AR to Mch significantly
increased (p<0.05) on days 10 and 15 compared to baseline or to the previous time point using
either the hypo-responsive C57BL/6J mice (Figure 2 panel A) or hyper-responsive A/J mice

(Figure 2 panel B). Our data demonstrated that consecutives challenges with Mch transiently
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increase Penh as measured by the WBP in both C57BL/6J and A/J mice under our experimental

conditions.

Next, we have assessed if airway resistance is also modified by Mch. Five groups of C57BL/6)
and A/J mice were challenged with Mch and the Penh parameter was evaluated on day 0. Every
group was challenged once more with Mch on either day 5, 10, 15, or 20, at which time Penh
and airway resistance were assessed. Penh and airway resistance significantly increased
(p<0.05) on days 10 and 15 compared to baseline using either C57BL/6J (Figure 2 panel C) or A/)
mice (Figure 2 panel D). Overall, our results show that both Penh and airways resistance are
affected by consecutive challenges with Mch and to obtain consistent results of Penh wvs.
resistance following repeated exposure to Mch, it would be most reliable if the measurements

are performed in a 2 weeks period.

Inflammatory effect of methacholine

To investigate if the increase in AR observed after consecutive exposures to Mch was caused by
changes in the airways due to an inflammatory process, we evaluated the infiltration of
inflammatory cells in the perivascular space of the lungs as well as IgE levels in the plasma of
C57BL/6J and A/) mice. No inflammatory cell influx was observed in either strain of mice after 5
consecutive challenges with Mch (Figure 3, Panel A). Furthermore, no significant difference
was found in the plasma IgE levels in these same animals (Figure 3, Panel B). These results
demonstrate that changes in AR after consecutives exposure to Mch did not result from

inflammation of the airways or an atopic condition.

Correlation of airway hyperresponsiveness to methacholine using the non-invasive and

invasive methods

To investigate if AR is modified by consecutive challenges with Mch in C57BL/6J and A/J mice.

We challenged individual animals with Mch and evaluated Penh in all groups on day O.

56



Following this, airway resistance was assessed in the same animals on either day 5, 10, 15, or
20. These experiments allowed us to evaluate the effect of a single challenge of Mch and the
reliability of Penh for the assessment of AR compared to airway resistance, avoiding the
potential effect of conditioned behaviour of the mice which might affect Penh assessed by

WBP.

We found no correlation between ED,qq of Penh and airway resistance in C57BL6J mice, when
the airway resistance measurement was performed 5 or 10 days (p=0.351 and p=0.396
respectively) following the measurement of Penh (and Mch exposure) in the same mouse
(Figure 4, panel A and B). When the measurements and proceeding exposure to Mch were
separated by 15 or 20 days, we found very good correlation (p=0.038 and p=0.021 respectively)
between the two methods using C57BL6J mice (Figure 4, panel C and D). The same effect was
observed using A/J mice. No correlation was found after a 5 or 10 day interval (Figure 5, panel A
and B), however the measurements done after 15 and 20 days from both methods correlated

significantly (Figure 5, panel C and D).

Taken together, these results demonstrate that re-assessment of lung physiology, which
requires consecutive exposure to methacholine, needs to be carefully designed and a period of
two to three weeks between assessments should be scheduled to obtain consistent and reliable

results.
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Discussion

The objective of this study was to evaluate how consecutive exposures to methacholine affect
the assessment of AR in C57BL/6J and A/J mice. We evaluated the Penh parameter using WBP,
and airway resistance using an invasive method, to assess AR to methacholine in these two
strains of mice in order to establish the interval required to obtain the most reliable and

consistent results reflecting the lung physiology of the mice under study.

In the study of the pathophysiology and the genetics of the development of AHR, animal
models have become a key tool due to their versatility in reproducing the allergic response and

187190 '|n mouse models, AR has been assessed using either

relatively easy genetic manipulation
invasive?® or non-invasive®® methods before and after allergen sensitization and challenge.
Most of the previously publish studies have employed sensitized BALB/c mice to assess AHR.2*
" In our study we used both the C57BL/6J and A/J strains of mice due to their well known hypo-
and hyper-responsive phenotypes to Mch challenge, respectively.’? Also, these two inbred

strains have been used for the generation of 35 recombinant congenic strains for the dissection

178;195;196 22;25;29;178;191

of complex traits and various respiratory disorders.

Responsiveness to Mch is routinely used in mouse models of allergic asthma in order to

2425179193197 7hang et al.®® have proposed that Penh

demonstrate the development of AHR.
values obtained from conscious and spontaneously breathing mice in unrestrained
plethysmography includes a contribution from the upper airway. Based on the hypothesis that
allergen sensitization may modify the upper and lower airway, using BALB/c mice. We studied
AR in non-sensitized mice, avoiding any possible change in the upper airways caused by
inflammation that may affects the Penh parameter using the non-invasive method. As
expected, our results demonstrated that there is a dose dependent response to Mch which
results in increased Penh and airway resistance in C57BL/6 and A/J mice which are hypo- and
hyper-responsive to Mch, respectively. These results corroborate previous studies using the

non-invasive method to assess AR in non-sensitized animal models.'*%?%
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It is technically more efficient and certainly faster to evaluate large numbers of mice
simultaneously when employing the non-invasive method compared to the invasive method.
Furthermore, as the non-invasive method is not a terminal procedure, the assessment of AR at
different time points in the same animal is possible. As far as we know, this is the first study
which systematically compares measurements of Penh on the same non-sensitized mice. Our
results demonstrate a transient increase in Penh following consecutive exposures to
methacholine. This effect appears to be temporary as Penh values returned to baseline
following the third challenge. These results may be explained by the fact that the non-invasive
method assesses AR in unrestrained and conscious mice and it is possible that stress, neural
control, or conditioned behavioural responses are affecting the Penh values which may not
reflect changes in the underlying respiratory mechanims.'®> The modulation of Penh following
re-exposure to Mch is an important consideration, so the correct protocol design can be applied

if repeated measurements of Penh are intended.

Previous studies used allergic animals to study the AR to Mch 2#%17%193197 5nd based on the
theory that changes in Penh may be caused by modification of the airways, including
inflammation.’® We examined the lungs of mice following consecutive challenges with Mch,
over a 25 day period, in order to determine if any inflammatory reaction might be detected.
Our results indicate that there is no inflammatory cell infiltration in the lungs and no difference
in plasma IgE levels existed that can be observed even after six consecutive challenges with

Mch in either C57BL/6J or A/J mice.

To determine if the increase in Penh after consecutive challenges with Mch was caused by
changes in respiratory mechanics, we determined the correlation of ED,qo for Penh on day O
with ED,q for airway resistance on days 5, 10, 15, and 20 using different groups of C57BL/6 and
A/) mice. Our results demonstrate correlation (p<0.05) between Penh and airway resistance
only after a 15 day rest period after exposure to Mch. These results are consistent with
previous reports in C57BL/6J mice where no correlation was found between these two methods

when measurements were taken 5 and 9 days apart.191 There is the possibility that consecutive
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exposure to Mch modifies Penh to a greater degree than it does airway resistance. However,

since the invasive method is a terminal technique this hypothesis cannot be verified.

Overall, our results demonstrate that non-sensitized C57BL/6J and A/J mice show a dose
dependent response to increasing doses of Mch using both the non-invasive and invasive
method. Consecutive challenges with Mch increase the Penh values in both non-sensitized
C57BL/6J and A/J mice using the non-invasive method, as well as airway resistance using the
invasive method. Furthermore, to obtain a reliable reassessment of AR in mouse models we
established that a rest period of about 15 days between exposures to Mch is necessary. It is
also highly recommended to ascertain the reliability and consistency of results when using

mouse models of airway hyperresponsiveness.
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Figure 1. Airway responsiveness to methacholine in C57BL/6J and A/J mice, and ED,qo.

(A) Penh in response to increasing doses of methacholine. (B) Airway resistance (Rrs) in
response to increasing doses of methacholine. Dots and triangles represent the mean + SEM of
three independent experiments. n=36 for all groups. *p<0.05, **p<0.01 and ***p<0.001
compare to baseline. (C) EDyqg for Penh. (D) EDyqo for Rrs. Bars represent the mean + SEM of
three independent experiments. n=36 for all groups. A/J mice are hyper-responsive to Mch
compare to C57BL/6J mice, as it shows by significant lower ED,qgo. Penh and Rrs show a dose

dependent response in both strains of mice.
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Figure 2. Airway responsiveness to consecutive challenges with methacholine (Mch) in
C57BL/6J and A/J mice.

Penh and airway resistance (Rrs) were measured at 15 mg/ml and 40 mg/ml of MCh,
respectively. (A) Penh in response to Mch every 5 days C57BL/6J mice. (B) Penh in response to
Mch every 5 days in A/J mice. A and B, n=24 for all groups, *p<0.05 compared to the previous
time point and **p<0.01 compared to baseline. (C) Penh and Rrs in different time point groups
of C57BL/6J mice. (D) Penh and Rrs in different time point groups of A/J mice. Dots and
triangles represent the mean * SEM of three independent experiments. C and D, n=8 for all
groups. *p<0.05 compared to the previous time point and **p<0.01 compared to baseline.

Penh and Rrs significantly increased after consecutive exposures to Mch in both strain of mice.
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Figure 3. Lung sections and immunoglobulin E levels in plasma from C57BL/6J and A/J mice.

After six consecutive exposures to methacholine every 5 days (A) Representative hematoxylin-
and eosin-stained lung sections. (B) IgE levels in plasma before and after Mch challenges. Bars
represent the mean = SEM of three independent experiment, n=24 animals for all groups. No
inflammatory cell infiltration was observed in the lungs. IgE levels in plasma were significantly
higher in A/J mice compared to C57BL/6J mice but there was no difference after Mch

challenges.
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Figure 4. Correlation between methacholine (Mch) concentrations ED,q, for airway resistance
(Rrs) vs. Penh in C57BL/6J mice at different time points.
(A) 5 days apart (B) 10 days apart. (C) 15 days apart (D) 20 days apart. n=8 for all groups. There

was very good correlation between both methods 15 and 20 days apart.
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Figure 5. Correlation between methacholine (Mch) concentrations ED,q, for airway resistance
(Rrs) vs. Penh in A/J mice at different time points.
(A) 5 days apart. (B) 10 days apart. (C) 15 days apart. (D) 20 days apart. n = 8 for all groups.

There was correlation between both methods 15 and 20 days apart.
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Chapter 3 - Genetic dissection of airway responsiveness and

its impact on the susceptibility to allergic asthma

Partial fragments of this chapter have been adapted from:
P. Camateros, R. Marino, A. Fortin, J. G. Martin, E. Skamene, R. Sladek and D. Radzioch.
Identification of novel chromosomal regions associated with airway hyperresponsiveness in

recombinant congenic strains of mice. Mamm Genome. 2010 Feb; 21(1-2):28-38.
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Preface

Airway hyperresponsiveness has been associated with the development of allergic asthma in
humans; it is inherited as a complex trait and has been reproduced in mouse models. In the
second chapter our data shows the difference in airway responsiveness in C57BL/6J and A/)
mice. The airways of A/J mice, like the airways of asthmatics and individuals at risk of
developing asthma, are hyperresponsive to bronchoconstricting stimuli such as methacholine,
while the airways of C57BL/6J mice are hyporesponsive. Using recombinant congenic strains to
generate F2 strains of mice, the study presented in this chapter described the unique approach
in the identification of narrowed chromosomal regions associated to the development of
airway hyperresponsiveness and points out a few candidate genes that might be responsible for

this phenotype and potentially related to the susceptibility to allergic asthma.
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Abstract

Airway responsiveness is the ability of airways to reduce their diameter after
bronchoconstricting stimuli. Airway responsiveness is inherited as a complex trait and has been
associated with the development and severity of asthma. In mouse models C57BL/6J and A/)
mice have shown to be hypo- and hyperresponsive to methacholine, respectively. Using
recombinant congenic strains (RCS) of mice derived from the C57BL/6J and A/J strains, we
generated six different F2 crosses, in order to identify genetic loci underlying the trait of airway
responsiveness in response to methacholine as assessed by whole-body plethysmography. Our
strategy allowed us to narrow down the significant regions identified in the RCS and specifically
the region on chromosome 12, from 96 Mbp to 34 Mbp. Quantitative trait loci analysis shows 3
significant loci on chromosome 12 (Lod 5.11 and 4.18; p<0.001 and p<0.001, respectively) in the
BcA86xC57BL/6) (F2) and BcA86xC3H/Hel (F2) crosses. This significant region contains 232
genes, 43 of which are expressed in the lung and after excluding those which do not contain
non-synonymous or splice-site mutations only 7 genes were identified as potential candidates.
Those genes include the Arhgap5 gene related to cell activation, myogenesis, and
hepatocellular carcinoma; Foxal associated with inflammation and hematopoiesis; Clec14a
involved in the process of cell-cell adhesion and immune response to pathogens, and Ctage5
linked with the pathophysiology of meningioma and glioma. We had also identified the Rtn1
gene associated with neuroendocrine secretion, intracellular traffic, and susceptibility to
ethanol; the Gpx2 gene related to hepatocarcinogenesis in rats and the protection from
allergen-induced airway inflammation in mice, and the Rsad2 gene located at 27.1 Mbp which
has antiviral activity and has also been involved in the resistance to fungus infection. Within the
significant region we identified two additional genes, even if they have not exactly fulfilled our
gene selection criteria. These are the Prkd1 associated with activation and TLR9 signalling, and
Adam21, related to cell-cell and cell-matrix interactions, including fertilization, muscle
development, and neurogenesis. Overall, our results demonstrate how the generation of F2

crosses from RCS offers enables identification of genes when dealing with complex trait
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diseases and allowed us to identify 9 candidate genes that might be associated with airway

responsiveness in mice.
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Introduction

Asthma is a chronic inflammatory disease of the airways characterized by episodes of reversible
bronchoconstriction. Asthma is considered a complex disease in which genetic and
environmental factors interact together to trigger an uncontrolled immune response to a broad

1,30

variety of allergens. In the study of genetic factors that might be responsible for the

development of asthma, studies have focused on intermediate phenotypes, one of which is

airway responsiveness to bronchoconstricting stimuli.***

Airway responsiveness (AR) is the ability of the airway to reduce their diameter after exposure
to direct or indirect stimuli and airway hyperresponsiveness (AHR) is defined as the
exaggeration of this ability.21 AHR is considered a hallmark of asthma and it has been associated

117;120;127;193

with the development of this disease. AHR has been proven to be inherited as a

complex trait, precedes the development of asthma, and has been efficiently reproduced in

120

mouse models.*?® AR can be assessed both before and after the experimental induction®? of

allergic airway inflammation using either invasive?® or non-invasive?* methods in mice.

Although identification of the genes responsible for the susceptibility to the development of
AHR in human populations has proven to be difficult, several large human population studies
employing genome-wide analysis resulted in the identification of asthma susceptibility loci and
some candidate genes.148 These studies identified significant linkages, such as STAT6, GATA2
and FCeR1A as a novel loci at which common genetic variation influences serum IgE levels.'>?
Furthermore, genes such as dipeptidyl peptidases cleaving terminal dipeptides from cytokines
and chemokines, cytokines (e.g. IL-33), transcription factors (e.g. MYB), and the cytokine

receptors (e.g. IL-1R1), WDR26 (a protein co-regulated with IL-2), and IRAK-M have been linked

to AHR 154;201-208

Several other candidate genes were also demonstrated to be associated with asthma

susceptibility using other phenotypes, including urokinase-type plasminogen activator which is
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16157 Furthermore, the chemokine receptor 5 (CCR5), cysteinyl

associated with atopy.
leukotriene receptors (CTSLTR1 and CTSLTR2), prostaglandin D2 receptors (PTGDR and CRTH2),
thromboxane A2 receptor (TBXA2R), beta2-adrenergic receptor (ADRB2), and the G protein-

125;161;203

coupled receptor (GPRA) genes have been associated with asthma. A mechanistic role

has recently been identified for a disease-associated genetic variant within the ADAM33
asthma susceptibility gene;**?* and asthma progression has been shown to correlate with
increased expression of the ADAM33 and ADAMS genes.176 Using a candidate gene approach,
linkage or association studies have been reported for IL4R, FcR1, IL-4, IL-5, IL-9, and CD14 (one
of the LPS receptors), although only a small proportion of asthma cases could be explained by

variants in these genes,!2>169/172:211-213

Despite significant progress in genome-wide association studies of human populations, it has
been difficult to dissect the asthmatic phenotype and identify genes which are responsible for
each aspect of the asthmatic condition in humans. For that reason, significant stratification of
the sample population has been required in order to discriminate between different sub-
phenotypes in asthmatic patients. In humans, these types of analyses require very large sample
populations in order to have reasonable statistical power. As an alternative and complementary
approach to whole-genome association studies, the genetic analysis of mice can be used to
identify candidate genes for targeted human studies and to confirm loci found by the

association studies.

The AcB/BcA recombinant congenic strains (RCS) were derived from the A/J and C57BL/6)
inbred strains of mice in order to aid in the dissection of complex traits. This RCS panel has

resulted in the identification of QTLs for numerous traits, including amphetamine-induced

181;182

locomotion,*® emotionality and stress response, nicotine effect,'® opioid dependence,'®*

185 Each RCS is fully inbred and contains approximately 12.5% of the

and Salmonella infection.
genome of one parental strain on a background of the other parental strain; thus allowing

subsets of loci that contribute to the phenotype to be isolated in different inbred lines.*®
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As evidenced by the fact that it varies considerably among inbred strains,?** airway
responsiveness is not only a heritable trait in humans but also in mice. The A/J strain is one of
the most hyperresponsive of the common laboratory strains, and crosses involving A/J mice and
either the C57BL/6J or C3H hyporesponsive strains have been the most commonly used in
whole-genome association studies of airway responsiveness. Significant or suggestive QTL for
airway responsiveness have been identified on chromosomes 2,"*° 6,2%’® 7,17® and 17'’® by
employing F2 intercrosses generated from A/J and C3H mice while QTL or significantly
associated chromosomal regions have been identified on chromosomes 2,786,915, and 1778

by employing various breeding schemes derived from A/J and C57BL/6 mice.

In our previous study, we analyzed the AcB/BcA RCS of mice and identified genetic loci
underlying the trait of AR in response to methacholine as assessed by whole-body
pIethysmography.22 Our screen identified 16 chromosomal regions significantly associated with
AHR; 8 are supported by previously and independently published reports while 8 were entirely
novel. Regions, which overlap with previous reports, include two regions on chromosome 2,
three on chromosome 6, one on chromosome 15, and two on chromosome 17. The 8 novel
regions are located on chromosome 1 (92 — 100cM), chromosome 5 (> 73cM), chromosome 7
(> 63cM), chromosome 8 (52 — 67cM), chromosome 10 (3 — 7cM and > 68cM), and
chromosome 12 (25 — 38cM and >52cM).

The chromosomal regions identified using the RCS of mice are generally too large to select
candidate genes in an efficient manner; around 157 potential candidate genes are included in
these 16 chromosomal regions significantly associated with AHR. We hypothesized that the
generation of F2 crosses from the AcB/BcA RCS as parental strains will allow us to narrow down
the significant intervals already identified in the RCS panel, lead to the identification of a few
candidate genes associated with AHR, and would offer a better understanding of inheritance

and molecular mechanism underlying AR and its relation with allergic asthma.
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Material and Methods

Recombinant Congenic Strain Panel and F2 crosses

Recombinant congenic strains (RCS) of mice were generated from reciprocal backcrosses
between methacholine challenge resistant, C57BL/6J [B], and susceptible, A/J [A] strains.””® The
RCS were produced by inbreeding independent pairs of mice from the (F1xA)xA backcross to
produce the AcB strains, and (F1xB)xB backcross to produce the BcA strains (Figure 1). Then,
the resulting mice were inbred for more than 20 generations creating 14 distinct AcB strains,
containing on average 13.25% of the B genome on an A background (on average 85.3% of the A
genome), as well as 22 distinct BcA strains, containing on average 13.24% of the A genome on a
B background (on average 86.1% of the B genome).

,2212% we selected the

Following a phenotyping survey of all 36 AcB/BcA strains in the pane
three most informative strains from which F2 crosses were generated. Every F2 cross was
obtained from the breeding of the most informative recombinant strains with two strains: the
major genetic donor progenitor strain (A or B) and a phenotypically similar but more distantly
related strain, C3H/Hel or AKR. In total, we generated six different F2 crosses identified as
BcA86xB, BcA86xC3H/Hel, BcA85xB, BcA85xC3H/Hel, AcB64xA and AcB64xAKR. The generation

of the F2 crosses was performed in order to narrow down the recombinant regions identified in

the RCS which might be associated with airway responsiveness.

The RCS of mice and F2 crosses were generated in the pathogen-free facility of the Montreal
General Hospital Research Institute at McGill University Health Center (Montreal, Canada).
Male mice between 8-10 weeks-old were used in all experiments. All procedures performed on
the animals were approved by the McGill University Animal Care Committee in compliance with

the Canadian Council of Animal Care guidelines.
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Airway responsiveness phenotyping

Non-invasive method

AHR was assessed using an unrestrained whole body plethysmograph (WBP) (Buxco Research
Systems) as described previously,?? and expressed as the Penh parameter. Briefly, the system
was warmed up for 20 minutes; four chambers were calibrated and used simultaneously. An
unrestrained and spontaneously breathing mouse was placed in each chamber and allowed to
acclimate for at least 5 minutes. Following a baseline reading, mice were exposed to nebulized
PBS for over 1 minute and subsequently to increasing doses of Mch (5, 10, 15, and 20 mg/ml)
(Sigma-Aldrich, Oakville, ON), allowing the Penh to return to baseline between each challenge.
After each aerosol challenge the average Penh measured during the 5 minutes after exposure

was recorded.

Invasive Method

AHR was assessed using an invasive method as described previously,lg?”'194

and expressed as
airway resistance (Rrs, cm H,0*s/ml). Briefly, mice were anaesthetized with 3:1 Ketamine (70
mg/Kg) and Xylaxine (10 mg/Kg). After the depth of anesthesia was verified, mice were
tracheotomized, endotracheally intubated (with an 18 gauge stainless steel cannula), injected
intraperitoneally (i.p.) with of 10 pl/g of Pancuronium (1 mg/ml) and finally connected to the
MiniVent (type 845) small animal ventilator (Harvard Apparatus, Saint-Laurent, QC). Tidal
volume was adjusted to 10 pl/g and a respiratory frequency of 180 strokes/min. Increasing
doses of Mchin aerosol (10 pL of 0-80 pug/ml) were administered consecutively and the peak of
resistance was measured with the Buxco resistance system (Buxco Electronics, Inc. Wilmington,
NC). Mice were then euthanized and samples were collected. We used 40 pg/ml of Mch as the

most reliable dose to compare Rrs. The dose required to increase airway resistance by 200%

(EDygp) was also calculated.

80



Correlation between invasive and non-invasive methods for measuring airway responsiveness

to Methacholine

In addition to the experiments described in chapter 2 about the validation of the non-invasive
method as the phenotyping technique, we correlated the assessment of AR to methacholine
using both the non-invasive and invasive methods in all six F2 crosses. We measured Penh and
airway resistance in 15 — 20 mice of each F2 cross at an interval of 15 days and calculated the
correlation between both parameters on each mouse. Penh at 15mg/ml and resistance at
40mg/ml of methacholine represented the most reliable concentration of Mch that showed a
dose-response effect with a linear relation and significant difference (p<0.05) between both

strains.

Genotyping

All RCS were previously genotyped using mouse Illumina Chip medium density (md) linkage
genome-wide panel of 1449 single nucleotide polymorphisms (SNPs) placed at intervals of 5Mb
created through GoldenGate Genotyping Assay (unpublished data). All markers from this panel
which are currently mapped to a single position in the Mouse Genome Informatics (MGlI)
Mouse Genome Database (www.informatics.jax.org) were selected for use in our analysis.?*®
DNA samples from the F2 crosses were extracted from the tail of the experimental mice
following an overnight digestion in lysis buffer and proteinase K, followed by phenol-chloroform
extraction. DNA concentrations were measured with a Quant-iT DNA Assay Kit (Molecular
Probes, Invitrogen, Burlington, Ontario, Canada) and adjusted to 50 ng/ml. The genotype of all
F2 crosses was performed using microsatellites every 10 Mbp. Then, a re-genotype was carried
out using custom SNPs at 4 Mpb intervals by the Genome Quebec Innovation Center and
University of Laval, in the BcA86xB and BcA86xC3H/Hel) F2 crosses. The chosen SNPs were
polymorphic between the A strain, and both the B and C3H/HeJ strains, selected from public

databases (e.g. phenome.jax.org).
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Genetic Analysis

Identification of significantly associated regions in the RCS

As previously described,?**®

we performed the association study of airway responsiveness in
the RCS but this time used the 1,442 SNP panel. Briefly, a marker by marker analysis was
performed using a linear model to detect associations between the observed phenotypes and
the genotype, or donor strain of origin (DSO), of the marker while correcting for the variance
due to the predominant background strain. We used the log transformed median Penh
measurement from each RCS as the phenotype and the analysis was performed with the
following model P = Bodso + B1bg + B.dsoxbg + € where: P is the observed phenotype of the
strain (median log; (Penh) at 15mg/mL), dso is the donor strain of origin of the marker and bg is
the predominant background (A for AcB strains and B for BcA strains). A permutation analysis
was then performed by shuffling the phenotypes across the genotypes (without replacement)
to correct for multiple testing. Significance was taken as asp0. 05 of one or more markers
with a more significant p-value per whole genome. Regions associated with airway
responsiveness were defined as the genomic interval spanning all the sequential markers on a
chromosome which were significantly associated with airway responsiveness, as well as that
part of the genome which extends from the set of significantly associated markers to the first
marker, on each side, which was not significantly associated with airway responsiveness. If two
such regions were separated by a single non-significantly associated marker, the interval
spanning both regions was considered to form a single region significantly associated with
airway responsiveness. All analysis was performed using the standard R packages (www.R-

project.org).

Quantitative trait loci analysis in the F2 crosses

QTL analysis was performed by computing single marker regression using the Bioconductor

packages in R version 2.1.0 (www.R-project.org), employing microsatellites and custom SNPs as
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genotype markers. Significance thresholds were established by performing 10,000
permutations, shuffling the phenotypes across the genotypes to correct for multiple testing.
Significance was established as a P value smaller than the smallest P value in more than 95% of
the permutations. Support intervals were calculated as one LOD above the significant
threshold. Detection of epistatic interaction was carried out on the whole genome scan by fitqtl
analysis between the highest LOD peaks. Significant QTL by QTL interactions were detected as

locus pairs with significance as P < 0.001.

Databases and Gene Characterization

To be considered a relevant gene associated with airway responsiveness, expression in the
lungs was based on the following: the gene has to be listed in the MGl Gene Expression
Database (GXD)**’ as detected in the lungs at any stage of development. The MGI GXD has to
list the cDNA gene as isolated from the lungs. Or, a probeset for the gene has to be detected in
the upper 75t percentile (by signal intensity) of probesets using Affymetrix microarrays of lung
mRNA originating from either the A/J or C57BL/6J strain (GEO accession GSE2148). The 75t
percentile in signal intensity corresponds roughly to all genes whose signal was equal to, or

greater, than the BioB control, considered to be the lower limit of detection on these arrays.

To identify intervals which were identical by decent (IBD), the frequency of single nucleotide
polymorphisms (SNP) was employed within the regions which had been identified as
significantly associated with asthma. IBD intervals were defined as any continuous interval, at
least 500 kbp in length, which contained no more than 10 SNP across any 50kbp. IBD intervals
were identified employing all SNPs, polymorphic between A/J and C57BL/6 mice, which could
be extracted from the MGI MGD.

The annotations of the MGl MGD were employed to identify mutations in or within 2 kbp of
genes contained within regions identified as significantly associated with airway

responsiveness. Non synonymous or splice site (NS/SS) mutant genes were considered those
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containing any variations polymorphic between the A/J and C57BL/6J strains, and were labeled
with dbSNP annotations of “Coding-Non Synonymous” or “Splice-Site”. Genes were considered
to be synonymous or non-coding mutants if the variations were labeled with any other dbSNP

annotation.

Other statistical analysis

Comparison of AR to Mch using the non-invasive and invasive methods was performed by
correlation between Penh and resistance from each of the F2 crosses; correlation coefficients
were calculated and significance was considered at p<0.05. Comparison of the mean phenotype
of the AcB strains to the mean phenotype of the BcA strains was performed with a two-tailed
unpaired t-test. Analysis of the phenotypes across all strains was performed with a one-way
ANOVA followed by Bonferroni corrected pair-wise comparisons of every AcB strain to the A
strain and every BcA strain to the B strain. In all cases significance was set at$£0.05. All the
correlation analyses were performed using GraphPad Prism 4, version 4.03 (GraphPad Software

Inc., San Diego, CA).
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Results

Airway responsiveness

Previous studies have demonstrated the difference in airway responsiveness between the A/)

78218219 55 well as the non-invasive

and C57BL/6J strains of mice using invasive measurements,
method of WBP.'”® Additionally, as demonstrated in Chapter 2, we assessed AR in both strains
of mice under our laboratory conditions and corroborated that A/J mice exhibited significantly
higher airway responsiveness compared to C57BL/6 mice using both the invasive and the non-
invasive methods. We also demonstrated that assessment of AR to methacholine using whole

body plethysmography can be reliably performed in non-sensitized A/J and C57BL/6J mice.

Airway responsiveness was previously assessed in the 11 AcB and 22 BcA strains of the RCS
panel and the distribution of phenotypes is illustrated Figure 2. Confirmation of a strong strain
effect was obtained by one-way ANOVA. Additionally, Bonferroni-corrected post-tests
comparing all AcB strains to their major genetic donor parental strain, the A/J mice, and all BcA
mice to the C57BL/6 mice identified one AcB strains (AcB64) that showed opposite phenotype
than the A/J strain and two BcA strains (BcA85 and BcA86) that also demonstrated opposite

phenotype compared to the C57BL/6 parental strain.*?

Inheritance of a genetic component that confers resistance to methacholine challenge, is
observed in the distribution of AR phenotypes of the BcA strain, displaying lower airway
responsiveness than the C57BL/6 strain in almost two-thirds (14 of 22 strains) of the strains,
and demonstrating that the hyperresponsive A/J strain likely contains alleles that confer
resistance to the methacholine challenge, at least when they are expressed on a C57BL/6)
background. Also, apparent is the effect of the predominant background on the phenotype of
the RCS, with most AcB strains showing high airway responsiveness and most BcA strains low
responsiveness. In fact, the average strain mean for the 22 BcA strains was significantly lower

than the average strain mean of the 11 AcB strains.
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Marker association in the RCS

In our previous association study using 603 SSLP markers, we identified 50 markers that are
significantly associated with airway responsiveness. These markers delimited 16 chromosomal
regions significantly associated with airway hyperresponsiveness (genome-wide p<0.05): 8 of
the regions have been previously reported by other groups while 8 are entirely novel. The
previous reports include two regions on chromosome 2, three on chromosome 6, one on
chromosome 15, and two on chromosome 17. The 8 novel regions are located on chromosome
1 (92—-100 cM), chromosome 5 (>73 cM), chromosome 7 (>63 cM), chromosome 8 (52—67 cM),
chromosome 10 (3—-7 ¢cM and >68 cM), and chromosome 12 (25-38 cM and >52 cM).?

In this study we performed a different association study of AR in the RCS using 1442 SNPs as
genotype. The objective of the analysis was to replicate the identification of loci that we
previously described and to detect additional chromosomal regions associated with airway
responsiveness. As expected, we found the same 8 previously reported regions, the 8 additional

regions recently reported by our group, and 1 additional region in Chromosome 9 (>113 Mbp).

Generation and phenotyping of the F2 crosses

While the Penh parameter is commonly used as a measure of airway responsiveness in mouse
studies, some studies suggested some precaution in the analysis of the results. In Chapter 2, we
demonstrated that the use of the Penh is an accurate and sensitive parameter for studying
airway responsiveness. Additionally in this study, validation and quality control of the
phenotyping method in the F2 crosses was performed by the assessment of airway
responsiveness to methacholine using both the non-invasive and invasive methods, in batches
of 5 animals during the time frame of the phenotyping. As we expected, we obtained very good
correlation (p<0.05) between the Penh parameter and airway resistance in all of the six F2
crosses. These results demonstrated that the assessment of airway responsiveness by WBP is a

reliable technique for the phenotyping of the F2 crosses (Figure 3).
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We selected three of the most informative strains from the phenotyping survey of all AcB/BcA
strains and generated six F2 crosses of mice, in order to narrow down the recombinant regions
identified in the RCS that might be associated with AR. BcA86, BcA85 and AcB64 RCS were bred
with two strains: the major genetic donor progenitor strain (A/J or C57BL/6J) and a
phenotypically similar but more distantly related strain, C3H/HeJ or AKR. Around 230 mice from
each F2 crosses were produced and identified as BcA86xC57BL/6J, BcA86xC3H/Hel,
BcA85xC57BL/6J, BcA85xC3H/Hel, AcB64xA/) and AcB64xAKR. All the F2 crosses were assessed
for airway responsiveness to increasing doses of methacholine using the non-invasive method.

In Figure 4, the distribution of the Penh values in each of all F2 crosses show the complex
genetic control associated with airway responsiveness. Additionally, our results show normal
(Figure 5) distribution of the Penh parameter in all the F2 crosses, suggesting differential
contribution of the traits associated with the phenotype and the participation of multiple traits

associated with AR.

Quantitative trait loci analysis

As described above, we first genotyped all F2 crosses using microsatellites and after preliminary
QTL analysis using marker regression, we selected two of the six F2 crosses with the most
significant chromosomal regions (higher LOD scores) and more dense genotype. Additional
genotypes were then carried out for these crosses using custom SNPs at 4 Mpb intervals in the
BcA86xB and BcA86xC3H/Hel F2 crosses in order to improve the resolution in the analysis and
to determine more precisely the edges of the significant regions associated with AR. The chosen
SNPs were polymorphic between the A strain, and both the B and C3H/HelJ strains. Quantitative
trait locus analysis was performed using a combination of microsatellite and SNP markers
across the genome. Single- and two-locus marker regressions were used for the analysis in the
BcA86xC57BL/6J (F2) and BcA86xC3H/Hel (F2) crosses employing 200 mice from each strain.

Significance thresholds were established by 10,000 permutations.
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Using this approach, QTL mapping on 200 male BcA86xC57BL/6J (F2) identified two significant
QTL on chromosome 12 at 21.9 cM (Figure 7, panel A) with a peak LOD score of 5.11 (p=0.001,
7.7% of the variance). Looking at LOD score values for each marker on the physical map, we
identified 2 significant peaks higher than one LOD above the threshold which correspond to
D12Mit285 and D12Mit52. Those regions delimit two segments of chromosome 12 at 44-61
Mbp and 73-85 Mbp, respectively (Figure 7, panel B). Additionally, QTL mapping on 200 male
BcA86xC3H/Hel (F2) mice identified one significant QTL on chromosome 12 at 9.05 cM (Figure
8, panel A) with a peak LOD score of 4.18 (p=0.001, 10.7% of the variance). The peak
corresponds to rs13481355 on chromosome 12 and delimits one region of 4 Mpb on the
physical map, specifically at 24-28 Mbp (Figure 8, panel A). These results allowed us to identify
QTL that are strongly associated with AR to methacholine, and to demonstrate how our genetic
approach narrowed down the recombinant region identified on chromosome 12 of the RCS

from 96 Mbp to three significant regions with a total of 34 Mbp.

Likely candidate genes

Using the above genetic strategy, this work resulted in a strong reduction of the significant
regions identified in the RCS as associated with AR and offers a more manageable list of
potential candidates. In our previous study, we identified 3710 genes included in the significant
regions of the recombinant congenic strains. The generation of F2 crosses from the RCS allowed
us to narrow down these significant regions (Figure 8). As criteria for choosing candidate genes
(Table 1), we selected those identified as non-identical by descent (IBD) between A/J and
C57BL/6 or C3H/Hel mice, expressed in the lungs, and labeled with dbSNP annotations of

“Coding-Non Synonymous” or “Splice-Site”.

As result, seven candidate genes were identified in chromosome 12 as significantly associated
with airway responsiveness. These likely candidate genes include the radical S-adenosyl
methionine domain containing 2 (Rsad2) gene located at 27.1 Mbp, codes for an antiviral

0

activity protein which regulates T lymphocyte activation and cytokine production22 and is
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reported to be up-regulated in the lung during Pneumocystis pneumonia.??* Also identified
were the Rho GTPase activating protein 5 gene (Arhgap5) located at 53.6 Mbp and related with
cell activation, myogenesis, 22 and hepatocellular carcinoma.??® Forkhead box Al gene (Foxal)
(58.1 Mbp) associated with inflammation and hematopoiesis; C-type lectin domain family 14
member A gene (Clecl4a) at 59.3 Mbp and involved in the process of cell-cell adhesion,
immune response to pathogens and apoptosis. Cutaneous T-cell lymphoma-associated antigen
5 gene (Ctage5) linked with the pathophysiology of meningioma and glioma.224 Additionally, the
Reticulon1 gene (Rtn1) located at 73.3 Mbp and associated with neuroendocrine secretion and
apoptosis; and Glutathione peroxidase 2 (Gpx2) (77.8 Mpb) related to hepatocarcinogenesis in

225 and to the protection from allergen-induced airway inflammation in mice.??

rats
Besides our criteria in the selection of candidate genes associated with AR, there are 2 genes
included in the significant regions that might deserve special attention due their importance in
several molecular mechanisms. One is protein kinase D1 gene (Prkd1) located at 51.4 Mbp and
related with TLR9 signalling and A disintegrin and the other one is methaloprotease domain 21
(Adam21) located at 82.6 Mbp and related to cell-cell and cell-matrix interactions, including

fertilization, muscle development, and neurogenesis.
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Discussion

The objective of this study was to narrow down the significant chromosomal regions, previously
identified in the RCS,”? and to identify new candidates genes associated with airway
responsiveness to methacholine, employing F2 crosses generated from an AcB/BcA RCS panel
which was derived from the airway hyperresponsive A/J strain and the hyporesponsive C57BL/6

81 Our results demonstrated that enhanced pause (Penh) as assessed by whole body

strain.
plethysmography is a reliable technique for the assessment of AR in the RCS panel and F2
crosses. Additionally, the airway responsiveness distribution in the F2 crosses shows a complex
pattern of inheritance indicating the involvement of several loci. Furthermore, the F2 crosses
allowed us to narrow down the recombinant regions described as significantly associated with

AR in the RCS panel, and to identify some candidate genes that might be responsible for the

susceptibility to develop airway hyperresponsiveness or allergic asthma.

Asthma is a heterogeneous and complex disease. Several association and linkage studies in
humans have explored different intermediate phenotypes as biomarkers of allergic asthma
such as bronchial hyperresponsiveness, total and allergen-specific IgE levels, eosinophilia, skin-
prick tests reactivity to different allergens, cellular receptors and cytokine levels, 14>146:227
Airway hyperresponsiveness has been established as a key component of this pathology;
however, the genetic bases of this complex trait and its role in the aetiology of asthma have not
been elucidated. It has been shown that airway hyperresponsiveness precedes the

21;154;228

development of asthma. It is inherited as a complex trait and is largely controlled by

124:125229 £y rthermore, airway hyperresponsiveness

genetic factors, in both mouse and humans.
is an objective phenotype that can be quantified using both invasive or non-invasive methods
and varies among inbred strains of mice, offering an ideal phenotype in the genetic dissection

of asthma susceptibility.*”’

The A/J and C57BL/6J strains of mice, have been identified as a hyper- and hyporesponsive to

methacholine challenge, respectively.lgz"183 We previously showed that the A/J and C57BL/6)
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background strains had a significant effect on the airway responsiveness in the AcB/BcA RCS
panel. Of 33 strains that made up the RCS panel, we selected the three most informative strains
(AcB64, BcA85, and BcA86) which exhibit a phenotype that is opposite from that of their minor
genetic donors while carrying only 12.5% of their genome. These three informative RCS
together contain recombinant segments for 12 of the 16 regions identified in the RCS as
associated with airway hyperresponsiveness; however, each strain contains a subset of only five
or six regions.22 This subset of recombinant region in the three most informative strains still
represented a large amount of candidate genes, therefore a more precise mapping using F2
crosses was required to narrow down the intervals and make the selection of candidate genes

feasible.

We generated two F2 strain from each of the three most informative strains, the first one was
generated by crossing to the major genetic donor progenitor strain (A/J or C57BL/6J), and a
second was generated with a phenotypically similar but more distantly related strain (AKR or

C3H/Hel).

Previous studies using the A/J, C57BL/6, and C3H strains have identified QTLs associated with

airway hyperresponsiveness on chromosome 2, 6, 7, 15, and 1773%17%2%

Our previous study
replicated most of the regions already described as associated with AHR and showed 8 novel
regions included in chromosome 1, 5, 7, 8, 10 and 12.%* The analysis performed in the present
study show that we effectively narrowed down the recombinant regions previously identified in
the RCS, specifically the significant region on the chromosome 12 (from 96 Mbp to 34 Mbp) by
generating F2 crosses from the most informative RCS. Additionally, the QTL analysis identified 3
loci located on chromosome 12; the first one at 24-28 Mbp, the second one at 44-61 Mbp and
the third one at 73-85 Mbp, overlap with one of the novel regions associated with airway
hyperresponsiveness previously described by our group.?? Once we identified the significant
region associated with AR to methacholine in the F2 crosses, we found 7 candidate genes

described as non-IBD between A/J and C57BL/6 or C3H/Hel mice, expressed in the lungs, and

labelled as “Coding-Non Synonymous” or “Splice-Site”.
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These likely candidate genes include the Arhgap5 gene related with cell activation,

2 223

myogenesis,”**> and hepatocellular carcinoma;**®> Foxal associated with inflammation and

hematopoiesis; Clec14a involved in the process of cell-cell adhesion and immune response to

! and Ctage5 linked with the pathophysiology of meningioma and glioma.?**

pathogens,”
Additionally, the Rtn1 gene associated with neuroendocrine secretion, intracellular traffic, and
susceptibility to ethanol;**? Gpx2 related to hepatocarcinogenesis in rats’® and the protection
from allergen-induced airway inflammation in mice,*® and Rsad2 gene located at 27.1 Mbp
which has antiviral activity and has been involved in resistance to infection.”?* Besides our
criteria in the selection of candidate genes associated with AR, there are 2 genes included in the
significant regions of the F2 which deserve special attention. The first one is the protein kinase
D1 gene (Prkd1), located at 51.4 Mbp and involved in cell activation, Toll-like receptor 9

233;234

pathway, and muscle performance. And the second gene, A disintegrin metaloprotease

domain 21 (Adam21), located at 82.6 Mbp and associated with muscle development,

neurogenesis and cell-cell and cell-matrix interactions, including fertilization.”*>%3

Between the genes identified in the BcA86xC57BL/6J we have the Arhgap5 gene, located at
53.6 Mbp and coding for Rho GTPase-activating protein 5. Enzymatic activity has been
attributed to Arhgap5 and several studies have described its role during in the mechanism that

2

regulates skeletal muscle differentiation, myogenesis,22 cellular signalling,237 hepatocellular

carcinoma.’?® and hematopoietic stem cells engraftment.?*®

Another gene is Foxal, which is a member of the highly conserved winged helix family of
transcription factors, shares structural similarities with Foxa2 and Foxa3, and plays important
regulatory functions in the development process. In vertebrates, Foxa genes are expressed in
the notochord and floor plate during the embryonic development; Foxal is present in the
nuclei of lung buds during lung morphogenesis and later in development, nuclear staining for

Foxal is detected in tissues originating from the endoderm, ectoderm, and mesoderm. %%
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Foxal and Foxa2 are expressed in epithelial cells of the airways and alveolar type Il epithelial
cells. Furthermore, these two transcription factors are expressed in an overlapping manner,
influencing lung morphogenesis and epithelial cell differentiation at distinct times during

243

perinatal development.”™ Foxal mRNA increased after deletion of Foxa2 in respiratory

epithelial cells, giving a clear indication of compensatory mechanism between Foxal and Foxa2

244

in the lung development.”™ Moreover, Foxal has been involved in the regulation of smooth

muscle differentiation and is necessary for the branching morphogenesis of the peripheral parts

245

of the lungs.”™ Song et al. shows that Foxal plays an important role promoting apoptosis of

pulmonary epithelial cells, whereas Foxal deficiency decreases alveolar type Il epithelial cell

apoptosis induced by hydrogen peroxide.*

Additionally, Foxal and Foxa2 are described as
transcription factors important for mucus production by goblet cells which regulates endocrine

and paracrine mechanisms.?*’

In the same F2 cross, we also identified the Clec14 gene, a lectin which is part of a superfamily
of proteins that contain one or more C-type lectin-like domains (CTLDs), that recognize complex
carbohydrates present in cells and tissues and have been described as responsible for several
regulatory mechanisms such as cell to cell and cell to matrix interactions.?*® Additionally, genes
which belong to this superfamily are involved in the immune response through recognition of

endogenous proteins and the detection of virally infected or transformed cells.?**

The Ctage5 gene, initially named as meningioma expressed antigen-6 (Mgea6), belongs to the
Ctage family of genes and was originally identified as an immunogenic antigen in meningioma

patients.?4%%

Ctage is considered a potential biomarker and suitable therapeutic target in
acute myeloid leukaemia due to its over expression and possible role as regulator in this
pathology; and also it is detected exclusively in the sera of cancer patients, suggesting it as a

highly specific diagnostic markers.?*°

Another gene identified in this F2 cross is Rtnl. Reticulons (RTNs) are a group of integral

membrane proteins characterized by a C-terminal domain named RHD and originally referred as
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neuroendocrine-specific protein (NSP) due to their location on the membrane of smooth
endoplasmic reticulum.®® RTNs are expressed in fungi, plants and vertebrates. Four reticulon
genes (Rtnl, Rtn2, Rtn3, and Rtn4) have been described in mammalian genomes and several
genes products attributed to them. Many studies have demonstrated the role of RTNs in many
intracellular regulatory mechanisms, endocytosis and exocytosis.”>* Other researchers have
demonstrated its participation in the regulation of axonal growth and regeneration,*? spinal
cord injury,253 and neurodegenerative disorders.®?> Moreover, Rtn1 has been shown to be one
of the genes that contribute to the genetic susceptibility to ethanol and to be associated with

nervous system.”>*

Finally, the Gpx2 gene, located at 77.8 Mbp on chromosome 12, is an enzyme that has been

2% and the oxidative stress observed in respiratory

related to hepatocarcinogenesis in rats,
diseases.?>” Dittrich et al. proposed that glutathione peroxidase-2 (Gpx2) might be involved in
the allergen-mediated inflammation cascade. The results of their study demonstrate that Gpx2
is up regulated in allergic airway inflammation and that the absence of this enzyme leads to an

increase in the inflammatory process of the airway.226

In the F2 cross generated from a non-related strain of mice, we identified Rsad2 gene as a
candidate gene. It is located at 27.1 Mbp on chromosome 12, considered as an interferon-
inducible antiviral protein, it has involved in resistance to infection and in the defense induced
by type | and type Il interferon against human cytomegalovirus, HIV-1 virus, and hepatitis C

virus.?>®

Cheng et al. demonstrated Rsad2 up-regulation in alveolar macrophages during
Pneumocystis pneumonia, and dendritic cells with a Th2-inducible cytokine pattern.??!
Furthermore, other studies have demonstrated the effectiveness of Rsad2 as an antiviral agent

against flavivirus such as hepatitis C virus and dengue.”’>*

Prkd1 and Adam21 are two genes that deserve special attention for their role in different
cellular and molecular mechanism and their association with the development or susceptibility

to asthma. Prkd1 is a serine/threonine kinase that belongs to the family of calcium/calmodulin-
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dependent kinases and regulates oxidative stress, gene expression, cell survival, and vesicle

259

trafficking.”>” Prkd1 is highly expressed in the lung and skin, and is one of the components of

233234 previous studies

TLR9 signalling working through the MyD88/IRAK1-dependent pathway.
have shown that CpG oligodeoxynucleotides, which are TLR9 ligands, have some potential as a
treatment of asthma in animal models and we speculate that Prkd1 might play a role in the

mechanism of action of these compounds.*®%*®*

Adam21 is an A disintegrin and metalloprotease transmembrane proteins located at 82.6 Mbp
on chromosome 12, and related to cell-cell and cell-matrix interactions, including fertilization,

235;236

and muscle development. Additionally, Adam21 is associated with neurogenesis and

growing axons in rats and mice.??

Adam21 is important for cleavage-dependent activation of
amyloidal precursor protein and transforming growth factor a, and can bind integrins. Adam21
has been suggested to play a determinant role in the development of the nervous system,
where they regulate proliferation, migration, differentiation of various cells, and myelination.?*
Since other metalloprotease such as ADAM33 has been associated with the susceptibility and

pathogenesis of allergic asthma in human and mice; 172263264

Adam21 deserves special attention
due its relationship in structure and biological function with others members of the ADAM
family, and for its location in the significant region of our F2 crosses associated with airway

hyperresponsiveness.

Taken together, our results demonstrate how the use of recombinant congenic strains of mice
offer an invaluable tool in the dissection of complex traits such as airway responsiveness to
methacholine. Furthermore, our genetic strategy based in the generation of F2 crosses allowed
us narrow down the significant recombinant regions described in the RCS and to identify 9
candidate genes that might be associated with airway responsiveness in mice. Those genes
include Arhgap5, Foxal, Cleci14a, Ctage5, Rtnl, Gpx2, Rsad2, Prkdl and Adam2l. Further
studies have to be performed in order to elucidate the role of these genes in the mechanisms
associated with the development of AHR and the relation with the pathogenesis of allergic

asthma.
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Figure 1. Breeding scheme of AcB/BcA recombinant congenic strains (RCS).
Methacholine-challenge hyperresponsive A/J [A] and hyporesponsive [B] mice were used as
parental strains. (F; X A) X A and (F; X B) X B mice were inbred for at least 20 generations to

produce the AcB and BcA strains, respectively, those inbred strains constitute the RCS panel.
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Figure 2. Airway responsiveness phenotype in the AcB/BcA recombinant congenic strains.

Airway responsiveness was assessed using the non-invasive method by the whole-body
plethysmograph. Bars represent the mean value + SEM of Penh (log,) values in response to 50
ul of methacholine (15 mg/ml) delivered over 1 min. The AcB (A) and BcA (B) strains are
represented by white and black bars, respectively, and the A/J and C57BL/6 parental strains are

gray. * P<0.05 and ** P<0.001 by Bonferroni-corrected ANOVA.
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Figure 3. Correlation between airway resistance (Rrs) vs. Penh in the F2 crosses.

Penh and Rrs values correspond to 15 mg/ml and 40 mg/ml of Mch, respectively. N=15-20 for
each group (A) BcA86xB F2 (B) BcA86xC3H/Hel F2 (C) BcA85xB F2 (D) BcA85xC3H/Hel F2 (E)
AcB64xA/) F2 and (F) AcB64cAKR F2. Good correlation was found between both methods

assessing airway responsiveness to methacholine in all of the F2 crosses.
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Figure 4. Airway responsiveness distribution (Penh) of the F2 crosses and parental strains.
Dots represent Penh (Log2) of each mouse in response to 15 mg/ml. N=200-230 for each
group. Phenotype distribution in each of the F2 crosses show the differential alleles associated

with more than one trait with airway responsiveness.
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Figure 5. Frequency distribution of Penh in the F2 crosses.

Bars represent the frequency distribution of the Penh (log2) in response to 15 mg/ml of Mch. n
= 200 — 230 for each group. (A) BcA86xB F2 (B) BcA86xC3H/He) F2 (C) BcA85xB F2 (D)
BcA85xC3H/HeJ F2 (E) AcB64xA/) F2 and (F) AcB64xAKR F2. Phenotype distribution in each of

the F2 crosses suggests the association of more than one trait with airway responsiveness.
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Figure 6. Quantitative trait loci analysis of the F2 crosses.

Logarithm of odds (LOD) plots using marker regression scans. N=200 for each group. (A)
BcA86xB F2 (B) BcA86xC3H/Hel F2 (C) BcA85xB F2 (D) BcA85xC3H/Hel F2 (E) AcB64xA/) F2 and
(F) AcB64xAKR F2. Penh (Log2) was used as a quantitative trait. The dashed line represents a
genome-wide significance threshold (p<0.05) for each cross, calculated with 10,000 random

permutations.
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Figure 7. Quantitative trait loci analysis of the BcA86xC57BL/6J (F2) and BcA86xC3H/Hel (F2)
crosses.

Logarithm of odds (LOD) plots for marker regression scan and QTL genetic location (cM) (A)
BcA86xC57BL/6J (F2) cross and (B) BcA86xC3H/Hel (F2) cross. The dashed lines represent a
genome-wide significance threshold (p<0.05; 10,000 permutations). Penh (Log2) of the 15
mg/ml methacholine dose was used as a quantitative trait and N=200 for each group. One

significant peak LOD score was identified on chromosome 12 of each F2 cross.
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Figure 8. Physical location of candidate genes based on the QTL analysis of the
BcA86xC57BL/6J (F2) and BcA86xC3H/Hel (F2) crosses.

Logarithm of odds (LOD) plots for marker regression scans and QTL location calculated in Mbp.
(A) BcA86xC57BL/6J (F2) cross and (B) BcA86xC3H/HeJ (F2) cross. Penh (Log2) was used as a
guantitative trait and N=200. The dashed line represents 1 Lod above from the significance
threshold. Seven candidate gene expressed in lung was identified as associated with airway
responsiveness in this crosses. Two additional genes (Prkd1 and Adam21) were added to the list
of seven genes selected for more detailed analysis, based on their chromosomal localization

and their importance in the regulation of inflammation or cell activation.
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Figure 9. Candidate genes selection in BcA86xC57BL/6J (F2) and BcA86xC3H/HeJ (F2) crosses.

Candidate genes were considered those included in the significant regions identified by
guantitative trait loci from the F2 crosses, described as non-IBD between A/J and C57BL/6 or
C3H/HelJ mice, considered to be synonymous or coding mutants, expressed in the lungs, and
labelled with dbSNP annotations of “Coding-Non Synonymous” or “Splice-Site”. The genetic
strategy based in the generation of F2 crosses using recombinant congenic strains (RCS) as
parental strains, allow to narrow down the significant region associated with airway

responsiveness to methacholine and identified only 7 genes linked with this pathology.
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Table 1: Significant regions and candidates genes associated with airway responsiveness in

Chromosome 12 of the BcA86xB6 (F2) and BcA86xC3H (F2) crosses.

Table 1: Significant regions and candidates genes associated with airway responsiveness in
Chromosome 12 of the BcA86xB6 (F2) and BcA86xC3H (F2) crosses.

A/] vs.
Synonymous
C57BL/6J Genes NS or SS
Total and Non- Candidate
F2 cross Region (Mb) or Expressed  Mutant
Genes coding Mutant genes
C3H/HeJ in Lungs Genes
Genes
non-IBD
Region 1
24 -28 24 12 12 5 2 1
(C3H)
Region 2
44 -61 89 71 60 30 9 4
(B6)
Region 3
73-85 119 87 75 45 5 2
(B6)
Total: 232 170 147 82 16 7

Number of genes expressed in the lungs, in each region significant associated with airway
responsiveness from the quantitative trait loci analysis in the BcAc86xC57BL/6J (F2) and
BcAc86xC3H/HeJ (F2) crosses. Based on MXD database and microarray data, which are in regions
which are non-identical by decent (non-IBD) between A/J and C57BL/6J or C3H/HelJ mice (according
to SNP density, data from MGI), which contain synonymous mutations or mutations in non-coding
regions (from MGI database) or which contain non-synonymous (NS) or splice-site (SS) mutations
(from MGI database). The number of genes described in this table excludes all olfactory receptor
genes which are considered extremely unlikely candidates, and include expressed sequence tags,
predicted genes, and cDNA clones. C57BL/6J = B6 strain and C3H/HeJ = C3H strain.
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Chapter 4 - Secretory Leukocyte Protease Inhibitor plays an

important role in the regulation of allergic asthma in mice

Adapter from the manuscript submitted for publication:
R. Marino, T. Thuraisingam, P. Camateros, Y. Z. Xu, J. Henri, J. Yang, G. He, A. Ding and D.
Radzioch. Secretory Leukocyte Protease Inhibitor plays an important role in the regulation of

allergic asthma in mice

Fragments of this chapter have been adapted from:
P. Camateros, M. Tamaoka, M. Hassan, R. Marino, J. Moisan, D. Marion, M.C. Guiot, J.G. Martin
and D. Radzioch. Chronic asthma-induced airway remodelling is prevented by toll-like receptor-

7/8 ligand S28463. Am J Respir Crit Care Med. 2007 Jun 15;175(12):1241-9.
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Preface

Secretory leukocyte protease inhibitor (SLPI) is expressed at higher levels in asthmatic patients
and it has been shown to have anti-inflammatory effect in respiratory diseases. Additionally,
treatment with resiquimod increases the expression of SLPI in vitro. The work presented in this
chapter shows the results of our investigations designed to assess the role of SLPI in the
development of phenotypes associated with allergic asthma and the effect of resiquimod on
SLPI. Our results demonstrate that over expression of SLPI leads to a lower degree of airway
inflammation and higher lung resistance, whereas the ablation of SLPI has opposite effect
against allergic asthma phenotypes. We also show that the treatment with resiquimod is
independent of the SLPI expression. Taken together, our results demonstrate that SLPI plays an
immunoregulatory role in the respiratory tract reducing the inflammatory process and

improving lung physiology in a model of acute allergic asthma.
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Abstract

Asthma is a complex and inflammatory disease. Secretory leukocyte protease inhibitor (SLPI)
has shown higher levels in asthmatic patients and its function as an anti-inflammatory protein
has been documented in respiratory diseases. However, its role in the immunomodulation of
the response during allergic asthma has not yet been fully elucidated. The aim of our work was
to evaluate the role of SLPI in the development of phenotypes associated with allergic asthma
and the effect of resiquimod on SLPlI. We assessed airway resistance and inflammatory
parameters in the lungs of SLPI transgenic and knock-out mice using ovalbumin induced acute
allergic asthma, and treatment with resiquimod. Our results showed that allergic SLPI
transgenic mice displayed a significant decrease (p<0.001) in lung resistance compared to wild-
type mice; the same effect was observed with inflammatory cell infiltration, eosinophil
percentage (p<0.001), goblet cells (p<0.001) in the lungs and plasmatic IgE levels (p<0.001).
Allergic SLPI knock-out mice showed significantly more severe asthma associated phenotypes
compared to wild-type mice. These include lung resistance (p<0.001), inflammatory cell influx,
eosinophils (p<0.001), goblet cells (p<0.001), cytokine levels in the lungs (p<0.05), and plasma
IgE levels (p<0.001). Expression of SLPI was associated with a decreased inflammation in the
lungs, plasma IgE levels, and lung resistance, whereas the ablation of SLPI had the opposite
effect. Treatment with resiquimod increased the expression of SLPI and decreased
inflammation in the lungs; however resiquimod was still effective in SLPI knock-out mice.
Overall, our results demonstrated that SLPI plays an immunoregulatory role in the respiratory
tract reducing the inflammatory process and improving lung physiology in a murine model of

acute allergic asthma.
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Introduction

Asthma is a complex, multi-factorial,! and inflammatory disease whose symptoms include
cough, wheezing, and shortness of breath.” Asthma pathophysiology is characterized by both
acute and chronic inflammatory responses of the airways leading to activation of immune
cells,” increased plasma IgE levels, and eosinophilic infiltration.® The bronchial inflammation in
turn leads to airway hyperresponsiveness, airflow obstruction, goblet cell hyperplasia, and
airway remodeling.® A better understanding of the role of various effector molecules in
regulating allergic asthma may lead to the development of new therapy for the symptoms
associated with allergic asthma, or to treatments aimed at preventing the initial allergic

response.

SLPI, a 11.7 kDa secretory protein, is constitutively expressed in mucosal tissues and cells of the

265,266

immune system, including monocytes, macrophages and neutrophils and can be found in

k.2%’ Besides being a protease

bronchial secretions, seminal fluid, saliva, and breast mil
inhibitor,265 it also exhibits anti-inflammatory, antifungal,268 and antimicrobial functions.?®® SLPI

was also demonstrated to modulate the activity of matrix metalloproteinases,’’”® improve

271;272 273-275

cutaneous wound healing, and prevents HIV-1 infection.
The protective effect of SLPI as an anti-inflammatory mediator has been documented in chronic
obstructive pulmonary disease?’® and cystic fibrosis (reviewed by Weldon et al. 2007°7). Wright
et al. showed the potential therapeutic effect of recombinant SLPI administrated by aerosol and
intratracheal, using Ascaris-sensitized sheep and OVA-sensitized guinea pigs, respectively.” The
role of SLPI in the immunomodulation of the response during allergic asthma, however, has not

yet been fully elucidated.

In spite of the broad spectrum of strategies for the treatment of asthma, physicians and
patients still need more effective new therapeutic options with fewer side effects. Previous

studies have shown that asthmatic patients showed a significant increase in SLPI levels
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compared to healthy controls?’® while our group and others have demonstrated the protective
effect of resiquimod (a.k.a S28463, R0848), a synthetic TLR7 ligand, against allergic asthma in

mice?”® and rats.’®

A significant increase in SLPI expression at the both messenger RNA and
protein levels was observed following in vitro treatment of macrophages with resiquimod. We
postulated that SLPI might play a protective role in the development of allergic asthma and that
it might also be involved, directly or indirectly, in mediating the protective effect of resiquimod

treatment against allergic asthma.

We hypothesized that increased expression of SLPI during asthmatic attacks may protect the
lungs against allergic asthma induced inflammation and thereby lead to improvements in lung
physiology. Overall, our findings documented the importance of SLPI in the regulation of
allergic asthma using an acute asthma model of ovalbumin sensitization and challenge in SLPI

gene transgenic (TG) and SLPI knock-out (KO) mice.
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Material and Methods

Animals

Male mice between 8-10 weeks-old from SLPI KO (generously donated by Dr. Sharon M.
Wahl*"%), SLPI KO wild-type (WT*?) littermates, SLPI TG and SLPI TG wild-type (WT'°) littermate
mice were used in all experiments. SLPI transgenic mice were generated as previously
described.?®® Mice were bred in the pathogen-free facility of the Montreal General Hospital,
Research Institute at the McGill University Health Center (Montreal, Canada). All the
procedures performed on the animals were approved by the McGill University Animal Care

Committee in compliance with the Canadian Council of Animal Care guidelines.

Sensitization and challenge

Sensitization and challenge was performed as previously described.?* Briefly, mice were
injected intraperitoneally with 100 pg of ovalbumin (OVA) (Sigma-Aldrich, St. Louis, MO, USA)
adsorbed to 1.5 mg of aluminum hydroxide (Imject® Alum, Pierce, Rockford, IL, USA) in a total
volume of 0.2 ml of sterile PBS on days 0, 7 and 14. Mice were then challenged on days 21, 22
and 23 by aerosol exposure to either a 1% OVA solution or to PBS for 30 minutes. One group of
mice was injected intraperitoneally with 100 pg of resiquimod on 3 consecutive days starting 1

day before the first ovalbumin challenge.

The animals were organized in ten different groups: SLPI transgenic mice challenged with PBS
(TG-PBS) or OVA (TG-OVA); SLPI transgenic mice wild-type littermates challenged with PBS
(WT®-PBS) or OVA (WT'®-OVA); SLPI knock-out mice challenged with PBS (KO-PBS) or OVA (KO-
OVA); and SLPI KO wild-type littermates challenged with PBS (WT*°-PBS) or OVA (WT*°-0OVA).
SLPI knock-out mice treated with resiquimod and challenged with OVA (KO-RES-OVA) and SLPI
KO wild-type littermates treated with resiquimod and challenged with OVA (WT*C-RES-OVA).
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Assessment of respiratory resistance

Respiratory resistance was evaluated using Buxco resistance system (Buxco Electronics, Inc.
Wilmington, NC, USA). Forty-eight hours after the last challenge, mice were anaesthetized,
tracheotomized and connected to a MiniVent small animal ventilator (Harvard Apparatus, Saint-
Laurent, QC). The peak respiratory system resistance was measured with the Buxco resistance
system (Buxco Electronics, Inc. Wilmington, NC, USA) after the administration of increasing
doses of aerosolized methacholine (Mch) (10uL of 0-80 pg/mL) (Sigma-Aldrich, Oakville, ON,

Canada).

Histological analysis of lung inflammation

Forty-eight hours after the last challenge, the left lung was dissected, gravity inflated with 10%
buffered formalin at a pressure of 25 cm H,0, kept in a 50ml tube filled with 15ml of 10 %
formalin overnight, and paraffin embedded. Lungs were cut into 5 um sections for histological
analysis. Deparaffinized and hydrated sections were stained with Hematoxylin and Eosin (H&E),

Congo Red (CR) or Periodic Acid-Schiff (PAS).

Inflammation of the lungs was assessed by histological analysis of H&E and CR stained lung
sections. Quantification of the infiltrating cells was performed by counting 300 infiltrating cells
in the peribronchial space and the percentage of eosinophils was calculated based on the
nuclear morphology and the presence of eosin staining in the cytoplasm. The percentage of
eosinophils was corroborated with CR stained lung sections. Goblet cell hyperplasia of the
airways was assessed by histological analysis of PAS stained sections. Goblet cell hyperplasia
was quantified by determining the percentage of PAS+ epithelial cells in at least five different

airway cross-sections per slide.
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Plasma immunoglobulin E (IgE) levels

Mice were euthanized with CO, 48 hours after the final challenge, blood was collected by
cardiac puncture and 0.05M EDTA was added. Plasma samples were isolated by centrifugation
and total IgE levels were measured using a commercial ELISA kit according to the
manufacturer’s instructions (BD Biosciences, San Diego, CA, USA). Briefly, 96-well ELISA plates
(Thermo Labsystems, Franklin, MA, USA) were coated with anti-mouse IgE monoclonal antibody
and blocked with 10% FBS (Winsent Inc, Saint-Bruno, QC, Canada) in PBS. Standards and plasma
samples were incubated for 2 hours at RT and mouse IgE was detected with biotinylated anti-
mouse IgE and streptavidin-horseradish peroxidase (HRP)-conjugate using ABTS reagent
mixture (Roche, Laval, QC, Canada). The plate was read at 450 nm in an ELISA plate reader

(Biorad, Hercules, CA, USA). Purified mouse IgE was used as a standard.

RNA extraction

Total RNA was extracted from half lung using TRIzol reagent (Invitrogen, Burlington, ON,
Canada) and homogenized with a Mixer Mill type MM 301 (Retsch GmbH & Co. KG, Haan,
Germany). RNA quality was tested by electrophoresis in a 2.2 M formaldehyde - 1.2% agarose
gel and then with a 2100 Bioanalyser using the RNA 6000 Nano LabChip Kit (Agilent
Technologies, Boblingen, Germany). Total RNA was employed for the analysis of gene

expression by real-time reverse transcriptase-quantitative PCR.

Quantitative real-time PCR

A DNA-free Kit (Ambion, Austin, TX, USA) was used to digest any residual DNA from 1 ug of RNA
obtained from the lungs. A reverse transcription reaction was performed using the QuantiTect
reverse transcription kit (Qiagen, Mississauga, ON, Canada) according to the manufacturer's
instructions. Subsequently, 2 pl of the 25 ul of the reverse transcriptase reaction was added to

50 ul Brilliant® Il SYBR® Green quantitative PCR Master Mix (Stratagene, Cedar Creek, TX, USA),
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and the Stratagene MX-4000 apparatus was used to amplify the target cDNA to assess SLPI
expression by real-time quantitative PCR. The following primers 5'-CTCAGGCAAGATGTATGATG-
3' (sense) and 5'-TTTCCCACATATACCCTCAC-3' (antisense) were used to amplify murine SLPI

cDNA. The amount of cDNA was calculated based on the threshold cycle (Cy) value, and was

-AACT d:281

standardized by the amount of the house-keeping gene Gapdh using the 2 metho

AAGr = (G, 7arget - Cro6appH) — (G, Target — Cr,6APDH) (calibrator avg)

Where the “target” represents the gene of interest and the “calibrator” represents the KO-PBS
mice. SLPI gene expression was standardized against the expression of GAPDH. Melting curve
analysis and agarose gel electrophoresis was also performed. We confirmed that a single

product of the expected length was amplified.

The amplification program consisted of an enzyme activation step at 95 °C for 10 min, followed
by 40 cycles of denaturing at 95 °C for 30 s, annealing at 56 °C for 30 s and extension at 72° C
for 30 s. GAPDH was used as the normalizing gene to compensate for potential differences in
total cDNA amounts. The primer sequences were all designed from the NCBI GenBank mRNA
sequence using the PrimerQuest web-based software, Integrated DNA Technologies

(www.idtdna.com/Scitools/Applications/ Primerquest/).

Effect of resiquimod in mRNA expression of SLPI

C57BL/6 mice were injected i.p. with PBS or 0.1 mg of resiquimod (generously provided by Dr.

T.C. Meng Graceway Pharmaceuticals LLC, Exton, PA, USA). Three or 6 hours following i.p.

injection, the mice were euthanized and their lung RNA was extracted as described above.
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Immunoprecipitation and Western Blot

Mice were euthanized 48 hours after the last challenge; the right lung was dissected and
homogenized in 500 ul of PBS containing a protease inhibitor cocktail (Complete Inhibitor,
Roche Diagnostics, Laval, PQ, Canada). One microgram of rabbit anti-mouse SLPI antibody,
generated as previously described®®?, was added to 500 pl of the homogenate and incubated at
4°C for 1 hour. 20 pl of protein A/G plus agarose beads (Santa Cruz Biotechnologies, Santa Cruz,
CA, USA) were added and the solution was gently mixed at 4°C overnight. Supernatants were
removed after centrifugation at 1000 rpm for 5 minutes and washed three times with 500 ul of
immunoprecipitation buffer (2% Triton X-100, 100mM and 300 mM NaCl). Samples were
concentrated using Microcon YM-3 centrifugal filters (Millipore, Billerica, MA, USA) and total
protein concentration was measured using the Bio-Rad protein assay dye (Biorad Laboratories,

Hercules, CA, USA).

Protein concentration was adjusted and 30 pg of each sample was mixed with SDS-PAGE
sample buffer containing 2.5% 2-mercaptoethanol (Fisher, Fairlawn, NJ, USA), heated at 95°C
and loaded in a 4-12% Bis—Tris NUPAGE gel (Invitrogen, Burlington, ON, Canada) for acrylamide
electrophoresis. Human recombinant SLPI protein was used as a positive control and SeeBlue
Plus2® (Invitrogen, Burlington, ON, Canada) molecular weight marker as reference. Next,
proteins were transferred onto Immobilon transfer membranes (Millipore, Billerica, MA, USA)
by semi-dry transfer. Membranes were blocked with 5% non-fat skimmed milk at 4°C overnight,

282 3t a concentration of 1 ug/ml in 5% non-fat skim

then incubated with rabbit anti-mouse SLPI
milk for 1 hour at RT and subsequently with a solution of anti-mouse IgG HRP-conjugated
antibody (1:5000 dilution) for 1 hour at RT. The signal was visualized using Western Lightning

Plus-ECL reagent (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA).
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Cytokine analysis

Mice were euthanized 3 hours after the last challenge, the lungs were dissected and
homogenized in 500 pL of PBS containing a protease inhibitor cocktail (Complete Inhibitor,
Roche Diagnostics, Laval, PQ, Canada). Using the Microcon YM-3 centrifugal filters (Millipore,
Billerica, MA, USA) the samples were concentrated 20-fold and total protein concentration was
adjusted using the Bio-Rad protein assay dye (Bio-Rad Laboratories, Hercules, CA, USA) for
further analysis using a custom Lincoplex mouse cytokine kit (Linco Research, St. Charles, MO,
USA) on a Luminex 100 LS apparatus with software version 2.3 (Luminex Corporation, Austin,

TX, USA).

Statistical Analysis

Data was analyzed using a non-parametric one-way analysis of variance method followed by
Bonferroni multiple comparison post-test and correlation coefficient using confident intervals
of 95% (GraphPad Prism 4, version 4.03; GraphPad Software Inc., San Diego, CA, USA).

Differences were considered significant at p<0.05.
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Results

SLPI mRNA and protein expression in the lungs of SLPI TG mice

Since transgenic mice frequently show a highly variable transgene expression, we first
evaluated both SLPI mRNA and protein levels in lung homogenates. As expected, OVA
sensitized SLPI TG mice, compared to similarly treated WT controls, clearly expressed higher
levels of SLPI mRNA following both mock (PBS) and allergen (OVA) aerosol challenge (Figure 1,
panel A). Furthermore, the expression of SLPI mRNA was induced by allergen challenge in both
SLPI transgenic (304191 in TG-OVA vs. 91417 in TG-PBS, p<0.001) and wild-type (85+7 in WT'°-
OVA vs. 12+3 in WT'®-PBS, p<0.01) mice. SLPI protein expression, on the other hand, was not
detectable in the lungs of either wild-type or transgenic mice following PBS aerosol challenge
but was found to be significantly increased in the lungs of transgenic animals, when compared
to their wild-type counterparts, following allergen challenge (Figure 1, panel B). These results
demonstrated the over-expression of SLPI protein in OVA-sensitized and -challenged TG mice

had protective effect against development of asthma-associated phenotypes.

SLPI over-expression improves airway hyperresponsiveness (AHR) and influences IgE levels in

plasma

Previous studies suggested that SLPI was able to modify the airway response in a chronic model
of allergic asthma in guinea pigs.> We evaluated whether the expression of SLPI, was able to
influence AHR and levels of plasma IgE in sensitized and challenged SLPI gene transgenic or

knock-out mice.

As expected, allergen challenge increased airway resistance in response to methacholine, using
SLPI transgenic (6.3%1.1 cm H,0 x s/ml) and wild-type (8.0+2.1 cm H,0 x s/ml) mice. However,
while both transgenic (3.6+0.3 cm H,0 x s/ml) and wild-type (4.3+0.5 cm H,0 x s/ml) mice

demonstrated similar levels of airway responsiveness in the absence of allergen aerosol
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challenge, SLPI overexpression was able to significantly (p<0.001) diminish the increase in
responsiveness observed in the wild-type mice (Figure 2, panel A). The same protective effect
of SLPI overexpression was observed for plasma IgE levels (Figure 2, panel B), where
significantly (p<0.01) lower levels were observed in transgenic (2014.1+309.2 ng/ml) mice than
in the similarly treated wild-type (4128.1+609.2 ng/ml) mice, no difference was observed
compare with the TG-PBS (925.3+136.4 ng/ml) group. WT °-PBS (3308+396.3 ng/ml) control
group displayed lower (p<0.001) IgE levels than WT™-OVA mice. These results clearly
demonstrate that higher SLPI expression was associated with lower lung resistance and a

decreased induction of IgE.

SLPI decreases allergic inflammation in SLPI TG mice

OVA challenged SLPI transgenic mice displayed a lower degree of inflammatory cell infiltration
in the lungs compared to WT'® mice under the same conditions (Figure 3). Consistent with
allergic inflammation, the inflammatory cells found in the lungs of allergen challenged wild-type
mice contained a significant (p<0.05) larger proportion of eosinophils (24+1.1%) compared to
PBS (29+2.3) challenged mice (Figure 4, panel A). Almost no eosinophilic infiltration was
observed in the control groups which were sensitized with OVA and challenged with PBS (TG-
PBS (10.2%) and WT'°-PBS (1+0.3%)). Again, SLPI overexpression exerted a protective effect
against the development of allergic asthma by significantly reducing the inflammatory cell influx

and the proportion of eosinophils into the peribronchial space.

SLPI decreases goblet cell hyperplasia in SLPI TG mice

Another histological change which characterizes allergic asthma is the development of goblet
cell hyperplasia and mucus production.?® As expected, allergen aerosol challenge caused a
significant and marked increase (p<0.001) in the number of airway goblet cells using OVA
sensitized mice (Fig. 4, panel B). However, we found that transgenic OVA-challenged mice had

significant lower (p<0.05) percentage of goblet cells (25+2.4 %) compared to wild type under
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the same conditions (36+4.0 %) or transgenic mice (p<0.001) challenged with PBS (6+1.4 %),
and correlates with eosinophils percentage (r=0.72). Wild type OVA-challenged mice showed
significantly (p<0.001) higher percentage of goblet cells than the control group challenged with
PBS (8%£1.9 %). These results demonstrated that the expression of SLPI correlated with a

protective role against the induction goblet cell hyperplasia in our model of allergic asthma.

SLPI mRNA and protein expression in the lungs of SLPI KO mice

To further corroborate our findings and conclusions regarding the biological importance of SLPI
in allergic asthma we employed an SLPI-KO mouse model. As anticipated, SLPI mRNA was not
expressed in the lungs of any KO mice (Figure 5, panel A) independently of the presence of
allergen challenge. SLPI mRNA levels in the pulmonary tissue from WT°-OVA mice (7318.7)
demonstrated a significant increase following OVA challenge compared with WT °-pBS (2643.1)
(p<0.01) and KO-OVA (0+0.0) (p<0.001) animals. Western blot analysis was used to confirm the
expression of SLPI at the protein level. We found that SLPI protein expression, as expected, was
not detectable in the KO-PBS, KO-OVA or WT*®-PBS strains (Figure 5, panel B) whereas SLPI
protein expression was detected in the WT?-OVA group only. These results demonstrated the
absence of SLPI in SLPI KO mice and showed the need for OVA- challenge to observe the

presence of SLPI protein expression in WT*? sensitized mice.

SLPI ablation increases airway hyperresponsiveness and IgE levels in plasma

Our results demonstrated that the overexpression of SLPI protein prevented the development
of AHR following allergen challenge and prevented the increase of plasma IgE levels. We then

hypothesized that the ablation of SLPI would generate the opposite effect.

As illustrated in Figure 6, panel A, allergen challenge led to a significant increase in airway
responsiveness in both SLPI KO and wild-type mice. Furthermore, SLPI gene ablation led to an

increased severity of AHR following allergen challenge. KO-OVA (10.2+1.6 cm H,0 x s/ml) mice
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was significantly higher compared either to the WT°-OVA (6.6£0.5 cm H,0 x s/ml) (p < 0.05) or
KO-PBS (3.1+0.5 cm H,0 x s/ml) (p < 0.001) groups. WT*°-PBS (2.6+0.2 cm H,0 x s/ml) mice
displayed significantly (p < 0.05) lower lung resistance than WT*°-OVA (6.6£0.5 cm H,0 x s/ml)
mice. Similarly, in both SLPI KO and wild-type mice, allergen challenge led to a marked and
significant increase in plasma IgE titters (Figure 6, panel B). Again, ablation of the SLPI gene led
to a more severe asthmatic phenotype in the form of higher plasma IgE levels. Plasma IgE levels
in KO-OVA (3598+204.7 ng/ml) mice were significantly higher compared either to wT*°-ova
(2763+220.3 ng/ml) (p<0.01) mice or KO-PBS (920+125.4 ng/ml) (p<0.001) control group. While,
WT C-PBS mice (958+166.8 ng/ml) showed lower (p<0.001) IgE plasma levels than the WT°-
OVA mice. Overall, we were able to conclude that the ablation of SLPI enhanced
hyperresponsiveness and IgE levels in OVA-sensitized and -challenged mice, whereas higher
SLPI expression correlated with an improvement at the levels of lung physiology and was able

to limit the atopic condition.

Absence of SLPI promotes inflammation in an acute asthma model

Using SLPI TG mice we observed an anti-inflammatory effect in the lungs of OVA challenged
mice. To demonstrate that SLPI is responsible for these results, we sensitized and challenged
SLPI KO mice, expecting to observe higher inflammatory cell infiltration in their lungs compared
to the WT controls. As expected, KO-OVA mice displayed a greater degree of infiltration than
WT*?-OVA mice (Figure 7). All PBS challenged animals showed a minimal inflammatory cell
infiltration, as compared to the groups challenged with OVA. These results confirmed that in
the absence of SLPI, mice were unable to control the inflammatory process in response to OVA
challenge, resulting in much greater influx of inflammatory cells into peribronchial spaces of

the lungs in OVA-sensitized and -challenged mice.
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SLPI ablation increases eosinophilia and goblet cell hyperplasia in SLPI KO mice

To further corroborate the effect of SLPI gene ablation on lung inflammation, the percentage of
eosinophils in the inflammatory infiltrate of the lungs and the degree of goblet cell hyperplasia
was evaluated. SLPI KO-OVA mice (36%2.7%) demonstrated a significantly higher percentage of
eosinophils when compared either to the WT*°-OVA (29+1.5%) controls (p<0.05) or KO-PBS
(0£0.0%) (p<0.001) (Figure 8, panel A). Allergen challenge significantly induced goblet cell
hyperplasia in both knock-out and wild-type mice (Figure 8, panel B). Interestingly, ablation of
the SLPI gene caused a significant (p<0.05) increase in the frequency of goblet cells in KO-OVA
(4014.1%) compared to WT°-OVA (30+1.4%) mice and correlated (r=0.75) with the eosinophil
percentage, indicating that the anti-proliferative effect which SLPI exerted on goblet cells was

active in the presence of allergic inflammation.

SLPI affects the cytokine levels in an acute asthma model

In the assessment of the cytokine profiles of OVA-sensitized and -challenged mice, we found
significantly higher (p<0.001) levels of IL-4, IL-5 and IL-6 in both allergen challenged wild-type
and SLPI knock-out mice compared to their respective PBS challenged controls (Figure 9).
Consistent with their more severe inflammation and higher plasma IgE levels, SLPI knock-out

mice expressed the cytokines at higher levels.

The levels of IFN-y and IL-2 followed similar patterns of expression indicating that allergen
challenge did not uniquely induce TH2 cytokines and that SLPI demonstrates a broadly anti-
inflammatory effect in the context of allergic asthma. RANTES and TNF-a were also significantly
higher (p<0.05) in KO-OVA mice as compared with KO-PBS mice but no significant difference

was found in the assessment of MCP-1 levels.

Our data showed that both TH1 and TH2 cytokines were expressed at higher levels in SLPI KO-

OVA mice than in WT control mice as assessed 3 hours following the last allergen challenge.

131



These results can explain in part both the degree of inflammation in the lungs and the

magnitude of lung resistance observed in each group of animals.

The effect of resiquimod treatment on SLPI mRNA and protein expression

Previous studies completed by our laboratory have demonstrated that resiquimod treatment
prevents the development of AHR in allergic A/J and C57BL/6 mice, as well as Brown Norway

2324 \We also found higher SLPI expression in macrophages derived from OVA-sensitized

rats
and -challenged mice compared to control animals (data not shown). Those results led us to
investigate the mRNA expression of SLPI after resiquimod treatment in naive C57BL/6J mice.
We found significantly higher (p<0.05) SLPI mRNA expression 3 and 6 hours after resiquimod

injection compared with non treated mice.

As expected, SLPI mRNA was absent from the lungs of SLPI KO mice (Figure 10, panel A)
independently of PBS or OVA challenge, or resiquimod treatment. In the analysis of SLPI protein
expression (Figure 10, panel B), there was no difference between WT °-OVA mice compared to
the WT*°-RES-OVA group. WT*°-pPBS and WT*®-RES-PBS displayed no SLPI protein expression in

the Western Blots.

Resiquimod treatment prevents OVA-induced AHR independently of SLPI

In order to evaluate the role of SLPI expression in resiquimod treatment of allergic asthma, we
treated SLPI knock-out mice with resiquimod prior to allergen aerosol challenge. As we
assumed, SLPI gene ablation in KO-OVA (12.3+1.6 cm H,0*s/mL) mice increased the severity of
AHR following allergen challenge compared with WT*°-OVA (8.4+0.8 cm H,0*s/mL) (p<0.05)
(Figure 11). However treatment with resiquimod was able to significantly reduce (p<0.05) the
lung responsiveness in both KO-RES-OVA (5.840.9 cm H,0*s/mL) and WT*C-RES-OVA mice
compared to untreated animals. Overall these results showed that treatment with resiquimod

prevents AHR and the effectiveness of the drug was not dependent on the expression of SLPI.
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Resiquimod treatment prevents inflammation in allergic asthma

To determine whether the inhibition of allergic inflammation mediated by resiquimod is
dependent on SLPI expression, we assessed the inflammatory cell infiltration, and the
percentage of eosinophils, in resiquimod treated OVA-sensitized and -challenged SLPI KO and

WTXC mice.

We found that OVA challenged SLPI KO mice and the group treated with resiquimod (KO-RES-
OVA), showed increased numbers of inflammatory cells compared with their respective
controls (Figure 12, panel A). Also, the percentage of eosinophils was significantly (p<0.001)
higher in KO-OVA mice (29.0+2.2 %) (Figure 12, panel B) compared to the control mice. After
treatment with resiquimod, KO-RES-OVA (1.0£0.2%) and WT"°-RES-OVA mice (0.5+0.2%)
showed a significantly lower (p<0.001) fraction of eosinophils compared either to KO-OVA or

wT*°-0ova groups.
These results confirmed that treatment with resiquimod prevented AHR, diminished

inflammatory cell infiltration into allergen-sensitized and -challenged lungs and that the effect

of the drug was independent on the induction or even basal expression of SLPI.
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Discussion

The objective of this study was to evaluate the role of SLPI in allergic asthma and to assess
whether the protective effect of resiquimod treatment depends on the expression of SLPI. We
therefore assessed lung physiology and inflammatory responses in a murine model of acute
allergic asthma using, for the first time, both SLPI transgenic and knock-out mice. Our results
demonstrates that overexpression of SLPI prevented the development of AHR and also
decreased the influx of inflammatory cells into the lungs, following airway allergen challenge.
Furthermore, ablation of SLPI expression led to the development of more severe AHR and
inflammation under similar conditions.

283-285

Airway hyperresponsiveness is one of the characteristics of allergic asthma in humans and

24;28;279

also reproduced in animal models. Allergic C57BL/6 mice are hyporesponsive to MCh

compared to Balb/c and A/J mice.”¥*%

In preliminary experiments we found that SLPI KO mice,
on a C57BL/6 genetic background, were relatively hyperresponsive to MCh compared to WT
C57BL/6 mice. To confirm if this effect was generated by the ablation of expression of SLPI, we
assessed airway resistance in knock-out and transgenic mice constitutively expressing different
levels of SLPI. Our results showed that allergic SLPI TG mice were hyporesponsive to MCh when
compared with WT'® mice, whereas SLPI KO mice were hyperresponsive compared with WT*C

mice. Hence, we were able to demonstrate that lung physiology was directly influenced by the

differential expression of SLPI.

It has been shown that acute OVA-sensitization and -challenge increases airway reactivity to the

allergen, which causes inflammation, narrowing the airways and increasing resistance to

23;31;287

expiratory airflow. SLPI expressed in TG and WT mice may decrease the airway

responsiveness to MCh by exerting its anti-inflammatory effect.?’’

Therefore, it is likely that
ablation of SLPI contributed to the hyperresponsiveness to allergen challenge observed in SLPI
KO mice. Considering that asthma is characterized by an important inflammatory component,

we evaluated the inflammatory response and the role of SLPI in this process. Previous studies
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performed in our laboratory, using acute and chronic allergic asthma models, showed a
significant inflammatory process in the lungs characterized by infiltration of the peribronchial

space in the lungs.'*¥%"°

In the present study, we found that OVA-challenged SLPI transgenic mice showed significantly
lower inflammatory cell influx, including eosinophils, surrounding the airways compared to
wild-type controls, and the opposite phenomenon was observed in KO mice under the same
conditions. The presence of eosinophils could be explained by the triggering of an inflammatory
response where epithelial cells secrete chemotactic factors that recruit granulocytes, including

28 The milder inflammatory response found in mice where SLPI expression was not

eosinophils.
ablated, confirming the importance of SLPI in controlling inflammation in this acute asthma
model. These results are consistent with the findings of Wright et al., who reported, that
leukocyte influx into the airway could be inhibited by administration of intratracheal SLPI in

guinea pigs after allergen sensitization and challenge.’

To further evaluate the degree of inflammation, goblet cell hyperplasia was also assessed. The
higher goblet cell hyperplasia found in KO-OVA mice correlated (r=0.72) with the inflammatory
cell influx with the percentage of eosinophils in the peribronchial region. The increase of goblet
cell activity could be explained by the fact that in asthma there has been an active
inflammatory process happening in the lungs, including increased mucus production due to
goblet cells hyperplasia. The excess of mucus along with edema and smooth muscle contraction
has been reported to result in the closure of distal airways and increased resistance in the
airway.‘q’2

Allergic asthma is an atopic disease characterized by an elevation of blood IgE levels 279289 23,36
Westin et al. showed that SLPI regulated allergic reactions by inhibiting IgE.?*° It is tempting to
speculate that early inflammatory events in acute allergic asthma, characterized by cell
infiltration in the lungs and IgE, are directly modulated by SLPI. We found higher levels of IgE in

the plasma of OVA-challenged SLPI KO mice, while animals constitutively expressing SLPI
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showed the opposite phenomenon. These findings are consistent with the observation by
Nakamura et al. of increased B cell proliferation and immunoglobulin production in SLPI KO

291

mice.””” Our results could be explained by the theories that SLPI plays a role as a negative

feedback protein in the production of antibodies by interfering with the NF-kB-dependent

2

transcriptional activation during the immune response®?? or by the lack of control in the

production of IgE in SLPI KO mice compared with those who express normal levels of SLPI.*#%2%°

During the inflammatory process in the airway, epithelial cells interact with dendritic cells.
Subsequently, dendritic cells activate CD4" T helper cells, initiate a T helper type 2 (T42)
response with production of IL-4 and IL-10, and finally, the T42 cytokines stimulate B cells to

produce Igg.3%2882%3

We assessed the cytokine profile of OVA-sensitized and -challenged mice in
an attempt to further clarify the mechanism of action of SLPI in the immune response of allergic
asthma, and we found significant increases in IL-4, IL-5, IL-6, IFN-y, IL-2, RANTES, TNF-o. and
MCP-1 using KO-OVA mice compared either with KO-PBS or WT*-OVA mice. No specific Tyl or
Th2 pattern of cytokine/chemokine expression seems to be distinguishing SLPI KO from their

WT controls. These results demonstrate an association between the heightened inflammatory

responses in SLPI KO mice and their higher levels of IgE in plasma compared to the WT controls.

Previous studies using resiquimod treatment in mice performed in our laboratory showed that
resiqguimod was able to induce higher level of SLPI expression in macrophages derived from
OVA-sensitized and -challenged mice compared with untreated controls. This observation led
us to assess the effect of resiquimod on SLPI expression and its role in modulating the

development of allergic asthma.

In this study we found that resiquimod increased SLPI mRNA expression in naive C57BL/6 mice.
Additionally, our results showed that resiquimod treatment inhibited the inflammatory process
in SLPI KO and TG OVA-sensitized and -challenged mice, which was evidenced by the lower
degree of inflammatory cell infiltration in the lungs, the decreased percentage of eosinophils,

and the reduction of goblet cell hyperplasia compared with untreated animals. We can

136



conclude that treatment with resiquimod is effective against allergic asthma independently of

the expression of SLPI.

Using an acute model of allergic asthma in SLPI TG and KO mice, our results showed that SLPI
was able to participate in the early stages of asthma and demonstrated that its expression
directly reduced the inflammatory response in the respiratory tract improving lung function.
Due to the anti-inflammatory and antimicrobial functions attributed to SLPI, the lack of genetic
polymorphism of this protein and the importance of managing asthma at an early stage, this

protein should be considered as a target for novel therapies in allergic asthma.
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Figure 1. Analysis of SLPI mRNA and protein expression in lung homogenates from OVA-
sensitized and -challenged SLPI TG and WT'® mice.

(A) SLPI mRNA relative expression (mean + SEM). n = 11 for all groups. (B) SLPI and GAPDH
protein expression. SLPI Transgenic mice showed higher SLPI mRNA and protein expression

compared to wild type mice.
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Figure 2. Airway resistance and IgE levels in plasma from SLPI transgenic (TG) and wild-type
(WT™) mice.

Bars represent the mean * SEM of 5 independent experiments and n = 15 for all groups. (A)
Airway resistance. (B) IgE levels in plasma. TG-OVA mice showed significant lower lung

resistance and IgE levels in plasma compared to WT'®-OVA or TG-PBS mice.
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Figure 3. Hematoxylin- and eosin-stained lung sections from SLPI transgenic (TG) and wild-
type (WT™®) mice.

Panels (A) and (B) represent the lungs from TG-PBS and TG-OVA mice respectively. (C) Lungs of
WT®-PBS. (D) Lungs of WT™-OVA mice. The lungs from TG-OVA mice showed a decrease in
cellular infiltration after OVA challenge compared to the lungs of similarly treated WT'-OVA

mice.

143



- |

= = T
X w._“.....waw.t,}h o

LY

«

o2 Al

WTTG_-OVA

PBS

wTTe

144



Figure 4. Eosinophils and Goblet cell hyperplasia in lung sections from SLPI TG and WT'® mice.
(A) Percentage of eosinophils (mean + SEM). n = 14 for all groups. (B) Percentage of goblet cells
(mean * SEM). n = 14. TG-OVA showed significant lower percentage of eosinophils and goblet

cells compared WT'®-OVA.
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Figure 5. Analysis of SLPI mRNA and protein expression in lung homogenates from KO WT*®
mice.

(A) SLPI mRNA relative expression (mean * SEM), n=10 for all. (B) SLPI and GAPDH protein
expression from SLPI KO and TG mice challenged with PBS or OVA. SLPI KO mice showed neither

SLPI mRNA nor protein expression compared to wild type mice.

147



>

SLPI mRNA relative expression

60+

p<0.05 p<0.001
p<0.01
KO  WTKe KO  WTKO
PBS OVA

SLPI

GAPDH

148

=) \at
PR I LN
OQ 0,0 {&- <8
rSLPI * * <
-14 kDa
| — e
- 6 kDa

-37 kDa



Figure 6. Airway resistance and IgE levels in plasma from SLPI knock-out (KO) and wild-type
(WTKO) mice.

Bars represent the mean + SEM from 5 independent experiments and n=15 for all groups. (A)
Airway resistance. (B) IgE levels in plasma. KO-OVA mice showed significant higher lung

resistance and IgE levels in plasma compared to WT°-OVA or KO-PBS.
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Figure 7. Hematoxylin- and eosin-stained lung sections from SLPI knock-out (KO) and wild-
type (WTKO) mice.

Panels (A) and (B) represent the lungs from KO-PBS and KO-OVA mice, respectively. (C) Lungs
from WT*°-PBS and (D) Lungs from WT-OVA mice. Lungs from KO-OVA mice showed an
increase in cellular infiltration after OVA challenge compared to the lungs of similarly treated

WT*C-OVA mice.

151



152



Figure 8. Eosinophils and goblet cells in lungs from SLPI knock-out (KO) and wild-type (WTKO)
mice.

Bars represent the mean + SEM from 5 independent experiments and n=15 for all groups. (A)
Percentage of eosinophils. (B) Percentage of goblet cell hyperplasia. KO-OVA mice showed a
significant higher percentage of eosinophils and goblet cells hyperplasia compared to WT -

OVA and KO-PBS mice.
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Figure 9. Cytokine levels in lungs of SLPI KO and WTKO mice.

The bars represent the mean + SEM. n = 6 for all groups. For IL-4, IL-5, IL-6, IL-2 and MCP-1;
p<0.001 in KO-PBS vs. KO-OVA and WT °-PBS vs. WT*°-OVA mice. For IFN-y, RANTES and TNF-y;
p<0.05 in KO-PBS vs. KO-OVA and WT*®-PBS vs. WT*°-OVA mice.
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Figure 10. SLPI mRNA and protein expression in lung homogenates from SLPI knock-out (KO)
and wild-type (WTKO) mice after PBS or OVA challenge, including resiquimod treatment.

(A) SLPI mRNA relative expression (mean + SEM) and n=10 for all groups. (B) SLPI and GAPDH
protein expression. SLPI KO mice showed no mRNA and protein expression under any condition.

RES = resiquimod.
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Figure 11. Airway resistance from OVA-sensitized and -challenged SLPI knock-out (KO) and
wild-type (WT*®) mice after resiquimod treatment.

Bars represent the mean * SEM from 3 independent experiments and n=6 for all groups.
Resiquimod treatment significantly reduced airway resistance in SLPI KO (KO-RES-OVA) and wild
type (WTKO-RES-OVA) compared to untreated mice under the same conditions. RES=Resiquimod

(S28463).
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Figure 12. Inflammatory cell infiltration and eosinophils in lungs from SLPI knock-out (KO) and
wild-type (WTKO) mice after resiquimod treatment.

(A) Hematoxylin- and eosin-stained lung sections. (B) Percentage of eosinophils (mean + SEM).
n=6 for all groups. KO-RES-OVA and WT*C-RES-OVA mice showed lower cellular infiltration and
a significant decrease (p<0.001) in eosinophil percentage after resiquimod treatment compared

to untreated mice. RES=Resiquimod.
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General Discussion

Asthma is a complex, multi-factorial, and inflammatory disease characterized by episodes of
intermittent reversible bronchoconstriction, airway hyperresponsiveness, airway smooth
muscle hyperplasia, excessive mucous production and chronic inflammation of the airways.30
Asthma is one of the most common chronic diseases affecting children and adolescents in the
industrialized countries, with a total of more than 20 million people around the world.? Despite
many advances in treatment, asthma has became a major public health issue® not only because
of its high and increasing worldwide morbility and mortality,a'1 but also because of the health
care resources it entails.>*> Around 300 million individuals suffer from asthma worldwide,
representing 1% to 18% of the global prevalence.* Despite to the awareness about this disease
and the improvement in the guidelines in the diagnosis of asthma,’® this disease is considered a
major public health and economic problem. Direct and indirect costs represented around
USS$12 billion in the United States in 2006 (aafa.org), €18 billion in Europe in 2003 and in
Canada, the healthcare costs of uncontrolled asthma were estimated in around CADS 162

million per year in 20042

It has been described that asthma is composed of heterogeneous diseases and shows a broad
variety of sub-phenotypes.>* Many of these sub-phenotypes are expressed in the pathogenesis
of asthma and include inflammatory cell infiltration in the lung, cytokines and chemokines
levels, the presence of antibodies (IgE levels), and lung physiology response including airway

106

responsiveness to bronchoconstricting stimuli.”™> AHR is inherited as a complex trait; it has

been associated with development of allergic asthma and shows homology between mouse

and human.?*’

It has been demonstrated that the allergic response in murine models
resembles the human asthma, including the early and late response. Moreover, the
development, progression and severity of asthma is controlled by the expression of several
genes which interact with multiple environmental factors, and whereas airway responsiveness
and atopy represent two important genetically-regulated phenotypes that might be the key to

understand the mechanisms underlying this disease.!'®
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Repeatable and non-invasive methods are needed to assess lung physiology in asthmatic
patients.'* In mouse models, AR can be assessed both before and after the experimental
induction of allergic airway inflammation using either invasive or non-invasive methods.”*?
Invasive methods are considered to be the gold standard for the assessment of parameters of
airway responsiveness, however, some of their technical features make them inefficient for
phenotyping large numbers of animals, and do not allow for repeated measurements of lung
functions in the same individual.?’ Additionally, some previous studies have described that the
non-invasive method using the WBP is strain specific and in some cases, this methods does not

reflex the physiologic mechanism of the lung.”>*’

In Chapter 2 we demonstrated that non-sensitized C57BL/6J and A/J strains of mice can be
reliable assessed by airway responsiveness to Mch using the WBP; both strains showed a dose
dependent response to increasing doses of Mch and correlation between the non-invasive and
invasive method. These results are consistent with previous studies assessing AR in non-

199,200 Furthermore, our results also show a transient increase in Penh

sensitized animal models.
following consecutive exposures to methacholine in both non-sensitized C57BL/6J and A/J mice
using the non-invasive method, as well as airway resistance using the invasive method. This
effect appears to be temporary as the values returned to baseline following the third challenge.
Using Penh, these results may be explained, by the fact that the non-invasive method assesses
AR in unrestrained and conscious mice and it is possible that stress, neural control, or
conditioned behavioural responses are affecting the Penh values which may not reflect changes
in the underlying respiratory mechanims.®? However, this theory does not explain the changes
observed in airway resistance using the invasive method and there is the possibility that

consecutive exposure to Mch modifies Penh to a greater degree than it does airway resistance;

but since the invasive method is a terminal technique this hypothesis cannot easily be verified.

We also demonstrated that changes in Penh and resistance after consecutive challenges with

Mch were not a consequence of the airway inflammation; we did not find inflammatory cell
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infiltration in the lungs or increased IgE levels in plasma even after six consecutive challenges.
These results prove that the effect of consecutive challenges with Mch on Penh or Resistance, is
through a different mechanism than structural modification of the airways, including

198 Finally, we conclude that to obtain a reliable reassessment of AR in mouse

inflammation.
models there should be a period of 15 days between exposures to Mch. These results support
previous reports in C57BL/6J mice where no correlation was found between these two methods
when measurements were taken 5 and 9 days apart.191 As remark in the assessment of AR, we
recommend that to ascertain the reliability and consistency of results when using mouse
models of airway hyperresponsiveness; every strain of mice has to be assessed using both

methods and special attention has to be taken about the technical condition of these type of

experiments.

Previous studies have demonstrated that genetic factors are in part responsible for the
development of asthma and many intermediate phenotypes such as airway responsiveness
have been correlated with the development and severity of this disease, however, the
mechanisms whereby they trigger and exacerbate asthma are not well understood.*%"*? AHR is
considered as a hallmark of asthma, inherited as a complex trait, modeled in animals and

associated with development of this disease.?2*17:117:127:2%

Despite significant progress in genome-wide association studies of human populations, linkage
and case-control association studies in humans have identified potential chromosomal regions
associated with asthma susceptibility, specifically, bronchial hyperresponsiveness; those
regions include potential QTLs on chromosomes 2q, 5q, 6p, 11q, 12q and 13q.145'147 However,
the success of these studies has been difficult, due to the genetic variability between
individuals, significant stratification of the sample population, broad amount of potential
chromosomal regions and large amount of potential candidate genes associated with the
variety of phenotypes. As an alternative and complementary approach to whole-genome

association studies, genetic analysis using animal models represent a very useful tool in the
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identification of candidate genes, where genetic and environmental factors are precisely

controlled.

In our previous study, we analyzed the AcB/BcA RCS of mice and identified genetic loci
underlying the trait of AR in response to methacholine as assessed by whole-body
plethysmography. Our screen identified 16 chromosomal regions significantly associated with
AHR; 8 are supported by previously and independent published reports while 8 are entirely
novel. Regions, which overlap with previous reports, include two regions on chromosome 2,
three on chromosome 6, one on chromosome 15, and two on chromosome 17.%2 The
chromosomal regions identified using the RCS of mice were too large to select candidate genes
in an efficient manner; around 157 potential candidate genes are included in these 16

chromosomal regions significantly associated with AHR.

Based in our knowledge, the Chapter 3 of the thesis shows the largest study performed in the
genetic of AHR. Our results demonstrate how the genetic strategy based in the generation of F2
crosses from the AcB/BcA RCS allowed us to narrow down the significant recombinant regions
previous described in the RCS, and to identify 9 candidate genes that might be associated with
airway responsiveness in mice. Those genes include Arhgap5, Foxal, Clec14a, Ctage5, Rtnl,
Gpx2, Rsad2, Prkd1 and Adam21. However, further studies have to be performed in order to
elucidate the role of these genes in the mechanisms associated with the development of airway

hyperresponsivess and the relation with the pathogenesis of allergic asthma.

While we performed the experiments related to genetic dissection of AR and allergic asthma,
we also assessed the role SLPI in allergic asthma using SLPI knock-out and transgenic mice, as
shown in Chapter 4. Previous studies have shown that asthmatic patients display a significant
increase in SLPI levels compared to healthy controls®? while our group and others have
demonstrated the protective effect of resiquimod, a synthetic TLR7 ligand, against allergic
asthma in mice®® and rats.?* Our preliminary experiment show a significant increase in SLPI

expression at the both messenger RNA and protein levels following in vitro treatment of
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macrophages with resiquimod. We hypothesized that increased expression of SLPI during
asthmatic attacks may protect the lungs against allergic asthma induced inflammation and
thereby lead to improvements in lung physiology. And using an acute model of allergic asthma
in SLPI TG and KO mice, our results have shown that SLPI participates in the early stages of
asthma and have demonstrated that its expression directly reduces the inflammatory response

in the respiratory tract and improves lung function in this context.

The exact mechanism of SLPI in the prevention of lung inflammation is not clear. Previous
studies have shown that SLPI modulates the IgE production.a'7 We found higher levels of IgE in
the plasma of OVA-challenged SLPI KO mice, while animals constitutively expressing SLPI
showed the opposite phenomenon. These findings are consistent with the other studies
showing an increase in B cell proliferation and immunoglobulin production in SLPI KO mice.*®
Our data also show that SLPI transgenic mice display lower inflammatory cell infiltration in the
lung compared to control mice, and the opposite phenomenon was observed in KO mice under
the same conditions. The milder inflammatory response found in mice where SLPI expression
was not ablated, confirms the effect of SLPI in controlling inflammation in this acute asthma
model. These results support the work of Wright et al., who reported, that leukocyte influx into
the airway could be inhibited by administration of intratracheal SLPI in guinea pigs after

allergen sensitization and challenge.’

Overall, the studies described in the Chapter 2 of this thesis provide important information
about a reliable assessment of airway responsiveness in mouse models and the effect in the
results after reexposure to methacholine. Furthermore, the studies described in the Chapter 3,
show novel data about the genetics underlying AHR and propose some candidate genes
associated with this phenotype. Finally, the studies described in the chapter 4 demonstrate the
role of SLPI in the in allergic asthma. Taken together, all the studies presented in this thesis
offer novel information about the genetics of AHR that might be directly associated with the
development and severity of asthma; providing fundamental knowledge in the understanding

of the mechanisms of asthma and potential target in the development of new treatments.
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Claims to originality

e The thesis author demonstrates that repetitive challenges with methacholine increase Penh

and airway resistance values using both naive C57BL/6J and A/J strains of mice.

e The thesis author demonstrates that there is good correlation between Penh and airway
resistance in the assessment of airway responsiveness using both naive C57BL/6J and A/)

strains of mice.

e The thesis author demonstrates that to obtain an accurate reassessment of airway
responsiveness to methacholine in mouse models, a rest period of 15 days or more between

exposures is highly advisable.

e The thesis author is responsible for the genetic dissection of airway hyperresponsivenes in

F2 crosses generated from recombinant congenic strains.

e The thesis author identififies 9 novel candidate genes associated with airway
hyperresponsivenes, which may also contribute to regulation of allergic asthma

susceptibility.

e The thesis author demonstrates for the first time, the protective role of constitutive

expression of SLPI in acute allergic asthma model using SLPI knockout and transgenic mice.
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Preface

Human infection by the obligate intracellular bacterium Chlamydia pneumoniae is a common
cause of pneumonia. The susceptibility of mammalian hosts to chlamydial infections is
presumably a combined effect of genetic factor. Identification of allelic variations that
determine the severity of chlamydial disease may therefore contribute to our understanding of
chlamydial infections. Recombinant congenic mouse strains have been used as a powerful tool
to study complex traits such as susceptibility to cancer, infections and metabolic diseases. Using
a panel of 36 AcB and BcA recombinant congenic strains, we proposed to study the
resistance/susceptibility to C. pneumoniae infection, by evaluating parameters for chlamydial
lung loads and concomitant disease; in order to delineate the effector genes and increase the

understanding of chlamydial pathogenesis.
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Abstract

Two commonly used lab mouse strains, A/J and C57BL/6J, show different levels of disease after
Chlamydia pneumoniae infections, and eliminate C. pneumoniae by different kinetics. Using
thirty-five recombinant congenic strains we proposed to identify genomic regions that
encompass potential quantitative trait loci (QTL) associated with resistance / susceptibility to C.
pneumoniae. All RCS mice, and parental A/)J and C57BL/6J controls, were intranasally
challenged with 5x10’ C. pneumoniae elementary bodies, and their day-15 post-inoculation
lung weights and C. pneumoniae lung load were obtained. Multiple logistic regression and
general linear model were used to identify markers that are most significantly associated with
the phenotypes. We found that some RCS were significantly different compared to their
parental strains in lung index (disease), C. pneumoniae lung loads, response efficiency index, or
disease susceptibility index. Multiple regression analyses identified markers DXMit172,
D18Mit186 and D18Mit120 that are highly significantly correlated with C. pneumoniae lung
loads, D11Mit79 and D11Mit285 with lung index, D11Mit79 and D8Mit45 with response
inefficiency index, and D9MIit303 and D2Mit370 with disease susceptibility index. We concluded
that using A/J x C57BL/6J recombinant congenic strains of mice, we have identified RCS with
extreme phenotypes (hyper-phenotypes), and multiple murine QTL that highly significantly

associate with each phenotype.
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Introduction

Human infection by the obligate intracellular bacterium Chlamydia pneumoniae is a common
cause of pneumonia. It is also strongly associates with chronic diseases such as asthma and
coronary atherosclerosis.”®® The susceptibility of mammalian hosts to chlamydial infections and
disease is presumably a combined effect of allelic variations of a group of host quantitative trait
loci (QTL). Identification of these QTL that determine the severity of chlamydial disease may

therefore contribute to our understanding of chlamydial infections.

Recombinant congenic mouse strains (RCS) have been used as a powerful tool to study complex
traits such as susceptibility to cancer, infections and metabolic diseases.”?’>°* A set of 35 RCS
has recently become available which are especially designed for genetic analysis of quantitative
traits associated with the host response to infectious and inflammatory agents.”*> The parental
mice are well characterized and represent extremes in the mouse variation to inflammatory
stimuli: B mice (C57BL/6J) have a vigorous inflammatory and macrophage chemotactic

392 They also show differential susceptibility

response while A mice (A/J) have a weak response.
to numerous infectious diseases.”*> Many of the qualitative and quantitative polymorphisms of
these strains, such as susceptibility to atherosclerosis (C57BL/6 susceptible, A/) resistant),
represent major issues in human health care. The AcB/BcA set has been genotyped for 625
informative markers (average spacing 2.6 cM) and the position of all congenic fragments has
been established.®®®?** Individual resistance/susceptibility loci contributing to a complex trait
may have segregated in individual RCS and can be studied in isolation, both for gene
mapping/identification experiments but also for elucidating monogenic contributions to the

overall phenotype. Importantly, the relatively small size of the congenic segments fixed in

individual RCS facilitates the search and testing of candidate genes.

In this investigation, we have used the complete set of available AcB and BcA recombinant
congenic mouse strains to study resistance/susceptibility to C. pneumoniae infection, by

evaluating parameters for chlamydial lung loads and concomitant disease. We report a number
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of recombinant congenic strains with hyperphenotypes, in which the extreme traits can be
studied further. Multiple regression analyses also identified genetic markers that are highly
significantly associated with each phenotype. Further fine mapping can be used to delineate

the effector genes and increase the understanding of chlamydial pathogenesis.
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Materials and Methods

Experimental design

This study used 13 AcB and 22 BcA recombinant congenic mouse strains to analyze and identify
the murine quantitative trait loci (QTLs) that influence susceptibility / resistance to C.
pneumoniae infection and disease. At 10-16 weeks of age, 1170 female mice (317 parental A/)
and C57BL/6J controls, and 853 RCS mice) were inoculated with C. pneumoniae, and sacrificed
on day 15 post infection. Post-infection lung weight relative to pre-infection body weight and
C. pneumoniae load in the lung were measured as indicators of the host response. Significant
associations of mouse strain, and of non-redundant microsatellite markers of these strains,

with these parameters were determined by logistic and multiple regression analyses.

Animals

Inbred A/J (A) and C57BL/6J (B) female mice were obtained from the Jackson Laboratory (Bar
Harbor, ME) at 6-7 weeks of age. Recombinant congenic strain AcB/BcA and parent A and B
breeding pairs were provided by Emerillon Genetics, Inc. (Montreal, Quebec, Canada). These
mice were bred at Auburn University and female offspring was used for inoculation
experiments. Five animals were housed per cage in ventilated cage racks in a temperature-
controlled room with a 12-hour light/dark cycle. Mice were fed a 19% protein/1.33% L-arginine
standard rodent maintenance diet. All mice were challenge-inoculated at 10-16 weeks of age.
Beginning 2 weeks prior to challenge infection, all mice were fed a 24% protein/1.8% L-arginine
custom diet (Harlan Teklad (Madison, WI, USA). All animal protocols followed NIH guidelines

and were approved by the respective Institutional Animal Care and Use Committees (IACUC).
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C. pneumoniae culture and purification

C. pneumoniae strain CDC/CWL-029 (ATCC VR-1310) was propagated and purified as described
by.>® Buffalo Green Monkey Kidney cells (Diagnostic Hybrids, Inc. Athens, OH) were used as
host cells, and elementary bodies (EB) in culture medium were concentrated by high-speed
sedimentation, re-suspended in low-volume of sucrose-phosphate-glutamate (SPG) buffer
followed by low-speed centrifugation for removal of host cell nuclei, and by centrifugation of
the supernatant in a 30% RenoCal-76 (Bracco Diagnostics, Princeton, NJ) - 50% sucrose step-
gradient. Sediments of purified infectious EBs were suspended in SPG buffer and stored in 250

ul aliquots at -80°C.

C. pneumoniae lung challenge infection

3% Briefly, mice received a light

Intranasal inoculation followed the procedure described by.
isoflurane inhalation anesthesia, and a 30 pl inoculum dose containing 5 x 10’ C. pneumoniae
organisms was placed on the nostrils and rapidly absorbed by the hyperventilating animals. For
time course experiments, mice were sacrificed by CO; inhalation 2 hours (day 0), 3, 10, 13, 16,
or 21 days later. Mice in RCS challenge experiments mice were sacrificed on day 15 post
inoculation (pi). Lungs were weighed, snap frozen in liquid nitrogen, and stored at -80°C until
further processing. Disease in RCS and F2 mice was determined as lung index (square root of
100x g challenge lung weight over g pre-challenge body weight). The lung index as a measure

of disease was used because individual RCS and F2 mice differ strongly in body weight and pre-

challenge lung weight, making a reliable calculation of percent lung weight increase impossible.

Determination of C. pneumoniae lung burden by real-time PCR

Mouse lungs were homogenized in guanidinium isothiocyanate Triton X-100-based RNA/DNA
stabilization reagent (Roche Applied Science, Indianapolis, IN) in disposable tissue grinders

(Fisher Scientific, Atlanta, GA) to create a 10% (wt/vol) tissue suspension. This suspension was
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used for total nucleic acid extraction by the High Pure” PCR template preparation kit (Roche
Applied Science, Indianapolis, IN) as described. The copy number of C. pneumoniae genomes
was determined in Chlamydia genus-specific 23S rRNA FRET (fluorescence resonance energy

transfer) real-time PCRs using extracted nucleic acids corresponding to 0.25 mg lung tissue.>®

Statistical Analysis

Statistical analyses were performed with the Statistica 7.1 (StatSoft, Inc., Tulsa, OK) and
SAS/STAT 9.1 (SAS Institute Inc., Cary, NC) software packages. Data for RCS in different
experiments were normalized against control parental A and B strain data of each experiment.
Normal distribution of data was confirmed by Shapiro-Wilk’'s W test, and homogeneity of
variances by Levene’s test. Results of time course experiments were analyzed by factorial
analysis of variance (ANOVA) and two-sided Student’s t-test. Percent lung weight increase was
used as metric of disease and was based on naive lung weights of 138.4 mg and 133 mg for 10
week-old A/) mice and C57BL/6J mice, respectively. C. pneumoniae/mg lung data were
logarithmically transformed. Comparisons of means under the assumption of no a priori
hypothesis were performed by Tukey’s honest significant difference (HSD) test. Differences at P

<0.05 in the Tukey HSD were considered significant.

The relationships between lung index and C. pneumoniae load data to RCS and the non-
redundant RCS microsatellite markers were analyzed by Logistic Regression and General Linear
Regression with SAS". Redundant markers, i.e. markers with alleles identical to the adjacent
marker in all RCS, were excluded from analysis. Because of the semi-quantitative nature of the
normalized C. pneumoniae genomes lung loads (177 out of 853 observations or 20.7% were
zero), this response was dichotomized into a binary response based on high/low responses,
with values at or below the median (< 673.64 C. pneumoniae genomes/mg lung) being assigned
a zero and those values above the median (> 673.64) being assigned a one. Logistic regression
analysis (using the Logistic procedure in SAS®) was performed on the binary Chlamydia load

response to find which collection of markers best correlated with C. pneumoniae load. Odds
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ratio estimates and their 95% confidence intervals were computed and reported for each
marker within each model. To assess the overall fit, Hosmer and Lemeshow goodness-of-fit
tests were conducted for each model on a binary response of low versus high. Models were

only retained if there was no significant lack of fit (P > 0.05).

The lung index response was separately analyzed with a general linear model (GLM). First,
genetic variability with respect to this measure was defined as the percent variability (partial
R?) in the lung index that was explained by strain (using a one-way ANOVA treating strain as the
class variable). This gave a benchmark by which to judge how well a selected subset of markers
could account for genetic variability in the lung index. Stepwise selection techniques, as well as
standard model building and assessment techniques, were used to determine the model that

best explains the genetic variability induced in the lung index measure.

Specifically, four models were built in order to determine which markers best explained the
genetic variability with respect to both C. pneumoniae lung load and lung index, and the
combined host response to the chlamydial infection, both in terms of efficiency of elimination
without concomitant disease as well as susceptibility to infection. Model 1: Logistic regression
with binary C. pneumoniae lung load (high/low) regressed on multiple markers. Model 2:
General linear regression of the continuous variable lung index regressed on the markers.
Model 3: Response inefficiency index regressed on multiple markers. Response inefficiency
index was calculated as standardized lung index plus standardized logio C. pneumoniae per mg
lung (zero lung loads were also assumed as zero logyp). Lung index and C. pneumoniae load
were respectively standardized by linear transformation, so that the mean of all groups is 0 and
the standard deviation is 1. Model 4: Disease susceptibility index regressed on multiple
markers. Disease susceptibility index was calculated as standardized lung index minus log;o C.

pneumoniae per mg lung. All markers in these models were considered significant at P < 10™.
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Quantitative trait loci analysis

Quantitative trait loci analysis was performed computing single marker regression R version
2.1.0 (www.R-project.org), using 605 markers (microsatellites), strain means and variances.
Significance thresholds were established by permutation analysis consisting of 10,000
permutations performed by shuffling the phenotypes across the genotypes (without
replacement) to correct for multiple testing. Significance was established as a P value smaller
than the smallest P value in more than 95% of the permutations. Significant QTL by QTL

interactions were detected as locus pairs with significance as P value smaller than 0.001.
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Results

The kinetics of C. pneumoniae elimination from infected lungs differ between A/J and

C57BL/6J mice

Initially, A/J and C57BL/6J mice were evaluated in a lung disease model of C. pneumoniae
infection. These strains were chosen because i) they represent the opposites in inflammatory
response to intracellular bacterial pathogens,a'02 which are also correlate with susceptibility to

4

chlamydial disease;** ii) C57BL/6J mice are well known for their susceptibility in chronic C.

296

pneumoniae disease models;””" and iii) recombinant inbred and congenic mouse strains derived

from these parents are available that facilitate genetic analyses.?*”

To establish the course of C. pneumoniae lung disease in these parental strains, female, 10-
week old mice were intranasally challenged with 5x10’ C. pneumoniae organisms, half of the

I 303

challenge dose used in a vaccine challenge mode The course of disease and chlamydial

elimination from lungs was evaluated on days 0, 3, 10, 13, 16 and 21 pi (Figure 1). Lung disease,

expressed as percent increase in lung weight over that of naive animals,>**

reached peak
intensity in both strains on day 10 pi, and remained at this peak level for next 11 days (figure
1A). Disease severity was marginally, but consistently higher in C57BL/6J mice than in A/J mice.
The time course of C. pneumoniae elimination differed highly significantly between the two
strains: early after infection, A/J mice eliminated lung chlamydiae much less efficiently than
C57BL/6J mice, which had 2 hours pi ~1.5 logi lower lung chlamydial loads than A/J mice
(Figure 1B). After day 10, however, A/J, but not C57BL/6J mice, rapidly reduced the chlamydial

® Overall, A/J mice

lung burden, presumably due to efficient adaptive Thl cell immunity.*
highly significantly reduced the early day 0-10 lung chlamydial loads by day 13-21 (P < 10™),
while C57BL/6J mice failed to significantly eliminate chlamydiae after day 10. This resulted in
similar chlamydial lung loads after day 10 in A/J and C57BL/6J mice, but the strains arrived at
this similar end point with different kinetics of the lung burdens, and different disease

responses.
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A/JxC57BL/6J recombinant congenic strains differ significantly from parental C. pneumoniae-

responder phenotypes

The differences in chlamydial lung load kinetics and lung disease suggested that different
genetic mechanisms in A/J and C57BL/6J lead to indistinguishable day-15 chlamydial load and
disease phenotypes. Use of recombinant congenic AcB/BcA strains, which contain ~12.5%
homozygous donor DNA on the parental background, is therefore very useful for identification
of quantitative trait loci associated with susceptibility/resistance to C. pneumoniae infection, a
multigenic quantitative trait. To establish a connection between the genotyped strains and
their phenotypes, responses of 13 AcB and 22 BcA strains to a C. pneumoniae infection were
evaluated. All mice were intranasally infected with 5x10’ C. pneumoniae organisms, and their
pre-inoculation body weight, and post-inoculation lung weight and C. pneumoniae lung load on

day 15 pi were obtained.

The lung index of all RCS as well as the A/J and C57BL/6J parental controls are shown in Figure
2A. Strains with extreme phenotypes emerge from the randomly assorted polymorphic
guantitative traits. For instance, strains AcB52, AcB58, AcB57, AcB55, AcB56, BcA83, BcA75 and
BcA80 have significantly higher lung index than their respective parental strains, whereas
BcA86, BcA73, BcA76 and BcA70 have significantly lower lung index than their parental
C57BL/6J strain. The logyy C. pneumoniae/mg lung data are shown in Fig 2B. Strains AcB62,
AcB57, and BcA81 have significantly higher C. pneumoniae lung loads than their respective
parental strains, whereas AcB53, BcA66 and BcA85 have significantly lower C. pneumoniae lung
loads. Thus, re-assortment of polymorphic QTL did result in RCS phenotypes that significantly

deviated from the parental phenotypes.

For more in-depth evaluation of the overall response to the C. pneumoniae infection, a
response inefficiency index was created by adding the standardized lung index and C.

pneumonia lung load data. As a combined measure, it quantifies the host’s elimination of
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chlamydiae from the lung, and simultaneously the disease response to the chlamydial stimulus.
Therefore, this index is highest in animals that are ineffective at eliminating chlamydiae, but
respond to the chlamydiae with a severe disease outcome. It is lower in animals that eliminate
chlamydiae effectively, but respond to them with high disease, as well as in animals that
respond with low disease to ineffective chlamydial elimination. The index is lowest in animal
that both clear the chlamydial infection effectively and respond to the bacteria with low
disease. As shown in Figure 2C, strains AcB52, AcB57, AcB58, AcB56, and BcA75 have
significantly higher response inefficiency index values than their respective parental strains,
whereas BcA86 and BcA66 have significantly lower response inefficiency index values than their

parental C57BL/6J strain.

A disease susceptibility index was created by subtracting the standardized C. pneumoniae lung
load from the standardized lung index. This index indicates disease intensity relative to a given
chlamydial stimulus, and therefore is largely independent of the host’s efficiency at chlamydial
elimination. As shown in Figure 2D, strains AcB52, AcB55, AcB58, BcA80, BcA83 and BcA77
have significantly higher disease susceptibility index than their respective parental strains,
whereas BcA73, BcA70, BcA76, BcA86, and BcA72 have significantly lower disease susceptibility

index than their parental C57BL/6J strain.

Statistical models identify QTLs that associate with outcomes of C. pneumoniae challenge

infection

To obtain an initial understanding of the relation between C. pneumoniae lung burden and
disease intensity in the RCS, we evaluated for all RCS the correlation between C. pneumoniae
lung load and lung index by non-parametric Spearman’s rank test. The overall Spearman’s rank
correlation coefficient is significantly greater than zero at p = 0.526 (P < .001). The strength of
the association for each strains varied between -0.123 and 0.870 (P < .001, data not shown).
These data indicated that the lung index explained a substantial fraction of the C. pneumoniae

lung loads. To link the RCS phenotypes with their genotypes, four statistical models were
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developed that respectively regress C. pneumoniae lung load, lung index, response inefficiency

index, and disease susceptibility index on the non-redundant markers.

C. pneumoniae lung burden (Log;o C. pneumoniae/mg lung)

Initial logistic regression modeling of the dichotomized C. pneumoniae lung concentration
(Logio C. pneumoniae/mg lung) was performed by stepwise regression on all non-redundant
genetic markers and the lung index categorized into 4 quartiles, to account for the correlation
between C. pneumoniae lung load and lung index. This model showed no significant lack-of-fit
in the Hosmer and Lemeshow test for lack-of-fit (P = 0.240). A classification table indicated 76%
sensitivity (percent of high loads being correctly identified as high, i.e., above the median) and
82% specificity (percent of lows correctly identified as low) for this model. These data indicated
the optimal modeling results achievable, and served as benchmark for C. pneumoniae load

modeling exclusively by marker regression.

Table 1 lists the final regression models accepted for each of the 4 phenotypes determined in
this study. In Model 1, the dichotomized Logig C. pneumoniae/mg lung was regressed by
stepwise logistic regression on the non-redundant genetic markers, but not the lung index (P =
.993; Hosmer and Lemeshow test for lack-of-fit). This model predicted high versus low C.
pneumoniae lung load with 72% sensitivity and 71% specificity. Marker DXMit172 (45-50.5 cM
on the X chromosome) has the strongest explanatory power (x> = 118) for Logi C.
pneumoniae/mg lung, with an odds ratio estimate of 2.446 that the “a” allele at this position
associates with high C. pneumoniae lung concentration (Table 1; Figure 3A). Two markers on
chromosome 18, D18Mit186 (43 cM-end of chromosome) and D18Mit120 (8.7-20 cM) are the
two other highly significant markers, with odds ratio estimates of 4.023 and 3.164, respectively
(Table 1). Figure 3B shows the C. pneumoniae lung burden phenotypes of RCS with
recombination events in the region of these significant QTL (+ five non-redundant flanking

markers).
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Disease intensity (lung index)

Regression model 2 showed the lung index as continuous variable in a general linear model
(GLM) against the genetic markers (Table 1). First, total genetic variability was defined as the
percent variability (R?) in the lung index that is explained by strain in a one-way ANOVA that
treated strain as the class variable. Approximately 32.1% of the variance in lung index is
explained by strain. This gave a benchmark by which to judge how well a selected subset of
markers could account for genetic variability in the lung index. Stepwise selection techniques,
as well as standard model building and assessment techniques, were used to determine the
model that best explains the genetic variability induced in the lung index measure. The two
most significant markers, D11Mit79 (8-11 cM) and D11Mit285 (50-54 cM), account for 56% of
the variability (Table 1; Figure 4A and 4B), whereas the full 13-marker model account for 98.1%
of the genetic variability (31.5%/32.1%).

Combined C. pneumoniae clearance and disease avoidance (response inefficiency index)

Regression model 3 showed the response inefficiency index in GLM against the genetic markers
(Table 1) which can explain up to 21.3% of the total variance. Stepwise selection and standard
model building techniques determined the model that best explains the genetic variability in
the response inefficiency index. The two most significant markers, D11Mit79 (8-11 cM) and
D8Mit45 (37-43 cM), account for 59% of the genetic variability (Table 1; Figure 5A and 5B),
whereas the full 12-marker model accounts for 97.6% (20.8%/21.3%).

C. pneumoniae disease susceptibility (disease susceptibility index)
Regression model 4 displayed the disease susceptibility index (18.3% explained by genetic

variance) by stepwise selection in GLM against the genetic markers (Table 1). The two most

significant markers, D9Mit303 (29-38 cM) and D2Mit370 (26.2-30 cM), account for 62% of the
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variability (Table 1; Figure 6A and 6B), whereas the full 11-marker model accounts for 97.4% of
the genetic variability (17.8%/18.3%).
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Discussion

Initially, we evaluated the time course of disease and chlamydial lung burden of female A/J and
C57BL/6J mice. C57BL/6J mice reduced the chlamydial lung loads immediately after inoculation
approximately 30-fold as compared to A/J mice (Figure 1A). This is consistent with the strong

2

inflammatory response of C57BL/6J mice®® and suggests more effective innate immune

mechanisms than in A/J mice. A consistently enhanced disease response appears to be the

306307 sybsequently, both

corollary of the early resistance of C57BL/6J mice to C. pneumoniae.
mouse strains reduced C. pneumoniae lung loads by approximately 10-fold between days 0 and
10 pi. However, after day 10 A/J mice reduced the chlamydial lung load by an additional
approximately 100-fold while C57BL/6J mice did not reduce it significantly (Figure 1B). Thus,
A/) mice are highly efficient at eliminating chlamydiae without major lung lesions when the
adaptive immunity becomes fully developed at around 10 days after primary exposure to C.

397 The net effect of

pneumoniae, compensating for the early permissiveness to C. pneumoniae.
these immune differences between the two mouse strains is a similar chlamydial lung burden
15 days pi, but consistently higher lung disease in C57BI/6J. These results are also consistent

with our data in another study.>”’

The aim of the genetic dissection component of this study was to relate the mouse model to
the clinical symptoms of chlamydial disease in which multiple re-infections are required to
precipitate severe pathological lesions caused by a delayed-type hypersensitivity response to

397 Thus, to obtain clinically relevant genetic mapping data we decided to use

the chlamydiae.
mouse strains with different disease outcomes late in the infection (i. e. the healing phase).
Thus, phenotyping F2 crosses between A/) and C57BL/6J mice is one approach to this
problem.a'07 Alternatively, phenotyping the entire set of AcB/BcA RCS for a differential
response®® late in primary infection when both the innate and a peaking adaptive cellular

immune response contribute to the phenotype, would achieve the objective of genetic

dissection for QTL regulating innate as well as adaptive responses to C. pneumoniae.
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The RCS challenge results in Figure 2 clearly demonstrate that re-assortment of QTL influencing
permissiveness to C. pneumoniae results in phenotypes that strongly deviate from those of the
parent strains, and thus marker regression will likely be informative in the late phenotype
model. Results of the RCS challenge further reveal that genetic control of C. pneumoniae
disease and elimination of the organisms appear to be mediated by different gene effects,
suggesting a complex genetic control of C. pneumoniae. The following observations are
noteworthy: 1) There is a correlation between lung index and C. pneumoniae lung load. 2) RCS
on A background tend to be stable for all phenotypes while RCS on B background are highly
variable. AcB strains have higher lung index and C. pneumoniae lung loads than those on B
background. The increased lung index is in part related to the fact that naive A/J mice have
approximately 4% heavier lungs than naive C57BL/6J of equal body weight. 3) The parental A
and B strains do not differ significantly in their disease response, but the A strain has
significantly higher chlamydial lung load and response inefficiency, and lower disease
susceptibility than the B strain. 4) Congenic B chromosome segments appear to transfer largely
an increase in disease and response inefficiency to the A background, resulting in various
combinations of disease, C. pneumoniae lung load, response inefficiency, and disease
susceptibility “hyperphenotypes” at the high end of the outcome spectrum in strains AcB55 -
58, and particularly in strain AcB52 with the highest lung, response inefficiency, and disease
susceptibility indices observed among all RCS. 5) Conversely, in B background strains congenic
A segments appear to transfer decreases as well as increases in all phenotypes. Therefore,
hyperphenotypes appear on both ends of the outcome spectrum of all phenotypes. Particularly
interesting are the very low response inefficiency phenotypes (very effective combined disease
and chlamydial elimination responses) of strains BcA66 and BcA86, and the low and high

extremes of disease susceptibility in strains BcA73 and BcA80, respectively.

Marker regression analyses identified 2-3 putative QTL for each phenotype that either are
highly predictive of the phenotype (C. pneumoniae lung burden) or account for a large
proportion of the phenotypic variance. However, the genomic regions that these QTL

encompass are too large (up to 12 cM) to pinpoint potential effector genes, and confirmation
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and fine mapping are required.>® Studied in early innate control of intravenous Chlamydia
trachomatis infection in C57BL/6J and C3H/HeJ mice by F2 mapping and identified three QTLs
on chromosomes 2, 3 and 11, respectively, that associated with differential splenic C.
trachomatis counts one day after challenge. They confirmed the chromosome 11 QTLs by
transferring a portion of C3H/HeJ chromosome 11 (20-44.8cM) to C57BL/6J mice. Miyairi et al.
used C57BL/6J x DBA/2) recombinant inbred mouse strains to identify a 1.5-Mbp region at
around 31-33cM on chromosome 11 encoding a cluster of three p47 GTPases that associate
with resistance to lethal challenge with Chlamydia psittaci*® Thus, our finding of two QTL on
chromosome 11 that associate with different disease intensity (lung index: D11Mit79, 8-11 cM;
D11Mit285, 50 - 54 cM) in the healing phase of non-lethal C. pneumoniae lung disease may
indicate common effector genes on chromosome 11 that modulate both innate resistance as
well as disease after chlamydial challenge. Similarly, the QTL on chromosome 2 (D2Mit370,
26.2-30 cM) associated with differential susceptibility to C. pneumoniae-induced disease may
colocalize to the QTL for C. trachomatis resistance identified by Bernstein-Hanley et al. at

approximately 40-87 cM map position in chromosome 239

Collectively, these studies indicate
that chromosomes 11 and 2 are of particular interest and might harbor multiple genes that

associate with differential resistance against chlamydial infection.

This is the first time that loci on the mouse chromosomes 8, 9 and 18 have been associated
with susceptibility/resistance to chlamydial infections. However, for another intracellular
parasite, Plasmodium chabauti, a locus on Chromosome 8, D8Mit41, which is in close proximity
to D8Mit45 identified in this study, has been associated with blood parasitemia.a'11 The
identification of a QTL on Chromosome X modulating chlamydial clearance is also consistent
with previous reports. For example, gender-dependent susceptibility has been reported in
several pathogens, including the protozoon Leishmania major and the obligate intracellular

312313 plso, the use of only female mice in this investigation

bacterium Listeria monocytogenes.
may have been advantageous for the identification of this X-linked trait. The identification of X-
linked chlamydial susceptibility may open new approaches for studying the host-parasite

interactions in chlamydial infections, of which particularly in C. trachomatis urogenital infection
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disproportionally affect women. However, overall male individuals may be more at risk for
extra-genital chlamydial disease manifestations since they are by definition homozygous at X-
linked QTL.

1.3 with regulation of

Interestingly, the QTL on chromosome 17 associated by Min-Oo et a
chlamydial lung load and found in the identical C. pneumoniae challenge model was not
identified in this study in any of the models for RCS phenotypes. Markers D17Mit21 and
D17Mit83 in the D17Mit62 region and D17Mit66 showed significantly higher C. pneumoniae
loads for the “a” allele than for the “b” allele (Logio C. pneumoniae/mg lung D17Mit21/83 =
3.212 vs. 2.520, P = 0.0005; D17Mit66 = 3.103 vs. 2.575, P = 0.009). However, these
associations obviously did not critically influence the overall model. This inability to reliably
detect QTL shows a principal shortcoming of RCS for QTL mapping because the statistical power

of RCS, due to non-random distribution of haplotypes, may not be sufficient for robust linkage

analysis.>??

Summarizing the results, these RCS can nevertheless be very valuable if used as parents in F2
linkage mapping in informative crosses with other inbred susceptible and resistant mouse

318317 strains with, for example, a B phenotype on an A background may be indicative of

strains.
a robust gene effect from one parent that has become fixed on the other parental background.
Such genetic control can then be explored in subsequent F1 and F2 crosses to test for
segregation as simple or complex trait. Therefore, “hyperphenotypes”, i.e. strains that exceed
the phenotype of either parent, are a very good starting point for F2 mapping by crossing with
informative strains. For example, strain BcA66 represents a hyperresistant RCS both in disease
and chlamydial load phenotype, while strain AcB52 is hypersusceptible in both phenotypes.
Such strains likely correspond to novel mutations that may have arisen and become fixed

during breeding of the strains, and they can be explored for accelerated gene mapping and

testing.
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Table 1. Murine QTLs associated with resistance/susceptibility to C. pneumoniae infections

identified by multiple regression analyses in four models.

Odds 95% Wald
QrL® b
Ratio Confidence Limits
DXMit172 2.446 1.449 4,129
Model 1:
D18Mit186 4.023 2.468 6.559
Chlamydia lung load
D18Mit120 3.164 1.765 5.674
" Relative Partial RZd,
QTL Partial R
%
Model 2: D11Mit79 0.1495 46.6
Lung index (genetic R?= 0.3206) D11Mit285 0.0302 9.4
Model 3: D11Mit79 0.0773 36.4
Response inefficiency index (genetic R® =
D8Mit45 0.0243 11.4
0.2126)
Model 4: D9MIt303 0.0777 42.5
Disease susceptibility index (genetic R? =
D2Mit370 0.0349 19.1

0.1829)

2 All markers that explain more than 9% of the genetic variability (partial R>/model R?) at P <
0.0001 are listed.

® Describes the ratio of the “a” over “b” allele for association with a parameter increase.

¢ Describes the contribution of the marker to the variability in the regression model. The overall
contribution of genetic variability was determined by including “strain” in the regression
model.

9 Describes the percent contribution of the marker to the genetic variability.
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Figure 1. C. pneumoniae-induced lung disease and C. pneumoniae lung burdens in A/J and
C57BL/6J mice.

Equal numbers of ten-week old female A/J and C57BL/6) mice (n=10-20/group) were
intranasally inoculated with 5x10” C. pneumoniae EBs and sacrificed 2 hours (day 0) to 21 days
post inoculation (pi). Data are shown as means + 95% confidence interval. A, percent lung
weight increase is based on naive lung weights of 138.4 mg for A/J mice and 133 mg for
C57BL/6 mice. Lung disease, expressed as lung weight increase, peaks at around day 10 pi and
remains approximately constant until day 21 in both mouse strains. Disease at individual time
points is not significantly different (Tukey’s HSD test), but the average lung weight increase of
combined data for all time points in A/J mice is significantly lower than in C57BL/6J mice (20.3%
vs. 35.9%; P = 0.0001, 2-sided t-test). B, the copy number of C. pneumoniae genomes per mg
lung was determined by C. pneumoniae 23S FRET real-time PCR. Combined chlamydial lung
burdens at the early time points (days 0, 3, 10) are significantly higher in A/J than in C57BL/6)
mice (Logio C. pneumoniae/mg lung 4.36 vs. 3.14; P < 0.0001, 2-sided t-test). Combined late
(day 13, 16, 21) chlamydial lung burdens do not differ between A/J and C57BL/6J mice (2.52 vs.
2.61; P = 0.71, 2-sided t-test). A/J mice significantly reduce the chlamydial lung burden from
early to late post inoculation time points (P < 0.0001) while C57BL/6J mice do not (P = 0.11, 2-

sided t-test).
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Figure 2. Phenotype distribution of the AcB/BcA RCS and parental strains.

C. pneumoniae-induced lung disease (lung index), C. pneumoniae lung load (Logiy C.
pneumoniae/mg lung) phenotypes, and combined effects lung index and C. pneumoniae lung
load of A/J, C57BL/6J parental strains and the complete set of 35 AcB/BcA RCS. Eight to 16
week-old mice (n=20/group) were intranasally inoculated with 5x10’ C. pneumoniae organisms
and sacrificed on day 15 after inoculation. Beginning two weeks prior to inoculation, mice were
fed a custom diet containing 24% protein and1.8% L-arginine (high protein diet). Data of
different experiments were normalized against A and B parental strain data in each experiment
(calibration groups). Data are shown as means + 95% Cl computed for covariate means of 15.3
weeks for age and 22.3 g for body weight before challenge. Asterisks indicate strains that differ
significantly from the parent strain (P < 0.05; Tukey’s HSD test). A, Lung index values of all
recombinant congenic strains and the A/J and C57BI/6J parental strains are shown. The lung
index is calculated as square root of post-challenge lung weight / (10*pre-challenge body
weight) for each mouse. B, Logio C. pneumoniae / mg lung values are shown for all RCSs and
both parental strains. AcB62, AcB57, and BcA81 have significantly higher C. pneumoniae lung
loads than their respective parent strain, whereas BcA66 and BcA85 are significantly lower than
their parent controls. C, Response inefficiency index values are calculated as standardized lung
index plus standardized log,o C. pneumoniae per mg lung of all RCS and parental strains. Lung
index and C. pneumoniae load were respectively standardized by linear transformation, so that
the mean of all groups is 0 and the standard deviation is 1. Strain AcB52 has the highest
response inefficiency index, thus is both unable to efficiently eliminate C. pneumoniae and
responds to the high C. pneumoniae load with high disease. D, Disease susceptibility index
values are calculated as standardized lung index minus logio C. pneumoniae per mg lung of all
RCS and parental strains. Strain BcA73 has the lowest score, indicating that this strain develops
little disease despite a high C. pneumoniae load in the lung, hence is the strain most resistant to

develop disease in response to the C. pneumoniae infection.
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Figure 3. Significant QTL explaining the genetic contribution to C. pneumoniae lung burden.

Lung C. pneumoniae loads (means + 95%Cl) and allele distribution of parents and RCS with
recombination events in the markers flanking the significant QTL are shown (a = A/J, b =
C57BL/6J). A/) mice have significantly higher C. pneumoniae lung loads than C57BL/6J mice (P <
10°). Significant microsatellite markers are indicated by the bold print. Lack of flanking
markers indicates the end of the chromosome. A, RCS with the “a” allele at marker DXMit172
on the X chromosome have highly significantly higher C. pneumoniae lung loads than “b” allele
RCS (3.747 vs. 2.505, P < 10*®, two-sided Student’s t-test). B, All polymorphic markers mapped
on chromosome 18 are shown. The allele of strain AcB51 at D18Mit120 is unspecified. RCS
with the “a” allele at D18Mit120 or D18Mit186 have highly significantly higher C. pneumoniae
lung loads than mice with the “b” allele (3.673 vs. 2.580 and 3.518 vs. 2.512, respectively, both
P < 10%). Mice with the “a” allele at both markers have approximately a 1.5-log higher C.

pneumoniae lung burden than mice with “b” allele (P < 10™°).
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Figure 4. Significant QTL explaining the genetic contribution to lung index.

Lung index values (means + 95%Cl) and allele distribution of parents and RCS with
recombination events in the markers flanking the significant QTL are shown (a = A/J, b =
C57BL/6J). A/J and C57BL/6J mice have similar lung indices (P = 0.49). Significant microsatellite
markers are indicated by the bold print. A, RCS with the “a” allele at marker D11Mit79 have
highly significantly higher lung index values than “b” allele RCS (0.9565 vs. 0.8838, P < 10,
two-sided Student’s t-test). B, RCS with the “a” allele at D11Mit285 have highly significantly

higher lung index values than mice with the b allele (0.9545 vs. 0.8927, P < 10*°).
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Figure 5. Significant QTL explaining the genetic contribution to response inefficiency index.

Response inefficiency index values (means + 95%Cl) and allele distribution of parents and RCS
with recombination events in the markers flanking the significant QTL are shown (a = A/J, b =
C57BL/6J). A/) mice have a significantly higher response inefficiency index than C57BL/6J mice
(P < 107). Significant microsatellite markers are indicated by the bold print. A, RCS with the “a”
allele at marker D11Mit79 have highly significantly higher response inefficiency index values
than “b” allele RCS (0.2075 vs -0.05845, P < 10™*°, two-sided Student’s t-test). B, RCS with the
“a” allele at D8MIit45 have highly significantly higher response inefficiency index values than

mice with the “b” allele (0.4004 vs. -0.1788, P < 10™*°).
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Figure 6. Significant QTL explaining the genetic contribution to disease susceptibility index.

Disease susceptibility index values and allele distribution of parents and RCS with
recombination events in the markers flanking the significant QTL are shown (a = A/J, b =
C57BL/6J). A/) mice have significantly lower disease susceptibility index than C57BL/6J mice (P
< 10™). Significant microsatellite markers are indicated by the bold print. A, RCS with the “a”
allele at marker D9MIt303 have significantly higher disease susceptibility index values than “b”
allele RCS (0.13652 vs. -0.1434, P < .01, two-sided Student’s t-test). B, RCS with the “a” allele at
D2Mit370 have significantly lower disease susceptibility index values than mice with the “b”

allele (-0.2236 vs. 0.2339, P < 107).
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