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Abstract

Thymic stromal lymphopoietin (TSLP) and Interleukin 1 receptor-like 1 (IL1RL1) are
important for the initiation and maintenance of a Th2 inflammatory environment in the
asthmatic lung. TSLP and IL-33, the exclusive IL1RL1 ligand, are secreted by epithelial cells
and other immune cells and play essential roles in Th2 polarization, activation and
proliferation of immune cells and participate in many asthma cardinal features such as
chronic inflammation, airway remodeling and mucus production. TSLP and IL1RL1 are two
of the most consistently associated genes in genome-wide association studies of asthma.
rs1837253 in TSLP was identified as a putative causal SNP based on consistent association
data both from candidate gene and genome-wide association studies; as well as the absence
of significant linkage disequilibrium with other single nucleotide polymorphisms (SNPs) in
the region. In contrast, there are several asthma-associated IL1RL1 variants and due to the
extensive linkage disequilibrium in the region encompassing ILLRL1 and many other genes,
potential causal SNP(s) are unknown.

In this thesis, | describe the functional analysis of the TSLP SNP rs1837253, the study of
SNPs in the IL1RL1 region to identify potentially functional variants by in silico analysis
using a lung expression Quantitative Trait Locus dataset and published association data, the
functional analysis of the ILLRL1 SNPs: rs1420101 and rs3771180 and finally an analysis of
gene expression of TSLP short and long isoforms as well as IL1RL1 receptor and soluble

isoforms in relation to clinical phenotypes.



Preface

Parts of chapter 1 were published as the following two peer-reviewed review articles:
[Akhabir L], Sandford AJ. Genome-wide association studies for discovery of genes involved
in asthma. Respirology. 2011 Apr; 16(3): 396-406.

[Akhabir L], Sandford AJ. Genetics of Interleukin 1 receptor-like 1 in immune and

inflammatory diseases. Current Genomics. 2010 Dec; 11(8): 591-606.

A version of chapter 3 was published in the Journal of Allergy and Clinical
Immunology. [Akhabir L], Bérubé JC, Bossé Y, Laviolette M, Hao K, Nickle DC, Timens
W, Sin DD, Paré PD, Postma DS, Sandford AJ. Lung eQTL dataset identifies important
functional polymorphisms in the asthma-associated IL1RL1 region. J Allergy Clin Immunol.
2014 Apr 17. Epub ahead of print. PMID: 24746754.
| designed and conducted all the analysis in the study and wrote the manuscript, JCB assisted
with some of the expression analysis, YCB, YB and KH supplied specific datasets and
helped with data extraction, YB and ML were responsible for the Laval University arm of the
eQTL study, DCN and KH participated in the Merck arm of the lung eQTL study, WT and
DSP were responsible for the Groningen arm of the eQTL study, DDS and PDP were
responsible for the UBC arm of the eQTL study, AS supervised me throughout the study,
provided guidance and reviewed the analysis and manuscript writing; all the co-authors

reviewed and edited the manuscript.

The work outlined in this thesis was conducted with approval from University of

British Columbia Office of Research and in accordance with the University of British



Columbia Policies and procedures, Biosafety Practices and Public Health Agency of Canada
Guidelines. The work using radioactive isotopes was in accordance with the University of
British Columbia radiation safety office policies and was approved by the committee on

radioisotopes and radiation hazards; license number: MEDI-3242-16.



Table of Contents

N 0] 1 Tod RSP URURRSRTR I
o = T ST PR ii
QL= L] (o) @0 o1 1=] o | £SO %
LIST OF TADIES ... Xii
LEST OF FIQUIES. ...t bbbttt b bbbt Xiv
LiSt Of ADDIEVIALIONS .......ooiiiiecice et Xvii
ACKNOWIEBAGEMENTS ...t XXV
[ =To [ 0% £ o] o ISR XXVii
Chapter 1: INTrOAUCTION .....oviiiiiiiieicee e bbb 1
1.1 The fundamentals Of aStNMa ..........cocveiieiiiee s 1
1.1.1 Clinical presentation and mManagement ..........ccoeruerererererieeieee e 1

I 0 0 R B = To [0 ] £ ST S U TP PR PP PPN 1

0 00 I - 11141 0| TR 2

1.1.2  GENELIC @SSOCIATIONS ... .cuviivieieeiesieesieeieetie st ete e steeee st e ste e sreesreeaesreesreeneenneenes 4

IO Ot O VT V1SS 4

1.1.2.2  AStNMA GWAS STUIES......cueeieeeieiiesiiesie e see et sia e te e e e ns 6

1.2 Single nucleotide polymorphisms and disease susceptibility ............c.ccocvcvriinnnnns 20
1.2.1 Potential function 0f SNPS........cccoiiiiiiee e 21
1.2.2.1  Promoter SNPS......ooiiieie ettt 21

1.2.1.2  5'Untranslated region (UTR) SNPS .......cccccoiiiieiiiie e 22
1.2.1.3  EXONIC SNPS ..ottt bbb 22



1.2.1.4  INtrONIC SNPS ..o 23

1205 3'UTR SNPS ettt ettt st 24
1.2.2.6  INEErgeniC SNPS ......coiiiiiiiii e 25

13 Interleukin 1 Receptor Ligand 1 .........ccocooiiiiiiiiieeiee s 26
1.3.1 ILIRLI gene and ProteINS .......cceoiieririeriieiieieienie sttt 27
1.3.1.1  EXPression Of ILIRLL ......oovoiiiiiiiiiiecieeee e 28
1.3.1.2 IL1RL1 in asthma and other respiratory diSEases..........ccovrererererennnnn. 30
1.3.1.3 IL1RL1 in allergy and immune diSOrders .........cccovrirenieienienienie e 35
1.3.1.4  ILIRLL in Other diSOFUerS......cccoiiiirieiieieieee e 38
1.3.1.4.1 CardiovasCular diSEASE..........cccuiirerieiieie ittt 38
1.3.1.4.2  INTECHIONS ..ottt 39
1.3.1.4.3 Liver and Kidney diSOTAEIS. ........cccurviiriieiieienie s 41

1.3.2  ConCluding reMArKS .........ccueiiiiiiieie e s 42
1.4 Thymic Stromal Lymphopoietin...........ccoceiiieiiiinene e 43
1.4.1 TSLP gene and ProteiNs.......cccoeoireiirininieieiesie sttt 43
1.4.2 TSLP in the hOMEOSTAtIC StAe........ceiviriiieiicieee s 44
1.4.3 TSLP in allergic diSEase. .......c.coueruiriiiriiieiieieee s 45
1.4.4 TSLP in Other diSOTUErS ......ccviieiiiieiiesiereeee s 47
1.4.5 Concluding remMarkS........cooueieiiiiieieieseee s 49
1.5  Research question and NYPOtNESES...........ccoiiiiiiiiiiiie e 50
Chapter 2: MethodolOgy ..........cooiiiiiiiiie e 52
2.1 SAMPIES .. bbb 52
2.1.1  HAM IUNQG SAMPIES ...ttt 52

Vi



2.1.1 Bl0Od SAMPIES ..ot 52

2.1.2 CAPPS SAMPIES ...ttt 52
2.2 TagMan® geNOTYPING .ecueeieeriierieiieeiie e st et e e steeste e ste e te e sbeesteeneesreesaesneesreeeens 53
2.3 Gene eXPreSSION STUIES ........cuiiiiiieie it 55

2.3.1 House-keeping gene SEIECLION. ..........cco i 55

2.3.2  Quantitative PCR (qPCR) eXPErMENTS .........cccuerueririeeiisie e sieeee e sieeie e 57

2.3.3  Allele-SpecifiC eXPreSSION SSAY .........ccivrerirrerierieniesiesiesiesieseeeesee e 58
2.4 LUCITerase reporter gENE aSSAYS .....cc.erverrerrererereeeeientestesiesiessesseeneeseesressesnesseseesnes 59

241 OVEIVIBW ...ttt bbbttt bbb bt bttt et b et be e 59

2.4.2  EXPerimental ProCEAUIE ........ccoiiiiieieic e 59

2.4.2.1  ClIONING.c..iitiitiiiieieie bbbt 59
2.4.2. 1.1 TSLP e 60
2.4.2.1.2 TLIRLL...ooi et ae e 61
2.4.2.1.3 Site-directed MUIAGENESIS. ......covrieiiieerierie sttt 61

2.4.2.2  TranSfOrMAatioN .......ccooiiiiiiiiiceeee e 62

2.4.2.3  TranSfECTION .....coviiiiiiic e 63
2.4.2.3.1 Cigarette SMOKE EXIFACT........cccooviiiieiieiiesie s 64

2.4.2.4  Luciferase reporter gene @SSAY .........ccoererrerierterieresieeieeseessessesiessesiessesseens 64

2.5  Electrophoretic mobility Shift 8SSaYS ..........coiiririiiiiei s 65

2.5. 1 OVEIVIBW ...ttt bbbttt bbbttt ettt bbb 65

2.5.2  EXPerimental ProCEAUIE .........ooiiiiieie e 65
2.6 Enzyme-linked immunosorbent assays (ELISAS) .......cccvvriiiniiiiieic e 67

2.8. 1 OVEIVIBW ..ottt ettt b e nn e 67

vii



2.6.2  ST2ELISA. ... s 68

2.7 PCR-based SPHICING @SSAY .....vveuerieeriiiieiiiesieeie et see ettt sree e 69
2.8 Lung eQTL StUdY 0AASEL........ccveiiieieiieieriereeee s 70
2.9 Data @NAIYSIS ...veeveeiecie sttt reeae s 71
2.9.1 TagMan® genotyping ata..........ccceeeriiiiiniieiieieie e 71
2.9.2  GEeNe EXPreSSION GALA ........coeiieeeieiesierie sttt 71
2.9.2. 1 QPCR AALA......cuiiieiiieieie e 71
2.9.2.2  LUNQ EQTL GALA ...c.veveeiieeiiesiesiisieeee e 72
2.9.2.2.1 TSLP @NAIYSIS....cciiiiiiiiiiiiiiisieeeee e 74
2.9.2.2.2 ILIRLL @NAIYSIS....ciiiiiiiiiiiiiiisiieieie et 74

2.9.3 Soluble ILIRLL Protein data........cccoeieieierinieieiesie e 76
2.9.4 RepOIter geNE QATA.........iiiiiriiieie ettt 76
2.10 Methodology for ILIRL1 computational analysis (chapter 3) ..........cccccoeevirvnnnne. 76
2.10.1  Lung eQTL StUAY dALA.......ceeeiieieieeiieiiesiceee e 76
2.10.2  Manual SNP prioritization WOrkflow............cccooeiiiiiiiiiiiee e 76
2.10.3  Lasso and elastic-net regularized generalized linear models (Glmnet) .......... 77
2.10.4  WVED FBSOUICTES ..ottt sttt bbbttt bbb 79

Chapter 3: IL1RL1 SNP prioritization using Generalized Linear Model regression with

Elastic net and in silico manual analysis...........c.ccociiiiiiiiii e 80
Bl OVEIVIBW .ttt bbbttt bbb bbbttt bbb 80
3.2 BACKGIOUNG ....cuiiiiiieicee bbbt 81
3.3 RESUIS .. ae s 84

3.3.1 Manual SNP PrioritiZation .........cccceiiieieeiieiie e 84

viii



3.3.1.1 Initial SNP selection in the region encompassing IL1RL1 gene................. 84

3.3.1.2  Selection of eQTLs specific to expression of ILIRL1 and IL18R1 ............. 86
3.3.1.3  Linkage disequilibrium analysis ............cccooeiiiininiiieieeee e 86
3.3.1.4  Assessment of the functional potential of the SNPS...........cccociiiiiiinnnn 87
3.3.1.5 Association and eQTL direction relationship..........ccccooeveieiciiiininnnen 88
3.3.1.6  Final selection of putative causal SNPs by manual annotation ................. 91
3.3.2 Lasso and elastic-net regularized generalized linear models results .................. 93
I B [T 03] (oo SO SSPSPPSN 96
K TR T O] o 113 o] o ISR 102

Chapter 4: Functional follow-up of IL1RL1 polymorphisms and gene expression

ANAIYSIS ...t b bbbttt e bt r e 104
A1 OVEIVIBW .ttt bbbt e bbbttt et e b et et beene s 104
A2 RESUIS ...t 106

4.2.1 Gene exPreSSION STUIES ........ocviiiitiriiriiiieieee ettt 106
N 1= = SO 106
4.2.1.2 Protein expression in CAPPS serum samples..........cccoovvvvininencienennnnn. 106
4.2.1.3 Lung eQTL data @analysSiS.........ccurviririiiieriiiierie e 112

4.2.2 Functional analysis of SNP rS1420101........cccccoiiiiiininiiieeiee s 122
4.2.2.1  Analysis of rs1420101 relationship to IL1RL1 gene expression .............. 122
4.2.2.2  Asthma association analysis ...........cccceveriiiiinieniiieeee e 123
4.2.2.3 PCR-based SPlICING @SSAY.......ccceiiririiieieiieie sttt 124

4.2.3 Functional analysis 0f SNP rS3771180........cccccoiiiiiininiiieieieese s 127
4.2.3.1 Analysis of rs3771180 in relation to ILIRL1 gene expression................. 127



4.2.3.2  Electrophoretic mobility Shift @SSay.........ccocerviiiiriiiiii 127
4.2.3.3  Luciferase reporter gene aSSAY ..........ccoverrerrerrereriereeeeieseesreseesiessessesseans 129
4.3 DISCUSSION ...ttt b bbbttt ettt ebeene s 130

Chapter 5: Functional follow-up of TSLP polymorphism rs1837253 and gene

EXPIESSION @NAIYSIS ... 141
5.1 OVEIVIBW .ottt bbbkt bbbttt b et b e 141
5.2 RESUIS .. 142

5.2.1 Gene expression STUIES .........coiiiiriiieieieie et 142
5.2.1.1 House-Keeping gene StUY..........ccevueiierierinereresiseeee e 142
5.2.1.2  PCR @SSAYS. ... eiteeuriiiieitieie ittt 143
5.2.1.3  Allele-SpecifiC EXPreSSION. .......ccuviiieiieieiesie st 145
5.2.1.4 Association with clinical phenotypes..........ccocoiiiiiniiieii 146

5.2.2 Electrophoretic mobility Shift 8SSaYS .........cccoiiiiiiiiiiiiieee e 157

5.2.1 Luciferase reporter geNe aSSAYS .........cueruerrerrerreruerterrerteseseaeeeessessessessessessesses 159

5.3 DUHSCUSSION ..tttk ettt bbbttt bbbttt et bbb ene s 162

Chapter 6: CONCIUSION ........coiiiiiii s 174

6.1 LR e nnre e 175
6.1.1  SumMmary of fINAINGS......ccoiiiiiiiiiieee e 175
6.1.2 Implications Of the WOIK ...........ccooiiiiiiiiiee e 176
6.1.3 Limitations and future dir€CtioNS ..........cccoerereiereiinesieeeeee e 178

6.2 LIRS USSP 180
6.2.1  SUMMAry Of fINAINGS......ooviiiiiiiiir e 180
6.2.2  Implications Of the WOIK ...........ccooieiiii e 181



6.2.3 Limitations and fUture dir€CHIONS .........oovveveeeeee 182

6.3 ConClUdING FEMATKS .......oouiiiiiiiieie e 184
BIBIIOGIaPNY ... 185
AAPPENAICES ...ttt bbb bbbt r bbb 225

Appendix A - Supplementary tables for Chapter 3...........ccoiiiininiceeeee 225

A.1  List of the 186 SNPs in the ILIRLL region.......cccccovvvererieiieeneiieseesesie e 225
A.2  Listof the 232 SNPs in the ILLIRLL region.......ccccoeeiirininienieiene e 229
A.3  Listofthe 77 SNPs in the ILIRLL region........ccccceiiiinininenieiene e 234
Appendix B - Supplementary tables for Chapters 4 and 5...........ccoccoovivienenencniicnen 238

B.1  Characteristics of subjects used for gene expression multiple linear models for
TSLP and IL1IRL1 iSOfOrms gene eXPreSSION .......c..cverververierierreneeeeienrensesie e siessesns 238

B.2  Summary of TSLP candidate gene association results in the literature ............ 239

Xi



List of Tables

Table 2-1 House-keeping genes CanGIdates ..........coovereiereieiesiesesese e 56
Table 2-2 TagMan gene expression assay ID for gPCR of TSLP and IL1RL1.........c..cc....... 57
Table 2-3 EMSA 0ligonucleotides SEQUENCES ..........ccveierierierieniinie e 66

Table 3-1 Distribution of number of SNPs associated with probesets and genes from the list
OF BAL SINPS ...ttt et e e s et e e s e e Rt e be et e neenreeteaneeareenre s 85
Table 3-2 eQTLs with direction of association concordant with the direction of IL1IRL1-a
0T g Tl =y o] (XS] 0] o U T TP TSP PP URPRPRON 89

Table 3-3 eQTLs with direction of association in disagreement with direction of IL1RL1-a

GBNE BXPIESSION ...ttt ettt skttt et b bbb bbb e s et e bt et bt e bt bt bt e st e et e bt st b e renne s 90
Table 3-4 Final candidate functional SNPs using the manual annotation approach............... 93
Table 3-5 Final candidate functional SNPs using the GImnet approach .............cc.ccocevviinee. 94
Table 3-6 Root mean square errors of the gene expression prediction by the SNPs............... 96
Table 4-1 Characteristics of CAPPS children used for IL1RL1 protein levels analysis ...... 107
Table 4-2 Serum IL1RL1 levels by ILIRL1 SNP geNnOtYPES.......cccvrvririeiieieieniesiesiesieeieas 110

Table 4-3 Comparison of my identified candidate SNPs with Ho et al. soluble IL1RL1
LT NS TS 1| PR 111
Table 4-4 Characteristics of lung dataset subjects used for ILIRL1 expression analysis..... 113

Table 4-5 Location of the five probes on the IL1RL1 transcripts and their pairwise correlation

Table 4-6 Analysis of main effects and interactions of IL1RL1 isoform gene expression,

clinical variables and SNP gENOLYPES ......cviiverieeieiieieee st ese e sre e ae e e sre e 116

Xii



Table 4-7 rs1420101 genotyping data (blood Samples) ... 123

Table 5-1 House-keeping stability ranking results using three algorithms..............c..ccc....... 143
Table 5-2 TSLP rs1838253 genotyping SUMMAIY ........cccooerererierenenieeeneeseesre e 145
Table 5-3 Characteristics of subjects included in TSLP expression analysis ..............c........ 148

Table 5-4 Results of multiple linear regression models of TSLP expression with phenotypes

AN GENOTYPES. ...tttk e bbbttt e b bbbt bt st e e b e bbbt 151

Xiii



List of Figures

Figure 1-1 ILIRL1 and neighbOring GENES ........ccooiiiiiiiieieieeie e 27
FIgUre 1-2 TSLP SIGNAIING ......oiiiiiiieiieiieie ettt nee e 44
Figure 1-3 TSLP and IL1RL1 expression and cellular pathways in the lung...........ccccooeeee. 51
Figure 2-1 Map of vector pGL 4.23[1UC2/MINP]........cccciiiiiiii e 61
Figure 2-2 Example of a gel of restriction digest for selecting plasmid with insert............... 63
Figure 2-3 rs1420101 splicing assay primer alignment...........cccocoeviiinininieiene e 70
Figure 2-4 Variable selection using number of missing data for each variable...................... 73

Figure 3-1 Linkage Disequilibrium map of the chromosome 2 region encompassing IL1RL1
aNd NEIGNDOTING GENES ...ttt ettt nneas 85
Figure 3-2 Lung eQTL plots for rS1420089 ..........ccooiiiiimiiieieie e 90

Figure 3-3 SNPs associated with lower of ILLRL1-a (soluble) gene expression and with

asthma protection i the HIEEratUIe. ..o 91
Figure 3-4 SNP functional impact by 10CatION ..o 92
Figure 3-5 Glmnet candidate SNPs overlap between genes and iSoforms ............cc.ccocvvvnee. 95

Figure 4-1 Genomic location of functional candidate SNPs selected by manual annotation 106

Figure 4-2 Distribution of serum IL1RL1 protein levels as measured by ELISA................ 108
Figure 4-3 Serum IL1RL1 levels by asthma status in the CAPPS teenagers ..........cc.cevnens 108
Figure 4-4 Serum IL1RL1 levels by genotypes of significant SNPS...........ccccocevvriininnnnnns 109
Figure 4-5 IL1RL1 probe expression distribution in lung tiSSUE ..........ccccoviviiiiiciiniinnnns 114

Figure 4-6 Interaction of rs3771180 and rs4988956 with antibiotic use on receptor IL1RL1

3 0L (=3 [0 SRS SS 117

Xiv



Figure 4-7 Interaction of rs3771180 alleles with three diagnoses on the receptor ILIRL1
EXPTESSION ...ttt ettt e bbb h et e b e e bt bRt b e E e e e b e bbb 118
Figure 4-8 Batch effect on ILLRL1 iSOfOrmM eXPreSSion.........cooovvvrerieieienienieniesesie s 118
Figure 4-9 Interaction of rs10496357 with bisphosphonate use on receptor IL1IRL1
EXPTESSION ...ttt ettt bbb bbb Rt e Rt e s bt bt bRk b e e b e n bR 119
Figure 4-10 Main effect of diuretic intake and interaction with rs1420101 on IL1RL1 gene
0] (SIS o] TP PO U PR UR PSPPI 120

Figure 4-11 Interaction of rs1420101 and rs1420106 with no medication intake with IL1IRL1

TECEPLOT EXPIESSIOSSON ....vvvirtetitestiateeseese etttk sttt se st e e e et et b e bttt e bt e s s e e e e e b st b beereenes 121
Figure 4-12 Association of oral steroid use with soluble IL1IRL1 expression..........c.cc.c...... 121
Figure 4-13 Association of smoking status with soluble ILLIRL1 expression.............cc.c...... 122
Figure 4-14 Association of weight with soluble ILIRL1 eXPression...........cccccocerererennnnnns 122
Figure 4-15 IL1RL1 isoform expression by rs1420101 genOtYPES .......ceoverververeererierieriennens 123
Figure 4-16 rs1420101 splicing assay gel for lung samples...........cccovvviieninenineniins 125
Figure 4-17 rs1420101 splicing assay gel for blood samples by asthma status.................... 126
Figure 4-18 IL1RL1 probe expression by rs3771180 genOtYPES. ......cccovveerverierienieriesienennens 127
Figure 4-19 153771180 EMSA Gl .......vuiveeeeeeeeeeeeeeeeeeee s sse s s 129
Figure 4-20 rs3771180 Luciferase activity ratio by allele..............coooviiiiiiniis 130
Figure 5-1 Amplification plot of blood cDNA using TSLP gene expression assays............ 144

Figure 5-2 Allele-specific expression of TSLP cDNA using the rs2289276 coding SNP.... 146

Figure 5-3 TSLP probes expression and correlation in the lung dataset.............c.ccocovovninnens 148
Figure 5-4 Batch effect in TSLP probes expression data.............ccovvveeeierenenenenesesennens 149
Figure 5-5 eQTL plot Of rSI837253.......c.oiiieiecie e 150

XV



Figure 5-6 eQTL plot of rs1837253 including COVAriates ...........ccoovrvrieeiinienieenesieseeieas 150
Figure 5-7 Association of antibiotics use with TSLP gene eXpression...........cccccoevvervnnenns 152

Figure 5-8 Interaction of rs1837253 with antiplatelet and bisphosphonate use on short TSLP

EXPTESSION ...ttt ettt bbbttt bbbt bR e e e e b e bbb ke bt e e e b e b b r e 152
Figure 5-9 Association of insulin use with long TSLP exXpression ...........cccceevenenencnnennns 153
Figure 5-10 Association of NSAIDs use with short TSLP eXpression ...........ccccoevvvrvnnnnnns 153

Figure 5-11 Main effect of oral steroid intake and interaction with rs1837253 on TSLP

EXPTESSION ...ttt ettt bbbt a ettt bbbkt h et e e b e b bR bRt R e e e b e b b r e 154
Figure 5-12 Association of sex with 1ong TSLP eXPreSSion ...........cocveveieieenerenenesenennnns 155
Figure 5-13 Association of short acting beta agonist use with short TSLP expression........ 155
Figure 5-14 Interaction of rs1837253 with smoking on short TSLP expression ................. 156
Figure 5-15 Association of weight with TSLP iSoform expression ...........ccccevereienennnnnns 156
Figure 5-16 rs1837253 EMSA with cold competition............ccoovveiiineriinnes e 157
Figure 5-17 rs1837253 EMSA with unsuccessful cold competition .............ccccceevreiecnnnne. 158
Figure 5-18 Luciferase ratio difference between rs1837253 alleles...........ccccooeiiiiiiinnnnns 159
Figure 5-19 Effect of Dexamethasone on Luciferase activity .........c.ccceovvrireiiincieinnnenn 160
Figure 5-20 Effect of Poly (1:C) on Luciferase aCtiVity..........c.ccocurvrineninieneieie s 161
Figure 5-21 Effect of CSE on Luciferase aCtiVity ..........ccocoovivrireinincncin e 162

XVi



List of Abbreviations

Abbreviation

°C

3'UTR
5'UTR
ABI
ACEI
ADAM33
ADRAI1B
AIC

ALT
ANOVA
ANTXR1
ARE
ATCC
ATF6
ATP
AUF-1
AU-rich
BMI

bp
BTNL2
C/EBP
C6orf10
cAMP
CAPPS
CCL11
CCL12
CCL17
CD4
CD40

Description

Degrees Celsius

3" untranslated region

5' untranslated region

Applied Biosystems
Angiotensin-converting-enzyme inhibitor
ADAM metallopeptidase domain 33
Adrenoceptor alpha 1B

Akaike Information Criterion

Alanine aminotransferase

Analysis of variance

Anthrax toxin receptor 1
Adenylate-uridylate-rich elements
American Type culture collection
Activating transcription factor 6
Adenosine triphosphate

AU-rich element RNA-binding protein 1
Adenylate-uridylate-rich

Body mass index

Base pair

Butyrophilin-like 2 (MHC class Il associated)
CCAAT-enhancer-binding protein
Chromosome 6 open reading frame 10
Cyclic AMP

Canadian Asthma Primary Prevention Study
Chemokine (C-C motif) ligand 11
Chemokine (C-C motif) ligand 12
Chemokine (C-C motif) ligand 17
Cluster of differentiation 4

CD40 molecule, TNF receptor superfamily member 5

XVii



Abbreviation

CD8
CD86
CDHR3
cDNA
CEU

ChIP-Seq
CHRNA2
CLP
COL18Al
COL5A3
COL6AS5
COPD
CRB1
CRLF2
CSE
CSF2

Ct
CTCF
CTNNA3
CXCR2
DC
DENND1B
DMEM
DPP10
EMSA
ENCODE
eQTL
ERK1
ERK2
ESPERR

Description

Cluster of differentiation 80
Cluster of differentiation 86
Cadherin-related family member 3
Complementary DNA

Utah residents with Northern and Western European ancestry from
the CEPH collection
Chromatin immunoprecipitation-sequencing

Cholinergic receptor, nicotinic, alpha 2

Cecal ligation and puncture

Collagen, type XVIII, alpha 1

Collagen, type V, alpha 3

Collagen, type VI, alpha 5

Chronic obstructive pulmonary disease
Crumbs homolog 1 (Drosophila)

Cytokine receptor-like factor 2

Cigarette smoke extract

Colony stimulating factor 2 (granulocyte-macrophage)
threshold cycle

CCCTC-binding factor

Catenin (cadherin-associated protein), alpha 3
Chemokine (C-X-C motif) receptor 2 (or IL8RB)
dendritic cells

DENN/MADD domain containing 1B
Dulbecco’s Minimum Essential Medium
Dipeptidyl-peptidase 10

Electrophoretic mobility shift assay

The encyclopedia of DNA elements
Expression quantitative trait locus
Mitogen-activated protein kinase 3
Mitogen-activated protein kinase 1

Evolutionary and sequence pattern extraction through reduced
representations

xviii



Abbreviation

EVE

FCER1A
FEV1
FEV1%VC

FOXF2
FOXP3
FVC
GATA2
gDNA
GFP
GINA
Glmnet
GM-CSF
GR

GRE
GRK2
GSDMA
GSDMB
GWAS
HAC
HapMap
HBB
HelLa
HepG2
HLA
HLA-DQ
HLA-DQB1
HLA-DRA
HLA-DRB1
HMEC

Description

The EVE consortium to identify asthma susceptibility genes in
ethnically diverse populations
Fc fragment of IgE, high affinity I, receptor for; alpha polypeptide

Forced expiratory volume in one second

Forced expiratory volume in one second expressed as a percentage
of the vital capacity
Forkhead Box F2

Forkhead box P3

Forced vital capacity

GATA binding protein 2

Genomic DNA

Green fluorescent protein

Global Initiative for Asthma

Lasso and elastic-net regularized generalized linear models
Colony stimulating factor 2 (granulocyte-macrophage)
Glucocorticoid receptor

Glucocorticoid response element

Beta adrenergic receptor kinase

Gasdermin A

Gasdermin B

Genome-wide association study

Histone acetylases

Haplotype Map Project

Hemoglobin subunit beta

Cancerous cell line derived from Henrietta Lacks
Hepatocellular carcinoma human cell line

Human leukocyte antigen

Major histocompatibility complex, class Il, DQ

Major histocompatibility complex, class II, DQ beta 1
Major histocompatibility complex, class I, DR alpha
Major histocompatibility complex, class Il, DR beta 1

Human mammary epithelial cell
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Abbreviation
HPLC
HuR

HUVEC
HWE
IBD
ICOS
IgE
[HAM
IKZF2
IL10
IL13
IL18R1
ILI8RAP
IL1IR2
ILIRL1
ILIRL2
ILla
IL1B
IL25
IL25R
IL2RB
IL33
IL4
ILS
IL6
IL7
IL8
ILC2
IRE
IRES

Description
High-performance liquid chromatography

Hu antigen R (aka ELAVL1, embryonic lethal, abnormal vision,
Drosophila)-like 1
Human umbilical vein endothelial cell

Hardy-Weinberg equilibrium
Inflammatory bowel disease

Inducible T-cell co-stimulator
Immunoglobulin type E

The International Institute for Advancement of Medicine
IKAROS family zing finger 2 (Helios)
Interleukin 10

Interleukin 13

interleukin 18 receptor 1

Interleukin 18 receptor accessory protein
Interleukin 1 receptor, type 2 (a.k.a. CD121b)
interleukin 1 receptor-like 1

interleukin 1 receptor-like 2

Interleukin 1 alpha

Interleukin 1 beta

Interleukin 25

Interleukin 25 receptor

Interleukin 2 receptor, beta

interleukin 33

Interleukin 4

Interleukin 5

Interleukin 6

Interleukin 7

Interleukin 8

Innate lymphoid cells, type 2
Iron-responsive elements

Internal ribosome entry sites
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Abbreviation
Jak
K562
KHSRP
LABA
LB

LD
lincRNA
LOD
LPS

luc

MAF
MAP4K4
MFSD9
MGB
MHC
Ml

minP
MiRNA
MKLN1
MRNA
MYC
MYD88
NAPS
NCBI
NF«xB
NIH
NKT
NPSR1
NRG1
NRMSE
NSAIDS

Description

Janus kinase

Myelogenous leukemia cell line

KH-Type Splicing Regulatory Protein
Long-acting beta2-agonist

Lysogeny broth

Linkage disequilibrium

Long intergenic non-coding RNA

Logarithm (base 10) of odds

Lipopolysaccharide

Luciferase

Minor allele frequency

Mitogen-activated protein kinase kinase kinase kinase 4
Major facilitator superfamily, member 9

Minor groove binding

Major histocompatibility complex

Myocardial infarction

Minimal promoter

MicroRNA

Muskelin 1, intracellular mediator containing kelch motifs
Messenger RNA

c-Myc

Myeloid differentiation primary response gene 88
Nucleic acid protein service unit in UBC

National Center for Biotechnology Information
Nuclear factor kappa-light-chain-enhancer of activated B cells
National Institutes of Health

Natural killer cells

Neuropeptide S receptor 1

Neuregulin 1

Normalized root mean square error

Non-steroidal anti-inflammatory drugs
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Abbreviation
OCA2
ORMDL3
OVA

0OX40
OX40L

PAGE
PC20
PCR
PDE4D
PGK
PHF11
PKA
Poly(I:C)
pQTL
PRNP
PYH1N1
QC
qPCR
RA
RADS50
RE
RMSE
RPLPO
RT
SH2B3 (aka LNK)
SIRNA
SLC9A2

SLC9A4

SMAD3
SNP

Description

Oculocutaneous albinism Il

ORML1-like 3 (S. cerevisiae)

Ovalbumin

Tumor necrosis factor receptor superfamily, member 4

Tumor necrosis factor (ligand) superfamily, member 4 (tax-
transcriptionally activated glycoprotein 1, 34kDa)
Polyacrylamide gel electrophoresis

Provocative concentration causing a 20% drop of FEV1
Polymerase chain reaction
Phosphodiesterase 4D, cCAMP-specific
Phosphoglycerate kinase

PHD finger protein 11

cAMP-dependent protein kinase
Polyinosinic:polycytidylic acid, sodium salt
Protein quantitative trait locus

Prion protein

Pyrin and HIN domain family member 1
Quality control

Quantitative polymerase chain reaction
Rheumatoid arthritis

RAD50 homolog (S. cerevisiae)

Restriction enzyme

Root-mean-square error

Ribosomal protein, large, PO

Room temperature

SH2B adaptor protein 3

Small interfering RNA

Solute carrier family 9, subfamily A (NHE2, cation proton
antiporter 2), member 2

Solute carrier family 9, subfamily A (NHE2, cation proton
antiporter 2), member 4

SMAD family member 3

Single nucleotide polymorphism
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Abbreviation
Spl

Src

sST2

ST2

ST2L

STAT6
T2D
TCF7L2
TCR
TE
TFBS
TFIID
TGFp
Thl
Thl7
Th2
TLE4
TLR1
TLR4
TMEM182
TNFa
TNXB
Treg
TSLP
TSS
TTP
UBC
UPR
USF1
USF2

Description

Specificity protein 1

Proto-oncogene tyrosine protein kinase Src

Soluble suppression of tumorigenicity 2 (soluble IL1RL1)
Suppression of tumorigenicity 2 (IL1IRL1)

Receptor suppression of tumorigenicity 2 (receptor form of
ILIRL1)
Signal transducer and activator of transcription 6

Type 2 diabetes

Transcription factor 7-like 2 (T-cell specific, HMG-box)
T-cell receptor

Tris-EDTA buffer

Transcription factor binding site

Transcription factor 11 D

Transforming growth factor beta

T helper 1

T helper 17

T helper 2

Transducin-like enhancer of split 4 (E(sp1l) homolog, Drosophila)

Toll-like receptor 1

Toll-like receptor 4
Transmembrane protein 182
Tumor necrosis factor alpha
Tenascin XB

Regulatory T cells

Thymic stromal lymphopoietin
Transcription start site
Tristetraprolin

University of British Columbia
Unfolded protein response
Upstream stimulatory factor 1

Upstream stimulatory factor 2
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Abbreviation
UTR

uv

vST2
WDR36
ZPBP2

Description

Untranslated region

Ultraviolet

Variant form of suppression of tumorigenicity 2
WD repeat domain 36

Zone pellucida binding protein 2
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Chapter 1: Introduction

1.1 The fundamentals of asthma

Asthma is a common chronic inflammatory disease, characterized by shortness of breath,
reversible airflow obstruction, airway hyperreactivity and chronic lung inflammation. In
2012, 2.4 million Canadians (8.1% of the population) were afflicted with the disease,
according to government statistics  (http://www.statcan.gc.ca/tables-tableaux/sum-
som/l01/cst01/health50a-eng.htm). It is estimated that 300 million people worldwide have

asthma and that the prevalence of the disease is increasing (1).

1.1.1 Clinical presentation and management

1.1.1.1 Diagnosis
According to the Global Initiative for Asthma (GINA) (2), asthma should be diagnosed based
on the patient’s history and symptoms as follows. The presence of any of the following signs
increases the likelihood of presence of asthma: wheezing i.e. a high-pitched whistling sound
when breathing out, history of cough, worsening at night, recurrent wheeze, recurrent
difficulty breathing or chest tightness, nocturnal worsening or seasonal pattern of symptoms,
concomitant allergic disease such as eczema, family history of asthma and atopy, occurrence
or worsening of symptoms in the presence of triggers such as animals, chemicals, smoke,
respiratory infections, etc.

When asthma is suspected based on symptoms and history, lung function testing
confirms the diagnosis and provides a quantitative objective assessment of disease severity.

Spirometry is a lung function test for measuring airflow limitation and reversibility thereof.



An increase in Forced Expiratory Volume in one second (FEV1) of > 12% and > 200 ml after
administration of a bronchodilator is an indication of reversible airflow obstruction consistent

with an asthma diagnosis.

1.11.2 Treatment

There are two types of asthma medication: relievers and controllers. 1) Relievers are
medications which alleviate symptoms promptly such as short-acting p2-agonists (e.g.
Albuterol) which act by dilating the airways rapidly and rescue the patient from an asthma
attack or reduce acute symptoms such as coughing or shortness of breath. Bronchodilators
only treat airway tightness and do not act on the lung inflammation. 2) Controller
medications act by reducing airway inflammation and are generally taken daily. Examples of
controllers are inhaled corticosteroids (e.g. fluticasone), leukotriene receptor antagonists (e.g.
Montelukast), long-acting [2-agonists (e.g. Salmeterol), and theophylline. Inhaled
corticosteroids function by repressing gene transcription of inflammatory genes by binding
glucocorticoid receptors in the cytoplasm and translocating to the nucleus where they recruit
histone deacetylases (gene transcription repressors) as well as inhibit the recruitment of
histone acetylases to the promoters of inflammatory genes (3). Different kinds of inhaled
steroids have the potential to cause local or systemic side-effects (4).

Leukotriene receptor antagonists bind, as their name indicates, to leukotriene receptors;
leukotrienes are products of arachidonic acid metabolism and participate in the
pathophysiology of asthma by binding to their receptors on the surface of mast cells,
eosinophils, endothelial and smooth muscle cells. Leukotriene receptor antagonists block the

pro-inflammatory and other harmful effects of leukotriene signaling (5).



Long-acting B2-agonists (LABAS) are bronchodilators that provide long-term relief
from airway obstruction by binding to [B»-adrenergic receptor on the surface of smooth
muscle cells, increasing the activity of adenylyl cyclase, leading to the accumulation of
CAMP and the subsequent activation of cCAMP-dependent protein kinase (PKA) leading to
the functional effect of relaxation on the airways for 12 hours per dose (6). Adding LABA
therapy to inhaled corticosteroids is generally a more effective asthma treatment; indeed
there is evidence that B.-adrenergic receptor agonists enhance the glucocorticoid response
element-dependent effect of inhaled corticosteroids via the cCAMP-PKA signaling pathway,
resulting in more efficient anti-inflammatory effect of the corticosteroids (7).

The treatment of asthmatic patients is step-wise and depends on the severity of disease
and the level of symptom control. Patients are always given short-acting bronchodilators
which are used on an as-needed basis to prevent severe exacerbations and relieve recurrent
symptoms. With increasing levels of severity, the patients are prescribed one or more
controller medications usually starting with inhaled corticosteroids of increasing dosages.
Combination of LABA and inhaled corticosteroids is prescribed if control is not attained,
then leukotriene modifiers or theophylline are added to the treatment plan for difficult to treat
asthma. Oral corticosteroids are prescribed as a last resort in the case of severe asthma. When
control of asthma symptoms is reached and sustained for at least 3 months, treatment can be
gradually reduced to decrease the risk of side-effects and maintain only necessary medication
for control.

Patient education and regular medical monitoring are key elements to successful

symptom control and increase in the quality of life of asthmatic patients.



1.1.2 Genetic associations

1.1.2.1  Overview

Asthma is the result of a complex interaction between environmental factors and genetic
variants that confer susceptibility; the heritability of asthma is estimated at 48% to 79% (8).
The genetic basis of allergic sensitization, including asthma, has been long recognized with
the Human Leukocyte Antigen (HLA) locus being the first specific chromosomal region
implicated (9). The genetic contribution to asthma can be demonstrated by twin studies
where monozygotic twins are more concordant for asthma and other allergic traits than
dizygotic twins (10). However, monozygotic twins are not completely concordant for these
phenotypes, clearly demonstrating the importance of environmental factors.

Studies of the genetics of asthma have been conducted using family-based designs that
detect the co-inheritance (linkage) of genetic variants with the phenotype. The power of this
approach is that the genes are detected by virtue of their chromosomal location alone and not
on the basis of prior knowledge of their function. Therefore, the entire human genome can be
screened in an unbiased fashion. Several novel genes such as ADAM33, DPP10, NPSR1
(GPRA), PHF11 and HLA-G were identified as putative susceptibility loci using this
approach (11-16). On the other hand, the results of linkage studies have shown poor
reproducibility. In a recent meta-analysis of 20 genome-wide linkage studies there were only
two chromosomal regions (2p21-p14 and 6p21) that showed significant evidence for linkage
in European families, after adjustment for multiple comparisons (17).

An alternative approach is to use hypothesis-driven association studies of specific
asthma candidate genes (18, 19). This is most commonly performed using a case-control

design although cohort and family-based approaches are possible. However, there has also



been a general lack of reproducibility in these types of studies (20). There are many possible
reasons for such inconsistent results and these include small sample sizes, differences in
phenotype definition and lack of adequate matching of study subjects for ethnic background
(21).

A complicating factor in association studies is the phenomenon of linkage
disequilibrium (LD) which is the association between alleles at different sites on a
chromosome. LD tends to be lower for polymorphisms that are further apart (due to the effect
of recombination), although there is not a simple relationship between LD and genetic
distance. The pattern of LD across the genome is not uniform and differs between
populations of different ancestry. As a consequence of LD, an association of a genetic
polymorphism with a disease outcome does not necessarily imply causality. The
polymorphism may be in LD with several nearby variants, any one of which could be the
causal locus. On the other hand, the presence of LD reduces the number of polymorphisms
that have to be assayed in a given chromosomal region as one variant can act as a surrogate
for many others.

Most recently, the association study design has been extended from the examination of
a specific candidate gene to an unbiased, genome-wide approach (22). In order to survey the
entire genome, a large number of genetic polymorphisms (~0.5-2 million) need to be assayed
in each study subject. These studies utilize single nucleotide polymorphisms (SNPs) as they
are the most efficiently assayed and frequent type of genetic variant. In the most commonly
used approach to genome-wide association studies (GWAS) the genotype frequencies at each
SNP are compared between cases and controls. However, such a large number of

comparisons require the use of extremely stringent statistical correction to avoid an



overwhelmingly large number of false positive results. For example, in a GWAS consisting
of 500,000 SNPs, to survive a Bonferroni correction requires a p value <1x107
(0.05/500,000). Therefore, very large sample sizes are needed in such studies if genome-wide
statistical significance is to be achieved e.g. several thousand cases and controls. On the other
hand, the large amount of genetic data generated in these studies allows efficient correction
for differences in ethnic background.

Advances in genotyping technology have made GWAS feasible, although still
expensive. As large sample sizes are essential the studies are generally carried out by

consortia of investigators who pool their resources.

1.1.2.2  Asthma GWAS studies

Thus far, there have been approximately twenty GWAS to look for susceptibility loci for
asthma and related traits. Seventeen of these studies utilized asthma or childhood asthma as
the phenotype. The first GWAS for asthma was published in 2007 by Moffatt et al.(23) and it
demonstrated that hypothesis-driven approaches have limited power (16) to identify
susceptibility genes because that study uncovered a novel associated locus on chromosome
17921 encompassing the genes ORMDL3, GSDMB and ZPBP2. None of these genes would
have been selected in a candidate association study based on current knowledge of the
functions of these genes. Nevertheless, this finding has been consistently replicated in
independent populations of European ancestry and in other ethnic groups (20, 24-39) and
thus chromosome 17921 seems to be a true asthma susceptibility locus. Only one study found
a lack of association and that was in an African American population (24). In general, these

replication studies have demonstrated that the associations were stronger for early-onset



asthma. Two of the studies (26, 32) showed an interaction of the polymorphisms in the
chromosome 17q21 region with cigarette smoke exposure.

It is currently unclear which gene(s) in this chromosomal region are responsible for the
association with asthma or through which mechanisms; efforts are underway to elucidate that
question. Moffatt et al. (23) demonstrated that the SNPs associated with asthma were also
associated with ORMDL3 expression in lymphoblastoid cell lines (derived from B cells).
Halapi and coworkers (33) determined gene expression in peripheral blood leukocytes and
found that the polymorphism most strongly associated with asthma in the study by Moffatt et
al.(23), rs7216389, was significantly correlated with the expression of both the GSDMB and
ORMDL3 genes. Expression of these two genes was highly correlated suggesting that they
are coordinately regulated. It was later also shown that SNPs within the locus were
associated with ORMDL3 and GSDMA gene expression in cord blood mononuclear cells
(40).

In order to determine the cause of the chromosome 1721 genetic association, Verlaan
et al. (41) performed an extensive, elegant functional study which showed alteration of
regulation of genes in the region was due to chromatin remodeling occurring differentially by
alleles. These data suggested that more than one causal polymorphism exists in this region
and that these SNPs have effects on the regulation of several genes. A similar study showed
that allelic variation in the region was a result of the interaction between epigenetic changes
and SNPs and reported another SNP, rs4795397 in the promoter region of ZPBP2, which
associated with allele-specific nucleosome occupancy (42).

The chromosome 17921 locus posed a challenge to researchers (43) as the functions of

the genes composing it are unclear and efforts have since been made to uncover the



mechanism(s) by which this region could be involved in the pathogenesis of asthma. The
current understanding of the function of the ORMDL3 (ORMZ1-like 3) gene is that it regulates
endoplasmic reticulum-mediated calcium signaling resulting in the unfolded protein response
(UPR), which is thought to trigger an inflammatory response (44). In an ovalbumin (OVA)-
induced asthma mouse model, it was shown that ORMDL3’s expression was allergen-
inducible in the lung epithelium and that this induction is dependent on STAT6 and not NF-
kB; the in vitro part of the study demonstrated ORMDLS3 transfection led to the activation of
ATF6, a signaling protein of the ER-localized UPR (45). However, more recent in vitro
studies illustrated that in airway epithelial cell lines, upon siRNA knockdown of ORMDLS,
no changes were observed in IL-6 or IL-8 production or UPR activation upon stimulation or
to gene expression of a number of immune-related genes (46).

Other data implicated ORMDL3 in the regulation of sphingolipid metabolism (47).
Sphingolipids are a major component of cell membranes and are involved in numerous
functions such as cell proliferation, signal transduction and apoptosis (48). A newly-emerged
potential mechanism of the involvement of ORMDL3 in asthma is through the regulation of
eosinophil trafficking, recruitment and activation, which was found in vivo in a mouse model
of allergic airway inflammation and in vitro in murine eosinophils (49).

Whether these functions provide an explanation for the association with asthma
remains to be determined. ORMDL3 was suggested as the most plausible gene causing the
asthma association of chromosome 17921 locus (23) however there is increasing evidence
making the case for the other genes in the region more compelling. A SNP in GSDMA was
the strongest expression quantitative trait locus (eQTL) in the lung among all the SNPs in the

region and human lung epithelial cells expressed abundant messenger RNA (mRNA) and



protein levels of this gene (50); Hao et al. presented results of a canonical pathways
enrichment analysis that showed GSDMA might be the most likely candidate for causing the
asthma association in the region.

The GSDMB (gasdermin B) gene is expressed in the epithelial cells of the skin and
intestinal tract and appears to be involved in tumorigenesis (51). However, GSDMB is also
highly expressed in T cells and at low levels in the fetal lung and bronchial epithelium (52).
ZPBP2 (zona pellucida binding protein 2) encodes a protein involved in fertilization and
possibly has a structural role in the biogenesis of the acrosome during spermatogenesis (53).
More recently, two SNPs within ZPBP2 were shown to associate with gene expression of the
neighboring genes; the study’s main finding was sex-specific methylation patterns in the
ZPBP2 promoter but not in ORMDL3 or the GSDM genes proximal promoters; ZPBP2
differential promoter methylation potentially explained the sex-specific asthma association in
the French-Canadian cohort studied (54). Thus, more studies are warranted to elucidate the
causal mechanisms behind the asthma association of the ZPBP2/ORMDL3/GSDMB locus.

The GWAS of childhood asthma conducted by Sleiman et al. (55) confirmed the
chromosome 17g21 association at a genome-wide significance level. These authors also
found several SNPs associated with childhood asthma that were in a large region with high
levels of LD on chromosome 1g31 containing DENND1B and the 3’end of CRB1. In this
study, the 1931 association was originally observed in a population of European descent and
validated in an independent European population. Sleiman et al. replicated the association of
this region in African Americans although interestingly the alternative allele at each
polymorphism was associated in this ethnic group. The association of DENND1BI with

childhood asthma in this GWAS was entirely novel and is indicative of the usefulness of



GWAS in detecting genes that would not have been the subject of a candidate gene approach.
Although the DENND1B1 association was convincing and statistically significant, it has not
been replicated in GWAS since. While CRB1 does not seem to be an attractive asthma
candidate, as its reported roles lie in photoreception, DENND1BI is of great interest.
DENND21BI encodes for the DENN/MADD domain containing 1B protein. It is thought to
interact with the tumor necrosis factor receptor type 1 to block its signaling and is expressed
by dendritic cells (DCs), which play a pivotal role in the inflammatory state characteristic of
asthma, and by natural killer T (NKT) lymphocytes. No functional studies have been
performed to elucidate the biology behind this gene’s putative role in asthma.

In 2009, two additional GWAS using the childhood asthma phenotype were published
(56, 57). In the study performed by Himes et al. two regions of the genome (on chromosomes
5 and 8) showed associations that approached genome-wide significance. The chromosome
8p21 polymorphism is in the CHRNAZ2 (nicotinic cholinergic receptor a2) gene. Nicotinic
cholinergic receptor genes have been implicated in lung disease as polymorphisms in them
were associated with lung cancer (58, 59) and chronic obstructive pulmonary disease
(COPD) (60, 61) and have been reported to influence smoking behavior in GWAS meta-
analyses for the number of cigarettes smoked per day and smoking initiation (62, 63). The
other noteworthy result of the Himes et al. study was the association of PDE4D SNPs on
chromosome 5p12. The PDE4D (cAMP-specific phosphodiesterase 4D) gene encodes an
enzyme that hydrolyses cyclic AMP, and thus is upstream of many important signaling
pathways. Furthermore, PDE4D plays an important role in airway smooth muscle
contractility (64). Variants in the PDE4D gene were previously associated with stroke

(although the association is controversial (65)) and other disorders (66-68). Several
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compounds designed to inhibit PDE4D are in clinical drug development as therapeutics for
asthma and COPD (69, 70). A comprehensive review of these efforts has recently been
published (71). Himes et al. (57) found that chromosome 17921 polymorphisms were
associated with asthma and in the same direction as reported by Moffatt et al. (23) but the p
values fell short of genome-wide significance (p=0.0007 to 0.02).

In the second 2009 study, Hancock et al. (56) studied childhood asthma in 492 trios of
Hispanic asthma cases and their parents. As expected from the sample size, no SNP reached
genome-wide statistical significance. However, variants on chromosome 9921 upstream of
TLE4 showed some of the smallest p values for association with asthma in the initial cohort
and one of the associations was replicated in an independent population, although it was not
significant after Bonferroni correction. Therefore, these data provide suggestive evidence of
involvement of this locus in susceptibility to childhood asthma. TLE4 (Transducin-like
enhancer of split 4 (E (spl) homolog, Drosophila) is an inhibitor of transcription with no
previous association with asthma or related phenotypes. As in the study by Himes and
coworkers (57), chromosome 17g21 SNPs in the ORMDL3 region were associated with
asthma but only at modest significance levels (p=0.01 to 0.04). Two polymorphisms in the
region of the PDE4D gene were also associated with asthma in this population (p=0.02 and
0.04).

Increased immunoglobulin E (IgE) levels and eosinophilia are two of the main
characteristics of asthma and are highly correlated with severity of disease (72-75). Results
for the first GWAS of total serum IgE were reported in 2008 by Weidinger et al. (76). The
GWAS population was from Southern Germany and consisted of 1530 individuals. No single

SNP showed genome-wide statistical significance. Efforts to follow up the variants that
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showed the lowest p value regardless of genome-wide significance were undertaken using a
total of 9769 additional samples from four independent populations. Interestingly, the top
findings were for SNPs in FCER1A, the gene encoding the a chain of the high affinity
receptor for IgE on chromosome 1g23. The high affinity receptor for IgE is composed of
three subunits a, f and v; the a subunit is responsible for IgE binding whereas the § and y
subunits mediate the signaling. The gene encoding the  subunit has also been implicated in
atopy and asthma in some studies but not others (18). Recently, it has been shown in vitro
that the o subunit could function as a single-chain receptor and was able to bind IgE and
subsequently internalizes and shuttles the antigen into lysosomes (77). These new data
suggest that the o chain could be sufficient for IgE signaling. Although this GWAS result is
not surprising based on the function of the gene and previous candidate studies of FCER1A
(78, 79), it is reassuring that this gene was the top hit of an IgE GWAS and can be regarded
as a validation of the GWAS approach.

Another interesting finding of the Weidinger et al. (76) GWAS was the association
with SNP rs12368672. This SNP is located approximately 7 kb from the signal transducer
and activator of transcription 6 (STAT6) promoter and is in high LD with an intronic SNP in
STAT6 (rs324011) that has been shown to have allele-specific effects on STAT6 promoter
activity in vitro as well as STAT6 mRNA levels in vivo (80). STATG is a transcription factor
that plays an important role in activating genes involved in IgE synthesis (81) and
polymorphisms in these genes have previously been associated with serum IgE levels (82,
83).

Both FCER1A and STAT6 are genes with solid biological plausibility to influence IgE

levels. However, Weidinger et al. (76) also identified a novel gene that had no previous data
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to show involvement in atopy or asthma. RADS50 is located on chromosome 5931 near the
important cytokine gene cluster containing IL13, IL4, IL5, IL3 and CSF2: all of which are
involved in the inflammatory state present in the asthmatic lung. RAD50 encodes a protein
responsible for DNA double-strand break repair. However, the 3' end of RAD50 contains
several conserved non-coding sequences and enhancer elements which act as a locus control
region for regulation of the neighbouring 1L4 and IL13 genes (84).

Interestingly, there was a second report associating RAD50 with asthma in the GWAS
performed by Li et al. in a Caucasian population with severe or difficult to treat asthma (85).
Most probably due to the small sample size (n=473 cases), no single SNP was significantly
associated with the phenotype at genome-wide threshold. The most significant association
was seen for an intronic SNP in RAD50; additional SNPs spanning the region comprising
RAD50 and IL13 were associated as well. It is of note that SNPs in the locus control region,
regulating IL13 and present in the RAD50 gene, were found associated with asthma. It is
uncertain whether the asthma and total IgE levels associations are truly caused by variants in
the RADS50 gene, in which case efforts should be put towards uncovering yet unknown
functions of this enzyme, are surrogates for variants in IL13, or are merely affecting 1L13 via
its locus control region in RAD50 (86). Functional follow-up of the region is warranted to fill
this knowledge gap.

The other major finding of the study by Li et al. (85) was the association of multiple
SNPs in the HLA-DQB1 and HLA-DRB1 genes, part of the HLA class Il region. The role of
HLA in antigen presentation and thus in the development of allergy is well-established and
there are published HLA genetic association studies of atopy and asthma from as early as

1973 (9). The HLA-DQB1 and HLA-DRB1 regions in particular have been previously
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associated with asthma (87, 88) and atopy (89). In total, five asthma GWAS reported
genome-wide significant associations of HLA loci with childhood and adult asthma (28, 35,
90-92).

Li et al. (85) also reported marginal associations of GSDMB and FCER1A SNPs that
had been reported in previous GWAS (23, 76).

Choudhry et al. performed an asthma GWAS (93) with a small sample (96 cases with
moderate to severe asthma and 88 controls) of individuals from Puerto Rico. As would be
expected, no single polymorphism survived correction for multiple comparisons and thus no
genome-wide significance was observed. The most significant associations were observed for
SNPs on chromosomes 5923 and 13qg13.

In 2009, Gudbjartsson et al. performed a GWAS with blood eosinophil count as the
phenotype using an initial cohort of 9392 Icelandic individuals and followed-up the top SNPs
in different populations (94). The most significant association with eosinophil levels in the
initial cohort was with a SNP in SH2B3 (a.k.a. LNK) on chromosome 12q, which codes for
an adaptor protein thought to be involved in T cell signaling. In vivo studies suggest that the
SH2B3 adaptor protein is implicated in cytokine signaling and hematopoietic homeostasis
(95). The associated SNP (rs3184504) was previously associated with susceptibility to celiac
disease (96) and type-1 diabetes (97). This suggests that SH2B3 protein might be important
in general immune system processes potentially common to all immune diseases. This
conclusion is supported by the observation that rs3184504 was associated not just with
eosinophils count but with the levels of several blood cell types (94). Another SNP that was

associated at a genome-wide significance level was in the GATA2 gene on chromosome 3q,
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which encodes a transcription factor involved in hematopoietic cell development and
proliferation and seems particularly critical for eosinophil development (98).

The results of Gudbjartsson et al. (94) also highlighted genes in an essential pathway
for T helper type 2 (Th2) immunity, namely IL1RL1 and the gene encoding its ligand 1L33.
SNPs in the ILIRL1-1L18R1 region were significantly associated with eosinophil count at the
genome-wide level and were also very strongly associated with asthma in different
populations. This region has been previously implicated in asthma, inflammation and a
number of immune disorders (99-101). The association of an 1L33 SNP with eosinophil level
was strong (p<10®) but not genome-wide significant. However, the same SNP was also
associated with asthma at a similar level of significance.

Gudbjartsson et al. found two other loci that were significantly associated with
eosinophil count using the genome-wide cutoff. The first was the region containing the IL5
gene in the cytokine gene cluster on chromosome 5q. IL-5 is a cytokine that plays important
roles in the Th2 type immune response that characterizes asthma; it stimulates B cells to
increase IgE production and is a major regulatory protein for eosinophils (102). The second
was a region near the IKZF2 gene (a.k.a. Helios) a member of the zinc finger family that is
expressed in the thymus and is thought to have a role in T cell development (103). Another
interesting locus, though one that did not survive the genome-wide statistical significance
cutoff, is on chromosome 5q and contains the WDR36 and TSLP genes. Interestingly, the
same region was identified in a GWAS for eosinophilic esophagitis (104). WDR36 is thought
to participate in the regulation of T cell activation (105). TSLP (thymic stromal

lymphopoietin) is expressed in the airway epithelium and stimulates dendritic cells to

15



promote the differentiation of naive CD4™ T cells to Th2 cells (106). Previous candidate gene
studies have shown association of TSLP variants with asthma (107-110) and IgE levels (108).

A GWAS conducted for asthma by Mathias et al. (111) was performed in two
populations of African-descent with a total sample size of 1864 individuals. Although the
study yielded a number of nearly genome-wide significant loci, there were inherent
limitations due to the differences in SNP allele frequencies and probably LD patterns
between the two populations studied (Barbados founders and African-Americans), although
both are of African descent. In addition, the major findings were not successfully replicated
in European cohorts. However, a meta-analysis using less stringent statistical thresholds
highlighted three putative loci for asthma susceptibility in the combined African-descent
populations: DPP10, ADRA1B, and PRNP. The DPP10 gene on chromosome 2q14 encodes
the inactive dipeptidyl peptidase 10 and although this protein possesses no protease activity it
is involved in regulation of potassium channels via direct binding (112). It is noteworthy that
DPP10 was one of the genes implicated in the pathogenesis of asthma by positional cloning
(12). This association has been relatively well replicated in different populations (113, 114).
ADRAI1B codes for the aip-adrenergic receptor, which is a member of the G-protein-coupled
receptor family. It is expressed in the lung and been shown to induce proliferation of vascular
smooth muscle cells (115).

The PRNP gene on chromosome 20p encodes the prion protein; the function of this
protein is not well characterized but speculative roles include ion transport and signal
transduction. It has been linked to inflammation by regulating phagocytosis (116) and
apoptosis (117) and was shown to be under-expressed in alveolar macrophages of allergic

asthmatics versus controls (118).
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The largest GWAS for asthma to date included ~10,000 cases composed of samples
from different studies and ~16,000 controls (35). The analysis of all subjects yielded HLA-
DQ as the strongest associated locus for the phenotype of doctor-diagnosed asthma. SNPs in
the IL18R1, GSDMA/GSDMB, IL33, SMAD3 and IL2RB genes were the most significant
findings after HLA-DQ. The IL18R1 association may be due to its neighboring gene IL1RL1
as the SNP is in an LD block that includes a group of amino acid-changing polymorphisms in
ILIRL1. Interestingly, IL33 was also among the most significant findings of the same study
and this cytokine is the ligand for IL1IRL1. The analysis of childhood asthma samples
resulted in the replication of the association of the chromosome 17 locus that includes
ORDMLS3.

It is interesting that this study highlighted the inflammatory signaling axis ILIRL1/IL-
33. IL-33 and its receptor IL1IRL1 have been consistently implicated in a wide range of
inflammatory and immune disorders including asthma (119). Most importantly, variants in
the IL33 and IL1RL1 genes were among the top findings of the eosinophil count GWAS (94).
Although the phenotypes of the two studies are different, it is safe to conclude that the
ILIRL1/1L-33 pathway is of importance in asthma susceptibility. Moffatt et al. also reported
a suggestive association of the TSLP variant rs1837253 (P= 3x10°), previously associated
with asthma in candidate gene studies.

The chromosome 17921, IL1IRL1/IL18R1, TSLP and IL33 loci were replicated in an
EVE consortium-led meta-analysis of asthma GWAS in North-American multi-ethnic groups
(37) at genome-wide statistical significance levels. In the Torgerson et al. study, SNPs in
those genes were associated with asthma in all three North-American ethnic groups studied

(European, African and Latino), and were among 75 SNPs in 15 chromosomal locations
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found to be associated with a p value smaller than the cut-off of 10 in the combined meta-
analysis of three populations. Another important result of this study was the asthma
association of PYH1IN1 (Pyrin and HIN domain family member 1) which was unique to the
study subjects of African descent; an unprecedented finding.

Further replication of the association of TSLP rs1837253 with asthma came from a
large Japanese GWAS of adult asthma (90). Hirota et al. replicated the association at the
MHC locus as well as the association with rs1837253 on chromosome 5022 upstream of
TSLP; and reported three new adult asthma loci in the Japanese population studied:
rs7686660 on chromosome 4g31, a SNP close to a lung function-associated SNP although
only weak LD exists between the SNPs; rs10508372 on chromosome 10p14 lies in a gene
desert, the closest gene is GATA3 which is an important regulator of Th2 cell differentiation
and rs1701704 on chromosome 12g13 in a LD block containing 13 genes and 2 kb upstream
from IKZF4, a gene involved in T regulatory cell regulation.

Previously, the chromosome 17 locus was more consistently associated with childhood
asthma probably explaining its absence from the Hirota et al. Japanese GWAS significant
hits. It was however soon after replicated again in a European GWAS for severe asthma (38)
and constituted the most significant association in their meta-analysis.

Together, these GWAS findings make the chromosome 17921 locus, the locus on Chr
2 containing the IL1RL1 gene, the locus on Chr 9 containing the IL33 gene, and the Chr 5
TSLP SNP rs1837253 the most consistently replicated in GWAS along with the HLA genes.

The most recently reported asthma GWAS was undertaken to study a more specific
phenotype, namely early childhood asthma with severe exacerbations (120). DNA from

Danish children with recurrent asthma-related acute hospitalizations between 2 and 6 years of
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age, was used for the discovery GWAS; replication was performed using the publically
available Gabriel childhood onset data (35) as well as samples from European birth cohorts.
Five loci were associated with the phenotype at the genome-wide significance level; four of
them were the now-established asthma loci: GSDMB/ORMDL3 in the chromosome 17 locus,
ILIRL1, IL33 and RAD50. SNP rs6967330 in cadherin-related family member 3 (CDHR3) is
a new locus reported in this study significantly associated with early childhood asthma with
severe exacerbations with an odds ratio of 1.45 (p=1.4x107%).

Even though the specific role of CDHRS3 is unknown, it belongs to the cadherin family
of calcium-dependent membrane proteins involved in cell-cell adhesion; Bonnelykke et al
and others (121) showed that it is expressed in the airway epithelium in an allele-specific
manner; the asthma risk allele was associated with greater cell-surface expression of the
CDHR3 protein.

In addition to CDHR3, a number of other genes encoding structural proteins have been
identified in the GWAS published thus far. In the eosinophil count GWAS (94), TNXB
(tenascin XB) on chromosome 6p21 was among the genes that approached genome-wide
significance level. Tenascin XB is believed to regulate collagen fibril deposition in the
extracellular matrix (122). The gene might be involved in systemic lupus erythematosus via
its association with complement 4 genes (123). In the Moffatt et al. study (23), ANTXR1 was
among the genome-wide significantly associated genes; it codes for anthrax toxin receptor 1
and is thought to play a role in cell adhesion and migration and binds directly to actin (124).
In the same study (23), NRG1 was identified; this gene encodes for neuregulin 1 which been
reported to play a role in cell adhesion (125). In the Li et al. study (85), variants in COL5A3

and MKLN1 were associated with asthma though not at the genome-wide significance level.
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These genes encode a member of the collagen family and muskmelon 1, respectively.
Collagen is one of the major components of the extracellular matrix and is implicated in the
airway remodeling observed in asthma (126) as an important component causing thickening
of the epithelial basement membrane. Muskelin 1 is a cytoplasmic protein involved in
regulation of cytoskeleton arrangement; it also participates in cell spreading by facilitating
communication between the cytoplasm and the nucleus (127). Additional genes encoding
members of the Collagen family were reported at genome-wide significant levels: COL18A1
and COLG6A5 (128). Multiple SNPs in the CTNNA3 gene were the top findings of a Korean
GWAS for toluene-diisocyanate-induced asthma (129), albeit not reaching genome-wide
statistical significance (no SNP did in that study, probably due to the small sample size: 84
cases and 263 controls). The CTNNA3 gene on chromosome 10922 encodes for catenin
(cadherin-associated protein) a3. This protein is involved in cell-cell adhesion and has been
linked to Alzheimer disease in some studies (130, 131). A SNP in CTNNA3 was among the
top hits in a GWAS of nicotine dependence (132).

In conclusion, it is clear from the collective GWAS for asthma that the airway
epithelium plays a central role in asthma, both in a structural capacity (adhesion proteins etc)

and in an effector immune capacity (secretion of immune proteins such as TSLP and IL-33).

1.2 Single nucleotide polymorphisms and disease susceptibility

SNPs are the markers of choice for genetic association studies for the ease of genotyping
with recently-developed technology. The inherent LD properties of genomic loci make
association studies possible with a limited number of SNPs that can account for the majority

of genetic variability. As of the latest reference genome build (37.4), the number of human
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SNPs in the NIH-funded dbSNP public database was 53,567,890 (38,072,522 of them

validated).

1.2.1 Potential function of SNPs
Between any two human individuals, DNA sequence varies by an average of 0.1% to 0.4%
(133, 134) but this nucleotide variation, along with larger scale variation, greatly contributes
to phenotypic variation between human beings including disease susceptibility. SNPs occur
every 500 to 1000 nucleotides, at a variable density throughout the genome. Association
studies are used to identify those SNPs responsible for different traits in populations. Not all
SNPs have the potential to induce a functional consequence, so in order to identify functional
SNPs a good place to start is to examine the location of the SNPs. Changes in gene function
due to SNPs can occur in two ways. First, SNPs can cause changes in the function of the
protein by alteration of the primary structure, either as a result of exonic SNPs or intronic
SNPs in splice sites. Second, SNPs located in any other part of the gene can be functional by

resulting in expression change; these SNPs are generally called regulatory SNPs.

1.2.1.1  Promoter SNPs

The promoter of a protein-coding gene is the genomic locus where the transcriptional
machinery is orchestrated, initiated by the binding of transcription factor 11 D (TFIID) to the
TATA box typically located 25bp from transcription start sites (TSS). Gene promoters can
have one or multiple TSS (135). Generally, promoters contain several different types of
regulatory elements for the binding of transcription factors, the Mediator complex, chromatin

remodeling complexes and histone acetylases for transcription activation and aiding
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communication with the RNA polymerase. There are also reports of promoters containing
MicroRNA (miRNA)-binding sequences that infer enhancer activity by miRNA binding
(136).

Regulatory SNPs present in the promoter can disrupt binding sites for a variety of
regulatory proteins, possibly miRNA and of course transcription machinery proteins. One
example of a regulatory SNP in a promoter is rs4073 in the IL8 promoter which confers
increased susceptibility to idiopathic pulmonary fibrosis by resulting in allele-specific up-

regulation of IL8 expression (137).

1.2.1.2 5'Untranslated region (UTR) SNPs

The 5" UTR is the regulatory locus at the 5’ end of protein-coding genes, which starts at the
TSS and ends immediately before the start codon of the region that translates into protein.
The majority of translation regulation occurs in the 5'UTR (138) where scanning of the
translational machinery happens in order to find the initiation codon AUG. Consequently,
SNPs occurring in the 5’'UTR can be functional and affect gene regulation by disrupting any
of the cis-regulatory features in the 5'UTR such as binding sites for activators or repressor
proteins, internal ribosome entry sites (IRES), iron-responsive elements (IRE) (139) and/or

the GC richness or the upstream open reading frames (140, 141).

1.2.1.3 Exonic SNPs
Exons are the only gene component that directly affects protein structure, by translation of
codons into amino acids. Exonic SNPs are translatable in the protein gene product and can be

non-synonymous or synonymous. They can be synonymous, i.e. the new codon generated by
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the SNP allele gives rise to the same amino acid or non-synonymous, i.e. the codon change
results in a different amino acid in the protein. Non-synonymous SNPs can be:
- nonsense SNPs when the affected codon changes into a termination codon which
generally results in a non-functional truncated protein.
- missense SNPs when the codon change results in an amino acid change in the protein.
Missense SNPs can cause a structural change in the protein; potentially altering its
conformation, ligand affinity or ability to interact with other proteins. Missense SNPs can
have from no or minimal effect to disastrous effect on the resulting protein. The majority of
deleterious non-synonymous SNPs are rare with frequencies below 1% (142). The mutation
that causes most cases of Sickle cell anemia is SNP rs334 in the HBB gene, which encodes
the beta subunit of hemoglobin. This SNP is a missense SNP that causes A to T change

resulting in the replacement of a glutamic acid residue with a valine in the protein.

1.2.1.4 Intronic SNPs
Introns are regions of a gene that are transcribed into the precursor mRNA molecule then
spliced out to generate mature mMRNA. Introns are very important for the regulation of gene
expression (143) and indeed host a variety of regulatory binding sites such as enhancers, may
contain alternative promoters, encode non-coding RNA (144) and have an essential role in
regulation of splicing (145).

Consequently, intronic SNPs can interfere with any of the above-mentioned regulatory
roles and have functional consequences such as altering the binding affinity of an enhancer or

disrupting the splicing process and hence resulting in an alteration of gene expression levels.

23



A haplotype comprised of three intronic SNPs in the OCA2 gene accounts for most of

the variability in human eye color in Caucasians (146).

1215 3'UTR SNPs
The 3'UTR of a gene is the trailer genomic locus that is translated in the mRNA molecule
and immediately follows the translation termination codon and precedes the poly-A tail that
indicates the end of transcription. The 3'UTR is an important regulatory region controlling
processes such as mRNA stability, nuclear transport, and translation. This region contains
binding loci for miRNA molecules (147), Adenylate-uridylate-rich elements (AU-rich
elements a.k.a. ARES) (148), repressor proteins (149, 150) and regulators of polyadenylation
(151).

miRNAs are short single-stranded non-coding RNA molecules that physically interact
by partial base pairing to miRNA response elements in the 3'UTR of a target mRNA
resulting in mMRNA degradation or down-regulation of translation according to the classical
view of miRNA’s role in post-transcriptional regulation; however an increasing number of
published reports show this binding results in promoting translation (152). More recent
research show expanded roles for miRNA as well as locations of binding other than 3'UTR,
namely 5'UTR (153), promoters (136) and coding regions (154).

miRNA have been reported to play important roles in important biological process
such as cell fate (155) and lipid homeostasis (156) as well as in pathological states including

lung inflammation (147, 157, 158).
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AU-rich elements host proteins that stabilize mRNA such as HuR (159) and AUF-1
(160) or alternatively destabilize the mMRNA and accelerate its decay such as TTP (161) and
KHSRP (162).

As a result, SNPs located in the 3'UTR of a gene can play an important regulatory role
by disrupting a binding site for regulatory proteins for any of the processes mentioned above
and can thus have considerable functional consequences. For instance, a SNP which is
located in the binding site of a miRNA can potentially decrease the affinity of the miRNA to
the messenger RNA molecule, thus hindering the down-regulation resulting from miRNA
binding and resulting in increased translation of mRNA into protein. SNPs can also
potentially alter the secondary structure of the mRNA and result in a perturbed localization

and translation (163).

1.2.1.6 Intergenic SNPs
As the name indicates, intergenic regions are DNA regions not containing protein-coding
genes. GWAS for a multitude of phenotypes showed that intergenic SNPs constituted about
40% of phenotype-associated loci (22) even though genotyping microarrays are biased
towards containing protein-coding SNPs (164). More recently, the Encyclopedia of Coding
Elements (ENCODE) researchers showed that regulatory DNA was an enriched location for
common phenotype-associated variants (165). Hemberg et al shed light on the important fact
that the majority of conserved non-coding DNA serves as promoter-distal regulatory protein
binding sites (166).

SNPs occurring in intergenic regions can be functional through a variety of ways. They

could disrupt long-range regulatory interactions (167) such as at enhancer binding sites
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(168); enhancer elements are genomic sites that recruit proteins serving to unravel repressed
chromatin and facilitate the building of transcriptional complexes. Intergenic regions also
contain insulator elements, which function as a boundary to a single gene’s regulatory
interactions between enhancer/repressor elements and transcriptional complexes. Insulators
can function to block transcription (169) and can also prevent gene silencing by stopping the
spread of chromatin (170). Clear mechanisms of insulator functioning are still lacking but
there is a good deal of evidence that CCCTC-binding factor (CTCF) is responsible for at
least some of these insulating functions (171, 172, 172, 173) although new ENCODE data
show long-range regulation can bypass this known mechanism of insulation, suggesting other
means of insulation yet undiscovered (167).

In intergenic regions, SNPs can also occur in large intergenic non-coding RNAs
(lincRNAs). LincRNAs have been shown to associate with disease and to participate in a
variety of biological processes (174, 175).

An example of an intergenic SNP is rs6983267 in the chromosome 8924 locus, a gene
desert which is the most common region for somatic amplification in all cancers and was
robustly associated with a variety of cancers in GWAS. rs6983267 was determined to be a
functional SNP that confers cancer risk by differential binding of Transcription factor 7-like
2 (TCF7L2) to the enhancer element the SNP is located in and this binding in turn regulates

the expression of MY C oncogene (176, 177).

1.3 Interleukin 1 Receptor Ligand 1
Interleukin 1 receptor-like 1 (IL1RL1), also called T1, ST2, DER4 and FIT-1, is a member of

the interleukin 1 super-family (178) but does not bind interleukin 1 (IL1) (179). ILARL1 was
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an orphan receptor until the description of its ligand, interleukin-33 (I1L-33) in 2005 (180).
Since then, IL-33 binding to IL1RL1 has been associated with a variety of disease states and

in particular to inflammatory processes as outlined in recent reviews (100, 119).

1.3.1 IL1RL1 gene and proteins
The IL1RL1 gene is located in chromosome 2q12 and is composed of 11 exons (181). A
number of IL1 family members reside in the immediate vicinity of the ILLRL1 gene namely
ILIR2, IL1R1, IL1RL2, IL-18 receptor 1 (IL18R1) and IL-18 receptor accessory protein

(IL18RAP) (Figure 1-1).

Chrz: 102,314,165 Chr2:103,150,433
5 ab aGbD D o
MAP4K4 ® ILIRZ LRI ouy  LIRI oy SLCIAS
Loc100506328 ILIRLZ zisr: D
IL18RAP

Figure 1-1 IL1RL1 and neighboring genes

The region spans about 300 kb and is in high LD. There is evidence for the
involvement of the genes surrounding IL1RL1 in human and experimental disease, and
therefore the causal locus responsible for genetic association signals from this region is
difficult to determine.

The IL18R1 and IL18RAP genes code for components of the heterodimeric I1L-18
receptor (the a and B chains, respectively). The cytokine 1L-18 is a modulator of innate and
adaptive immune responses that acts by inducing T helper type 1 (Thl) cell differentiation
and T and NK cell maturation or by activating IgE production and Th2 cell differentiation in

specific cytokine milieus (182-184). High levels of I1L18 mRNA and protein were observed
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in the lungs of smokers and COPD patients (185) and expression of an alternatively-spliced
variant of IL18R1 was associated with atopy (186). IL18R1 expression was also higher in
human primary keratinocytes derived from skin lesions of psoriasis and atopic dermatitis
patients compared with healthy controls (187). IL-18 signaling has been implicated in host
defense (188) and rheumatoid arthritis (189). Additionally, genetic association data have

implicated the IL-18 receptor genes in asthmatic and allergic phenotypes (190, 191).

1.3.1.1  Expression of ILIRL1

ILLRL1 gene transcription is initiated at two separate promoters: a proximal promoter and a
distal promoter. The alternative usage of these two promoters leads to differential 3’
processing of the mRNA isoforms (192, 193). Three known isoforms are produced: isoform
1 which codes for ILIRL1-b (aka ST2L), a long membrane-bound protein; isoform 2 which
codes for IL1RL1-a (aka sST2), a short soluble protein; a third isoform which codes for
ILIRL1-c (aka vST2) (192), a variant membrane-anchored form of the protein. The soluble
form of IL1RL1 corresponds to the extra-cellular domain of IL1RL1-b except for nine
amino-acids in the C-terminal region.

ILIRL1-b is mainly expressed on cells of hematopoietic provenance, mainly Th2 cells
(194). It has been shown that binding of ILLRL1-b with its ligand on the surface of basophils,
eosinophils and mast cells promotes their activation (195), increases adhesion and survival
(196) and degranulation (197), respectively. However, a chronic model of allergic disease
showed a protective effect of IL-33/IL1RL1-b on mast cell activation in response to antigens

(198) where a prolonged IL-33 treatment reduced antigen-mediated degranulation.
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IL-33/IL1RL1-b has also been shown to play a role in activating macrophages (199-
201) and stimulating DCs to produce chemokines CCL17 and CCL12 (202) as well as
increased expression of MHC class Il and costimulatory molecules CD86, CD40 and CD80
(203). It was also shown in vivo that IL-33 was a potent stimulant of type 2 innate lymphoid
cells, causing their expansion and heightened cytokine production (204).

The short form, IL1RL1-a, is expressed by various cells including epithelial cells,
endothelial cells, fibroblasts and smooth muscle cells. This expression is augmented upon
stimulation with IL-1a, IL-1B, TNFa, LPS and other factors inducing cell stress such as
cardiac infarction and hypoxia (205). The tissue distribution of IL1RL1-a seems to be
relatively ubiquitous, with the highest levels found in the lung followed by the heart and the
brain (206).

Several studies show that the membrane-bound IL1RL1 protein acts as a specific
marker for Th2 cells (194). In vitro blockade of IL1RL1 signaling with recombinant IL1IRL1
protein to compete with the endogenous receptor resulted in the abrogation of differentiation
to and activation of Th2, but not Thl, effector cells (207). Interestingly, ILIRL1 has been
found to play a considerable role in the newly discovered immune type2 effector leukocytes,
known as nuocytes or group 2 innate lymphoid cells (ILC2) (204, 208, 209). An IL13-GFP
mouse model was utilized to define these as cells not corresponding to a previously known
leukocyte lineage that express ICOS, IL1RL1 and IL25R. The ILC2’s function includes the
innate immune response to helminth infection with Nippostrongylus brasiliensis by secretion
of high levels of IL13 in response to IL-25 and IL-33 (208).

The ligand for IL1RL1 is IL-33, a member of the interleukin 1 family (180). The

signaling of IL1RL1-b binding to IL-33 results in the activation of the Mitogen-Activated
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Protein kinases ERK1, ERK2 and p38 and the subsequent activation of NF-xB (180, 196).
ILIRL1-a corresponds to the extra-cellular domain of IL1IRL1-b and in vitro studies have
shown that it can also bind IL-33 and act as a decoy receptor inhibiting the activation of NF-
kB (210) and the subsequent inflammatory response. This was confirmed in an animal model
where introduction of soluble IL1IRL1 decreased pro-inflammatory cytokine (IL-4, IL-5 and
IL-13) production in a murine asthma model after treatment with IL-33. It was shown that
this protective effect of the soluble ILIRL1 seems to be IL-10 dependent in an animal model

of ischemia reperfusion injury (211).

1.3.1.2 IL1RL1 in asthma and other respiratory diseases

Increased eosinophil count is a phenotype associated with the majority of asthma cases and
correlates with severity of the disease as well as response to glucocorticoid treatment (212).
In vivo studies demonstrated that eosinophilic inflammation following allergic stimuli is
significantly decreased following treatments with recombinant soluble IL1IRL1 or antibodies
directed against the membrane-anchored IL1RL1 (213, 214). This anti-inflammatory effect
persists in the absence of eosinophils, such as in mast cells purified from eosinophil-deficient
mice (215).

Soluble IL1IRL1 has been clearly implicated in experimental asthma; it was shown to
be sufficient to reduce experimental allergic airway inflammation using an intravenous
ILIRL1 gene transfer mouse model (214) and ST2”- knockdown mice showed decreased
airway inflammation (216). IL1RL1-positive Th2 cells were shown to be responsible for the
enduring airway hyperresponsiveness (AHR) after cessation of allergen challenge in mice;

this inflammatory feature was vastly abrogated by an IL1RL1 receptor antibody (217).
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Additionally, anti-1L-33 antibody or soluble IL1RL1 treatment significantly reduced airway
inflammation in an OVA-mediated experimental allergic asthma model (218). However
studies of experimental airway allergic inflammation demonstrated a clear increase of both
receptor and soluble IL1RL1 proteins in response to allergen challenge (216, 219). IL1IRL1
expression has also been shown to be higher in human asthmatic lungs (99); soluble ILIRL1
levels has been shown to be greater in the serum and induced sputum of asthmatic patients
compared with controls, and these higher levels correlated with disease activity, lung
function decrease as well as an increase in the serum levels of inflammatory cytokines (220).

The IL-33/IL1RL1-b axis has also been implicated in asthma-associated airway
fibrosis; increased IL1RL1-b was observed on the surface of fibrocytes from allergen-
exacerbated asthmatic patients and recombinant IL-33 treatment resulted in the promotion of
fibrocyte migration and proliferation (221); in vitro studies using lung fibroblasts showed IL-
33 induced eotaxin/CCL11 production (219). IL-33/IL1RL1-b was also shown to promote
airway remodeling features namely collagen synthesis by human and murine lung fibroblasts;
in addition 1L-33 levels (but not IL-13) were associated with reticular basement membrane
thickness in endobronchial biopsies from severe steroid-resistant pediatric asthma patients
(222).

Since the late 1990s, genetic studies have shown linkage of chromosome 2g with
asthma, lung function (as assessed by the FEV1 expressed as percentage of the vital capacity
(FEV1%VC), a common clinically-useful index for airflow limitation), eosinophilia and IgE
levels (223-225).

Polymorphisms in IL18R1, a gene in tight LD with IL1RL1, were associated with

asthma, atopic asthma and airway hyperresponsiveness using a candidate gene approach in a
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Danish population and the association consistently replicated in two other European
populations (226). In the same year, another candidate gene study documented significant
association of the gene cluster containing IL1IRL1, IL18R1 and IL18RAP with asthma and
atopy in a Dutch population (190). Additional association evidence was reported by the same
group using pathway analysis to detect gene-gene interactions in the Toll Like Receptor
(TLR)-related pathway. IL1IRL1-a has been shown to down-regulate gene expression of
TLR4 and TLR1 in vitro after treatment with LPS and in vivo in a LPS-induced shock mouse
model (227).

Twenty-nine genes implicated in TLR regulation were selected for a pathway analysis
in Dutch populations (228). IL1IRL1 SNPs were associated with allergy and asthma
phenotypes as single SNPs although the significance did not survive multiple testing
correction. In addition, when gene x gene interactions were tested using the multifactor
dimensionality reduction approach, ILIRL1 SNPs were identified as interacting factors in
analyses of IgE phenotypes (228).

In a study performed by our group in collaboration with others, we investigated three
Canadian and one Australian population but failed to detect any significant association with
ILIRL1 that survived correction for multiple comparisons (229). The same cohorts, in
addition to one American population, were used in an association study of genes in the
vitamin D pathway with asthma and atopy phenotypes. ILIRL1 SNPs were selected for this
study based on the fact that ILLRL1 was shown to be transcriptionally regulated by vitamin D
(230). The genotyping covered more variants of IL1IRL1 than the initial study and the number
of candidate genes was substantially less (11 versus 120 genes). Significant associations of

these variants were observed with asthma and atopy phenotypes (231).
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Given the role of eosinophils in the pathogenesis of asthma, alleles that associate with
increased eosinophil count could be detrimental in terms of asthma risk and severity. In a
GWAS of eosinophil count in an Icelandic population, a SNP in IL1RL1 (rs1420101) showed
the most significant association. The A allele of rs1420101 associated with increased
eosinophil count and in further analyses with increased serum IgE as well as with three
asthma phenotypes (asthma, atopic asthma, non-atopic asthma) in nine European populations
and one east Asian population (94). rs1420101 is an intronic SNP which is in high LD (r?
greater than 80%) with a large number of other variants in IL1IRL1, IL18R1 and IL18RAP;
this group of SNPs contains mostly intronic SNPs in addition to a coding-synonymous and a
few 3" and 5’ UTR SNPs.

It is of note that an association of a SNP in IL33 (rs3939286) with eosinophil count,
asthma and atopic asthma was reported in the same study, although the 1L33 association with
eosinophil count did not reach genome-wide significance (1.8x10°). The same 1L33 SNP
was associated with nasal polyposis in a Belgian population in a candidate gene study (232).
Wou et al. used GWAS data of childhood asthma in a Mexican population (233) to perform a
candidate gene analysis. In this study, 237 genes were selected from published studies of
human and animal model of asthma which had at least one SNP associated with an asthma
phenotype. They reported IL1IRL1 among the most significant associations. Furthermore,
their results were subjected to multi-marker analysis, which confirmed IL1RL1 as a
significant finding as well as IL18R1.

In asthma GWAS, the IL1RL1 locus is one of the most replicated associated loci at
genome-wide statistical significance levels and in different populations (35, 37, 38, 234).

This genetic association is certainly very well supported by the biology of IL1IRL1 and
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related proteins. 1L-33 is secreted by the airway epithelium in response to stress such as
allergens or viruses, and binds to ILIRL1-b on the surface of immune cells. There are
excellent reviews about the central role of the epithelium in initiating and sustaining immune
responses (235); IL-33/ IL1IRL1-b plays a crucial role in that process.

Although the binding of IL1RL1-b and its ligand IL-33 is known to trigger the NF-xB
signaling pathway leading to the transcription of Th2-type cytokines, the role of the soluble
ILIRL1-a remains unclear. Several animal models and in vitro studies show that ILIRL1-a
prevents IL-33/ ILLRL1-b signaling and consequently attenuates inflammation, indicating its
role as a negative regulator of the pro-inflammatory I1L-33/ ILIRL1-b axis. Human data on
the other hand clearly demonstrate a consistent increase of IL1RL1-a in an array of
pathological conditions as well as the correlation of this increase with severity. Additionally,
there was a report of an animal study showing that mice deficient in ILLRL1 (receptor and
soluble) showed attenuated airway inflammation after challenge with an allergen (236);
together these animal and human studies suggest that ILIRL1-a might be participating in the
excessive inflammation observed in asthma. However, the model used for this study was the
transgenic TCR-mouse model; these animals are pre-disposed to autoimmune disorders
because they carry rearranged TCR a and B genes from a diabetogenic T cell clone.

The above studies do not seem to be consistent with the antagonist role of IL1RL1-a
but rather indicate a possible involvement in promoting the pathology of asthma. An
alternative explanation would be that the increase of IL1RL1-a is a means of preventing an
exaggerated immune response but either occurs too late or is insufficient to remedy the

pathological state.
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Evidently, soluble IL1IRL1 plays a role in the regulation of the immune response,
notably in severe disease. Exactly what that role is and the mechanisms underlying it need to
be clarified in order to develop efficient strategies for developing therapeutics using the
ILIRL1 proteins.

Human data in COPD seem to indicate an involvement of soluble IL1RL1 in the early
stages of COPD (237). This study however involved a small number of patients and needs

replication.

1.3.1.3 IL1RL1 in allergy and immune disorders

A SNP in IL1RL1, rs3771175 was associated at genome-wide statistical significance level in
a GWAS for allergic sensitization, defined by the presence of allergen-specific IgE against
common environmental antigens (238).

A SNP in the distal promoter region of IL1IRL1, rs6543116 (-26999G/A), was
associated with increased risk for atopic dermatitis (239). This study suggested a functional
effect of rs6543116 as the A allele correlated with an up-regulation of the gene transcription
as well as serum levels. An atopic dermatitis GWAS in a Japanese population confirmed
IL1RL1 as a susceptibility gene (rs13015714 with a P value of 8.36 x 10718) (240).

Castano et al. found a significant association of IL1RL1 SNPs with chronic
rhinosinusitis using a cohort of surgery-unresponsive chronic rhinitis patients; this
association was stronger in more severe disease (241). An association of serum levels of IL-
33 and SNPs in the IL33 gene with Japanese cedar pollinosis was reported; Japanese cedar
pollinosis is the most common form of allergic rhinitis in Japan (242); and IL-33 and IL1RL1

levels were shown to be elevated in allergic rhinitis patients (243).

35



ILIRL1 and closely linked genes have been implicated in an array of autoimmune
diseases. Levels of IL1RL1-a have been shown to be increased in various conditions such as
Systemic Lupus Erythematosus and rheumatoid arthritis (RA) (244). Mok et al. found that
elevated serum IL1RL1-a levels in Systemic Lupus Erythematosus patients correlated with
disease activity (245). To date, GWAS performed in Chinese and European populations have
not found association of ILIRL1 SNPs with RA (246, 247).

Studies in animal models demonstrated that recombinant IL1RL1-a protein, or anti-
ILIRL1 antibody could significantly attenuate the severity of experimental arthritis (248,
249) and I11rl1 knock-out mice were shown to develop a less severe form of disease and had
reduced pro-inflammatory cytokine production. Additionally, human studies have shown
increased levels of 1L-33 and IL1RL1 in RA synovium paralleling increased inflammation
(250, 251). Studies in animal models strongly suggest that the involvement of 1L-33/IL1RL1
in RA is through triggering mast cell degranulation in the RA synovium (252). Although
there is good evidence for a role of 1L-33/IL1RL1 in human and experimental arthritis, no
SNPs in these genes were found associated with susceptibility to RA in GWAS data (253,
254).

The IL1RL1/IL-33 axis was implicated in inflammatory bowel disease (IBD) for the
first time in 2010 in a study characterizing IL1IRL1 and IL-33 protein and mRNA expression
in IBD patients (253). There was an increase in soluble IL1RL1 levels in the gut, which was
mainly associated with the active state of ulcerative colitis, indicating a possible negative
regulation of the ILIRL1/IL-33 pathway in order to dampen the inflammation. Pastorelli et
al. confirmed the observation of elevated levels of ILIRL1 and IL-33 in the serum and

mucosa of IBD patients; they also showed that anti-TNF decreased IL1RL1-b levels and
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increased the soluble isoform making more decoy receptor available in order to sequester IL-
33 and reduce the inflammation (255).

A SNP 1.5 kb downstream of IL18RAP (rs917997) was associated with susceptibility
to IBD in a Dutch population; the same SNP was associated with celiac disease in three
European populations (256) and in a GWAS of celiac disease in a UK population along with
another SNP in the intergenic region between IL1IRL1 and IL18R1 (rs13015714) (257). The
same SNP downstream of IL18RAP (rs917997) was associated with Crohn's disease in a
GWAS (258). SNPs in IL1RL1 (rs13015714 and rs2058660) and in IL33 (rs3939286) were
found associated with IBD in an Italian population (259).

These genetic and mechanistic data suggest that ILLRL1/IL-33 plays a role in the gut
mucosa similar to the airway epithelium i.e. ILIRL1 isoform A/IL-33 eliciting a Th2
immune response and IL1RL1-a serving as a negative regulator.

A genetic linkage study implicated chromosome 2q14 with type 2 diabetes with a
logarithm of odds (LOD) score of 4.5 (260). A LOD score greater than 3 indicates evidence
that the locus linkage did not occur by chance with odds >1000 to 1. There is evidence that
soluble IL1RL1 directly acts on macrophages to suppress their ability to produce pro-
inflammatory cytokines (227). Macrophages are instrumental in diabetes pathogenesis. In an
animal model of diabetes (multiple low-dose streptozotocin-induced diabetes), Mensah-
Brown et al. (261) showed that specific disruption of the I11rl1 gene significantly enhanced
inflammation in their mouse model as estimated by an increase in cellular infiltration in
pancreatic islets and a reduction in cells immuno-positive for insulin. Human data show that
ILIRL1-a levels are increased in type 2 diabetes patients (262) and correlate with diabetes

markers such as glucose levels, circulating triglycerides (263).
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In summary, the available data on the involvement of IL1IRL1 and its ligand IL-33 in
immune and autoimmune disorders are reasonably consistent; a clearer understanding of the
balance between IL1RL1-b/IL-33, IL1RL1-a/IL-33 and its regulation is needed in order to

make that axis an attractive target for therapeutic intervention.

1.3.1.4 IL1RL1 in other disorders

In order to understand more fully the biology of ILIRL1, knowledge of its involvement in
other disorders is necessary. Understanding the similarities and differences between the roles
of IL1IRL1 in different tissues and disorders would further the quest to finding general and

disease-specific ILLRL1 pathways and mechanisms.

1.3.1.4.1  Cardiovascular disease

ILIRL1 has been extensively studied in the context of cardiovascular disease and it was
generally found that increased level of IL1IRL1 is correlated with poor prognosis in different
instances of cardiovascular disease, pointing perhaps to a role of soluble ILLIRL1 as marker
for the severity of the immune response. Increased IL1RL1-a is indicative of an
overwhelming immune response that is hard to control and thus leads to unfavorable
outcome in cardiovascular disease patients, such as after a myocardial infarction (MI). A
summary of representative studies is presented below.

In vitro and animal model studies have demonstrated that IL-33/IL1RL1-b signaling
protects cardiomyocytes from apoptosis by suppressing Caspase 3 activity and promoting the
expression of anti-apoptotic proteins in vitro and improves survival in experimental Ml
animals (264); in vivo data also showed that 1L-33 induces eosinophilic pericarditis whereas

IL1IRL1-a prevents eosinophilia and improves systolic function (265). Human studies have
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shown an increase of soluble IL1RL1 after myocardial stress or injury, and MI (205, 266);
ILARL1-a levels were associated with diastolic load (267), cardiac abnormalities on
electrocardiogram, poor prognosis in dyspneic and MI patients (268, 269) and increased all-
cause and cardiovascular mortality (270). In a study following 150 patients admitted to
hospital with acutely destabilized heart failure, multiple serum samples were collected
between admission and discharge and soluble IL1RL1 levels were measured. The results
showed that IL1RL1-a levels were a powerful predictor of 90-day mortality. Indeed,
ILIRL1-a serum levels are considered a reliable biomarker for heart failure (271-273) and
are a promising predictor of left ventricular and infarct recovery after acute Ml (274).

The company Critical Diagnostics in collaboration with the Brigham and Women’s
Hospital in Boston has developed a diagnosis kit called Presage that uses soluble IL1IRL1
levels for diagnosis and prognosis of cardiovascular disease. This kit is approved by the U.S.
Food and Drug Administration for clinical use to contribute to prognosis of chronic heart

failure patients (275).

1.3.1.4.2 Infections
Studies of IL1IRL1 show it confers protection from infection, which is consistent with its
involvement in the Th2 immune response. The increase in ILIRL1 signaling skews T cells to
Th2 and prevents a harmful parasite-specific Thl polarized response. A summary of
representative studies is presented below.

Using the cecal ligation and puncture (CLP) model in BALB/c mice, a widely used
model for experimental sepsis, it was demonstrated that 1L-33 treatment was protective from

peritonitis and enhanced bacterial clearance (276). The study also showed that the protective
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effect of 1L-33 treatment was achieved via the inhibition of a TLR-signaling-induced protein,
GRK2 in human neutrophils. GRK2 plays a prominent role in sepsis as it down-regulates
CXCR2 (a receptor for IL-8, a chemokine that attracts neutrophils to infection sites) thus
leading to inefficient clearance of bacteria. Other in vivo studies confirmed IL1RL1
involvement by showing the reversal of sepsis-related immune-compromised state in CLP
ST2 knockout mice (277) and heightened susceptibility of ST2 knockout mice to
polymicrobial sepsis due to an impaired bacteria killing by IL1RL1-lacking macrophages
(278).

In agreement with the role of IL1RL1 proteins in the promotion of Th2 responses,
MRNA levels of both receptor and soluble forms of the IL1RL1 transcript were shown to be
up-regulated in an animal model of Toxoplasma gondii parasitic infection and this up-
regulation correlated with protection from the infection (279). In addition, ST27 knockout
mice demonstrated increased susceptibility and more severe disease compared to wild type
mice as assessed by weight loss, increased parasite transcript levels and typical disease
pathology.

Despite in vivo and in vitro data, not all reports on human subjects support the
correlation of IL1RL1-a levels with sepsis severity and/or outcome in human subjects (276,
280, 281).

In 2008, a small study of a Somali population reported an association of a SNP in the
3'UTR of IL18R1 (rs3213733) with variability in Rubella vaccine-induced humoral immunity
(282). Variants in IL18R1 are in high LD with SNPs in IL1RL1. It is interesting that the same

SNP was recently shown to be associated with asthma in two different studies, in Mexican
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and Japanese populations (94, 283). As LD patterns differ between populations, this suggests
a potential functional role of this SNP in regulating gene expression/function.
Additional evidence for a role of the IL-33/IL1RL1 axis in host immune defense comes from
in vivo studies showing the protective role of IL-33 in intestinal infection with nematodes
(284, 285).

A recent study highlighted a new IL-33/IL1RL1 disease involvement in coxsackievirus
B5-induced experimental pancreatitis; mice lacking IL-33 or IL1RL1 demonstrated more
severe pancreatic disease, increased weight loss and heightened virus load than wild type

mice (286).

1.3.1.4.3  Liver and kidney disorders

In a candidate gene association study of the course of hepatitis C in a Japanese population,
103 genes including IL1RL1 and IL18R1 were investigated (287). SNPs in both these genes
as well as other genes involved in immune responses were significantly associated with
serum levels of alanine aminotransferase (ALT) indicating an involvement in liver
inflammation. ALT levels are routinely used as a diagnostic test of liver function and
elevated levels are an indicator of infections and other disorders. Nevertheless, this group’s
data were not corrected for multiple testing and thus need to be replicated in other
populations. It has been shown by others that IL1IRL1-a serum levels along with I1L-33 levels
were indeed increased in chronic hepatitis C and correlated with ALT levels in Chinese
patients (288). Preliminary data also show increased serum levels of the two proteins in liver
failure patients (289). Animal studies have also shown increased hepatitis severity and

inflammatory cells influx to the liver of ST2-deficient mice (290) as well as an over-
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expression of 111rl1 and 1133 mRNA in mouse fibrotic liver which was replicated in human
tissue sections (291).

IL-33/IL1RL1-a was implicated in kidney disease in a mouse model of acute kidney
injury where treatment with a soluble IL1RL1-a fusion protein showed lesser disease as
assessed by CD4" T infiltration to the kidneys, lower serum creatinine levels and decreased
acute tubular necrosis and apoptosis; the inverse effect (worsened disease) was observed
upon treatment with recombinant 1L-33 (292). In human subjects, elevated serum levels of
ILIRL1-a were observed in chronic kidney disease patients (293) but in another study of
biomarkers for identification of incident chronic kidney disease, ILLIRL1-a levels association

failed to reach statistical significance after correction for multiple testing (294).

1.3.2 Concluding remarks
The IL1RL1 gene has been clearly shown to be an asthma gene in numerous GWAS. Several
polymorphisms were reported from the chromosome 2 region encompassing IL1RL1,
indicating independent signals as the polymorphisms are not all in LD with each other. This
is interesting and warrants functional analysis in order to identify the putative causal
polymorphisms and their mechanism of action. Animal and human studies show that IL1RL1
proteins are important in the inflammatory cascade leading to several features of asthma
pathogenesis. The receptor isoform signals after binding of 1L-33 on the surface of Th2 cells
and innate cells leading to pro-inflammatory gene up-regulation. The shorter soluble isoform
of IL1IRL1 also binds IL-33, preventing the inflammatory signaling through the receptor.
ILIRL1 proteins and the ligand IL-33 play a role in a number of human disorders including

allergic diseases, infections and cardiovascular conditions.
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My thesis work regarding the IL1IRL1 gene was aimed at identifying the putative causal
polymorphisms to explain the asthma genetic association and performing functional analysis

to investigate the mechanistic roles of the polymorphisms.

1.4 Thymic Stromal Lymphopoietin
1.4.1 TSLP gene and proteins

Thymic stromal lymphopoietin (TSLP) is an IL2-family cytokine, originally identified as a
growth factor in the conditioned medium of a murine stromal cell line Z210R.1 (295). TSLP
stands as a pivotal protein in the interface between the environment and cellular responses
(296) as it is secreted by epithelial cells in the lung, skin and gut (297) in response to a
diversity of stimuli such as viruses (298, 299), TLR ligands (300), cigarette smoke (301),
diesel exhaust (302), allergens (303-305) and some chemical compounds (306, 307) and
leads to Th2 polarization; other cells such as fibroblasts, smooth muscle cells (308) and mast
cells (309) also express TSLP.

The TSLP receptor (TSLPR) is a heterodimer composed of the IL-7 receptor alpha
chain and a chain specific to the TSLP receptor called cytokine receptor-like factor 2
(CRLF2) (310); it is expressed in the lung on the surface of dendritic cells (311), B cells
(312), T cells (313), innate immune cells (314, 315), smooth muscle cells (316), mast cells
(317) and can also be expressed on airway epithelial cells (299) and its production seems to
be controlled by the NF-xB pathway. The binding of TSLP to its receptor activates the
STAT3 and/or STATS5 pathways by phosphorylation of Jak and Src kinases; (318-321)

resulting in the activation of various cytokine and chemokine gene expression (Figure 1-2).

43



Figure 1-2 TSLP signaling

On lung dendritic cells, TSLP induces NF-«B activation which leads to OX40L gene
up-regulation by way of the p50 subunit.

The TSLP gene is located on chromosome 5922, centromeric to the Th2-gene cluster
on 5931 (IL5, IL13, IL4). TSLP is comprised of 5 exons and encodes 2 transcript variants:
TSLP isoform 1, which is the longest isoform and TSLP isoform 2 which differs in the

5'UTR starting from a different start codon and has a shorter N-terminal domain.

1.42 TSLP in the homeostatic state
TSLP is constitutively expressed in the gut by intestinal epithelial cells and plays a role in the
immune tolerance of commensal organisms (322, 323). In the mouse gut, TSLP has been
shown to promote Regulatory T cell (Treg) development and differentiation of tolerogenic

DCs (324); this process has also been demonstrated in the context of maternal fetal
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interaction in order to ensure a successful pregnancy by the induction of Treg cells by TSLP-
induced DCs (325).

Using a TSLPR-knockout mouse model, it has been shown that TSLP plays a role in
lymphoid development by promoting the expansion and survival of CD4* thymocytes and
peripheral T cells (326). In the absence of exogenous antigens or cytokines, TSLP -activated
DCs were shown to induce a sustained expansion of autologous naive CD4" T cells thus
providing evidence for a role for TSLP in homeostatic proliferation of naive T cells
mimicking the homeostatic expansion induced by self-peptide-MHC complexes (327);
TSLP-activated DCs are also capable of promoting the generation and proliferation of CD4*
CD25" FOXP3" regulatory T cells in the human thymus. In vivo data showed a direct action
of TSLP on CD8" T cells resulting in their increased survival (328). Hence, these data

together support that TSLP is important for T cell homeostasis.

1.4.3 TSLP in allergic disease

Animal studies have strongly implicated TSLP in allergic disease as it has been shown to be
sufficient to induce allergic airway inflammation in a lung-specific TSLP transgene mouse
model (329) as well as spontaneous inflammation with the hallmarks of atopic dermatitis in
skin-specific inducible TSLP transgene mouse model (330). Additionally, mice lacking the
TSLP receptor (TSLPR/) failed to develop an inflammatory lung response to inhaled
antigen unless supplemented with wild-type CD4* T cells (331), and the TSLPR/" mice also
do not develop allergic skin inflammation (106).

Treating OVA-induced allergic rhinitis mice with a neutralizing anti-TSLP antibody

inhibited disease development (332). Some animal studies advance the idea of the
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involvement of TSLP in the phenomenon of the atopic march (333, 334), which stipulates
that atopic dermatitis in early life eventually leads to the development of allergic rhinitis and
asthma later in life (335).

Although the murine and human TSLP proteins only share 43% homology, they seem
to play similar roles. In humans, expression of TSLP is increased in the asthmatic lung and
correlates with disease severity (336, 337). The classical inflammatory pathway to explain
the role of TSLP in airway inflammation is the activation of DCs to engender an
inflammatory Th2 phenotype (lacking 1L10 production) (321). TSLP/TSLPR interaction on
DCs results in the rapid up-regulation of OX40 ligand and co-stimulatory molecules CD80
and CD86 on the DC surface as well as the production of chemokines for immune cell
recruitment (311); the DCs then migrate to the lymph node when they interact with naive T
helper cells to polarize them into Th2 cells.

A study containing human and in vitro data showed another disease pathway by which
TSLP promotes an inflammatory environment in the lung: TSLP interacts directly with Treg
cells dampening their tolerogenic capacities (338); indeed Tregs in asthma have decreased
IL-10 production and lessened suppressive activity (339). TSLP has also been reported to be
up-regulated in chronic rhinosinusitis (340).

The first report of genetic linkage of TSLP with allergic disease was of the SNP
rs2289276 with IgE phenotypes in Costa-Rican girls (108). There was no linkage for male
subjects in the same region. Sex-specific effects of TSLP were previously observed in lung
disease in mice (341).

In candidate gene association studies in Japanese populations, rs3806933 and

rs2289276 were associated with lower FEV1% predicted and lower FEV1/FVC ratio but not
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lung function decline (342); additionally, the same two SNPs were associated with childhood
and adult asthma and rs2289278 was associated with pulmonary function (109). Harada et al.
also showed in their study that corticosteroids inhibited the TSLP expression stimulated by
poly (I:C) treatment.

He et al. from our laboratory first reported the association of the T allele of rs1837253
with protection from asthma and AHR in one Australian and three Canadian asthma cohorts;
the SNP was the most significant finding of the study (107). The association of rs1837253-T
allele with decreased asthma risk was replicated, by the same group who first reported the
linkage of TSLP with allergic phenotype, in a candidate study in only white males (110). The
same SNP (in the same direction) was significantly associated with protection against allergic
rhinitis in asthmatic children in a candidate gene study (343).

rs1837253 is presently one of the most consistently reported SNPs in asthma GWAS in

different ethnic groups (35, 37, 90, 344).

1.4.4 TSLP in other disorders

Intestinal DCs display a tolerogenic phenotype which is driven by their contact with
intestinal epithelial cells (345). Intestinal epithelial cells constitutively express TSLP, which
regulates the local tolerogenic DCs, hence participating in immune tolerance in the gut (346,
347).

In addition to its participation in the homeostatic tolerance in the gut, TSLP has been
implicated in IBD; the two main IBD disorders are Crohn’s disease and ulcerative colitis.

TSLP protects against helminthic infections by promoting Th2-type immunity;

additionally, in a Dextran sodium sulfate-induced colitis mouse model, the lack of the TSLP
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receptor leads to exaggerated disease in the form of increased weight loss and heightened
pro-inflammatory cytokine production (322). However, in another study of an experimental
colitis mouse model, TSLP expression was decreased (324); the apparent contradiction is due
to the fact that ulcerative colitis is classically thought of as a Th2 disorder when in fact it
does not fit into the Th1/Th2 paradigm (348). TSLP was found to be down-regulated in non-
inflamed Crohn’s disease patients compared with controls in a genome-wide gene expression
study in endoscopic biopsies from Crohn’s disease patients (349), consistent with the Thl
nature of Crohn’s disease. TSLP-receptor-deficient mice were more susceptible to
autoimmune gastritis (350).

In a collagen-induced arthritis mouse model, TSLP treatment worsened arthritis and
joint destruction and TSLPR knock-out mice demonstrated considerably lessened disease
(351). In humans, TSLP was found to be elevated in skin biopsies from patients with diffuse
cutaneous systemic sclerosis and interacted with the pro-fibrotic cytokines IL-13 and TGFp
(352). Elevated TSLP levels were also observed in systemic sclerosis patients; it was
reported in the same study that bleomycin-induced fibrosis was reduced in TSLPR-deficient
mice (353).

In addition to the established implication of TSLP in the promotion of Th2-type
inflammation, there is increasing evidence for its involvement in Th17-type inflammation
(354, 355).

TSLP was shown to be up-regulated in human atherosclerotic lesions whilst normal
human vessels do not express TSLP; the over-expression of TSLP was concomitant with
Th17 inflammation activation (356). In the hepatitis C virus-infected liver, TSLP was shown

to induce DCs to polarize T helper cells into Th17 cells (355). In addition, SNPs in TSLP
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were found associated in a candidate gene study of Graves’ disease in a Taiwanese
population, TSLP serum levels were also elevated in Graves’ disease patients compared to
controls and this was associated with increased Th17 cell differentiation in those patients
(357).

TSLP has also been implicated in the biology of cancers. Knockdown of TSLP was
shown to result in decreased growth and metastasis in breast cancer cells; in vivo data also
support the effect of lack of TSLP in decreasing tumor progression in breast cancer animal
models (358).

It was also found that pancreatic cancer-associated fibroblasts release TSLP, thereby
decreasing the Th1/Th2 cells ratio by priming DCs present in the tumor stroma and tumor-
draining lymph nodes; a decreased Th1/Th2 ratio is associated with a reduced survival of

pancreatic cancer patients (359).

1.45 Concluding remarks
The involvement of the TSLP gene in asthma has been clearly established in GWAS, with the
solid replication of the rs1837253 SNP’s association in several studies of different
populations. The association is thus unique in the sense that the multiple replications were
not only at the gene level but also at the SNP level. The biology of TSLP indicates its
importance in the upstream stages of the inflammatory cascade leading to several features of
asthma pathogenesis. The lung epithelium secretes TSLP in response to a variety of stimuli
and in turn TSLP acts upon many effector cells causing an amplification of inflammatory
signaling. The fact that TSLP also plays a role in non-pathological states such as gut

homeostasis and protection against helminth infections intimates the importance of
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investigating the asthma-specific molecular mechanisms of TSLP action. Therefore, my
thesis work was aimed at investigating the role of rs1837253 in terms of the mechanism

potentially causing the asthma association.

1.5 Research question and hypotheses

TSLP and IL1RL1 genes are clearly important in asthma susceptibility according to the
numerous GWAS significant findings in diverse populations. There is high biological
plausibility for these genetic findings and Figure 1-3 summarizes the expression and roles of
TSLP and IL1RL1/IL33 in asthma pathophysiology.

The purpose of this thesis is to firstly identify putative functional polymorphisms that
are causing the asthma associations and secondly uncover the molecular mechanisms of those
associated polymorphisms. | hypothesized that functional alleles of SNPs associated with
asthma risk in the IL1RL1 gene lead to decreased expression of the soluble isoform of
ILIRL1 and/or increased expression of the receptor form. Additionally, I hypothesized that
the TSLP SNP rs1837253 is the functional polymorphism causing the asthma association and

that the protective T allele leads to decreased expression of TSLP.
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Chapter 2: Methodology

2.1 Samples
2.1.1  HAM lung samples

Lungs were obtained from the International Institute for the Advancement of Medicine
(IIAM), which provides non-transplantable organs and tissues to biomedical researchers for
the purpose of research and education. The 1AM samples were stored at -80°C in the James
Hogg Research Centre biobank. DNA was extracted from 18 formalin-fixed, paraffin-
embedded IAM lungs using the QlAamp DNA mini kit (Qiagen catalog # 51304) and total
RNA was extracted from the same samples using High Pure RNA Paraffin kit (Roche catalog

# 03270289001) following the manufacturer’s procedures.

2.1.1 Blood samples
DNA and RNA samples from 208 subjects were graciously offered by Drs. Edith Chen and
Greg Miller from the Department of Psychology, University of British Columbia. These
samples were from blood drawn from asthmatics and medically healthy children aged 9 to 18
from Vancouver, British Columbia. The children were recruited for a study approved by the

Research Ethics Board of the University of British Columbia (360).

2.1.2 CAPPS samples
The Canadian Asthma Primary Prevention Study (CAPPS) (361-363) was established by Drs.
Allan Becker and Moira Chan-Yeung in the early 1990s from the two Canadian cities

Vancouver and Winnipeg. 545 mothers of high asthma risk infants were recruited during the
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third trimester of pregnancy; high risk was defined as having at least one first-degree
asthmatic relative or two first-degree relatives with IgE-mediated allergic disease. The
primary purpose of the study was to assess the effectiveness of an intervention on asthma
incidence. Thus the families were randomized to a control arm or an intervention arm. The
intervention consisted of active avoidance of common allergens (house dust mite, pets, and
environmental tobacco smoke), encouraging breast-feeding and delaying of introduction of
solid foods. Blood samples were collected and questionnaires filled at the time of birth and
when the children were 1, 7 and 15 years of age.

DNA was extracted using QlAamp DNA Kits (Qiagen) and quantified using
PicoGreen® assays; PicoGreen® is a reagent that fluoresces upon binding double-stranded
DNA and exhibits higher sensitivity and specificity than quantification by ultraviolet (UV)
absorption. CAPPS DNA samples were processed in our laboratory and plated aliquots were
sent to the Centre National de Genotypage (CNG, Paris, France) for whole-genome
genotyping as part of the GABRIEL consortium large-scale GWAS of asthma.

During the CAPPS 15-year follow-up (which occurred during the year 2010), blood
samples were available from 195 children. Freshly-collected blood in red-top tubes was
centrifuged and serum collected and stored at -80°C. | used the CAPPS serum samples for

ILIRL1 protein quantification.

2.2 TagMan® genotyping
DNA samples were genotyped using TagMan® SNP genotyping assays (Applied Biosystems
Inc.). Each TagMan® SNP genotyping assay contains a pair of sequence-specific forward

and reverse primers as well as two minor groove binder (MGB) probes around the SNP of
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interest with identical sequences except in the SNP site; each allele-specific probe is
composed of a 5" reporter VIC® or FAM™ dye to differentiate between the two SNP alleles
and a 3’ non-fluorescent quencher. As long as a TagMan® probe is intact, the reporter dye
does not emit fluorescence. The probe binds to the SNP flanking sequence and if a sample
contains the allele corresponding to the probe, annealing occurs with no mismatch and the
probe is degraded by 5" — 3’ exonuclease cleavage during extension of the PCR product.
Upon cleavage of the probe, the dye emits fluorescence as it is no longer quenched by the
close proximity of the quencher; a probe located on a sequence that does not contain its
specific allele binds with one nucleotide mismatch in the middle, and is merely displaced
during extension and hence keeps its integrity and its reporter dye does not emit
fluorescence.

The assays were subjected to quality control by first genotyping purchased Coriell
DNA samples (Coriell Institute for Medical Research) which are very good quality DNA
samples that have been genotyped as part of the International HapMap Project. 5ng of DNA
or no template negative control (water or TE buffer instead of DNA) per well were plated in
384-well plates and dried-down by evaporation at room temperature in a biosafety cabinet
overnight. The subsequent day, each well received 5ul of PCR mastermix containing 10X
TagMan® universal PCR master mix and 40X TagMan® SNP genotyping assay. PCR was
performed in the ABI 7900HT Prism® sequence detection instrument using the following
protocol: a Tag DNA polymerase activation stage of 95°C for 10 min followed by 40 cycles
of [denaturation at 92°C for 15 s — annealing and extension at 60°C for 1 min]. At the end of
the PCR run, amplification plots were checked and threshold cycle (Ct) values recorded as

QC measures of the assay. Negative controls should not amplify and thus are expected to
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have no Ct values i.e. their amplification curve should not intersect with the threshold line
(set in the linear phase of the amplification plot that corresponds to the exponential phase of
the PCR) to ensure no contamination occurred on the plate. Subsequently, an allelic
discrimination run was performed on the same instrument in order to assign genotypes to the
samples; fluorescence was measured for each reporter dye and a resulting allelic
discrimination plot was produced. Up to four clusters are observed, one cluster for negative
controls (no amplification) with no or background-level fluorescence from either probe, two
homozygote clusters with fluorescence from only one reporter dye and a heterozygote with
equal fluorescence from both probes. The resulting genotypes were compared with
publically-available genotypes for Coriell samples. An assay was deemed to have passed my
QC measures if Coriell samples amplified with reasonable Ct values (less than 30 cycles) and
all the genotypes obtained matched the HapMap genotypes. In case of disagreement between
my genotyping and the public genotypes, | sent off PCR products from the discrepant
samples for sequencing at the NAPS unit sequencing facility at UBC to ascertain the
genotype from a third party.

Unknown genotype DNA samples were genotyped following the same procedure as the
Coriell QC plate; 20 positive controls (Coriell samples) and 20 negative controls (no-

template) were used in each 384-well plate.

2.3 Gene expression studies
2.3.1 House-keeping gene selection
Before performing gene expression experiments for my genes of interest in lung tissue-

derived RNA samples, and in the absence of relevant literature to use, | proceeded to select
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the best house-keeping gene to utilize for standardization; a good housekeeping gene should
have high stable expression that is unaltered by experimental conditions or treatments or by
the disease state of the individuals the samples were derived from. | selected twelve common
house-keeping genes to test for stability of gene expression in our tissue of choice. Table 2-1

indicates the names and description of our chosen common reference genes.

Gene name Abbreviation| Gene function Assay ID
185 rRNA 18SRNA Ribosomal RNA Hs99999901_s1
ribosomal protein, large, PO RPLPO Catalysis of protein synthesis HS99999902_m1
R-actin ACTB Cytoskeletal structural protein Hs99999903_m1l
Cyclophilin A PPIA Serine-threcnine phosphatase inhibitor Hs99999%04_m1
Glyceraldehyde- 3 -phosphate dehydrogenase GAPDH Glycolysis enzyme Hs99999505_m1
Phosphoglycerokinase PGK1 Glycolysis enzyme Hs99999906_m1
R2-Microglobulin B2M Cytoskeletal protein involved in cell locomotion| Hs99999507 _m1l
R-Glucuronidase GUSB Exoglycosidase in lysosomes Hs99999508_m1l
Hypoxanthine ribosyl transferase HPRT1 Metabolic salvage of purines Hs99995%09_m1
TATA-binding protein TBP Transcription by RNA polymerases Hs99999910_m1
Transferrin receptor TFRC Cellular iron uptake Hs99999911_m1l
Guanine nucleotide-binding protein, R-peptide 2-like 1 GNB2L1 Binding and anchorage of protein kinase C Hs00272002_m1

Table 2-1 House-keeping genes candidates

RNA was extracted from 1AM lung tissues and reverse transcription was performed to
convert the RNA to cDNA.

Gene expression assays of the twelve genes were performed on 384-well plates in
triplicate using TagMan gene expression assays (Applied Biosystems) comprised of
unlabelled PCR primers and a 6-FAM™ dye-labeled TagMan® MGB probe.

During the PCR, the probe anneals to a specific sequence between the primer sites.
Similar to the chemistry used for the TagMan® genotyping assay, the fluorescence is
produced when the quencher dye and the reporter dye are separated from the DNA
polymerase cleaving the probe when the latter is hybridized to its specific sequence on the
cDNA molecules.

The assays were ran on an ABI Prism® 7900HT sequence detection system (Applied

Biosystems) following the standard manufacturer’s protocol using 20 ng of starting CDNA
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template per well. Standard curves were obtained by serial dilutions of reverse-transcribed
commercially-available universal RNA (Stratagene).

Gene expression results were analyzed manually in Excel worksheets using the
standard curve method.

The stability of the twelve tested reference genes (Table 2-1) was assessed using three
publically available software packages: BestKeeper, which runs pair-wise correlation
analysis of all gene pairs and calculates the geometric mean of the most stably-expressed
genes (364), GeNorm, which calculates two values: gene expression stability measure M and
mean pair-wise variation V between each gene and the rest of the genes (365) and
NormFinder, which determines the most stable gene as determined by the gene with the least
intra- and inter-group expression variation (366). We selected the most stable reference gene

as the most replicated highly ranked by all three algorithms.

2.3.2 Quantitative PCR (qPCR) experiments
For both TSLP and IL1RL1 genes, | used commercially available TagMan® gene expression
assays (Applied Biosystems Inc.) to determine transcript expression in lung and blood
samples. Table 2-2 indicates the assays used for each gene. The assays were run in triplicate
in 384-well plate format and performed on an ABI Prism® 7900HT sequence detection

system (Applied Biosystems Inc.).

Gene Isoform targeted Tagman assay ID
TSLP | Both long and short isoforms | Hs00263635_m1
TSLP Long isoform Hs00263633_m1l

ILIRL1 Short isoform Hs01073287_m1l

ILIRL1 Leng isoform Hs01073295_m1

Table 2-2 TagMan gene expression assay ID for qPCR of TSLP and IL1RL1
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2.3.3  Allele-specific expression assay
In order to further investigate whether rs1837253 had an effect on TSLP gene expression, |
conducted allele-specific expression assays using TagMan® SNP genotyping probes. The
advantage of an allele-specific approach as opposed to genotype-specific approach is the fact
that in the former, each allele’s expression is assessed in a single heterozygote individual,
hence controlling for any other genetic variability not related to the SNP in question as well
as for any extrinsic influences on gene expression such as environmental effects.

For allele-specific assays, heterozygote samples for a coding SNP are needed. The
principle of the assay is to compare cDNA probe fluorescence between alleles; the cDNA
signal is standardized to the genomic DNA (gDNA) signal, which should have equal signal
from both probes or otherwise would be used to correct for any technology-related probe
signal inequality due to preferential binding of one probe over the other.

Since rs1837253 is not in the TSLP mRNA, | selected rs2289276, a SNP in the 5’'UTR
of TSLP for expression measurement. If rs1837253 does indeed affect TSLP expression by
allele, one chromosome (allele) from a heterozygote sample will engender a greater number
of mMRNA molecules than the other chromosome (alternative allele). By measuring the cDNA
synthesized from this RNA, an increased signal from the probe detecting the allele located on
the over-expressed chromosome will be observed. As a consequence, the ratio of the signals
from VIC® and FAM™ probes will depart from 1, which would be observed in the case of
no allele-specific differential expression. The extent of LD between the SNP of interest and
the marker coding SNP is of no relevance for this assay, as the direction of the departure
from 1 is inconsequential, only the presence or absence of departure from 1 is informative as

it pertains to an allele-specific difference.
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2.4 Luciferase reporter gene assays
24.1 Overview

Reporter gene assays are very valuable tools to assess the regulatory impact of a DNA
region. To investigate a suspected functional SNP, reporter gene assays are very useful as
each allele could be tested under the exact same conditions and surrounded by the same
vector and insert DNA so that any difference observed could only be explained by the base
change caused by the SNP studied. Many reporter genes are available; for our work we used
the firefly luciferase gene as an experimental reporter and Renilla luciferase as a control
reporter to control for transfection efficiency as well as to differentiate between specific and

non-specific cellular responses.

2.4.2 Experimental procedure
2.42.1 Cloning
DNA was amplified around the SNP of interest using primers designed to contain restriction
enzyme (RE) sites specific to the following enzymes: Sacl for the forward primers and Xhol
for the reverse primers.

SNP flanking sequences used for primer design were retrieved from dbSNP database
build 137 and primer design was performed using the publically available online PCR primer
design tool, Primer3 (367, 368).

I optimized each primer pair’s annealing temperature in order to obtain a unique PCR
product and no non-specific primer binding.

PCR was performed using the optimized annealing temperature for each primer pair.

PCR products were verified using electrophoresis on a 2% agarose gel, and specific bands
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were excised under 320 nm UV light. DNA was extracted from the gel bands using a
commercially available gel extraction kit (Qiagen catalog# 28704), restriction-digested at
37°C for one hour and the DNA was purified using clean-up spin columns (Qiagen). DNA
quantification at this step and subsequent steps was performed using a NanoDrop
spectrophotometer.

DNA inserts for each allele were prepared by performing two PCR reactions in parallel
using homozygote DNA samples, one PCR reaction using heterozygote DNA samples or by
site-directed mutagenesis using one allele’s prepared DNA insert.

In preparation for cloning, minimum promoter vectors were subjected to double
restriction digest using the appropriate enzymes, de-phosphorylated using calf intestinal
alkaline phosphatase (New England Biolabs) and purified by agarose electrophoresis.

The DNA insert and vectors were ligated at room temperature using T4 ligase, an appropriate

DNA ligase for cohesive ends of DNA, then stored at -20°C until transformation.

24211 TSLP
Primers to amplify a 656 bp DNA region around TSLP rs1837253 were as follows:
Forward primer: 5'- GTACGAGCTCAAGACAGTCCTCAGGCCAAA -3
Reverse primer: 5- GCATCTCGAGGTCTGCCTTGTGGCATCATA -3'
My SNP of interest is located in the 5' end of the TSLP gene therefore | used the
pGL4.23[luc2/minP] vector for plasmid construction as it contains a 5' cloning site and a

minimal promoter that drives luciferase expression.
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ECORV 42
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l Hindlll | 66
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Figure 2-1 Map of vector pGL 4.23[luc2/minP]

24.2.1.2 ILIRL1
Primers to amplify an 809 bp region surrounding the IL1RL1 SNP rs3771180 were as
follows:
Forward primer: 5'- GTACGAGCTCAACCCCAAACCCTCAAACTT -3
Reverse primer: 5- GCATCTCGAGGCTGCTTACTTCGCATTTCC -3'
My SNP of interest is located in the 5' end of the IL1RL1 gene; therefore the vector

used for plasmid construction was pGL4.23[luc2/minP] (Figure 2-1).

2.4.2.1.3  Site-directed mutagenesis

In order to produce the C allele for rs1837253 C/T TSLP SNP, | performed site-directed
mutagenesis using the Stratagene Quickchange site-directed mutagenesis kit (Agilent
technologies Inc., Santa Clara, CA). Two complementary primers were designed using db
SNP (build 137) containing the desired allele (C) in the middle and at least 15 nucleotides on
each side as follows:

TSLP-C 5'- GATCCTTTTATACATAAACAACGTGTCTAAACTATGAAGC -3'
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TSLP-Ccomp 5- GCTTCATAGTTTAGACACGTTGTTTATGTATAAAAGGATC -3'

The primers were ordered to be made and PAGE-purified from Integrated DNA
technologies (IDT, San Diego, CA). Using the T allele plasmid as template, | ran a primer
extension reaction for 18 cycles using Pfu Turbo DNA polymerase. Pfu is a proof reading
polymerase which does not displace the primers resulting in a nicked double-stranded
circular DNA. After cycling, digestion with the endonuclease Dpnl removes the parental
DNA template thus selecting for the newly synthesized DNA. Transformation into XL-1
Blue supercompetent E. coli cells repairs the nick in the new plasmid. Sequencing was used

to confirm the identity of the new C allele plasmid.

2.4.2.2  Transformation

MAX Efficiency® DH5a™ Competent E. coli cells (Life Technologies) were used for
transformation. pUC19 vector was used as a transformation control. Colonies were grown
overnight in LB-Agar plates with Ampicillin in a 37°C incubator and counted the next
morning. Individual colonies were picked and grown in culture tubes containing LB medium
in a 37°C shaking incubator. DNA from the cultured bacteria from each colony was purified
using Purelink™ Quick Plasmid Miniprep kit (Life Technologies) and plasmids were
checked using restriction digest, with the two enzyme sites used for cloning and gel
electrophoresis was used to check for the presence of DNA inserts of the expected size

(Figure 2-2). Verification of insert-containing plasmids was performed by sequencing.
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Ladder DD SD DD SD DD SD DD SD DD SD DD SD DD SD DD SD DD SD DD

Figure 2-2 Example of a gel of restriction digest for selecting plasmid with insert

The first lane contains 1kb DNA ladder; DD: double restriction digest (both restriction enzymes used for cloning); SD: Single
restriction digest (one of the restriction enzymes used for cloning); Numbers 1 to 10 indicate plasmid DNA isolated from
bacterial colonies 1 to 10.

This gel shows DNA isolated from colonies 2, 3, 4, 7 and 10 contain an insert of the desired size. The sequence was verified
by sequencing.

The correct plasmid-carrying bacterial colonies were grown and used to extract DNA

using Qiagen plasmid maxiprep kit (Qiagen) following the manufacturer’s protocol.

2.4.2.3  Transfection

A549 cells were grown in Dulbecco’s Minimum Essential Medium (DMEM) in a 24-well
cell culture plate until they reached about 70% confluence. 1 pg plasmid DNA for each SNP
allele was mixed in DMEM without serum supplemented with Plus™ reagent. Co-
transfection with Renilla plasmid DNA was performed as an internal transfection control at a
3to 1 ratio (firefly to Renilla).

Lipofectamine® LTX reagent was added after a 15 minute incubation time and the
mixtures were left at room temperature to allow the formation of DNA/lipid complexes for
30 minutes. Media were removed from the cells and replaced with media with serum and 100
pl of DNA/lipid complex mixture to each well. Plates were incubated at 5% CO, and 37°C

for 24 hours for transfection. Treatments were added for the TSLP experiments 24-hour post-
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transfection and the cells were incubated for a subsequent 24 hours. The treatments used
were: Dexamethasone (Sigma-Aldrich) at six concentrations from 0.01 to 100 nM,
Polyinosinic-polycytidylic acid (Poly(l:C)) at 10, 20 and 30 pg/ml and cigarette smoke

extract (CSE) at 100, 50 and 5 fold dilutions.

2.4.2.3.1  Cigarette smoke extract

CSE was generated using 3R4F standardized cigarettes (University of Kentucky). Smoke was
bubbled using a vacuum pump from three cigarettes to 5 ml phosphate buffered saline to
produce a 100% CSE solution. The solution was filtered through a 0.2 um filter and diluted
5, 50 and 100 fold in DMEM culture medium. Fresh CSE solution was made prior to each

experiment.

2.4.2.4  Luciferase reporter gene assay
Dual-Glo® Luciferase assay system (Promega) reagents were used to measure Luciferase
reporter gene activity for both firefly and Renilla vectors. Firefly and Renilla luciferases are
distinct enzymes with different substrates, which allows for the usage of these two enzymes
for successive measurement in the same sample. Firefly luciferase requires beetle luciferin,
ATP, magnesium and molecular oxygen whilst Renilla luciferase requires coelenterate
luciferin (coelenterazine) and molecular oxygen.

After the transfection incubation time, media were removed from each well and
replaced with Dual-Glo® luciferase assay reagent, which is composed of the luciferase buffer
and firefly luciferase substrate; after a 10 minute incubation necessary for complete cell lysis,

the contents of each well was mixed by pipetting then transferred to 2 wells of a Corning
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Costar® white 96-well plate suitable for luminescence measurement and the firefly
luminescence was measured using a GENios multifunction microplate reader (Tecan). After
the firefly luminescence measurement, an equal volume of Stop & Glo® reagent (composed
of Dual-Glo® Stop & Glo® buffer and substrate) was added to each well. The Renilla
luminescence was measured after a 10 minute incubation at room temperature.

The ratio of luminescence from the experimental reporter (firefly) to the control
reporter (Renilla) was calculated after background-subtraction using control wells containing

empty vector that were treated using the same procedure.

2.5 Electrophoretic mobility shift assays
25.1 Overview

In order to test the hypothesis that a SNP plays a functional role in gene regulation, an
experimental approach is to study possible DNA/protein interactions using electrophoretic
mobility shift assays (EMSA). Functional SNPs can participate in gene regulation by binding
regulatory proteins such as transcription factors.

The principle of EMSA is the usage of non-denaturing polyacrylamide gels to separate
protein-bound DNA from unbound DNA. The DNA used is labeled double-stranded DNA
probes of 20 to 40 nucleotides in length, designed around the SNP of interest. The potential

binding proteins exist in a crude nuclear extract isolated from appropriate cells.

2.5.2 Experimental procedure
The adenocarcinoma human alveolar basal epithelial cell line A549 was selected for nuclear

proteins extractions for the purpose of EMSAs for both TSLP and IL1RL1. A549 cells were
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purchased from ATCC, and cultured in DMEM in 6-well culture plates. Nuclear extracts
were obtained using nuclear extraction kits for use with transcription factor assays
(Panomics, catalog# AY2002) according to the manufacturer’s protocol and were quantified
using optical densitometry at 280 nm on a NanoDrop 8000 spectrophotometer.

Pairs of oligonucleotides for each SNP allele were designed based on the SNP flanking

sequence in the NCBI SNP database (http://www.ncbi.nlm.nih.gov) to be approximately 25

bases around the SNP site and ordered to be synthesized and purified using high-performance
liquid chromatography from Integrated DNA Technologies. Table 2-3 outlines the sequences

of the oligonucleotides used.

Gene SNP Allele Oligonucleotide Complementary oligonucleotide
TSLP |rs1837253| T - TATACATAAACAATGTGTCTAAACT-3' |5 -AGTTTAGACACATIGTITATGTATA-3
"-TAT ACATAAACAACGTGTCTAAACT-3" |5 -AGTTTAGACACGTIGTITATGTATA-3
5
5

"- AAATGCTGG TGAATCATG TACTA- 3 ' - TAG TACATG ATT CACCAG CAT TT- 3’
"- AAATGCTGG TGCATC ATG TACTA- 3’ '-TAG TACATG ATG CACCAG CATTT- 3

(S0 B0 R BV,

C
ILIRLI | rs3771180] A
C

Table 2-3 EMSA oligonucleotides sequences

Annealed complementary oligonucleotides for each SNP allele were 5' end-radio-
labeled with 0-32P-ATP (Perkin Elmer) and the percentage of incorporation was measured
using the ratio of labeled oligonucleotide to unlabeled oligonucleotide after counting in a
scintillation counter (Beckman Coulter LS6500 Multi-Purpose Scintillation counter). An
incorporation of greater than 30% was necessary for the use of the radio-labeled
oligonucleotides.

A commercially available kit from Promega, Gel shift assay system (Catalog# E3050)
was used for the EMSA experiments. The double-stranded oligonucleotides were incubated

with A549 nuclear extracts in the presence of DNA binding buffer on ice for one hour after a
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pre-incubation of nuclear extract and binding buffer for 10 minutes at room temperature; the
cold environment is beneficial for preventing non-specific binding. Negative and positive
controls were included in the form of Spl oligonucleotide in the absence and presence of
HeLa cell nuclear extract, respectively.

In order to predict proteins that would differentially bind alleles, 1 used the following
publically available algorithms which use pre-defined transcription factor binding sites
(TFBS) (such as in the TRANSFAC database (369)) to construct binding site weight matrices
for TFBS prediction: PROMO (370), JASPAR (371), TFsitescan (372), Consite (373) and
TFSearch (374).

For competition reactions, the unlabeled oligonucleotides were incubated with the
nuclear extracts and binding buffer for one hour on ice before adding the radio-labeled
oligonucleotides. The reactions were run on 2-8% gradient CosmoPAGE native gels (Nacalai
USA, Inc) for about 30 to 45 minutes until the loading dye reached % down the gel. The gels
were dried for 45 minutes to one hour at 57°C on a slab gel dryer (Drygel Sr. Model SE1160,
Hoefer Scientific Instruments). The gels were subsequently exposed to a Super resolution
storage phosphor screen (Perkin Elmer Life and Analytical Sciences) overnight and
visualized on a Cyclone® Plus storage phosphor system from Perkin Elmer using OptiQuant

Image Analysis software (Perkin Elmer).

2.6 Enzyme-linked immunosorbent assays (ELISAS)
2.6.1 Overview
ELISA is a valuable tool utilized to quantify protein levels from biological fluids and

generally involves 3 essential elements:
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- A solid phase (immunosorbent): Usually a 96-well plate, to which the antigens to
measure or antibodies will be immobilized.

- A conjugate: Either the antigen (protein to be measured) or an enzyme-labeled
antibody.

- A substrate: the substrate is used for detection of the bound enzyme and consists of
hydrogen peroxide and a chromogen.

Three main types of ELISA can be performed: “sandwich” ELISA, antigen-capture
(direct) ELISA and competitive (blocking) ELISA. 1 performed “sandwich” ELISA;
Antigens of interest are coated on the solid phase through a coated specific capture antibody;
primary detection antibodies are then added and bind the antigen. Washing the wells of the
plate ensures unbound antigens and antibodies are eliminated and bound antigen can be
quantified by the substrate of an enzyme conjugated to a secondary antibody that binds the
primary.

ELISA assays were performed to measure soluble IL1RL1 (hereafter referred to as

sST2) levels in serum samples.

2.6.2 ST2ELISA
| used reagents from R&D Systems (Catalog# DY523) to build a sandwich ELISA system to
detect sST2 in serum samples of CAPPS samples. According to the manufacturer, the capture
antibody is specific to natural and recombinant human ST2 as well as free ST2 and IL-33-
complexed ST2.
96-well plates were coated overnight with 500 ng/ml capture antibody; the wells were

washed using an automatic plate washer, blocked with bovine serum albumin then washed.
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Consequently, undiluted serum samples were applied to the wells; serial dilutions of
recombinant ST2 were used for a standard in each plate and samples were plated in triplicate
for the first plate then in duplicate for the remainder of the plates. After the 2-hour incubation
of samples and standard protein, biotinylated detection antibody was applied, the wells
washed then detection was achieved with the addition of streptavidin-horseradish peroxidase,
followed by 3,3',5,5'-Tetramethylbenzidine (TMB) substrate; the signal was stopped by

sulfuric acid then read at 450 nm and 570 nm reference.

2.7 PCR-based splicing assay
In order to assess whether the IL1RL1 intronic SNP rs1420101 had an effect on splicing of
ILIRL1 mRNA, four primers were designed to form three primer pairs to amplify different
length fragments of cDNA. The primers were: a reverse primer targeting exon 6, a reverse
primer targeting exon 7, a reverse primer targeting exon 8 and finally a forward primer
targeting exon 5 to use for all the reverse primers. The primer pairs composed of the forward
primer and each of the reverse primers will be hereafter referred to as R6, R7 and R8
respectively. Figure 2-3 shows the primers’ alignment and the expected sizes of PCR
products using the primer pairs.

The cDNA samples were cycled in a ThermoHybaid thermal cycler for 35 cycles
(denaturation step: 92°C for 30 seconds, an annealing step: 61°C for 1 minute then

elongation at 72°C for 1 minute) followed by additional elongation for 10 minutes at 72°C.
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Figure 2-3 rs1420101 splicing assay primer alignment

2.8 LungeQTL study dataset
A previously generated lung expression eQTL dataset (50, 375, 376) was used to investigate
the SNPs of interest. The data were generated from non-tumor lung tissue samples collected
from 1,424 individuals undergoing lung resectional surgery at three academic sites: Laval
University, Québec, Canada (500 patients); the University of British Columbia, Canada (437
subjects); the University Medical Center Groningen, The Netherlands (487 subjects). The
Québec and Vancouver subjects gave written consent and the studies were approved by the
appropriate ethics boards. The Groningen study protocol was consistent with the Research
Code of the University Medical Center Groningen and Dutch national ethical and
professional guidelines (“Code of conduct; Dutch Federation of Biomedical Scientific
Societies”; http://www.federa.org).

1,237 DNA samples were successfully genotyped using the Illumina Human1M-Duo

BeadChip array. For gene expression, total RNA was hybridized to a custom Affymetrix
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HU133 microarray, comprised of 751 control probe-sets and 51,627 non-control probe-sets
resulting in 1,329 successfully assayed samples. Quality controls on genotyping and gene
expression data as well as expression traits processing have been described previously (50,

375, 376).

2.9 Data analysis

29.1 TagMan® genotyping data
TagMan® genotyping results were verified for Hardy-Weinberg equilibrium (HWE) as
ascertained by the equations below for each genotyping dataset.

p*+2pq+g*=1
ptg=1
with p and g being the allele frequencies. Expected and observed values were compared

using Chi-square tests with one degree of freedom in Excel.
Association of SNP genotypes (obtained with TagMan® genotyping) with phenotypes
such as asthma adjusting for gender and sex were performed in JMP software using Chi-

square tests. Statistical power calculations were performed using the Quanto software (377).

2.9.2 Gene expression data
2.9.2.1 gPCR data
Differences in TSLP and IL1RL1 expression levels, generated by gPCR, between genotypic
groups and phenotypic groups, were assessed by one-way ANOVA tests in Excel statistics

package.
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To test for allele-specific expression, the cDNA ratios of FAM™ over VIC® probes
(corresponding to C to T alleles) were compared with the ratio of the gDNA using a t-test in

Excel initially, then replicated in R studio using the Stats R package.

2.9.2.2 LungeQTL data

eQTL analysis was run in the lung expression dataset using linear models in R for each of the
TSLP and IL1RL1 probes in order to investigate the association of gene expression with
genotypes and assess the portion of variability of gene expression explained by the SNPs. In
an effort to uncover additional explanation for the variability of the gene expression, |
investigated the potential relationship of gene expression with clinical and demographic
variables collected for the lung eQTL study as well as interactions between the variables and
SNPs on gene expression levels. For that purpose, multiple linear regression models (one
model for each TSLP and IL1RL1 isoform) were used in RStudio using the R packages
‘Stats’, ‘FactoMiner’, ‘glmnet’ and ‘cvTools’ for exploratory data analysis and ‘Lattice’,
‘BiplotGUI’, ‘ggplots’ and ‘gridExtra’ for graphical representations.

For this analysis, | utilized 45 of the 97 variables available from the lung expression
dataset. Variable selection for inclusion in the multiple linear models was performed using
the following approach:

1. Irrelevant variables were removed, such as dates, unknown and unspecified medication
intake; this resulted in 89 variables.

2. Categorical variables with one factor present in less than 10 subjects were removed; for
example only 5 subjects were taking leukotriene antagonist medication therefore this variable

was removed. This resulted in 85 variables.
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3. Missing values were ascertained for each variable and the variables with complete data
were plotted against the number of subjects available. The plot is shown below (Figure 2-4)
and indicates the number of subjects available for each number of variables without missing
data. The blue points correspond to the variables and the red line (at 45 variables)
corresponds to the cutoff | utilized in order to maximize the number of subjects as well as the
number of variables to include in the statistical models. The linear models do not allow for

missing data.
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Figure 2-4 Variable selection using number of missing data for each variable

This resulted in 845 subjects with complete data for 45 variables; the characteristics of
these subjects for all variables are outlined in appendix B.1 (page 238). | ran multiple linear
models for the TSLP and IL1RL1 isoforms gene expression using the following probes:

X100122252_TGI_at for the long TSLP isoform, X100142361_TGI_at for the short TSLP
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isoform, X100312840_TGI_at for the soluble IL1RL1 isoform and X100302151 TGI_at for
the receptor IL1RL1 isoform.

Subsequently, I used the ‘Step’ function in R which implements stepwise model
selection based on the Akaike Information Criterion (AIC) (378). The AIC is a method of
model selection among several possible models; the selected model maximizes the fit with

the least number of variables.

2.9.2.2.1  TSLP analysis

For analysis of the TSLP gene expression, the resulting 45 variables were included in the two
multiple linear models along with interaction terms of the rs1837253 SNP with all the 45
variables. There were 279 and 123 possible models for the long and short isoforms
expression respectively. Applying the ‘step’ function to the result of the two models resulted

in the best fitted model, which results are presented in Chapter 5.

2.9.2.2.2  IL1RL1 analysis

There were 21 SNPs identified as important predictors of ILIRL1 expression and potential
functional SNPs (details explained in Chapter 3): 10 SNPs from the manual annotation
(Table 3-4) and the 11 SNPs from the GImnet approach (Table 3-5). Because 4 of the SNPs
were selected in the manual annotation approach based on their high LD with eQTL SNPs,
genotypes were unavailable for them in the lung dataset. Subsequently, using 1000 Genomes
data for LD determination, | removed SNPs in high LD (r2 > 0.8) with other SNPs in the list,
as the statistical modeling I used did not allow for highly correlated variables. Finally, I had a

list of 9 independent SNPs for the interaction analysis: rs10496354, rs10496357, rs4850994,

74



rs7607548, rs1558622, rs3771180, rs1420101, rs4988956 and rs1420106. The inclusion of
all 45 variables, 9 SNPs and interaction terms of each variable with each SNP would result in
2372 possible models; as this number is higher than the number of subjects (845), it is not
possible to apply a linear model.

Therefore, | proceeded to shrink the number of possible models by first testing separate
multiple linear models without interaction terms (including the 9 SNPs and 45 clinical and
demographic variables); applying the ‘step’ function, I obtained the best fitted model. I then
used this model and added interaction terms between the variables and the SNPs. There were
516 and 67 possible models for the receptor and soluble isoforms expression, respectively.
Applying the ‘step’ function to the result of this model resulted in the final results presented
in Chapter 4.

Graphs depicting main effects of associations between gene expression and clinical
variables were produced using the function ‘termplot’ from the ‘stats’ R package. This
function allows for accurate plotting of regression terms against their predictors i.e. it
produces plots of association of variables and the response (i.e. gene expression) as adjusted
for the effects of all the other variables in the same model.

Graphs depicting interactions of SNPs with clinical variables are based on pairwise
relationships and are not adjusted for the rest of the variables in the model, because the
function ‘termplot’ does not allow for interaction plotting. Nevertheless, these graphs are
useful in showing the general trend of the association although they need to be considered

together with the coefficient estimate and p value.
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2.9.3 Soluble IL1RL1 protein data
ILIRL1 protein data were handled and analyzed for association with SNPs and phenotypes
using linear regression models in R Studio using the R packages ‘Stats’, ‘FactoMiner’,

‘Lattice’, ‘BiplotGUI’, ‘ggplots’ and ‘gridExtra’.

2.9.4 Reporter gene data
Reporter gene data were analyzed in R studio using the t-test function in the ‘Stats’ R

package and plotted using the ‘Lattice’ R package.

2.10 Methodology for IL1RL1 computational analysis (chapter 3)

2.10.1 Lung eQTL study data
From the aforementioned lung eQTL study dataset, 1,111 subjects had complete genotyping,
gene expression and clinical data and were hence used further for analysis. eQTL
determination was performed in RStudio by using a linear regression model on all transcript-
SNP pairs within the chromosome 2 region encompassing ILIRL1 (Chr2: 102239363-

103583057 build 37.3).

2.10.2 Manual SNP prioritization workflow

The following steps were used to prioritize SNPs as causal for the asthma associations:

1. All SNPs were selected that showed association with expression of any gene in the lung
in the region spanning 1 Mb around the IL1RL1 gene.

2. eQTLs in the region associated with the expression of genes other than IL1RL1 and/or

IL18R1 were removed. Only SNPs associated with expression of both IL1RL1 and
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IL18R1 using a p value cut-off of less than 1x10° were retained (all eQTLs for IL18R1
were also eQTLs for IL1RL1). The rationale for this step was that none of the
aforementioned genes were associated with asthma and related phenotypes in GWAS
data. In contrast, both IL1RL1 and IL18R1 have been identified in numerous studies and
one of the goals of our search for putative causal SNPs was to determine which of these
two genes is responsible for the association signal.

3. The SNPs from the eQTL dataset as well as asthma-associated SNPs in the same
chromosome region from the literature were organized into LD bins with a cut-off of 0.7
for r2.

4. Insilico analysis was performed on all SNPs to determine functional potential.

5. The relationship between the associated SNP effect (protection/risk) and the direction of
expression effect (which allele was responsible for greater or lesser expression levels)
was investigated for all eQTLs.

6. Final selection of putative causal polymorphism was performed by manual annotation

using the ENCODE data (379).

2.10.3 Lasso and elastic-net regularized generalized linear models (GImnet)
The “glmnet” R library was used to select SNPs that best predict expression levels of ILIRL1
probe-sets. This method fits a generalized linear model to the data; which is suited for high
dimensional data (N samples << N predictors) and allows for correlated predictors. The
elastic net penalty allows for the selection of k predictors from a total of p predictors (k<<p).

The number of predictors selected is defined by a tuning parameter (o) defined by the user.
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In addition, I incorporated a cross-validation step in order to replicate the resulting
SNPs in randomly split folds of the dataset; the idea being that true predictor SNPs will stay
predictors in any subset of the dataset. For that purpose, I used the R package “cvTools”
which is a package composed of tools for cross-validation in regression models and is used to
assist with model selection. The data were randomly split into 5 folds, one test set and four
training sets (5-fold cross-validation). This procedure was repeated ten times (10x5 fold
cross-validation); for each iteration, | obtained a list of SNPs whose coefficients were non-
zeros across all 5 folds, called active coefficients, i.e. SNPs that explain the variability of the
expression data.

I counted the number of times each resulting SNP had an active coefficient in each of
the 10 iterations, and created a novel scoring system by adding the number of iterations for
which each SNP was active; | utilized this score as a reflection of the degree of replication
and thus validity of the SNP as an active SNP. The maximum score for a SNP for any given
probe-set is 10 points (1 point for each iteration).

| considered five scores: a score out of a maximum of 60 for all six probe-sets (5
ILIRL1 and 1 IL18R1 probe-sets), a score out of a maximum of 50 for all five ILLIRL1 probe-
sets, a score out of a maximum of 40 for the four soluble IL1RL1 probe-sets, a score out of a
maximum of 10 for the one receptor ILLRL1 probe-set and a score out of a maximum of 10
for the one IL18R1 probe-set. ENCODE publically available data were utilized to annotate
the active SNPs.

In addition to my novel scoring system, and in order to test the efficiency of the
resulting SNPs in predicting the corresponding probe’s expression, | calculated the

normalized root-mean square error (NRMSE), by calculating RMSE then dividing it by the
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data range to obtain the normalized RMSE. NRMSE is more informative than RMSE
because it is expressed as a percentage as opposed to the scale of the expression data as is the

case for RMSE. The formula used is given below:

\/12(Obsi _Pred,)?
NRMSE = /i
Obs,.. —Obs_..

The NRMSE indicates in percentage the difference between the predicted and the
observed value, in this case of gene expression; and is hence a valuable way to judge whether
the SNP selection is valid, does indeed predict the gene expression and determines how well

the prediction model fits the real expression data.

2.10.4 Web resources
LD information was obtained from publically available data in the following websites:

HapMap (http://hapmap.ncbi.nlm.nih.gov/), SeattleSNPs Genome variation Server 138

(http://pga.gs.washington.edu) and 1000 Genomes (http://browser.1000genomes.org/).

The LD data were downloaded and probed for our SNPs of interest in Excel
worksheets. eQTL data were manipulated and analyzed using the RStudio open source

software version 0.96.331 (http://cran.r-project.org/).
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Chapter 3: IL1RL1 SNP prioritization using
Generalized Linear Model regression with Elastic net

and in silico manual analysis

3.1 Overview

ILIRL1 (a.k.a. ST2) and IL-33 play an important role in the eosinophilic inflammation
characteristic of asthma. The IL1IRL1 gene is located on chromosome 2 in the midst of a
cytokine gene cluster with IL1R1, IL1IRL2, IL18R1 and IL18RAP: all encoding proteins
involved in inflammation and immunity. This gene cluster showed significant association in
candidate-gene studies as well as multiple GWAS for asthma, childhood asthma, severe
asthma, and eosinophil count. The region is in relatively high LD, making it challenging to
narrow down the asthma association signal to one or more causal SNPs.

My aim was to identify functional SNPs that may be causal for the asthma associations
and thus elucidate the regulation of the IL1IRL1 gene. | hypothesized that SNPs associated
with risk of asthma would be associated with a decrease in expression of the soluble isoform
of ILIRL1 and/or an increase in expression of the IL1RL1 receptor isoform in the lung.

Using a lung eQTL dataset in combination with published genome-wide association
data, 1 was able to manually narrow down the search for putative causal SNPs from 644
SNPs to 10 excellent functional candidates and determined that the SNPs associated with
expression of IL1IRL1 in the lung are mainly regulating the short soluble isoform.

Using a generalized linear model regression with elastic net penalty, | uncovered a list

of SNPs in and around IL1RL1 that best predict soluble ILLIRL1 expression as well as four
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SNPs, about 260 kb from the IL1RL1 gene that best predict the expression of the receptor
ILIRL1.

Hence, | provide a strong proof-of-concept for the usage of generalized linear model
regression with elastic net penalty to select predictors of gene expression as well as propose
the presence of a distal regulatory region controlling the expression of the membrane-bound

isoform of IL1RL1 but not the soluble isoform.

3.2 Background

GWAS and most candidate gene association studies utilize the LD structure of the genome
(380) by interrogating TagSNPs (381) in order to reduce the number of redundant SNPs
assayed while still conserving as much information as possible about the genetic variation in
a region. When a significant association is observed with a phenotype, the TagSNP or any
one of the SNPs in the same LD bin may be causing the association signal. Thus, knowledge
of the associated SNPs alone does not necessarily give information about causality or the
mechanism underlying the association of the particular gene or locus with the phenotype
studied.

The ILIRL1 locus is located on chromosome 2912 in a cytokine gene cluster with
IL18R1, IL18RAP, IL1IR1 and IL1RLZ2; this region is characterized by long stretches of high
LD (r? greater than 0.8), which also encompass neighboring genes such as SLC9A4 and
MAP4K4. IL1RL1 exists mainly in two isoforms: a ubiquitously expressed short soluble
isoform and a long receptor isoform (382) expressed exclusively on the surface of

hematopoietic cells, although a third isoform has also been described (192). The receptor
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isoform binds IL-33 resulting in a pro-inflammatory Th2 type immune response. The soluble
isoform also binds IL-33 but acts as a decoy receptor, preventing the inflammatory signaling.
SNPs in the IL1IRL1 region have been associated with asthma in candidate gene studies and
GWAS (101). rs1420101 in intron 5 of IL1RL1 was significantly associated with eosinophil
count in a GWAS (94). Subsequently, an investigation of 237 candidate genes in asthmatic
children showed that rs13431828 and rs1041973 in the second and third exons of the receptor
isoform of IL1IRL1 were among the most strongly associated SNPs; the authors also
implicated IL18R1 after multimarker analysis (114). The GABRIEL study GWAS reported
that rs3771166 in IL18R1 was associated with asthma in a meta-analysis of all the study
populations (35). Furthermore, 11 SNPs in the region including IL1RL1, IL18R1 and
IL18RAP were associated with asthma at a genome-wide significance level in at least one
population (35). In addition, the locus was significantly associated with asthma in a meta-
analysis of GWAS in North American populations (37) and rs3213733 in IL18R1 was
associated with asthma in a GWAS in a Japanese population (283). In a recent GWAS,
multiple SNPs (either directly genotyped or imputed using 1000 Genomes data) were
associated with severe asthma: rs3771166, rs9807989 in IL18R1 and rs13035227 in IL1RL1
(38).

Thus, chromosome 2g12 constitutes one of the most robustly replicated asthma loci but
the causal gene(s) and SNP(s) involved remain to be determined. Investigating the regulation
of the IL1IRL1 gene is important because of the diverse biological roles of IL1IRL1 and IL-33
(100, 101). In tissues affected by asthmatic inflammation, the receptor isoform of ILIRL1 is
found in a dimer with IL1 receptor accessory protein on the surface of various cell types (Th2

cells, mast cells, macrophages and dendritic cells) and binds IL-33 to give rise to a MYD88-
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mediated inflammatory signaling cascade resulting in NF-xB activation and subsequent pro-
inflammatory cytokine and chemokine gene expression (180). The soluble isoform of
IL1IRL1 has been shown to inhibit this inflammatory cascade, by binding to IL-33 thus acting
as a decoy receptor (210). In mice models, blockade of the IL1RL1/IL-33 axis, e.g. by
administering soluble IL1RL1 or antibodies against ILLRL1, showed beneficial inhibition of
inflammation (211, 217).

eQTL are loci in the genome that regulate the mRNA expression of a gene. The change
in MRNA level of a gene is an important aspect of regulation and most SNPs associated with
complex traits are located in non-coding regions (164) suggesting that they result in an
alteration of expression rather than function of proteins involved in the complex trait. SNPs
which are associated with complex genetic disease are significantly enriched for eQTLs (15).
In this study, | used two complementary approaches to assess which polymorphisms in the
region encompassing the IL1 cytokine gene cluster are most likely to be functional and
therefore causal for the asthma associations. Firstly, 1 used a lung eQTL dataset (50, 375,
376) combined with published asthma genetic association studies to manually curate the
evidence for the functional importance of SNPs in the region. This analysis was focused on
ILIRL1 and IL18R1, which are the genes most consistently associated with asthma and
associated phenotypes. Secondly, | used an unbiased algorithm to determine the best
predictors of the soluble and/or receptor isoforms of IL1IRL1 using the same lung eQTL
dataset. Lung eQTLs are of interest and relevance to asthma because the genes in my region
of interest are expressed in the airway epithelium. My in silico analyses also generated

important insights into the regulation of the ILLIRL1 gene. SNPs that are eQTLs in the lung
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are excellent candidates for causing the associations with asthma and thus interesting targets

for further functional characterization; such as the experiments described in Chapter 4.

3.3 Results

3.3.1 Manual SNP prioritization
3.3.1.1 Initial SNP selection in the region encompassing IL1RL1 gene
Data points from the entire chromosome 2 eQTL peak using 10% false discovery rate were
extracted from the eQTL dataset. A probe-set is a group of 25-mer probes which hybridize
specifically to one target transcript; a gene may have one or several probe-sets targeting it in
order to cover known and possible splice variants.

A data point is comprised of a SNP - expression probe-set pair and represents the
association between the two as quantified by a p value, that is, whether the expression
measured by the probe-set is different when stratified by SNP genotypes.

There were no significant trans-eQTLs either in the IL1RL1 region or targeting it, i.e.,
there were no SNPs in the region that targeted transcripts in other regions (> 1 Mb away) or
SNPs in other regions that targeted transcripts in the ILIRL1 locus. Therefore, the analysis
described in this study is concerned only with cis-eQTLSs.

A visual inspection of a HapMap LD heat map of the region showed extensive LD (r? ~
0.8) over about 1 Mb (Figure 3-1) therefore | focused on a 1.3 Mb chromosomal region to
account for this LD and included all probe-sets for the genes present in the region. This
region spans eleven annotated genes (Figure 1-1). The numbers of probe-sets for each gene
on the microarray used in this study were: MAPK4 — three probe-sets, ILLR2 - one probe-set,

ILIRL2 - one probe-set, IL1IR1 - two probe-sets, ILIRL1 - five probe-sets, IL18R1 - one
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probe-set, ILL8RAP - one probe-set, SLC9A4 - one probe-set, SLC9A2 - two probe-sets,

MFSD9 - three probe-sets and TMEM182 - three probe-sets.

MAP4K4 IL1R2 IL1R1 IL1RL2  IL1RL1 IL18R1IL18RAP SLC9A4/A2 MFSD9 TMEM182

- 7

Figure 3-1 Linkage Disequilibrium map of the chromosome 2 region encompassing IL1RL1 and

neighboring genes

There were 641 cis-eQTLs in the region of interest. Table 3-1 contains details of the

number of SNPs associated with different numbers of probe-sets and genes.

Number of probes 1 2 3 4 5 6 7
Number of SNPs 314 4 15 36 04 177
Percentage of SNPs 49.0% 0.6% 23% 5.6% 14.7% 27.6% 02%
Number of genes 1 2 3
Number of SNPs 366 234 41
Percentage of SNPs 37.1% 36.5% 6.4%

Table 3-1 Distribution of number of SNPs associated with probesets and genes from the list of 641 SNPs
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3.3.1.2  Selection of eQTLs specific to expression of ILIRL1 and IL18R1

To narrow down the region of interest, 217 SNPs were removed which were eQTLs for
MAPK4, IL1R2, IL1IRL2, MFSD9 or TMEM182. Interestingly, 83 of the removed SNPs were
associated with expression of SLC9A2 and were located ~500 kb away in IL1R2, ILR1 and
ILIRL2. This step resulted in a list of 424 SNPs.

Applying an arbitrary p value cutoff (p<1x10) for SNP association with expression,
1460 SNP-probe-set pairs remained in the analysis; they were comprised of 365 unique SNPs
and 8 expression probe-sets corresponding to 4 genes. 304 of the eQTLs (82%) targeted the
expression of ILLIRL1, 186 SNPs (51%) targeted IL18R1, 63 (17%) targeted SLC9A2 and 8
(2%) targeted MFSD9. At this statistical threshold, no eQTL was associated with the
expression of IL18RAP. Only SNPs targeting the expression of IL1IRL1 and IL18R1 were
retained for further consideration to be functional candidates.

All of the resulting 304 SNPs were associated with the expression of IL1IRL1. 91% of
them associated with 4, 5 or 6 expression probe-sets (6 is the maximum number of probe-sets
for ILIRL1 and IL18R1); 186 of them were also eQTLs for IL18R1. All of the SNPs
associated with IL18R1 were also associated with one or more probe-sets for IL1RL1; i.e.
there were no IL18R1-specific eQTLs but there were 118 IL1RL1-specific associations. The
186 SNPs that were common eQTLs for ILIRL1 and IL18R1 were examined further as

potential causal SNPs. The list of these SNPs is presented in Appendix 6.3A.1.

3.3.1.3 Linkage disequilibrium analysis
An LD analysis of the 186 SNPs using CEU HapMap LD data resulted in 9 LD bins with an

r? cutoff of 0.7. After a survey of the genetic association literature (35, 94, 99, 101, 114, 190,
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228, 383, 384) for the IL1RL1 region, | identified a list of 31 SNPs associated with asthma
belonging to 8 separate LD bins. The two groups of LD bins (derived from the eQTL SNPs
and from the published associations) overlap, sharing 7 LD bins; thus the total number of LD
bins of interest increases to 12 bins for a total number of 205 SNPs. Combining the LD bins,
rather than considering only the LD bins in common, permitted consideration of SNPs
involved in gene regulation that do not involve expression changes. SNPs in high LD (r? >
0.8) with variants from the literature were added to the list bringing the total number to 232
SNPs in 12 LD bins.

207 SNPs of the 232 (89%) belong to 6 HapMap LD bins, three remaining LD bins
comprise 9, 6 and 6 SNPs respectively and 3 SNPs are singletons. The LD analysis was
repeated for the 232 SNP list using 1000 Genomes Project data and this resulted in the 232
SNPs belonging to 24 different LD bins.

Of those 24 bins, 4 LD bins contained 56% of the SNPs and 7 bins were composed of
singleton SNPs. This was expected as more subjects were used to calculate LD in the 1000
Genomes Project; this however did not affect the conclusions of the study. The list of the 232

SNPs is shown in Appendix 6.3A.2.

3.3.1.4  Assessment of the functional potential of the SNPs

The list of 232 SNPs was subjected to functional impact analysis using the web-based NIH
funcpred tool (385). The funcpred tool analyzes potential functionality of SNPs based on 1)
predictions of the SNPs disrupting various regulatory sites such as splicing, transcription
factor binding sites, enhancer sites, silencer sites or miRNA binding sites, 2) conservation as

measured by the UCSC vertebrate multiz alignment and conservation score using 17 species
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(386) 3) Polyphen program prediction of the effect of non-synonymous SNPs (387) and
finally 4) a UCSC bioinformatics metric called the Regulatory Potential score (386, 388)
generated by the ESPERR (evolutionary and sequence pattern extraction through reduced
representations) algorithm; the Regulatory Potential score relies on alignment between 7
species to classify genomic regions as more closely related to neutral DNA or to regulatory
DNA,; a SNP not being assigned a score is due to a lack of alignment in at least 3 non-human
species. As a result, the 232 SNPs were shortlisted to a total of 77 SNPs belonging to 12
HapMap LD bins leaving only SNPs predicted to have at least one of the functional

potentials investigated. The complete list of the 77 SNPs is in Appendix 6.3A.3.

3.3.1.5 Association and eQTL direction relationship
20 SNPs associated with asthma were identified in 8 published studies (35, 37, 94, 99, 101,
114, 190, 226, 228, 231, 233, 283, 383, 384) that were also associated with IL1RL1
expression in the lung eQTL study. The direction of association with asthma (risk or
protection) was compared with the eQTL effect direction (increase or decrease of
expression). The IL1RL1 probe-sets used in the lung eQTL dataset enabled me to
differentiate between the two main isoforms and thus to test the hypothesis that a risk allele
for asthma is associated with a reduction in the soluble IL1RL1 isoform expression.

Fifteen of the SNPs (75%) compared showed concordance with this hypothesis (Table
3-2), that is, the eQTL data for shortlisted SNPs consistently showed that the protective

eQTL alleles resulted in increased expression levels of the ILLRL1 soluble isoform.
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Chromosomal assoc. allele assoc. allele
B e el e | el | i i B e W | s e Tt | sl e T e tracr | M References
LD bin | LD bin Location | Location alleles allele | direction value value
(Hg19) on sST2 on ST2L
% Zhuetal Eurl
2 = IL1IRL1 | Intron5 | Intron5 [ 102957716 | rs1420101 T/C T=0.37 T risk Decrease |<2.2E-16| decrease | 0.00063
Hum Genet 2008
pra— T
- - | IR |intron10| 0 | 102066067 |rs1921622 | A/G |A=0.a11| A risk | Decrease |4026-12| none | 01192 T:C':';;;nk eta
z Zhuetal Eur)
5 3 iL18R1 0 0 102979028 A/G (rev) [ T=0.339 A risk Decrease |< 2.2E-16| decrease | 0.000686
Hum Genet 2008
z Zhueta Eur)
3 2 IL18R1 0 0 102985424 | rs2058622 c/T A=0.278( C risk Decrease |<2.2E-16| decrease | 0.000117
Hum Genet 2008
Reij ink etal
2 - |wer1| o 0 103001402 | rs1035130 | A/G  |T=0257| A risk | Decrease |<2.26-16| decrease | 0.000439 J:C':';;;;n sta
Reij ink etal
3 2 |iasrar| o 0 103035044 | rs1420106 | C/T (rev) |A=0.280| G risk | Decrease |<226-16| decrease | 0000176 |/ :C':';;;;n sta
> Bossé et al
- - IL1IRL1 | Intronl 0 102938389 | rs1420089 |A/G (rev) | C=0.102 C protection| Increase | 2.6E-05 none 0.85 B
Respir Res 2009
> % Bossé et al
- - IL1RL1 | Intron8 | 3'UTR 102961929 | rs1946131 |A/G (rev) | T=0.100| C protection| Increase |0.002668 | increase 0.025 B
Respir Res 2009
2 increasing Moffatt et al
4 1 =0. 1 ; :
4 L1RL1 | Exonll 0 102968212 |rs10204137| A/G G=0.321| G |protection| Increase |(0.00133% eri 0.14 NEJM 2010
5 increasing Moffatt et al
4 1 =0. 1 4 ¥
4 L1RL1 | Exonll 0 102968356 |rs10192157 c/T T=0403| T |protection| Increase |0.001355 weri 0.1029 NEJM 2010
5 increasing Moffatt et al
4 1 =0. 1 { 3
4 L1RL1 | Exonll 0 102968362 |rs10206753 c/T C=0403| C |protection| Increase | 0.00246 weri 0.1169 NEJM 2010
2 increasing Moffatt et al
4 =0. 1 £ g
4 IL18R1 0 0 102986222 | rs3771166 | C/T (rev) |A=0.382| A [protection| Increase |0.002366 weri 0.1162 NEJM 2010
. . Moffatt et al
> increasing
4 5 IL18R1 0 0 103009537 c/T T=0464( T protection reri 0.5852 | decrease | 0.03189 |NEJM 2010; Wu
et al JACI 2010
. . Moffatt et al
> increasing
4 5 IL18R1 0 0 103011237 A/G (rev)|C=0464| C protection reri 0.3994 | decrease | 0.01253 |NEJM 2010; Wu
et al JACI 2010
Wu et al JACI
2010; Zhu et al
4 5 iL18R1 0 0 103015687 A/G (rev) [ T=0.465 T protection none 0.3794 | Decrease | 0.01436 |Eurl) Hum Genet
2008; Moffatt et
al NEJM 2010

Table 3-2 eQTLs with direction of association concordant with the direction of ILIRL1-a gene expression

Isoform1: the receptor isoform; isoform2: soluble ILIRL1; MAF: minor allele frequency in CEU population; Assoc. allele:
allele associated with asthma in the literature; Assoc.direction: Direction of the asthma association; sST2: soluble IL1RL1;
ST2L: receptor isoform of ILIRL1. SNPs colored the same are in high LD with each other (r? > 0.8).

Figure 3-2 illustrates a representative pair of eQTL plots for one of the SNPs
concordant with my hypothesis: rs1420089 which C allele leads to increased levels of soluble
ILAIRL1 (probe X100312840 TGl at) but not membrane-bound IL1RL1 (probe

X100302151_TGI_at); rs1420089-C allele was associated with asthma risk (231).
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Figure 3-2 Lung eQTL plots for rs1420089

X100312840_TGI_at: probe for soluble IL1RL1; X100302151_TGI_at: probe for receptor IL1RL1; NS: Not statistically
significant.

4 SNPs (20%) were associated with a decrease of the soluble isoform but were

protective alleles (Table 3-3); which is not consistent with my hypothesis.

Chromosom assoc. allele
Honmag Eacoos | ene T || o o o tomiot (SN ID |l |[Eibaar || Assmcialeie |1 v | et s | ST prakee et & | ST e References
LD bin | LD bin Location | Location alleles direction effect on ST2L
(Hg19) on sST2
1 = ILIRL2/ILIRL1 0 0 102887128 |rs11674302 c/T C=0.136 C protection| Decrease | 6.641E-06 none 0.1519 Moffatt et a/ NEJM 2010
1 = IL1RL1 5'UTR 5' UTR | 102954653 |rs13431828 c/T T=0.161 T protection| Decrease | 3.824E-06 none 0.2143 Moffatt et a/ NEJM 2010
1 - IL1IRL1 Exon3 Exon3 | 102955468 | rs1041973 A/C A=0.288 A protection| Decrease 1.265E-11 |Decreasing trend | 0.002555 [Wu et al JACI 2010
Reijmerink et al Allergy
= 2010; Imada et a/ BMC
1 = IL18R1 0 0 102997884 | rs3213733 |G/T (rev) | A=0.192 7 protection| Decrease | 2.389E-06 |decreasing trend 0.1396 Res Notes 2009; Wu et
al JACI2010

Table 3-3 eQTLs with direction of association in disagreement with direction of ILIRL1-a gene

expression

Isoform1: ILIRLI-b (the receptor isoform); isoform2: IL1RL1-a (soluble isoform); MAF: minor allele frequency in CEU
population; Assoc. allele: allele associated with asthma in the literature; Assoc.direction: Direction of the asthma
association; sST2: soluble IL1RL1; ST2L: receptor isoform of ILIRLI.

The 4 SNPs are rs11674302 (intergenic between IL1IRL2 and IL1RL1), rs13431828 (5’
end of IL1IRL1), rs1041973 (non-synonymous SNP in IL1RL1 exon 3) and rs3213733
(intronic SNP in IL18R1). These 4 SNPs are in low to moderate LD with each other

according to 1000 Genomes LD data (r? ranging from 0.63 to 0.29).
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Figure 3-3 is a group of eQTL plots for the 4 SNPs showing X100148162_TGI_at
expression (one of the probes for the soluble isoform) by genotype.
For one of the eQTLs associated with asthma in the literature, rs3771180 (37), neither

the direction of association nor the associated allele could be identified.
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Figure 3-3 SNPs associated with lower of IL1IRL1-a (soluble) gene expression and with asthma protection
in the literature
X100148162_TGI_at: probe for soluble IL1RL1.

3.3.1.6  Final selection of putative causal SNPs by manual annotation
The SNP selection from each LD bin was performed manually by assessing the entire

prediction information available, the SNP location, as well as the eQTL data whenever
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available. The polymorphism location is important information to consider when judging

functional impact (Figure 3-4).
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Figure 3-4 SNP functional impact by location

As a final step to select the best candidates, | subjected the list of 77 SNPs (Appendix
A section 3) to a web-based tool: HaploReg (389), populated by recently completed
ENCODE-generated data. My list was 3.2 and 7 fold enriched in enhancers in K562 and
HUVEC cell lines, respectively. | used the experimentally-derived ENCODE database in
order to further prioritize the SNPs. This resulted in the final list of candidates shown in
Table 3-4: 10 SNPs belonging to 5 different LD bins (according to both HapMap and 1000

Genomes data).



T;pt:?:: Encz?: 22 pos (hgl8)| wvariant RefSeq genes dbzl:icf:nc
1 2 102953617 | rs3771180 ILIRL1 intronic
1 2 102954653 | rs13431828 ILIRL1 5'-UTR
2 8 102857716 | rs1420101 ILIRL intronic
3 8 102963072 | rs6543119 ILIRL1 intronic
< 20 102968007 | rs4988956 ILIRL1 missense
4 20 102968075 | rs4988957 ILIRL synonymous
5 18 102972807 | rs4851567 | 4.3 kb 5' of ILIRLI intergenic
6 7 103035044 | rs1420106 | 208 bp 5' of ILI8RAP | 5' near-gene
6 7 103039584 | rs3817465 ILIBRAP intronic
6 7 103052995 | rs6746271 ILIBRAP intronic

Table 3-4 Final candidate functional SNPs using the manual annotation approach
pos: chromosomal position; dbSNP func annot: dbSNP database functional annotation

3.3.2 Lasso and elastic-net regularized generalized linear models results

Out of 1111 lung samples, 1031 had 100% genotype call rate and were retained for the
Glmnet analysis. The analysis was performed for each of six probe-sets: 5 for IL1IRL1
(among them one capturing expression of only the long isoform and four capturing both
isoforms but more reflective of the soluble isoform expression) and one for IL18R1.

Out of the 737 SNPs that went into the analysis, GImnet yielded 43 SNPs with active
coefficients.

| calculated the pair-wise correlation between the probe-sets expression datasets. The
four ILLRL1 probe-sets targeting the expression of both isoforms were very highly correlated
with correlation coefficients ranging from 0.927 to 0.975. Due the high correlation, |
expected real active SNPs to replicate between the 4 probe-sets. Thus, three SNPs were
removed because they had active coefficients only for one of the IL1IRL1 probe-sets
(rs4467294, rs13018263 and rs1523198).

The probe-set targeting only the long isoform of ILLRL1 was correlated to the other 4
probe-sets of IL1IRL1 with correlation coefficients ranging from 0.273 to 0.389. Interestingly,

expression of the receptor IL1RL1 isoform was more correlated with IL18R1 expression with

93



a correlation coefficient of 0.49. Soluble IL1RL1 expression was also more correlated with
IL18R1 expression than with IL1RL1 receptor expression (correlation coefficients ranging
from 0.631 to 0.708). This indicates co-regulation of the expression of soluble IL1IRL1 with
IL18R1 but much less with the expression the receptor IL1IRL1. As the focus of this study
was the regulation of IL1RL1, | removed the one SNP which was only active for the IL18R1
probe-set: rs13011360.

The filtering of the remainder of the active SNPs was based on the scoring system |
designed: 11 SNPs had one or more scores that were at least 75% of the maximum score
indicating good replication between iterations (numbers in bold in the table) and were

retained with high with confidence (Table 3-5).

Score all Score bat
SNPs N probe 1 | NProbe 2 | N probe 3 | N probe 4 | N probe 5 | N probe 6 p[r;)sl();s II[.;SROL)I is';i:rLris STZ(I}lsgf o scll;les(ji 0)
score (/40)
1]rs4399750 0 10 10 10 10 8 48 40 40 0 8
2|rs11685424 0 10 10 10 10 8 48 40 40 0 8
3|rs1558622 0 10 10 10 10 8 48 40 40 0 8
4|rs7568913 0 10 10 10 10 1 41 40 40 0 1
5|rs12712141 10 10 10 8 8 10 56 46 36 10 10
6|rs974389 0 10 9 6 10 5 40 35 35 0 5
7|rs10178436 0 6 6 1 10 0 23 23 23 0 0
8] rs10496357 7 6 5 2 7 0 27 27 20 7 0
9] rs7607548 10 0 0 0 0 0 10 10 0 10 0
10| rs48509%4 10 0 0 0 0 0 10 10 0 10 0
11] rs10496354 8 0 0 0 0 0 8 8 0 8 0

Table 3-5 Final candidate functional SNPs using the GImnet approach

Probesetl is for the receptor isoform of /LIRL1 (X100302151_TGI_at); probesets 2 to 5 are for the soluble isoform of
ILIRL1 (X100302783_TGI_at, X100312840 TGI_at, X100148210_TGI_at, and X100148162_TGl_at, respectively) and
probeset 6 is for IL18R1 (X100136977_TGI_at).

Among these active SNPs, 1 SNP was a predictor for all expression probe-sets, 4 were

predictors of receptor ILIRL1 expression solely, 3 SNPs were predictors for expression of
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both soluble IL1IRL1 and IL18R1, and finally 3 SNPs were predictors for soluble IL1RL1
expression solely (Figure 3-5).

Interestingly, the SNP predictors of the receptor form of IL1RL1 were located 270-670
kb from the ILLRL1 TSS whereas all the SNP predictors of the soluble form of ILIRL1 were
located in and immediately around the IL1RL1 gene itself. This is suggestive of long-range
regulation being involved in the gene expression of the long membrane-bound isoform but

not the soluble isoform.

Figure 3-5 Glmnet candidate SNPs overlap between genes and isoforms

The normalized root mean square errors of the group of predictor SNPs for each probe
(on each of the 10 iterations, 5 folds per iteration) were calculated to determine the fit of the
prediction to the real expression data, i.e. how much variation does the group of SNPs

identified explain from the expression variability. Results are shown in Table 3-6. The
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average NRMSE calculated for all six probes was 18.10%; the predictor SNPs do thus

explain on average around 82% of the gene expression.

Average RMSE | Average % stdev RMSE stdev %
X100302151_TGI_at 0.2059 20.60% 0.0194 1.90%
X100302783_TGi_at 0.1786 17.50% 0.012 1.20%
X100312840_TGI_at 0.1647 16.50% 0.0114 1.10%
X100148210_TGI_at 0.1884 18.80% 0.016 1.60%
X100148162_TGI_at 0.1645 16.40% 0.0132 1.30%
X100136877_TGI_at 0.1842 18.40% 0.0139 1.40%

Table 3-6 Root mean square errors of the gene expression prediction by the SNPs
stdev: standard deviation

3.4 Discussion

The need to integrate data from different sources, namely genetic association data and
expression microarray data arises from a desire by researchers to make more sense of genetic
data and move closer to clinical applications. Many groups have taken up the task to identify
causal loci from large genetic association datasets; sometimes by using elaborate
bioinformatic tools and statistical analysis such as the Differential Allelic Co-Expression test
used to estimate the correlation between a SNP genotype with multiple expression levels in a
biological pathway assuming that a SNP associated with multiple mRNA transcripts is more
likely to be causing the genetic association (390, 391). Fridley et al. applied a Bayesian
Latent Variable Model to rank SNPs associated with ovarian cancer in GWAS as opposed to
ranking the associated SNPs based on their statistical p value; the model incorporates
multiple features of the polymorphisms including their allele frequency, functional
annotation and association with gene expression (391). Saccone et al. successfully applied a
systematic prioritization method, namely Genomic Information Networks, to highlight
biologically relevant associated loci using genetic association studies of nicotine dependence

(392). However, it is of note that in this study, | was interested in dissecting the genetic
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association signal from one locus rather than confirming its association with our phenotype
of interest: asthma.

Hsu et al. prioritized genes associated with osteoporosis phenotypes in a GWAS by
performing subsequent genome-wide expression profiling in human and mouse tissue as well
as bioinformatic analysis, namely gene enrichment tests (393). Our study achieved a greater
resolution, which is to the SNP level, as it was focused on a small region of chromosome 2
encompassing the ILIRL1 gene and specifically aimed to decipher the biology behind the
asthma association of this high LD locus.

Ho et al. conducted a genome-wide study of soluble ILIRL1-a (sST2) levels in the
serum of 2,991 participants in the Framingham heart offspring study; they found 388 SNPs
associated with circulating sST2 levels, all in and around IL1RL1 in a 400 kb region which
were summarized by 11 independent SNPs (with an LD r? cutoff of 0.2). 7 out of the 11
SNPs were cis-eQTLs for IL1IRL1 probes in our lung study. After conditional analysis, 4
SNPs stayed significantly associated with sST2; all eQTLs for ILLRL1 in our lung dataset.

In this study, | analyzed genetic association data from the IL1RL1 locus, a high LD
region and a corresponding expression microarray dataset in the lung. 1 used both a manual
annotation and an unbiased algorithmic method to select the SNPs with the most potential for
causality. In the manual annotation, I included SNPs that were common between IL1RL1 and
IL18R1 because all GWAS data show association with SNPs in both genes. Both genes could
be involved in disease pathogenesis e.g. by means of global chromatin regulation occurring
in the area between the two neighboring genes. However, the fact that all the eQTL SNPs for

IL18R1 are also associated with expression of ILIRL1 but not vice versa suggests that
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IL1IRL1 is the main asthma gene in the region and that IL18R1 is involved by way of shared
regulation. Using Glmnet, I included all available genotypes in the analysis.

It is important to note that using either the manual or Glmnet approach, | found that
SNPs in separate LD bins differentially control expression of the soluble and receptor
ILLIRL1 isoforms. | identified SNPs associated with expression of soluble IL1RL1, but not
receptor IL1RL1, located in the ILIRL1 proximal promoter. This is consistent with evidence
in the literature that receptor IL1RL1 distal and not the proximal promoter is responsible for
expression of Th2 genes (394). Despite elegant evidence in the mouse that deletion of the
proximal promoter obliterates ILLRL1 expression in a cell-type-specific manner (395), it is
still unclear in what exact conditions and/or cell type the differential promoter usage is
executed. The Glmnet analysis suggests that there is more complex regulation of the full-
length receptor form in the shape of long-range regulation from a region more than 260 kb
from the ILIRL1 TSS.

| aimed to adopt a systematic approach to the region and leverage a lung eQTL dataset
in order to increase the likelihood of identifying the most promising SNPs responsible for the
asthma association in the region. The fact that most SNPs were associated with more than
one gene may reflect the presence of SNPs in loci involved with chromatin remodeling in
intergenic regions that affect more than single genes (high-order chromatin organization).

Using manual annotation, | found that several LD groups were significantly associated
with lung gene expression as well as with asthma in the literature; this indicates possible
independent disease mechanisms and/or separate regulation “switches” in the region. Hence,
functional studies of one or more SNPs in each of the LD bins may uncover different

mechanisms involved in asthma and related inflammatory phenotypes.
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Interestingly, using the Glmnet analysis, the SNPs found to best explain soluble
ILIRL1 expression levels belong to only one LD bin. Those SNPs were only in and around
ILIRL1. I cannot exclude the possibility that SNPs from other LD bins are involved in the
regulation of soluble IL1IRL1 expression but | suggest the identified LD bin is the most
important in terms of the effect on gene expression. On the other hand, SNPs that best
predicted receptor ILLRL1 expression were further from the target gene itself and ranged
from 262 kb to as far as 679 kb from ILLRL1 TSS.

Long-range gene regulation has been consistently reported in the literature (396) such
as in the insulin locus where the regulatory element is 360 kb far from the target gene (397,
398) and the long-range interaction in the glucocorticoid receptor gene leading to
transcription repression (399). Long-range regulation is possible due to the inherent
flexibility of DNA and the 3D structure of chromatin; research is ongoing to develop more
methods to uncover the higher-order organization of the chromatin and the dynamics of
protein-DNA interactions (400, 401). Strong evidence exists for an important role of proteins
such as Cohesin and CTCF in facilitating long-range regulation and interaction permitting the
physical proximity of gene promoter with their distal regulatory elements (402). A further
avenue to pursue could be to search for CTCF binding elements within the region identified
here as potentially important for receptor ILIRL1 long-range regulation.

The IL1IRL1 locus is known to have two distinct 5’ non-coding regulatory regions:
proximal and distal promoters (382) however the reported location of the distal element is in
the non-coding first exon which is of varied length for each isoform, around 600 bp from the
transcription start site. | advance the idea that investigating a further ILIRL1 distal regulatory

element around the MAP4K4 and IL1R2 genes is warranted.
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Regulation of the IL1RL1 gene is important because of the diverse biological roles of
ILIRL1 and IL-33 (100, 101). In tissues affected by asthmatic inflammation, the receptor
isoform of IL1IRL1 is found in a dimer with IL1 receptor accessory protein on the surface of
various cell types (Th2 cells, mast cells, macrophages and DCs) and binds IL-33 to give rise
to a MYD88-mediated inflammatory signaling cascade resulting in NF-xB activation and
subsequent pro-inflammatory cytokine and chemokine gene expression (180). The soluble
isoform of IL1RL1 has been shown to inhibit this inflammatory cascade, by binding to 1L-33
thus acting as a decoy receptor (210).

SNP selection can be a time-consuming task depending on the SNP list and can
necessitate a certain degree of subjectivity when the SNPs have similar features and cannot
be clearly prioritized in terms of functional potential. For instance, in LD bin#1, rs7586983
was a clear choice because among the 16 SNPs in the list, it was the only highly conserved
SNP (conservation score=0.89), its regulatory potential score was very high (0.347. On the
other hand, although only comprised of 3 SNPs, LD bin # 5 was more difficult to narrow
down as the SNPs are all located in the promoter region, 3 of them are predicted to disrupt
transcription factor binding, none is evolutionarily-conserved and the closest pair is 3.9 kb
apart.

In the case of LD bin #9, there are 8 SNPs, 5 of which are in very close proximity
(within 287 bp) and are located in the last exon (exon 11) of the receptor isoform. These
SNPs include coding SNPs that were highly significantly associated with asthma in the
GABRIEL study GWAS (35). These SNPs should be followed up for functional impact as a

group, using reporter gene assays.
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Out of the 4 SNPs identified as predictors for the expression of receptor ILLIRL1 (Table
3-5), rs10496354 is located 679 kb from IL1IRL1 TSS and according to the ENCODE data is
located at an enhancer histone mark in the HMEC cell line (mammary epithelial cells). This
SNP is in high LD (r? greater than 0.8) with near-by SNPs found to bind the transcription
factor CCAAT/enhancer-binding protein (C/EBP) beta by Chromatin Immunoprecipitation
Sequencing (ChIP-Seq). C/EBPb is known to be involved in expression regulation of
inflammatory cytokines genes such as IL5 and was reported to be important in lung epithelial
inflammation (403). rs10496357 is located 672 kb from the ILLRL1 TSS and is coincident
with a promoter histone mark in HepG2 cell line; it is in a DNAse hypersensitive site in 5
cell lines including liver, muscle and blood tissues as well as in fibroblasts; this SNP is in
high LD (r? greater than 0.8) with SNPs found to be bound to the inflammatory transcription
factor NF-kB and RNA polymerase Il by ChIP-Seq. rs4850994, situated 273 kb from IL1RL1
TSS, corresponds to an enhancer histone mark in 3 cell lines including lung fibroblasts and is
in a DNAse hypersensitive site in 13 different cell lines including aortic smooth muscle and
two pulmonary fibroblast cell lines. This SNP is also in high LD (r? greater than 0.8) with
SNPs in IL1R2 found to be bound to NF-xB by ChIP-Seq. The last SNP, rs7607548, is
located 262 kb from IL1IRL1 TSS and coincides with an enhancer histone mark in 4 cell lines
including lung fibroblasts; it is also in complete LD (r2 =1) with a near-by SNP found to be
bound to the transcription factors USF1 and USF2 by ChIP-Seq.

Concerning the soluble isoform of ILIRL1, Glmnet analysis yielded 6 SNPs that best
predict expression levels (Figure 3-5). The 6 SNPs are all in high LD with a minimum pair-
wise r2 of 0.86 and are located from 10 kb 5’ of IL1RL1 to the first intron. According to the

ENCODE functional data, one of these SNPs, rs7568913 was found to bind GATA2 by
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ChIP-Seq and rs1558622 is located in an enhancer histone mark in 4 cell lines including lung
fibroblasts, keratinocytes and mammary epithelial cells.

Finally, Glmnet identified one SNP that predicted the expression of all the probes
tested (five for ILLRL1 and one for IL18R1): rs12712141. This SNP binds STAT3 as assayed
by ChlIP-Seq and is located in the distal promoter of IL1RL1. STAT3 is an important
transcription factor activated in response to a variety of cytokines and growth factors and
plays an important role in lung inflammation (404). The fact that there is one SNP (out of 11)
which is shared between the soluble and membrane-bound isoforms indicates that the
isoforms do share some degree of regulation and indeed in these data, I see a small
correlation between their expression (average r? = 0.33).

Ultimately, my objective was met as | narrowed down a large number of associated
SNPs (by virtue of gene expression, genetic association or LD with the first two) to ten SNPs
utilizing manual annotation, and to 11 SNPs using Glmnet analysis with elastic net: very
manageable numbers of polymorphisms which | believe to have excellent functional
potential. Investigating these SNPs may uncover important biological mechanisms to explain,
at the molecular level, the involvement of IL1RL1 in asthma as well as provide insight into

the differential regulation of its soluble and membrane-bound isoforms.

3.5 Conclusion

In silico analysis has become necessary as a follow up to GWAS studies due to the large
number of polymorphisms significantly associated with disease states as well as gene
expression data that are generated from genome-wide microarrays. A plethora of

bioinformatics methods for manually prioritizing candidate disease-causing genes and SNPs
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exists (405) but it is not a straight forward process (406) due to the lack of centralized
databases, the inconsistencies between certain online resources and the limitation of
predictive software based solely on sequence alignments. | was however able to narrow down
our search for putative causal SNPs to 10 SNPs that were deemed to be excellent functional
candidates from 641 SNPs. Using an unbiased approach based on algorithms in the R
programming environment, | was able to identify one important LD bin comprising SNPs in
and around the IL1RL1 gene which best predict the expression of the soluble isoform of
ILIRL1 as well as a list of 4 SNPs that best predict the membrane-bound isoform; all four
SNPs are located more than 260 kb away from the ILIRL1 TSS.

This study offers a strong proof-of-concept of the utilization of generalized linear
models to select SNPs that best predict gene expression data. To the best of my knowledge,
this is the first report of the usage of GImnet for SNP prioritization as well as the usage of
this type of analysis for a continuous variable (such as gene expression in this case).

Three separate important regulatory regions are proposed, one shared between the two
ILIRL1 isoforms and one for each of the isoforms. | also suggest the presence of an
important regulatory region controlling the gene expression of the receptor form of IL1IRL1
at a distal location as far as 260 kb from the TSS of its target gene IL1RL1 but not controlling
the soluble form. Finally, differential regulation of the two IL1RL1 isoforms was confirmed
and specific SNPs with strong potential for causing the asthma association in the region were
identified. The next chapter outlines the functional follow-up of two of the SNPs that I

determined (as explained in this chapter) to be good functional candidates.
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Chapter 4: Functional follow-up of ILIRL1

polymorphisms and gene expression analysis

4.1 Overview
The IL1IRL1 gene and its resulting soluble and receptor proteins have emerged as key
regulators of the inflammatory process implicated in a large variety of human pathologies.
ILIRL1 is important for both innate and adaptive immunity as IL1RL1-b binding with its
ligand 1L-33 leads to polarization of T helper cells into Th2 and also activates innate immune
cells including type 2 innate lymphoid cells. The resulting inflammation is down-regulated
by the soluble form of IL1RL1; levels of IL1IRL1 are recognized as biomarkers for the
severity of various conditions. Thus far, there have been two studies of functional SNPs in
the IL1IRL1 gene, one was a candidate SNP study to investigate promoter SNPs associated
with atopic dermatitis (239) and the second is a recently published report of the functional
analysis of five coding non-synonymous SNPs in the IL1RL1 receptor (407); it is noteworthy
that SNPs located outside of exons and promoters may also have sizable functional effects on
gene regulation and thus functional characterization of associated variants is necessary to
determine the causal pathways leading to expression and/or function changes in the proteins.
In this chapter, | first describe expression studies of ILIRL1 soluble and receptor
isoforms. The two transcript’s expression levels were investigated by gPCR and soluble
protein levels by ELISA; | subsequently describe the results of association analysis of the

measured serum IL1RL1 levels with asthma as well as with SNPs.

104



Secondly, | report the results of my association analysis of IL1RL1 transcript levels
with clinical phenotypes as well as SNP effects on modifying these relationships using the
lung expression dataset.

Thirdly, 1 report functional analysis of two ILIRL1 SNPs: 1) rs1420101 for which |
describe the effect of genotype on IL1RL1 expression, asthma association analysis and the
results of a PCR-based splicing assay and 2) rs3771180, for which | describe the effect of
genotype on expression, the results of EMSA assays and finally the results of reporter gene
assays.

The two SNPs | report functional analysis for, were identified in the top ten candidate
SNPs by the manual in silico annotation described in Chapter 3. Figure 4-1 outlines the
location of all candidate SNPs from the manual annotation. While all these SNPs are viable
functional candidates, it was beyond the scope of this thesis to empirically characterize all
ten in terms of their functional effects. Therefore, | selected rs1420101 in intron 5 of IL1RL1
(same location in both the receptor and soluble isoforms’ transcripts) and rs3771180 in the
proximal promoter. rs1420101 was significantly associated with asthma and eosinophil count
in genome-wide and candidate gene association studies (94, 226), rs3771180 was also
significantly associated with asthma in GWAS (37), and was shown in ENCODE data to be
in a DNAse sensitive region in 30 cell lines, to bind 3 proteins by ChIP-Seq and to be near an

enhancer epigenetic mark in 4 cell lines, including lung fibroblasts.
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Figure 4-1 Genomic location of functional candidate SNPs selected by manual annotation

4.2 Results
4.2.1 Gene expression studies

4211 @PCR

ILIRL1 gPCR experiments were performed in two tissues: blood (samples described in
section 2.1.1) and lung (IIAM samples described in section 2.1.1). As expected, the receptor
isoform IL1RL1-b was the predominantly expressed isoform in blood; the mean Ct for the
soluble isoform was 33 and that of the receptor isoform was 28. The soluble isoform
ILIRL1-a was the predominant isoform in the lung; the mean Ct was 28 and 33 respectively

for the short and the receptor isoform.

4.2.1.2  Protein expression in CAPPS serum samples
Soluble IL1IRL1 levels were shown to be elevated in asthmatics (99); in Chapter 3, | reported

on a large number of SNPs associated with IL1RL1 transcript expression. In this section, I
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aimed to replicate the association of serum levels with asthma in the CAPPS children and
hypothesized that 1) serum IL1RL1 levels will be higher in asthmatic children compared
with non-asthmatics; and 2) that protein levels of ILIRL1 will be associated with SNPs in
directions consistent with my previous mRNA analysis (Chapter 3).

Serum samples from CAPPS children (section 2.1.3) collected during the 15-year
follow-up visits were used for soluble IL1RL1 protein quantification using ELISA. Samples
from 195 subjects were quantified and 187 subjects had complete data for protein,

phenotypes and SNP genotypes. The characteristics of these subjects are shown in Table 4-1.

Trees

FEV1% PC20 D.pteronyssinu | D.Farinae ) Grass Mix|Weed Mix| Peanut
T T

predicted | (mg/ml) S SPT spy | CatsPT | DoesP M"S’:Te“ SPT SPT SPT

Asthmatics | 21 (11.2%) | 11 (52.4%) | 96.7 (x8.8) | 15.3 (23.2) 7(33.3%) 71(33.3%) |12 (57.1%)| 3 (14.3%) | 5(23.8%) |10 (47.6%)| 4 (19.0%) | 5(23.8%)

N Sex (F)

Controls |166 (88.8%) | 65 (39.1%) | 97.5 (¢1.1) | 29.3 (21.9) 48 (28.9%) 44 26.5%) |45 (27.1%) | 6(3.6%) |41 (24.7%) |59 (35.5%) |34 (20.5%)| 13 (7.8%)

Table 4-1 Characteristics of CAPPS children used for IL1RL1 protein levels analysis
N: Number of subjects in each group; F: female; PC20: methacholine provocative concentration causing 20% drop in FEV3;
SPT: skin prick test; Dermatophagoides pteronyssinus and D. farinae are the two major house douse mite species.

Figure 4-2 shows the distribution of serum IL1RL1 levels. ILIRL1 protein levels had a
median concentration of 293.6 pg/ml (shown by the blue vertical line in the graph) and an
interquartile range of 161.9 to 512.0 pg/ml. The protein levels were not normally-distributed

so the values were log2-transformed before proceeding with parametric statistical testing.
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Figure 4-2 Distribution of serum IL1RL1 protein levels as measured by ELISA

Of the 187 CAPPS teenagers, 21 had been diagnosed with asthma by a physician.
Using linear regression, a significant association was found between serum IL1RL1-a levels
and doctor-diagnosed asthma (paj=0.015); CAPPS asthmatic children had lower soluble
ILIRL1 protein compared to the controls (Figure 4-3). This association of protein levels with
asthma was adjusted for sex, as sex was the only confounding variable approaching statistical

significance (p=0.06) with regard to protein levels.

log-levels of Serum IL1RL1

,,,,,,,,,,,,,,

No Yes
Asthma

Figure 4-3 Serum IL1RL1 levels by asthma status in the CAPPS teenagers
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Linear regression models were used to assess the relationship of serum IL1RL1 levels
with nine genotyped IL1RL1 variants. Two SNPs, rs4090473 and rs950880 were
significantly associated with serum levels after Bonferroni correction for multiple testing

(Figure 4-4).

rs4090473 adj.p=0.000291 rs950880 adj.p=0.00158

Log-soluble IL1RL1 concentration (pg/ml)
Log-soluble IL1RL1 concentration (pg/ml)

cc cG GG AA AC cc

Figure 4-4 Serum IL1RL1 levels by genotypes of significant SNPs

Three SNPs were nominally associated but did not survive correction. | compared the
soluble IL1RL1 serum level results with the eQTL data in the lung; Table 4-2 summarizes the
analysis results as well as genotype frequencies by asthma status and states the eQTL p
values in the lung dataset for each SNP.

The most significant protein quantitative trait locus (pQTL), rs4090473, was the
second most significant eQTL for soluble IL1RL1 in the entire chromosome 2q region with

p=9.9x10%%and in high LD with the most significant eQTL (rs1362349, p=9.4x10 °) with r2

of 0.89. The eQTL direction was the same as for the protein, i.e. the minor allele, C, was

associated with lower mRNA and protein expression.
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The second most significant pQTL measured by ELISA was rs950880; this SNP was in
an LD group of soluble ILIRL1 eQTLs with the third lowest p values at p=1.8x103%. The

direction of the association with protein expression was in agreement with the mRNA

expression: the A allele was associated with lower soluble IL1IRL1 expression.

SNP Genotypes N AsthmaN Asthma % Control N Control % P value Corr Pvalue Lung eQTL P value

rs4090473 CGC 53 4 7.5% 49 925% 0.00003234 0.00029106 9.9x10™%
GC 88 16 18.2% 72 81.8%
GG 36 5 13.9% 3 86.1%

rs950880 CcC 57 10 17.5% 47 82.5% 0.000176 0.001584 1.8x107
AC 88 11 12.5% 77 87.5%
AA 32 4 12.5% 28 87.5%

rs1420103 CcC 104 16 15.4% 88 84.6% 0.008096 NS 9.2x107%
AC 58 7 12.1% 51 87.9%
AA 15 2 13.3% 13 86.7%

rs6719130 CC 145 19 13.1% 126 86.9% 0.01918 NS 3.0x107°
CT 30 6 20.0% 24 80.0%
i 2 0 0.0% 2 100.0%

rs1921622 1T 42 4 2.3% 37 21.0% 0.02815 NS 1.1x107"°
CT 96 16 9.1% 73 41.5%
EG: 35 5 2.8% 29 16.5%

rs1946131 GG 148 22 14.9% 126 85.1% 0.07925 NS NS
AG 24 2 8.3% 22 91.7%
AA 5 1 20.0% 4 80.0%

rs3771175 T 138 20 14.5% 118 85.5% 0.6781 NS 41x107°
AT 37 5 13.5% 32 86.5%
AA 2 0 0.0% 2 100.0%

rs1420089 L] 143 16 11.2% 127 88.8% 0.2824 NS 3.6x107"
CT 32 9 28.1% 23 71.9%
CC 2 0 0.0% 2 100.0%

Table 4-2 Serum IL1RL1 levels by ILIRL1 SNP genotypes

N: Sample size; Corr P value: Bonferroni-corrected P value (P value multiplied by 9). P values in bold are significant at a
threshold of p < 0.05. Values in green in the last column denote lung eQTL p value ranking consistent with pQTL ranking.

Subsequently to the work reported above, Ho et al. published the first GWAS of
circulating soluble IL1RL1 levels (407); they reported 388 significant SNPs (p<5x10°) in
the IL1RL1 region, which they shortlisted to 11 independent SNPs using an LD r? threshold
of 0.2 and further decreased to 4 SNPs after statistical conditional analysis.

As explained in Chapter 3, I identified a similar number of independent SNPs in my

manual in silico annotation. 1 compared my resulting SNPs and the significant pQTL
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(ELISA) with the final 4 SNPs identified by Ho et al. (Table 4-3). All 4 SNPs in the GWAS

of circulating soluble IL1RL1 levels were also eQTLs in the lung expression dataset, and

were concordant in direction of association to that in our eQTL data as shown in the 7" and

8" column of the table (except for one SNP where no comparison was possible due to

missing data).

Protein mRNA
Encode | Chromosomal association | assoclation
s Dbl |posktonhgre) | N [RefSeaseneslocation) LungeQM2 | oy oction | direction e
(pQTL) (eQrt)
Glmnet - 102248081 rs10496354 65kb 5' of MAPAKA Yes
Glmnet - 102255114 rs10496357 58kb 5' of MAPAKA Yes
Glmnet - 102654228 rs4850994 9.2kb 3" of ILIR2 Yes
Glmnet - 102665552 157607548 15kb 5' of IL1R1 Yes
Glmnet 1 102917788 10kb 5' of ILIRL Yes
Glmnet 1 102920037 7.9kb 5' of ILIRL] Yes
ELISA 1 102922987 11.9kb S' of ILIRL Yes
Glmnet 1 102926511 1.5kb 5' of ILIRL1 Yes
Glmnet 1 102926981 980bp 5' of ILIRL Yes
Glmnet 1 102930147 ILIRL1 Yes
soluble ILIRL1 7 S| § D
GWAS + my ELISA 2 102932562 rs950880 ILIRLL Yes "-"-% A—)lomr p<E-16 6 probes ILIRL1+ IL18R1
data w i
Glmnet 1 102936981 ILIRL1 Yes
ELISA data 3 102938389 ILIRL1 Yes
SOIUQGJI\Z:SIRLI 4 102948632 151420103 IL1IRLY Yes GRS p<E-16 6 probes ILIRL1+ IL18R1
ELISA data 4 102948632 151420103 ILIRL1 Yes
Glmnet 1 102953067 ILIRL1 Yes
Soluble ILIRL1 5 102953444 SR Yes A’"—-)h# A:-)m | removed this SNP from manual
GWAS Exp. Exp. annotation because eQTL p>E-06
manual 6 102953617 153771180 ILIRL1 Yes
manual 6 102954653 rs13431828 S'UTRILIRLL Yes
Soluble ILIRL1 G —> lower | removed this SNP from manual
GWAS > MR Gledingits oL Yes Exp. A annotation because eQTL p>E-08
manual 7 102957716 rs1420101 ILIRL] Yes
ELISA data 5 102958236 ILIRL1 Yes
ELISA data 6 102960210 1s3771175 ILIRL1 Yes
ELISA data 102961929 rs1946131 ILIRL1 No
manual 7 102963072 rs6543119 ILIRL1 Yes
ELISA data 102966067 151921622 ILIRL1 Yes
manual 8 102968007 | rsd 7l IL1RL1 No
manual 8 102968075 | = IL1IRL1 No
manual 3 102972807 IL18R1 Yes
manual 9 103035044 104bp 5' of IL18RAP Yes
manual 9 103039584 IL1BRAP Yes
manual 9 103052995 IL1SRAP Yes

Table 4-3 Comparison of my identified candidate SNPs with Ho et al. soluble ILIRL1 GWAS SNPs

Method: How the SNPs were identified; exp: expression; SNPs of the same color are in high LD with each other (r? > 0.8)

except gray-colored SNPs which are not in LD (r? < 0.2) with any other SNP in this list; green color in 7t and 8t columns

signifies concordance between direction of association between pQTL and eQTL association with expression.
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4.2.1.3 Lung eQTL data analysis

ILIRL1 soluble and receptor isoforms play important roles in the asthmatic lung and
participate in processes leading to several features of asthma pathophysiology.
Polymorphisms in the IL1IRL1 gene are associated with asthma and affect gene expression
levels at the mRNA and protein levels. However, although | have shown highly significant
associations of SNPs with IL1IRL1 gene expression, there remains considerable variability in
the expression levels that is unexplained. For example, rs1420101 explains only 12.2% and
1.2% of the variance in soluble and receptor ILLRL1 mRNA levels, respectively. The lung
expression dataset provided a good opportunity for me to explore the causes of the remaining
variability by examining the effect of relevant phenotypes, as well as their interaction with
ILIRL1 SNPs, on IL1RL1 transcript expression. In this section, | will describe the results of
these analyses.

Details of variable selection for this analysis are described in section 2.9.2.2. Briefly,
the lung dataset contained 1111 subjects with 97 clinical and demographic variables. There
was considerable missingness in most of the variables but only subjects with complete data
(expression, genotypes and phenotypic and demographic variables) are allowed in the linear
models. First, irrelevant variables such as dates and unspecified medication use were
removed. Secondly, categorical variables with less than 10 subjects in one category were
removed. Lastly, plotting of the number of subjects by the number of variables with complete
data for those subjects (Figure 2-4) was performed; | used this plot to ascertain an arbitrary
cutoff (45 variables) in order to simultaneously maximize the number of variables and

subjects to include in the analysis.
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The final number of subjects with complete data for the 45 variables included in the
statistical models was 845 subjects. The characteristics of these subjects are delineated in

Table 4-4; a summary of the full list of variables is included as appendix 6.3B.1.

Variables Mean (£ SE) or N (%)
Age 59.1 048
BMI 25.22+0.18
Pack year 35985+102
Predicted FEV1 2.95%0.02
Predicted FVC 3.85+0.03
Sex M: 452 (54.1%)
R R Current: 170 (20.3%), Ex: 527 (63.0%),
= No: 139 (16.6%)
Weight 70.89 £ 0.57

Table 4-4 Characteristics of lung dataset subjects used for ILLRL1 expression analysis

The IL1IRL1 gene is targeted by five probes in the lung expression dataset. One probe
targeting the receptor IL1RL1, one probe targeting both isoforms, two probes targeting the
soluble IL1RL1 isoform transcript and one probe with unknown annealing sites; the 4 probes

not targeting the receptor IL1RL1 exclusively were highly correlated (Table 4-5).

X100302151_TGI_at | X100302783_TG!_at | X100312840_TGI_at | X100148210_TGI_at | X100148162_TGI_at | Location in soluble |Location in receptor
(Long) (short) (short) (both isoforms) (short) transcript transcript
X100302151_TGI_at 1 0.3598763 0.3718859 0.2604865 0.3762355 NA Exon 10
X100302783_TGI_at 0.3598763 1 0.9531528 0.952927 0.9401503 unknown unknown
X100312840_TGI_at 0.3718859 0.9531528 1 0.9335779 0.9738763 3'UTR Intron 8
X100148210_TGI_at 0.2604865 0.952927 0.9335779 1 0.9252433 Exon 8 Exon 8
X100148162_TGI_at 0.3762355 0.9401503 0.9738763 0.9252433 1 3'UTR intron8

Table 4-5 Location of the five probes on the IL1RL1 transcripts and their pairwise correlation

The two most correlated probes anneal exclusively to the short isoform transcript (they
anneal to an intron of the receptor isoform). Therefore, | arbitrarily selected one of these two
probes, X100312840 TGI _at, as a representative to investigate the relationship of soluble
ILIRL1 with clinical phenotypes. The probe X100302151_TGI_at anneals to the 10" exon of

ILIRL1, only present in the transcript encoding the receptor isoform and was therefore used
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to investigate potential association of clinical phenotypes to IL1RL1-b. I did not have the
sequence of the X100302783_TGI_at probe but due to the high correlation of the expression
levels with the expression of the other three probes, it is likely that it aligns to the short

isoform. Figure 4-5 depicts the distribution of the expression levels by the selected probes.

140
|

X100312840_TGl_at
I X100302151_TCl_at

Frequency
1 1 1 1

0 20 40 60 80 100

I T T T T 1
4 6 8 10 12 14

ILTRL1 Gene expression

Figure 4-5 IL1RL1 probe expression distribution in lung tissue

X100312840_TGI_at (blue) is one of the short ILIRL1 isoforms’ probes. X100302151_TGI_at (pink) is the probe for the
receptor IL1RL1 isoform.

One of the aims of this section was to analyze the potential effect of these SNPs on the
association of ILRL1 expression with clinical variables. As explained in Chapter3, |
identified 21 SNPs as important predictors of ILIRL1 expression and potential functional
SNPs: 10 SNPs from the manual annotation (Table 3-4) and the 11 SNPs from the Glmnet
approach (Table 3-5). From these 21, | used the following list of 9 independent SNPs with
available genotypes in the lung expression dataset for the analysis: rs10496354, rs10496357,
rs4850994, rs7607548, rs1558622, rs3771180, rs1420101, rs4988956 and rs1420106.

For both of the ILIRL1 isoforms, | investigated the following two questions: 1) Are
ILIRL1 expression levels associated with one or more clinical variables? And 2) Do any of
the 9 candidate SNPs described above significantly interact with those clinical variables, i.e.

do genotypes modify the effect of the variable on expression?
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For this purpose, | ran multiple linear regression models (one for each IL1RL1 probe)
that included main effects and interaction terms (phenotype*genotype) with all the variables
(see section 2.9.2.2 for details of the modeling procedure). Batch was included as a main
effect only, as it represented a potential confounding variable.

Graphs illustrating the main effects of the associations of gene expression with the
variables were generated from the multiple regression models and reflect the true effects
adjusted to all other effects in the models.

Graphs illustrating the interactions of SNPs with clinical variables were generated from
a pairwise correlation, and not from the multiple regression models; they are intended to
illustrate the general trend of the association but do not exactly depict the results discussed in
this chapter unless put in the context of the coefficient estimates obtained from the model.

| multiplied the p values by 4 to account for the two models tested for each of the two
probes (X100312840 TGl _a for soluble ILIRL1 and X100302151 TGI_at for receptor
ILIRL1).

The statistical model for the soluble IL1RL1 isoform yielded an adjusted R? coefficient
of determination of 0.337; that means 33.7% of the variability of the soluble isoform
expression is explained by the variables and interactions in the model, the results of which
are presented in Table 4-6. The receptor IL1RL1 model yielded an adjusted R? of 0.642.

All results with significant uncorrected p values (o threshold 0.05) in the final models

are delineated in Table 4-6.
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Receptor ILIRL1 Soluble IL1IRL1

Term Estimate P Pcorr Estimate| P [Pcorr
Antibiotics:rs1420101 GG 0.515 0.024 0.096
Antibiotics:rs1420106 TT.CT -0.337 0.024 0.054
Antibiotics:rs3771180 CC -0.426 3.3E-03 0.013
Antibiotics:rs4988956 GG 0.636 7.6E-03 0.031
Antidepression 0.159 0.037 0.149
a-1 antitrypsin deficiency:rs3771180 CC 0.737 9.7E-03 0.039
Cystic fibrosis:rs3771180 CC 0.535 3.0E-04 0.001
Idiopathic pulmonary fibrosis:rs3771180 CC 0.313 0.046 0.186
BatchLAVAL -0.518 <2.0E-16 | «B.0E-16 -0.174 |0.047|0.188
BatchUBC 0.185 1.4E-06 5.7E-06
Bisphosphonates:rs10496357 TT -0.316 6.5E-06 2.6E-05
Bisphosphonates:rs1420101 GG 0.249 0.015 0.058
Bronchiectasis 0.452 0.035 0.138
Bronchiolitis obliterans -0.624 0.025 0.099
Diuretics 0.104 5.2E-03 0.021 0.486 |0.045]|0.178
Diuretics:rs1420101 GG -0.775 |0.007|0.027
Large cell carcinoma:rs3771180 CC 0.216 0.041 0.165
Long acting beta agonists:rs1420106 TT.CT 0.184 0.026 0.106
Mo medication:rs1420101 GG 0.412 2.6E-04 0.001
No medication:rs1420106 TT.CT -0.230 1.9E-03 0.008
Oral steroids 1.555 |0.001)0.003
Oral steroids:rs10496357 TT -0.428 |0.037(0.147
Oral steroids:rs1420101 GG -0.762 |0.021|0.086
rs1420106 TT.CT 0.112 7.2E-03 0.029
rsA988956 AG -0.115 0.012 0.046
Sequestration/fungus -0.678 0.031 0.124
Smoking status (No) 0.497 |0.019)|0.076
Solitary granuloma 0.620 0.026 0.103
Squamous cell carcinoma 0.135 0.013 0.052
Weight 0.005 |0.009]|0.035

Table 4-6 Analysis of main effects and interactions of ILLRL1 isoform gene expression, clinical variables
and SNP genotypes

P: P value; Pcorr: corrected p value; No medication: a categorical variable where “Yes” signifies a subject is not taking any of
the medications specified in the study, and “No” signifies a subject is taking at least one of the medications specified in the
study.

The receptor IL1RL1 expression had a range of 2.62 arbitrary expression units (4.98 —
7.60). Soluble IL1RL1 expression was 2.3 fold greater than receptor IL1RL1, with a range of
6.16 (5.73 — 11.89).

Although there was no statistically significant main effect of antibiotic use on IL1RL1

transcript expression, there was a significant interaction between four SNPs and antibiotic
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use on the expression of receptor ILLRL1 (Figure 4-6), two of theses associations survived

correction (rs3771180 and rs4988956).

rs3771180 p corr = 0.013 rs4988956 p corr = 0.031
AAAC cc AL AG GG
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Figure 4-6 Interaction of rs3771180 and rs4988956 with antibiotic use on receptor IL1RL1 expression

The blue circles in the graphs correspond to samples which are higher than the 75t quartile by greater than 1.5 x the
interquartile range of the data.

rs3771180 significantly interacted with diagnoses of a-1 antirypsin deficiency and
cystic fibrosis and nominally with idiopathic pulmonary fibrosis to influence the gene
expression of receptor IL1RL1 with corrected p values of 0.039, 0.001 and 0.186
respectively. The expression of receptor ILLRL1 was significantly greater in subjects carrying
the CC genotype (Figure 4-7); there was only one subject in the minor genotype group in a-1
antirypsin deficiency subjects. However, 10 CF subjects had the minor allele (A); 32 had the
CC genotype and exhibited a 20% greater receptor expression of the total expression range as

compared with the minor allele subjects.
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Figure 4-7 Interaction of rs3771180 alleles with three diagnoses on the receptor IL1RL1 expression
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There was a very significant batch effect on both IL1RL1 transcripts’ expression.

Figure 4-8 shows that effect in the entire cohort. The following are the p values for the

receptor ILIRL1: Laval vs. Groningen: p<2x107¢, UBC vs. Groningen: p=1.4x10; for the

soluble IL1RL1 (measured by the probe X100312840 TGI_at), Laval vs. Groningen:

p=2.5x10", UBC vs. Groningen: p=0.69. The batch effect was identical for the other soluble

ILIRL1 probes; there was no batch effect for the X100148210 TGI_at probe (shared

between the isoforms).
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Figure 4-8 Batch effect on IL1RL1 isoform expression
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Although there was no statistically significant main effect of bisphosphonate use on
ILIRL1 gene expression, there was a significant interaction between the SNP rs10496357
and bisphosphonate use on the expression of receptor ILIRL1 with peor= 2.6 10° (Figure
4-9). Only 3 subjects with the CC genotypes were taking the medication, therefore the CC
and CT genotypes were grouped and compared to the TT genotype. In individuals taking
bisphosphonates, there was significantly lower receptor IL1RL1 in the TT genotype (65
subjects) compared with the CC and CT genotypes (30 subjects).

rs10496357 p corr = 2.6E-05

CC.CT 1T

Receptor IL1RL1

______

No Yes No Yes
Bisphosphonates intake

Figure 4-9 Interaction of rs10496357 with bisphosphonate use on receptor IL1RL1 expression

There was a significant association between diuretic use and receptor IL1IRL1 gene
expression (pcorr= 0.021) but not the soluble isoform expression. However, the SNP
rs1420101 significantly interacted with this medication intake to modify soluble IL1RL1
gene expression with pcorr= 0.027 (Figure 4-10). Whereas the association of soluble IL1IRL1
(albeit only nominally significant) was positive, this relationship was reversed in subjects
with the GG genotypes. The rs1420101 genotype distribution by diuretic intake was as

follows: AA: Yes: 18/ No: 110, AG: Yes: 65/ No: 338 and GG: Yes: 43/ No: 263.
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Figure 4-10 Main effect of diuretic intake and interaction with rs1420101 on IL1RL1 gene expression

Although no statistically significant main effect was observed for the no medication
intake variable on IL1RL1 gene expression, rs1420101 and rs1420106 genotypes were
significantly associated with receptor ILIRL1 expression stratified by this variable (pcorr =

0.001 and 0.008 respectively) (Figure 4-11).
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Figure 4-11 Interaction of rs1420101 and rs1420106 with no medication intake with IL1RL1 receptor
expressiosson

There was a statistically significant association between oral steroid intake and soluble

ILIRL1 (pcorr=0.003) (Figure 4-12); rs10496357 and rs1420101 modified this association but

this did not survive multiple testing correction. Subjects taking oral steroids (112 subjects)

had significantly higher soluble IL1IRL1 expression (25% of the expression range).

p corr = 0.003

Soluble IL1RL1

Yes

Oral steroids use

Figure 4-12 Association of oral steroid use with soluble IL1RL1 expression

In addition, there was a nominal association of smoking status with soluble IL1RL1

expression where non-smokers have greater expression as compared with former or current
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smokers (Figure 4-13); however this association did not survive multiple testing correction.
Finally, there was a positive association between weight and soluble IL1RL1 expression with

pcorr =0.035.

p uncorr = 0.019

Soluble IL1RLA1

Yes Ex Mo

Smoking status

Figure 4-13 Association of smoking status with soluble IL1RL1 expression

p corr = 0.035
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Figure 4-14 Association of weight with soluble IL1RL1 expression

4.2.2 Functional analysis of SNP rs1420101
4.2.2.1  Analysis of rs1420101 relationship to IL1RL1 gene expression
eQTL analysis of the lung dataset showed that rs1420101 was significantly associated with
all five ILIRL1 probes albeit at a much lesser significance with the receptor isoform

expression probe. The A allele leads to a markedly lower expression of the soluble isoform
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(p=2.2x101%) and a trend toward increasing expression of the receptor isoform (p=0.00079)

(Figure 4-15).

Soluble IL1RL1 (p=2.2e-16) Receptor IL1RL1 (p=0.00079)
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Figure 4-15 IL1RL1 isoform expression by rs1420101 genotypes

Soluble ILIRL1 expression was measured using the probe X100148210_TGI_at and the receptor expression was measured
using the probe; X100302151_TGI_at. A/G alleles are on the reverse strand.

4.2.2.2 Asthma association analysis

| hypothesized that rs1420101-T is associated with asthma risk in the cases and controls from
the blood and lung samples. In order to test that, rs1420101 was genotyped in the blood
samples. The genotypic data were in Hardy-Weinberg equilibrium. Table 4-7 shows the

genotype distributions in cases and controls.

N ofcontrols % [Nasthmatics %
CcC 19 19.39 14 14.29
CT 21 21.43 22 22.45
T 12 12.24 10 10.2

Table 4-7 rs1420101 genotyping data (blood samples)
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There was no significant association between genotypes and asthma status in the blood
samples. The lung expression study samples had genotypes available for rs1420101; but
there was no significant association between asthma and rs1420101; of note is that there were

only 30 asthmatic samples for this test.

4.2.2.3 PCR-based splicing assay

In virtue of its intronic location, | hypothesized that rs1420101 plays a role in ILLRL1 mRNA
splicing and | designed a PCR-based assay to investigate this question (see section 2.7 for
details). cDNA samples derived from blood RNA, 1AM lung RNA or B-lymphoblastoid cell
line RNA were amplified using the R6, R7 and R8 primer pairs.

Lung (Figure 4-16) and blood-derived (Figure 4-17) cDNA produced PCR products of
the expected sizes for R6 and R7 primer pairs (76 and 154 bp, respectively) regardless of
genotype.

In the blood samples, the R7 primer pair produced very faint bands for AA and GG
genotypes; consequently, | verified the presence of a product by sequencing using the R7
primer pairs of DNA cut-out from the gel in the expected location. Sequencing was
performed in both directions and the AA and AG genotypes were both confirmed to produce
a PCR product for R7 of the expected size.

However, only samples with the GG genotype, for both blood and lung, gave the
expected product using the R8 primer pair (352 bp); the resulting bands observed were
considerably less intense than the other bands. In contrast, B-lymphoblastoid cDNA samples
amplified using all primer pairs and produced several band sizes in addition to the expected

ones.
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100bp DNA ladder

Lung AA~RG6
Lung AA~R7
Lung A&~ R8
Lung AG~R7
Lung AG - R8
Lung GG ~R6
Lung GG~R7
Lung GG ~R8

Lung AG - R6
B-cell GG-RG,78
100bp DNA ladder

600
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400
300
~350
200

~155
100

~76

Figure 4-16 rs1420101 splicing assay gel for lung samples

The lanes in order are: lanel: 100bp ladder; lane2, 3 and 4: lung sample of AA genotype amplified with R6, R7 and R8
primer pairs respectively; lane 5, 6 and 7: lung sample of AG genotype amplified with R6, R7 and R8 primer pairs
respectively; lane 8, 9 and 10: lung sample of GG genotype amplified with R6, R7 and R8 primer pairs respectively; lane 11:
B cell multiplex lane contains PCR product using all B cell cDNA and all 3 primer pairs simultaneously.

The blue box corresponds to 76bp band size; the red box corresponds to 155bp band size; the green box corresponds to
350bp band size.
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The PCR band pattern did not differ between asthmatic and control cDNA samples of

the same genotypes (Figure 4-17).

Asthmatics Controls
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Figure 4-17 rs1420101 splicing assay gel for blood samples by asthma status

R6, R7 and R8 refer to the primer pairs using the reverse primers R6, R7 and R8 respectively; B cell multiplex lane contains
PCR product using all B cell cDNA and all 3 primer pairs simultaneously.
The blue box corresponds to 76bp band size; the red box corresponds to 155bp band size; the green box corresponds to

350bp band size.
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4.2.3  Functional analysis of SNP rs3771180
4.2.3.1  Analysis of rs3771180 in relation to IL1IRL1 gene expression
eQTL analysis of the lung dataset showed that rs3771180 was significantly associated with
the 4 IL1RL1-a probes with p < 107 but not associated with the ILIRL1 receptor isoform

(p=0.3) (Figure 4-18).
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Figure 4-18 IL1RL1 probe expression by rs3771180 genotypes.

Soluble ILIRL1 isoform was measured by the probe X100148162_TGI_at; receptor ILIRL1 isoform was measured by the
probe X100302151_TGI_at.

4.2.3.2 Electrophoretic mobility shift assay
| hypothesized that rs3771180 was a functional SNP and that its asthma protection allele
would lead to higher soluble IL1RL1 expression and/or lower receptor ILIRL1 expression.
Due to its location 5’ of the gene, I aimed to determine whether rs3771180 results in an
allele-specific differential binding of a nuclear protein.
| selected the A549 cell line as a model for human lung epithelial cells; this cell line

has been shown to offer a good representation of the immune response in the lung epithelium
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(408-410) and is frequently used for in vitro studies relevant to asthma. I also used Human
Umbilical Vein Cell (HUVEC) line as a control because ENCODE ChIP-Seq data showed
rs3771180 bound nuclear protein in this cell line.

Independent EMSA assays showed DNA/protein interactions between A549 nuclear
extract and rs3771180 oligonucleotides irrespective of allele. Using HUVEC nuclear extracts
also led to the formation of DNA/protein complexes on EMSA gels.

EMSA assays showed no differential protein/DNA interactions by alleles of rs3771180
using nuclear extracts from A549 cell lines (blue ovals in Figure 4-19). There seemed to be
allele-specific differential binding in HUVEC but it was not replicated (blue ovals in Figure
4-19). Spl transcription factor oligonucleotides and HelLa cell nuclear extract were used as
positive controls in each EMSA experiment and a band of DNA/protein complex was
observed consistently.

Considerable attention and time went into optimizing the EMSA experiments in order
to obtain at least 3 independent experiments showing this result; including optimizing the
nuclear extraction to obtain more concentrated extracts, incubation times for radioactivity
labeling and for binding of oligonucleotides and nuclear extracts, temperature for the

incubations, efficient gel electrophoresis and drying, as well as visualization.
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Figure 4-19 rs3771180 EMSA gel

Details of the lanes: 1: A hot only; 2: A + non-specific cold oligo; 3: A + A cold; 4: C hot only; 5: C + non-specific cold oligo; 6:
C+ Ccold; 7: Ahot only; 8: A + non-specific cold oligo; 9: A + A cold; 10: C hot only; 11: C + non-specific cold oligo; 12: C +
C cold; 13: Negative control; 14: Sp1 and Hela nuclear extract positive control. Lanes 1 to 6: A549 nuclear extract, lanes 7

to 12: HUVEC nuclear extract.
The red lines are because of high intensity due to unused (unbound) radioactively-labeled oligonucleotides.

4.2.3.3  Luciferase reporter gene assay
In addition to EMSA, another method to determine whether a SNP of interest is regulatory is

Luciferase reporter gene assays.
I hypothesized that a plasmid containing the asthma-protective A allele of rs3771180

will lead to altered luciferase reporter activity.
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Luciferase activity ratio was ascertained by the Firefly luciferase over the Renilla
luciferase activities ratio and the signal was background-subtracted using wells of non-
transfected cells containing all reagents. The A allele and C allele plasmids had a mean
activity ratio of -0.07 and 2.54 respectively (Figure 4-20).

Although there was a trend towards decreased expression for the A allele plasmid
Luciferase activity compared to the C allele, this difference did not reach statistical
significance (p=0.12). This result was obtained from two independent experiments, ten
biological replicates per allele in each experiment and ten technical duplicates for each

biological replicate.
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Figure 4-20 rs3771180 Luciferase activity ratio by allele

4.3 Discussion

ILIRL1 has been shown to be involved in asthma in several GWAS and is likely a true
asthma gene given the consistent replication as well as its biological plausibility. ILIRL1
encodes two main transcripts: the long isoform which produces IL1RL1-b, a receptor bound

to membranes of hematopoietic cells, mainly Th2 cells and mast cells, and the short isoform
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which produces IL1RL1-a, a smaller soluble protein that also binds IL-33, preventing the
receptor signaling.

| investigated transcript expression levels of both IL1RL1 isoforms in blood and lung
samples; as expected, blood IL1IRL1 was predominantly the receptor isoform and lung
ILLIRL1 was mostly the soluble isoform.

| also performed ELISA assays to investigate protein soluble IL1IRL1 levels. | found a
modest but significant association between serum IL1RL1-a levels and doctor-diagnosed
asthma in the CAPPS teenagers’ samples (p=0.015 adjusted for sex).

The direction of the asthma association | found was opposite to published studies, i.e. |
found that asthmatics had lower IL1RL1-a protein levels. The CAPPS children dataset
comprised mainly mild asthmatics among the 22 asthmatics diagnosed by a doctor. In the
entire dataset, there were 41 subjects with airway hyperresponsiveness as defined by PC20
lower than 7.8 mg/ml; among them only 6 (15%) were diagnosed by a doctor to have asthma.
Furthermore, a proportion of the non-asthmatics were allergic subjects as assessed by skin
prick testing (Table 4-1). Hence, the comparison of serum levels was made between the
asthmatics and other children, some of whom had AHR and/or were allergic. Elevated serum
ILIRL1-a levels have been shown in allergic subjects (411) and subjects with allergic
diseases such as allergic rhinitis (243, 412). The CAPPS cohort was initially designed to
study children who would be at high risk of developing asthma and allergic disease and the
asthma status was observed prospectively.

My data showed decreased soluble IL1RL1 protein levels in the CAPPS asthmatic
children, and this was concordant with the eQTL data showing lower soluble ILIRL1 mRNA

in asthmatics; decreased levels agree with my hypothesis that soluble IL1RL1 is protective
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from asthma. Together, these observations suggest elevated serum ILIRL1 might be found in
more severe disease or during exacerbations, however in mild disease, as is the case for the
CAPPS cohort, the level of inflammation might not stimulate increased soluble IL1RL1.

Although serum IL1RL1 levels were reported to be significantly elevated in
asthmatics, this effect was significantly stronger in moderate asthmatics compared to mild
asthmatics (220, 413) or was present only when the levels were measured in an acute
asthmatic episode (220). Ali et al. also reported increased soluble IL1IRL1-a (a.k.a. sST2)
levels in the serum of asthmatic children during acute episodes compared with after the acute
episodes; however they also found a negative correlation between soluble IL1IRL1 and
eosinophil counts measured during an asthma exacerbation as well as a stronger negative
correlation between eosinophil counts and the soluble IL1RL1 levels during the attack and
during convalescence (99). The same type of observation was made in allergic rhinitis by
Baumann et al. who ascertained that, while being significantly increased in seasonally pollen
exposed allergic subjects compared to non-allergic controls, nasal soluble ILIRL1 was
inversely correlated with nasal symptom scores of severity (412). These data indicate soluble
ILIRL1 is produced in acute inflammatory situations, likely as a result of a regulatory loop to
lessen the IL-33/IL1RL1-b signaling. There is evidence for such a regulatory loop whereby
coding SNPs in the IL1RL1 receptor (not present in the soluble isoform transcript) led to
increased responsiveness of 1L-33 to its receptor ILIRL1-b, which in turn led to greater
release of soluble ILIRL1 (407).

Indeed, soluble IL1IRL1 has been clearly shown in asthma animal models to inhibit
allergic inflammation by dampening the signaling cascade precipitated by IL-33 binding to

the receptor IL1RL1 isoform (217, 218). An inflammatory role of soluble ILLIRL1 in asthma
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does not align with those in vivo findings therefore the elevated levels of soluble ILIRL1
observed in published studies of pathological states such as asthma or cardiovascular disease
most probably indicate a response of the immune system to the inflammatory cascade that
may prevent further lung damage. In fact, the ST2 ELISA kit from R&D, the most used kit
for soluble IL1RL1 level quantification, detects both free and IL33-bound soluble IL1RL1.
High levels detected using this kit indicate the total level of soluble ILIRL1 but leave
unanswered the question of the proportion of free to IL-33-bound soluble IL1RL1. High
levels of IL-33 have been observed in asthma (413, 414); that would require an increase of
soluble IL1RL1 to neutralize it.

Ho et al. published the first GWAS of circulating soluble IL1IRL1 levels; they found
that missense SNPs located in the intracellular domain of the receptor IL1RL1 participated in
a potential auto-regulatory loop whereby the alleles modify the receptor signaling and result
in an increased 1L-33 production which in turn leads to heightened soluble IL1RL1 secreted
levels (407). Ho et al. reported that SNPs accounted for 45% of the soluble IL1RL1 levels

adjusted for age and sex with 388 SNPs associated with levels at p <5 x 108, all in and

around IL1RL1; this is well aligned with my lung eQTL data. Ho et al. distilled the
associated SNPs down to 11 independent SNPs as defined by an LD r2 < 0.2 and further
decreased to 4 SNPs after statistical conditional analysis. In my in silico manual annotation
of the lung eQTL dataset described in Chapter 3, | identified a similar number of independent
SNPs. | compared my resulting SNPs with the Ho et al. soluble ILIRL1 GWAS data SNPs
(Table 4-3). Of the 4 SNPs Ho et al. obtained after conditional analysis, rs950880 is in high
LD with rs1420101, one of my candidate SNPs (r2 = 0.91). rs1420103 was in moderate LD

with another of my candidate SNPs, rs1420106 (r? = 0.59) and the other two soluble IL1RL1
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GWAS SNPs: rs13029918, and rs17639215, were not in LD with any of my candidates (r?
threshold of 0.2).

Two SNPs survived the stringent Bonferroni correction. The most significant pQTL,
rs4090473, was in almost complete LD (r? between 1 and 0.89) with a group of SNPs
(rs4399750 and others) | identified as important predictors of soluble IL1IRL1 expression
using the Glmnet analysis detailed in Chapter 3. It was the second most significant eQTL for
soluble IL1RL1 in the entire chromosome 2q region with p=9.9x10® and was in high LD
with the most significant eQTL. These SNPs were part of a group of 25 tightly correlated

SNPs, all eQTLs for the soluble IL1IRL1 at a maximum p value of 8x10%; this group of

SNPs span a 37 kb region encompassing the ILLRL1 promoters and first intron. The protein
data were concordant with the eQTL data as the minor allele, C, was associated with lower
MRNA and protein expression.

The second most significant pQTL, rs950880, was one of the 4 SNPs identified in the
soluble ILIRL1 GWAS (407) after conditional analysis as highly associated with serum
levels; it was in very high LD with rs1420101 (rz2 = 0.91), one of the candidate SNPs I
identified using the manual in silico analysis and investigated for potential splicing effect in
this thesis.

Subsequently, | attempted to uncover any relationship of the ILIRL1 gene expression
with clinical phenotypes as well as investigate any potential role of the candidate functional
SNPs, identified in Chapter 3, in modifying those associations.

Out of the 5 IL1IRL1 probes, the receptor probe (X100302151 TGI_at) had the lowest

expression levels and the smallest range of expression values (5.08 — 7.51); the other 4
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probes were all tightly correlated (92.5% — 97.4%), and had greater expression levels and
variation than the receptor isoform with ranges from 7.04 to 9.89 expression units.

A model containing all the nine independent SNPs (among the SNPs identified in
Chapter 3) explained 26.3% of the soluble IL1RL1 expression but only 6.7% of the receptor
transcript expression. | ascertained that there was a considerable batch effect possibly
confounding the lung expression data, and therefore added this covariate to the SNPs models;
this resulted in a modest increase in the adjusted R2 of the soluble transcript expression (to
28.4%) but a considerable increase in that of the receptor transcript (from 6.7% to 58%). This
indicates that the genetic variation conferred by these SNPs plays a major role in determining
the level of soluble ILIRL1 mRNA but not as much in the receptor transcript’s regulation. In
order to attempt to explain additional variability of both isoforms’ expression, | added
clinical and demographical variables to the SNPs as well as interaction terms between them.
An unbiased best fitted model selection was applied which results in final models with the
highest adjusted R? for each of the isoforms.

The receptor isoform expression was significantly associated with conditions such as
a-1 antitrypsin deficiency and CF and with medication intake such as bisphosphonates and
antibiotics. However, the amount of variability explained by the addition of these variables
was minimal. The adjusted R2 for the receptor isoform expression increased by only 9%.

Soluble ILIRL1 transcript expression was positively associated with diuretic use except
for subjects carrying the rs1420101-GG genotype (asthma-protective). Diuretic drugs are
prescribed for treatment of many conditions, mainly heart failure and hypertension; soluble
ILIRL1 is a well-recognized marker of heart disease. Soluble IL1IRL1 expression was also

associated with oral steroids intake where subjects taking oral steroids exhibited greater
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expression. Oral steroids are prescribed in order to dampen the body’s immune response in
many inflammatory and immune diseases such as asthma, IBD, severe allergies, autoimmune
diseases and joint diseases; since soluble IL1RL1 acts as decoy to the receptor to 1L-33, a
greater expression would indeed benefit patients of any of these disorders.

Similarly to the receptor isoform, the soluble IL1RL1 transcript model with the clinical
and demographical variables added yielded an adjusted R? increase of about 5%, suggesting
that in this dataset, the genetic variation accounted for the majority of the variability
observed. This is consistent with the soluble ILLRL1 GWAS study, where the authors found
clinical variables accounted for 14% of the protein levels (407). There remains a considerable
amount of soluble IL1RL1 variability (~66%) unexplained by my model.

rs1420101 is a T to C polymorphism in the fifth intron of ILIRL1 with a minor allele
frequency of 37%. The T allele was associated with asthma risk and increased eosinophil
count (94, 226, 234). | found this SNP to be highly associated with decreased IL1RL1 soluble
isoform gene expression in the lung eQTL dataset (Figure 4-15) and this SNP was in high LD
(r?=0.91) with a SNP | found significantly associated with protein levels of soluble IL1IRL1
in CAPPS children samples (rs1420101 was not tested in that analysis as it was covered by a
Tag-SNP).

| could not replicate the asthma association of rs1420101in blood samples. This is most
likely due to the small sample size (46 asthmatics and 50 controls); | had a 66% power to
detect a genetic effect of 2 fold increase in risk and 28% power to detect a 1.5 fold increase
in risk. Using the lung dataset, I could not replicate the asthma association either because of
the low number of asthmatics in the cohort (24 with complete genotypes). That meant that

the analysis had 64% power to detect a 2 fold risk increase and 27% power to detect a more
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modest effect of 1.5 fold risk increase, which would be in line with published genetic effect
sizes in complex disease. Indeed, this SNP, rs1420101, was associated with asthma by
Gudbjartsson et al. with an OR of 1.16 (94).

Due to its intronic location, | hypothesized that the rs1420101-T allele leads to down-
regulation of expression by playing a role in mRNA splicing. It is indeed predicted to abolish
a splicing site using ESE Finder (415) and FAS-ESS (416) web-based bioinformatics tools.
| used a PCR-based assay to attempt to uncover any splicing pattern difference between
rs1420101 genotypes in lung and blood sample cDNA. The R6 and R7 primer pairs produced
PCR products of the expected size but no amplification was observed for the R8 primer pair
in subjects of AA or AG genotypes and very faint PCR bands were obtained for the GG
genotypes; although the G allele should result in lower transcript levels than the A allele as
shown in the lung dataset (Figure 4-15), | do not believe this to be the result of lower levels
since the same GG samples produced normal PCR bands using the other two primer pairs. It
might be a technical artifact of binding of the R8 reverse primer because | optimized all three
primer pairs to use the same annealing temperature in order to amplify them together and
thus minimize variability.

In silico analysis of splicing in IL1RL1 using the ASG web-based tool (417) showed
exon 6 to be a potential cassette exon; I did not find any evidence for that, as shown by the
absence of PCR bands of sizes consistent with skipping of exon 6 in the transcripts (there
would have been no product from R6 primer pairs due the fact that the R6 reverse primer
anneals to exon 6, for example).

Overall, 1 found no evidence of a differential splicing pattern by rs1420101 genotypes

or by asthma status as demonstrated by the presence of PCR product of expected sizes based
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on normal splicing and reference sequences. Despite the classical view that intronic SNPs
can be functional by affecting splicing, it is now known that intronic SNPs may influence
gene expression by disrupting regulatory protein binding which could lead to enhancing or
down-regulating gene expression; rs1420101 could in fact be functional by other means
which could be investigated by DNA binding assays.

To determine whether rs3771180 is in fact a functional SNP as identified in the manual
in silico analysis discussed in Chapter 3, | investigated its relationship to ILIRL1 gene
expression and performed functional assays: EMSA and reporter gene to investigate a
potential allele-specific effect on binding to a nuclear protein and on expression.

rs3771180 is a C to A polymorphism in the non-coding first intron of ILIRL1 with a
minor allele frequency of 16% in European populations. | identified rs3771180 as a strong
eQTL for IL1RL1 short isoform transcripts in the lung (Figure 4-18). This SNP was reported
by Torgerson et al. to be significantly associated with asthma in three populations from
different ethnic groups (37) and is in complete or high LD with several SNPs also associated
with asthma in the literature, such as rs11674302, rs13431828 (35), rs1041973 (233) and
rs13408661 (234).

As 1) Torgerson et al. did not indicate the allele or the direction of the rs3771180
association; and 2) the minor alleles of rs13431828 and rs10173081, both SNPs in complete
LD with rs3771180, were associated with protection from asthma (35, 37), | used the
surrogate SNPs information to assume that the association of rs3771180 with asthma is a
protective one conferred by the A allele. I hypothesized that this SNP is functional by leading

to transcription alteration by binding a regulatory protein in an allele-specific manner.
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EMSA experiments did not support this hypothesis; although there were bands
indicating the formation of DNA/protein complexes they seemed to be non-specific as they
were not competed out by cold oligonucleotides. | used nuclear extract from the HUVEC cell
line as a control as it was shown in the ENCODE data (using the HaploReg web resource)
that this SNP binds nuclear proteins in HUVEC by Chip-Seq. My result does not necessarily
mean that the rs3771180 SNP site does not participate in binding of a regulatory protein or
complex; if this SNP is indeed regulatory, it is possible its function requires some further
DNA region not included in the 23 nucleotides of the EMSA oligonucleotide. ENCODE
ChlP-Seq data indicate rs3771180 binds STATS3, a transcription activator as well as cFos and
cJun; these proteins are part of the AP-1 complex which usually binds enhancer elements
resulting in upregulation of gene expression. Additionally, ENCODE data show that
rs3771180 is located in a DNAse hypersensitive region in 30 cell types including A549 and
other lung cell lines, and exhibits enhancer histone marks in 4 of them (endothelial cells,
mammary epithelial cells, erythroleukemia cells and epidermal keratinocytes).

Luciferase reporter gene assays showed a trend of decreased transcription by the
plasmid containing the A allele compared with the C allele plasmid although it did not reach
statistical significance (Figure 4-20). That is in agreement with the mRNA data from the lung
dataset analysis, where | showed that A allele expression was significantly lower than the C
allele for the probes of the soluble isoform but not the receptor isoform (Figure 4-18). It is
also consistent with asthma protection associated with the C allele, as higher soluble ILIRL1
would be available to neutralize IL-33 and prevent its signaling through the IL1RL1 receptor.

In summary, | found that the receptor IL1IRL1 expression was lower and less variable

than that of the soluble isoform. Most of its variation in the lung expression dataset was due a
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batch effect. My candidate SNPs and other variables explained only a small amount of the
variability. | found several significant associations of clinical variables with the soluble
isoform but their cumulative effects did not improve greatly on the amount of expression
variability explained by my nine candidate SNPs. However, 66% of the variability has not
been accounted for in my statistical modeling.

Protein levels of soluble IL1RL1 were inversely associated with asthma status, which
is in agreement with my hypothesis. The two significant pQTLs were also eQTLs in the same
direction in the lung and represented the two highest signals (lowest p values) in the lung
eQTL analysis.

| performed functional analysis of two IL1IRL1 SNPs. rs1420101 was significantly
associated with soluble IL1RL1 expression. My functional analysis of this SNP failed to
show allele-specific differential splicing of ILIRL1 mRNA. rs3771180 was significantly
associated with soluble IL1RL1 expression. Using EMSA and reporter gene assays, | found

no significant allele-specific functional effect of this SNP on expression.
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Chapter 5: Functional follow-up of TSLP polymorphism

rs1837253 and gene expression analysis

5.1 Overview

Thymic stromal lymphopoietin is an important protein in asthma pathophysiology and has
been called a master switch of allergic inflammation (418). TSLP is expressed by epithelial
cells upon external stimuli such as injury, virus infection, certain microbial products, allergen
or cigarette smoke exposure (419, 420) and plays an important role in promoting and
establishing a Th2-inflammatory environment in the lung (296, 329, 421).

The TSLP gene is located on chromosome 5g22.1, is composed of 5 exons and encodes
2 transcript variants: TSLP isoform 1 (long) and isoform 2 (short). rs1837253 is a SNP
located 3.9 kb 5" of TSLP. First reported associated with asthma and AHR, a related
phenotype (107), it was then replicated at genome-wide statistical significance levels in
major GWAS (35, 37, 283) and constitutes one of the most consistent asthma-associated
genes. rs1837253 is not in LD with any other SNP in European or African populations (r?
>0.2). It is in moderate LD with a group of 3 SNPs in TSLP with r?=0.44 in the 1000
Genomes Asian superpopulation and it is also in weak LD (r?=0.24) with a different group of
3 SNPs in TSLP in the ad-mixed American superpopulation.

In this chapter, I discuss the following: 1) the results of the most stable housekeeping
gene for lung gene expression qPCR studies, 2) gene expression data by genotype and by
allele performed by gPCR, 3) gene expression analysis in relation to clinical phenotypes and
rs1837253 genotypes using the lung expression dataset and finally 4) functional analysis of

TSLP SNP rs1837253 (EMSA and Luciferase reporter gene assays).
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The objective of this chapter is to test my hypothesis that rs1837253 is a functional
SNP, which regulates TSLP gene expression; and that rs1837253-T allele will lead to the

differential binding of a regulatory protein and subsequently to decreased gene expression.

5.2 Results

5.2.1 Gene expression studies
5.2.1.1 House-Keeping gene study
| used three software packages in order to identify the most stable expression amongst a list
of twelve candidates for house-keeping genes. | ranked the twelve genes using the outputs
from each software package: M score for geNorm, stability value for NormFinder and
coefficient of correlation for BestKeeper. The rankings from geNorm and NormFinder were
in agreement for all but the 11" and 12" positions, which were reversed; BestKeeper
however produced a ranking which was only partially concordant with the other two. Table
5-1 contains the rankings’ details; numbers in red are discordant rankings between software
packages. There are two columns for the BestKeeper results because the program handles a
maximum of 10 genes to compare stability at one time; therefore | performed the analysis of
all 12 genes twice, each time removing two low-ranking genes. Results from both analyses

are shown as the columns labeled BestKeeper 1 and 2 in the table.
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geMNorm NormFinder BestKeeperl |[BestKeeper2

Gene M score |Rank | Stability | Rank r Rank r Rank
PPIA 1.105 1 0.115 1 0.728 8 0.748 8
RPLPO 1.196 2 0.353 2 0.941 2 0.957 1
GNB2L1 1.224 3 0.447 3 0.898 6 0.932 3
PGK1 1.265 4 0.478 4 0.899 5 0.927 4
ACTB 1.348 5 0.58 5 0.955 1 0.956 2
TFRC 1379 6 0.646 6 0.906 - 0.925 5
RNR1 1463 7 0.715 7 0.922 3 0.925 5
B2M 1.608 8 0.838 8 0.801 7 0.735 9
GUSB 1.657 g 0.895 g 0.658 9 - -
T8P 1779 10 1034 11 - - 0.869 7
HPRT1 1.808 11 1.032 10 - - 0.565 10
GAPDH 2081 12 1.293 12 0.627 10 - =

Table 5-1 House-keeping stability ranking results using three algorithms

| decided to select the gene RPLPO as the best house-keeping to use for gPCR assays in

the lung samples because it was ranked second by all three algorithms.

5.2.1.2 gPCR assays
| hypothesized that the TSLP SNP rs1837253 is a functional SNP. Due to its location in an
intergenic region, | aimed to test the hypothesis that it is a regulatory SNP by investigating its
potential effect on the TSLP gene expression.

I conducted gPCR experiments in 18 cDNA samples obtained from 1AM lung-derived
RNA and 103 cDNA samples obtained from blood-derived RNA (section 2.1.1). | utilized
two gene expression TagMan® assays: one detecting the TSLP long isoform transcript and
the second detecting both long and short TSLP transcripts. As determined in the house-
keeping gene optimization, | used RPLPO as the reference gene.

No detectable gene expression of the long isoform was observed in any of the blood or
lung samples; | observed reasonable expression levels of the short isoform with Ct values
averaging 34.6 cycles (range: 29.3 to 40) in the lung samples only. TSLP levels in the blood

samples were too low to analyze.
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Figure 5-1 shows the amplification plot of the blood samples; amplification curves
outlined in red were obtained using the assay which anneals to both isoforms; samples did
not start amplifying until about the 35" cycle, indicating negligible TSLP transcripts present
in these samples, the rest of the amplification curves were obtained using the gene expression
assay which anneals exclusively to the long isoform; these amplification lines resemble no
template control samples, indicating absolutely no detectable long TSLP transcripts in these
samples.

Nonetheless, the blood-derived DNA samples were used for rs1837253 genotyping and

asthma association analysis.

Assay for Long
220 TSLPisoform

F——__ Assay for both
long & short
TSLPisoforms

Figure 5-1 Amplification plot of blood cDNA using TSLP gene expression assays

Lung and blood DNA samples were genotyped using TagMan® SNP genotyping
assay. Genotyping data were in Hardy-Weinberg equilibrium. A summary is provided in

Table 5-2.
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PATH (blood samples) 1AM (lung sampies)

N (%) asthmatics | N (%) controls N asthmatics N controis
CcC 21 (45.7%) 16 (32.0% 4 (57.1%) 9 (69.2%)
cT 18 (39.1%) 28 (56.0%) 3 (42.9%) 4 (30.8%)
T 7 (15.2%) 6 (12.0%) 0(0.0%) 0 (0.0%)

Table 5-2 TSLP rs1838253 genotyping summary

Using lung sample gPCR data, there was no significant difference in the expression of
the short isoform by asthma status (p=0.24) or by rs1837253 genotype (p=0.89). The
genotype comparison was made between major homozygotes and heterozygotes, as none of
the 18 samples were homozygotes for the minor allele. There was however a significant
difference in expression in females with p=0.009 albeit with a small sample size (3 CT/ 5
CC); with decreased expression in female subjects with the CT genotype compared to the CC
major allele homozygote.

In the absence of gPCR data and demographics about the blood samples (section
2.1.1), the only test | could perform for these samples was for association between rs1837253
genotypes and asthma status. | found no significant evidence for such association in these

samples (p=0.25).

5.2.1.3  Allele-specific expression
Since rs1837253-T allele is protective from asthma, and given the SNP location in the
intergenic region 5’ upstream of TSLP, | hypothesized that it is a regulatory SNP and the T
allele leads to gene expression down-regulation.

As the gene expression analysis by genotype failed to show a significant association, |
endeavored to analyze the expression by allele in heterozygous samples. Comparing

transcripts carrying different alleles from the same heterozygous sample offers some
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advantages over the analysis of samples carrying different genotypes; chiefly, it removes the
analysis from any confounding due to environmental causes and the approach is inherently
protected from population stratification.

In order to determine if TSLP expression was different by alleles, TagMan®
genotyping assays for a TSLP marker SNP rs2289276 were performed in order to measure
the levels of each allele in cDNA samples heterozygous for both my SNP of interest,
rs1837253 and the marker SNP rs2289276.

C/T ratios were calculated for gDNA in order to establish the ratio of 1. cDNA C/T

ratios did not depart significantly from 1 (p=0.79) (Figure 5-2).

1.2
115 -
.  §
11 4
c/T
ratio 'S
1.05 l
& [l
=
1
0.95
09 I |
cDNA gDNA

Figure 5-2 Allele-specific expression of TSLP cDNA using the rs2289276 coding SNP

5.2.1.4  Association with clinical phenotypes

The TSLP gene has been associated with asthma in multiple GWAS; TSLP plays an
established role in initiating asthmatic inflammatory cascades by interacting with both innate
and adaptive immune cells. However, there is still a knowledge gap in the involvement of the

two TSLP short and long isoforms; the specific roles of which are unclear. Thus far, there
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have been only two in vitro studies from one research group about the inducible nature of the
long isoform and the constitutive expression of the short isoform. Their respective roles in
experimental and human asthma still remain to be investigated.

In this section, | aimed to investigate the expression of the two isoforms’ transcripts
using the lung expression dataset. | hypothesized that 1) the expression levels of the two
TSLP isoforms will be different from each other, 2) the expression of one or both isoforms
will be associated with traits relevant to asthma pathogenesis, and 3) that the asthma-
associated SNP rs1837253 will modify these associations.

Similarly to the analysis of the ILIRL1 probes’ expression, | used the lung expression
dataset. Details of variable selection for this analysis are described in section 2.9.2.2. Briefly,
the lung dataset contained 1111 subjects with 97 clinical and demographic variables. There
was considerable missingness in most of the variables but only subjects with complete data
(expression, genotypes and phenotypic and demographic variables) are allowed in the linear
models. First, irrelevant variables such as dates and unspecified medication use were
removed. Secondly, categorical variables with less than 10 subjects in one category were
removed. Lastly, plotting of the number of subjects by the number of variables with complete
data for those subjects (Figure 2-4) was performed; | used this plot to ascertain an arbitrary
cutoff (45 variables) in order to simultaneously maximize the number of variables and
subjects to include in the analysis.

The final number of subjects with complete data for the 45 variables included in the
statistical models was 845 subjects. The characteristics of these subjects are delineated in

Table 5-3; a summary of the full list of variables is included as appendix 6.3B.1.
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Variables Mean (£ SE) or N (%)

Age 59.1 +0.48
BMI 25.22+0.18
Pack year 35985+102
Predicted FEV1 2.95%0.02
Predicted FVC 3.85+0.03
Sex M: 452 (54.1%)

Current: 170 (20.3%), Ex: 527 (63.0%),
No: 139 (16.6%)
Weight 70.89 £ 0.57

Smoking status

Table 5-3 Characteristics of subjects included in TSLP expression analysis

In the lung expression dataset, TSLP expression was assessed using two probes:
X100122252 TGI_at for the long TSLP and X100142361 TGl at for the short TSLP
isoform. The level of the short TSLP expression was considerably greater than that of the

long isoform and their expression levels were poorly correlated with r? = 15% (Figure 5-3).
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Figure 5-3 TSLP probes expression and correlation in the lung dataset.
The probe for long TSLP isoform is X100122252_TGI_at; the probe for short TSLP isoform is X100142361_TGI_at.
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The lung samples were collected at three university sites: UBC, Laval and Groningen.
Of note is that the centre variable was very highly confounding in the analysis; Figure 5-4
shows the difference of TSLP levels by study centre.

For each probe, the differences between the gene expression in each site were highly
statistically significant. The following are the p values for the long TSLP probe: Laval vs.
Groningen: p=2.1x10"*, UBC vs. Groningen: p=0.004; for the short TSLP isoform, Laval vs.

Groningen: p=0.003, UBC vs. Groningen: p<2x1076,
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Figure 5-4 Batch effect in TSLP probes expression data

The X axis is the study centre: UBC: University of British Columbia, LAVAL: Université Laval, GRNG: University of Groningen.

For each gene expression probe (short and long), | investigated the relationship of the
TSLP SNP rs1837253 with expression (Figure 5-5). The SNP was modestly associated with

expression but accounted for little variability (0.5%).
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Figure 5-5 eQTL plot of rs1837253

Adding the batch, age and sex covariates to account for their potentially confounding
effect, the SNP was still significantly associated with expression and explained 14% and 9%

of the variability of short and long isoform expression, respectively (Figure 5-6).
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Figure 5-6 eQTL plot of rs1837253 including covariates

For each gene expression probe (short and long), | ran a multiple linear regression
model where the response was gene expression and the predictors were 1) rs1837253

genotype, 2) the 45 clinical and demographical variables, 3) batch to account for its
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confounding effect, and 4) interaction terms for each clinical and demographical variable
with the SNP genotypes

Details of the statistical modeling are provided in section 2.9.2.2. P values obtained
were corrected by multiplying by 2 for the two tests (one per probe). All nominally

significant results (a threshold = 0.05) of these two analyses are shown in Table 5-4.

Long TSLP isoform Short TSLP isoform
Term Estimate P Poosr Estimate P Peoer

Antibiotics -0.1328 | 0.0178 | 0.0356 -0.2980 | 9.0E-04 | 0.0018
Antiplatelet : rs1837253 TT.CT -0.3107 | 0.0243 | 0.0486
Bisphosphonates : rs1837253 TT.CT 0.3832 | 0.0242 | 0.0484
Insulin 0.1658 | 0.0068 | 0.0136

NSAIDS -0.2774 | 0.0251 | 0.0503
Oral steroids 0.2508 | 0.0205 | 0.0410
Oral steroids : rs1837253 TT.CT -0.1530 | 0.0330 | 0.06606 | -0.4423 | 0.0079 | 0.0159
Predicted FEV1 -0.8968 | 0.0263 | 0.0526

Predicted FVC 0.6935 0.0306 | 0.0612

Sex -0.1090 | 0.0446 | 0.0893

Short acting inhaled beta agonists -0.1557 | 0.0225 | 0.0449
Smoking status : rs1837253 TT.CT 0.3440 | 0.0137 | 0.0273
Weight 0.0019 | 0.0254 | 0.0507 0.0058 | 1.6E-04 | 3.1E-04
BatchLAVAL -0.1763 |7.02E-07 | 1.40E-06

BatchUBC 0.6328 | 1.5E-15| 3.0E-15

Table 5-4 Results of multiple linear regression models of TSLP expression with phenotypes and genotypes

NSAIDS: Non-steroidal anti-inflammatory drugs.

Antibiotic use was significantly associated with TSLP gene expression with peorr =
0.0356 and 0.0018 for long and short TSLP expression, respectively. Subjects taking

antibiotics (90 subjects) had significantly lower short and long TSLP transcripts (Figure 5-7).
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Figure 5-7 Association of antibiotics use with TSLP gene expression

Although antiplatelet medication did not associate with TSLP gene expression, there
was a significant interaction of medication*SNP for short TSLP expression with pcor =
0.0486. In subjects taking antiplatelet medication, carrying one or two T alleles (58 subjects)
was associated with significantly lower short TSLP expression than the CC genotype.
rs1837253 also significantly interacted with bisphosphonate use, whereby in subjects taking
this medication, carrying TT or CT genotypes (45 subjects) was associated with greater short

TSLP expression with peorr = 0.0484 (Figure 5-8).
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Figure 5-8 Interaction of rs1837253 with antiplatelet and bisphosphonate use on short TSLP expression
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Insulin use was significantly associated with long TSLP expression with pcor=0.0136

(Figure 5-9). In the 31 subjects using insulin, there was greater long TSLP expression.
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Figure 5-9 Association of insulin use with long TSLP expression

Intake of non-steroidal anti-inflammatory drugs (NSAIDs) was marginally associated
with lower short TSLP expression with puncorr=0.0251 (Figure 5-10). 58 subjects in the dataset

were taking this medication.
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Figure 5-10 Association of NSAIDs use with short TSLP expression

NSAIDS: Non-steroidal anti-inflammatory drugs.
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Oral steroid intake was significantly associated with short TSLP expression with p
Pcorr=0.0410; rs1837253-T allele significantly modified this association with pcor=0.0159
(Figure 5-11). This effect was present in the long isoform but did not reach statistical

significance after correction.
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Figure 5-11 Main effect of oral steroid intake and interaction with rs1837253 on TSLP expression

There was a marginal association between sex and long TSLP with puncor=0.0446

(Figure 5-12) whereby males exhibited lower long TSLP expression than females.
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Figure 5-12 Association of sex with long TSLP expression

There was also a significant association between short acting inhaled beta agonists and
short TSLP with pcor=0.0449 (Figure 5-13); 137 subjects in the dataset were taking this

medication and exhibited lower short TSLP expression.
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Figure 5-13 Association of short acting beta agonist use with short TSLP expression
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rs1837253 also significantly interacted with the smoking status with pcor=0.0273. In
former smokers, the T allele (238 subjects) was associated with higher short TSLP levels than
subjects with the CC genotype (Figure 5-14).
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Figure 5-14 Interaction of rs1837253 with smoking on short TSLP expression

Ex: former smokers; No: non-smokers; Yes: current smokers.

Finally, short TSLP expression was significantly associated with weight with
Pcorr=0.0003; the same trend was observed for long TSLP but it did not reach statistical

significance after correction (puncor=0.0254) (Figure 5-15).
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Figure 5-15 Association of weight with TSLP isoform expression
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5.2.2  Electrophoretic mobility shift assays
The objective of this chapter was to test the hypothesis that rs1837253 is a functional SNP,
which regulates TSLP gene expression; and that rs1837253-T allele will lead to the
differential binding of a regulatory protein and subsequently to altered gene expression.

In order to investigate potential differential regulatory protein(s) binding on or around
the rs1837253 SNP site, EMSA was performed using A549 nuclear extract.

The A549 type Il alveolar epithelial cell line has been shown to be a convenient and
relevant model to study immunotoxicity of the lung epithelium (408-410) and was thus
established as a good model for in vitro studies of asthma inflammation.

Nuclear protein binding to the rs1837253-T allele oligonucleotide was considerably

greater than to the C-allele oligonucleotide. A representative gel is shown in Figure 5-16.
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Figure 5-16 rs1837253 EMSA with cold competition
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The first four lanes are for the C allele oligonucleotide. The second set of four lanes is for the T allele oligonucleotide. For
each allele, the first lane: nuclear extract + hot oligonucleotide; the second lane: nuclear extract + hot oligonucleotide +
cold oligonucleotide at 50 times; the third lane: nuclear extract + hot oligonucleotide + cold oligonucleotide at 100 times.

In silico analysis predicted allelic differential binding of rs1837253-T to the
glucocorticoid receptor (GR) and to Forkhead box F2 (FOXF2). In EMSA experiments, The
T allele oligonucleotide complex seemed be obliterated by incubation with consensus
sequence oligonucleotides of the glucocorticoid response element (GRE) and FoxF2 (Figure
5-17) but it was not specific to these candidate competitor oligonucleotides since one of two
non-specific cold competitors also resulted in the same effect. | was unable to show specific

competition of the SNP complex with candidate response elements oligonucleotides.
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Figure 5-17 rs1837253 EMSA with unsuccessful cold competition

158



5.2.1 Luciferase reporter gene assays

To further accumulate evidence that the asthma associated rs1837253 is a regulatory SNP, |
tested the following hypotheses: 1) a plasmid containing the rs1837253-T allele will lead to
decreased luciferase reporter activity as compared with the C allele plasmid, 2) treatments of
the cells with poly(1:C) and cigarette smoke extract (CSE) will increase luciferase activity,
and treatment with Dexamethasone will decrease luciferase activity as compared with
untreated cells, and finally that 3) the effect of the treatments will differ by rs1837253 alleles.

| performed Luciferase reporter gene assays using A549 cells transfected with plasmids
of each allele. Luciferase activity ratio was ascertained by the Firefly luciferase over the
Renilla luciferase activities ratio and the signal was background-subtracted using wells of
non-transfected cells containing all reagents. The C allele and T allele plasmids had a mean
activity ratio of -0.47 and 0.21 respectively.

Luciferase activity from untreated cells was significantly higher (p=3.6x10") in the
plasmid containing the rs1837253-T allele (N=34 in duplicate, 6 independent experiments)
(Figure 5-18).
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Figure 5-18 Luciferase ratio difference between rs1837253 alleles
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| tested the effect of three treatments on Ab549-transfected cells with plasmids
containing allelic inserts: Dexamethasone, Poly(l:C) and cigarette smoke extract. Treatments
with increasing concentrations of Dexamethasone (0.01nM to 100nM) did not affect the C-
plasmid luciferase activity. There was a modest decrease in luciferase activity after treatment
with 10nM Dexamethasone for the T-plasmid activity with p=0.034 from a mean of 0.210 for
untreated cells to a mean of 0.004 for treated cells (N=8 in duplicate) (Figure 5-19).
However, no other concentration of Dexamethasone showed a significant effect on the T

allele.
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Figure 5-19 Effect of Dexamethasone on Luciferase activity
The x axis represents the treatments by allele: C and T are the rs1837253 allele-specific plasmids; the numbers from 0 to 5

are increasing concentrations of Dexamethasone; 0: no treatment, 1: 0.01 nM, 2: 0.1 nM, 3: 1 nM, 4: 10 nM and 5: 100
nM. Example: C2 is the C allele plasmid treated with 0.1 nM Dexamethasone.
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Poly (I:C) treatment significantly increased luciferase activity in cells transfected with
the C allele plasmid but not the T allele plasmid. The increase was in a dose-dependent

manner (Figure 5-20).
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Figure 5-20 Effect of Poly (1:C) on Luciferase activity

The x axis represents the treatments by allele: Cand T are the rs1837253 allele-specific plasmids.
Poly (I:C) treatment figure: 0: no treatment; 10: poly (I:C) at 10 pug/ml; 20: poly (I:C) at 20 pug/ml, 30: poly (I:C) at 30 ug/ml.

CSE treatment at 100 fold and 50 fold dilutions also led to an increased luciferase
activity in the C allele plasmid transfected cells compared with the untreated cells (Figure
5-21). However, this effect did not seem dose-dependent. Cells transfected with the T allele
did not exhibit significant differences in luciferase activity for any of the three concentrations

used.
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Figure 5-21 Effect of CSE on Luciferase activity

The x axis represents the treatments by allele: Cand T are the rs1837253 allele-specific plasmids.
CSE treatment figure: 0: no treatment; 100X: CSE at 100 fold dilution; 50X: CSE at 50 fold dilution; 5X: CSE at 5 fold dilution.

5.3 Discussion

TSLP is a unique asthma gene in that each of its GWAS replications were at the SNP level.
rs1837253 is located upstream of TSLP and is not in LD (r? >0.2) with any other SNP in
European or African populations. It is in moderate LD with a group of 3 SNPs in TSLP with
r2=0.44 in the 1000 Genome Asian superpopulation (which includes Chinese, Japanese and
Vietnamese populations) and it is also in weak LD (r2=0.24) with a group of 3 SNPs in TSLP
in the ad-mixed American superpopulation which includes Mexican, Puerto-Rican,
Columbian and Peruvian populations. This same SNP was identified in a Japanese population
as well as European and African-descent populations.
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With the absence of LD in Europeans and Africans and the persistent replication in
GWAs at genome-wide significance level, rs1837253 is certainly the most probable cause of
the TSLP asthma association.

Before proceeding with qPCR assays for TSLP gene expression, | performed an
analysis of 12 potential house-keeping genes searching for the most stable to utilize in my
lung samples. It is interesting that GAPDH, a gene very often used as a house-keeping gene
in the literature, ranked at the bottom of my stability list using three software packages. I
selected RPLPO, as the stability of this gene was the second highest ranked and the most
concordant using all three methods. These data will be a valuable resource for future studies
of lung gene expression, as validated housekeeping genes are an essential prerequisite for
accurate quantification of transcript level (422).

Due to the location of rs1837253 in the intergenic region 3.9kb 5’ of TSLP, |
hypothesized it was a functional regulatory SNP. In order to test this hypothesis, | first
investigated the SNP effect on gene expression by gPCR.

TSLP encodes two transcripts: the long isoform 1, and the short isoform 2. | used two
TagMan gene expression assays in order to differentiate between the two: one assay
containing a specific probe which anneals to the long isoform only and the second assay
containing a probe which anneals to a region shared between the two transcripts. In the lung
samples, | only observed detectable gene expression of the short isoform and no expression
of the long isoform; this is consistent with published in vitro data showing very low or
undetectable levels of the long isoform in the lung while the short isoform was readily
expressed in the lung and all other tissues tested; the long isoform however was strongly

inducible by poly(l:C) as compared to the scarce induction of the short isoform (423).
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| did not observe any difference in TSLP expression by rs1837253 genotypes in my
samples using gPCR but the sample size for this analysis was small.

Allele-specific gPCR showed no significant departure from a ratio of one for the cDNA
levels of C over T alleles. Hence, | could not reject the null hypothesis that TSLP rs1837253
is not associated with allele-specific differential expression based on my allele-specific gPCR
data. It is important to note that the assumption is that the marker SNP rs2289276 used for
this experiment does not itself lead to allele-specific differential expression. rs2289276 was
previously associated with asthma in candidate gene studies in Asian (109, 424), Turkish
(425) and ad-mixed American subjects (110); in Asians, the LD r2 of this SNP with
rs1837253 is 0.44; which is different from European populations where rs1837253 is not in
LD with any other SNP (r? threshold of 0.2). Harada et al. showed that the rs2289276-T
allele binds a potential repressor transcription factor, Ap-2a less than the C allele and they
showed the T allele is protective from asthma in a Japanese population (109, 423). The
reason | selected this SNP as a marker for allele-specific PCR was for technical reasons and
the selection preceded the Harada et al. publication mentioned above.

My gPCR assays did not show differential TSLP expression by genotype; | stratified
the genotypic groups by asthma status, and still did not find a significant relationship
between the SNP and gene expression; there was however a suggestive significant difference
of expression between females and males (regardless of genotype); males exhibited higher
short TSLP expression.

I investigated this relationship in the lung eQTL data and short TSLP expression was

not significantly higher in males; in contrast, males showed lower long TSLP than females in
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this analysis (Figure 5-12). My analysis comprised 836 subjects with gene expression,
phenotypes and rs1837253 genotypes.

In the first study reporting the involvement of TSLP in allergic inflammation,
Hunninghake et al. found an association with lower cockroach-specific IgE levels in Costa
Rican girls, and not in boys (108). The same group later reported sex-specific association of
rs1837253 and rs2289276 minor alleles with protection from asthma; intriguingly the
rs1837253 association was in males whereas that of rs2289276 was in females (110).

In other allergic disease, the rs1837253-T allele was also associated with protection

from allergic rhinitis in asthmatic boys only (343) and three TSLP SNPs in a Chinese
population were associated with chronic rhinosinusitis in a sex-specific manner (426).
In my analysis, TSLP expression was indeed significantly associated with sex; males had a
lower short transcript expression and higher long transcript expression. This is the first report
of differential TSLP gene expression by sex and this phenomenon may contribute to the sex-
specific effects noted in the previous genetic association studies.

In the lung expression dataset, | observed a marked difference between the expression
of the two TSLP isoforms and a low correlation suggesting separate roles or regulation; this
supports the findings of a published study reporting the inducibility of the long isoform and
the constitutive expression of the short isoform regardless of treatments (423).

In fact, in a very recent high impact publication, the authors propose that the reason the
long TSLP isoform increases efficiently in response to stimulation by poly (I:C) and
inflammatory cytokines and short TSLP only increases modestly in comparison, is because

the isoforms have separate roles and regulation. Indeed, they show that the short TSLP
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protein does not activate STATS in oral keratinocytes, nor does it interfere with the long
TSLP signaling and that the short isoform has antimicrobial properties (427).

In this thesis, | described the poly (I:C) induction performed in my reporter gene
assays; | had hypothesized that rs1837253 is important for this viral-induced stimulation
reported by Bjerkan et al. and others. | treated A549 cells transfected with rs1837253 allele-
specific plasmids with increasing concentrations of poly (I1:C) and hypothesized that this
treatment will lead to higher luciferase activity and that this increase will be different by
allele. Poly (I:C) treatment did indeed lead to increased luciferase activity in a dose-
dependent manner but only for the C allele. This novel result is consistent with my
hypothesis. The T allele is the asthma protective allele, and here I have shown that a plasmid
containing this allele is not responsive to the poly (I:C) induction seen in an identical plasmid
differing only in the one allele. This might have important implications for the role viral
infections play in asthma development as well as exacerbations.

An important novel result from my studies is that the rs1837253-T allele results in
higher expression of the short TSLP isoform in the lung (corrected p=0.0082). This is the first
report of a putative functional effect of the rs1837253 polymorphism: a variant that has been
consistently associated with asthma and related traits. Although my data do not directly
implicate rs1837253, it is highly likely to be the causal SNP for this differential expression
because of the lack of LD with any other polymorphism. The direction of the association was
surprising, as this allele is protective from asthma and | hypothesized that it would result in
diminished TSLP production. Nevertheless, in the light of the new data about the potential
opposite roles of the TSLP proteins, my data indicate short TSLP might be important for

asthma protection and that rs1837253 is important for the regulation of this isoform.
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rs1837253 was a modest eQTL in the lung expression data and when adjusted for age,
sex and batch confounding factors, accounted for 14% and 9% of the variability of the TSLP
short and long isoforms expression respectively as ascertained by the models’ adjusted R2.

In order to determine whether greater explanation for the TSLP gene expression
variability can be obtained by clinical and demographical variables and whether my SNP of
interest modifies the relationship of these variables with TSLP gene expression, | performed
multiple linear regression models using clinical and demographical variables available in the
lung expression dataset.

| showed significant negative correlation between short TSLP expression and use of
antibiotics and short acting inhaled [ agonists. The short TSLP protein has been recently
shown to have an antimicrobial role (428) and this negative association with antibiotic use
might be explained by the medication rendering this role redundant. Similarly, short acting
inhaled B agonists are used to relieve asthma symptoms and their negative correlation with
short TSLP might indicate a lessening of a need of an inflammatory role for this isoform.

Smoking is known to act as an inflammatory stimulus in the lung; here | showed a
significant interaction between the TSLP SNP rs1837253 and smoking status whereby there
was higher short TSLP expression in former smokers carrying the T allele compared with
subjects with the CC genotype. | also found a significant positive association between oral
steroid intake and short TSLP expression; this relationship was significantly modified by the
presence of the rs1837253-T allele. Under the assumption that oral steroid use is a surrogate
for lung inflammation in those subjects, this association suggests the asthma-protective T
allele (but not the C allele) leads to higher short TSLP in order to participate in anti-

inflammatory efforts. Significant interactions of rs1837253 were also observed for use of
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antiplatelet and bisphosphonate drugs, influencing the short TSLP transcript expression. No
data exist thus far to elucidate the potential cause for these two associations; TSLP has not
been associated with osteoporosis or coagulation pathways. Therefore, these data need to be
replicated elsewhere and investigated.

The short TSLP isoform expression was also significantly correlated with higher weight.
This is the first report of this finding in the lung. Differential expression of TSLP was only
ever reported by one research group in adipose tissue of obese subjects with metabolic
syndrome (a condition constituted of metabolic and inflammatory phenotypes observed in
obese individuals) (429). Low-grade chronic inflammation has been associated with obesity
in many studies (430, 431) and there is some evidence of a possible link between asthma and
obesity (432, 433), although a study aiming to detect common associated genes between
asthma and obesity using GWAS data failed to find significant association; however, gene-
based analysis of GWAS aiming to detect common associated genes between asthma and
obesity, led to a suggestive association of the IL1IRL1 SNP rs13431828 with obesity (434).
My finding builds on the evidence towards a link between asthmatic inflammation and
obesity as well as provides a possible mechanism to the epidemiologic observation of
obesity’s association with later onset severe asthma.

Despite the numerous associations of TSLP gene expression with the variables, the
adjusted R2 only increased by 9% and 7% for the short and long isoforms, respectively. There
remains considerable unexplained variability not accounted for by the rs1837253 and the
clinical and demographical variables in the models (77% and 84% for short and long

isoforms, respectively).
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Generally, there were less significant results for the TSLP long isoform compared with
the short isoform; this might be due to either its low levels in the lung samples or it might be
a true negative result given the emergent role of the short TSLP protein as having a different
role than the long isoform; the samples | used were lungs of predominantly non-asthmatic
subjects, and the TSLP long isoform has been shown to be very low or undetectable in lung
cells or keratinocytes and only increases under stimulating conditions (423, 435). In a recent
publication, Takai et al. suggested that the long TSLP isoform is the predominant transcript
responsible for the production of the TSLP protein in primary human keratinocytes (428);
using the same TagMan® gene expression assays | have used: one assay for the long isoform
and one assay for both isoforms, they showed that under unstimulated conditions, the total
TSLP transcript levels constituted 50 to 100 times the level of the long isoform and there was
no detectable TSLP protein. After stimulation with TLR ligands or with pro-inflammatory
cytokines, the long TSLP isoform was greatly up-regulated and so was the total TSLP
transcript with no significant difference between the two levels; there was a marked release
of TSLP protein. Bjerkan et al. also stimulated keratinocytes with poly (I:C) and pro-
inflammatory cytokines and found the same result, i.e. that the expression of the long isoform
was increased to a much greater degree than that of the short isoform. Taken together, these
results suggest separate roles of the two isoforms. Indeed, Bjerkan et al. showed that
signaling of the short isoform was different, as it does not activate STAT5 in DCs whereas
the long isoform does.

Although a similar study in airway epithelial cells is needed to answer the same
question in the lung, it is likely the expression pattern described in keratinocytes would be

relevant to lung cells; it is established that TSLP is mainly produced by the epithelium in the
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airway, the skin cells and the gut; TSLP production by keratinocytes is thought to predispose
to and certainly predates asthma. This participates in a phenomenon referred to as the atopic
march. In atopic march mouse models, keratinocyte-derived TSLP was shown to correlate
with skin sensitization and asthma severity (436-438) but there was no distinction between
isoforms in those studies.

Using the lung expression dataset, my analysis was underpowered to detect an
association of this SNP with asthma. Out of 1104 total subjects, there were 29 asthmatics,
among them 3, 12 and 14 subjects carrying the TT, CT and CC genotypes, respectively. | had
32% power to detect a genetic effect of 1.5 and 10.2% power to detect an effect of 1.2; which
is in line with genetic effect sizes for SNPs in complex diseases. The odds ratio for the TSLP
SNP association in GWAS indeed ranged from 1.17 (37) to 1.21 (90).

EMSA assays using C and T oligonucleotides and A549 cell nuclear extract showed a
clear difference between the oligonucleotides binding to nuclear protein(s) indicating an
allele-specific effect of rs1837253 in the formation of a DNA/protein complex in those lung
cells.

However, competition experiments using cold T and C oligonucleotides were
inconclusive even after switching from room temperature incubation of probes and nuclear
extracts to incubation on ice in order to limit free protein movement and discourage non-
specific binding. Additionally, the T allele oligonucleotide complex band obliteration by a
GRE consensus sequence oligonucleotide was not consistently replicated.

ENCODE data indicate the presence of two histone enhancer marks in epithelial cells
and keratinocytes in the vicinity of rs1837253; H3K27ac histone enhancer mark was present

inside a 10.5 kb region starting 285 bp from the SNP site and ending inside the TSLP gene;
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and H3K4mel, present inside a 15 kb region encompassing the TSLP gene and starting 150
bp 3’ of the SNP site. H3K4mel is the monomethylation of the 4™ residue (Lysine) from the
N-terminus of H3 Histone and is an established epigenetic modification to serve as a marker
of enhancers of actively transcribed genes. H3K27ac is the acetylation of the 27" residue
(Lysine) of the H3 histone, and together with H3K4mel, marks active enhancers as opposed
to inactive (“poised”) enhancers which lack the latter epigenetic mark (439, 440). The
ENCODE data also show DNAse sensitivity in lung fibroblasts and aortic smooth muscle
cells indicating active chromatin in those cells around the SNP site.

Reporter gene assay data strengthened the evidence for the involvement of the T allele
in TSLP short isoform up-regulation by showing that this allele leads to higher luciferase
activity than the C allele plasmid. This result supports my novel finding of a functional role
of the rs1837253 polymorphism and provides the first insight into the mechanism underlying
the association with TSLP gene expression and with asthma.

Dexamethasone is a glucocorticosteroid drug with anti-inflammatory properties, used
to treat a number of conditions including asthma. Dexamethasone and other glucocorticoids
have very broad immunosuppressive effects (441), which occur after the compounds cross
the cell membrane and bind to glucocorticoid receptors, forming a complex which is then
able to bind specific DNA response elements on several genes and alter gene transcription.
Dexamethasone has been shown to inhibit TSLP production (442, 443).

I hypothesized that the TSLP SNP rs1837253 is important for that repression and tested
it using luciferase assays. | did not observe any effect on the C allele plasmid-transfected
cells but did find a statistically significant decrease in luciferase activity for the T-plasmid

activity after treatment with 10nM Dexamethasone. However, no other concentration of
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Dexamethasone showed a significant effect on the T allele. This decrease was modest and the
higher concentration (100nM) did not show a significant difference compared with the
untreated cells; although the mean is lower, there was much variability in the luciferase
activity for the 100 nM concentration. Therefore | cannot conclude the effect is true with
great confidence.

Viral infections in early life are associated with persistent wheezing and later
development of asthma (444) and the majority of asthma exacerbations are preceded by viral
infections in children and adults (445, 446). Asthmatic epithelial cells secrete excessive
amounts of TSLP after viral infection in comparison to cells from non-asthmatic subjects
(298); this is accompanied by lower interferon beta production which could participate in the
association of viral infections with increased asthma risk in genetically-predisposed
individuals. This viral-induced production of TSLP in epithelial cells has been shown in
human and experimental asthma models (447, 448). Poly (1:C) is a synthetic double-stranded
RNA designed to mimic viral genetic material and was shown to be a rodent and human
TLR3 ligand (449). My data showed an induction of luciferase expression by the C allele,
and not by the asthma-protective T allele.

Environmental cigarette smoke in utero and in early life has been associated with
development of asthma later in life (450). TSLP expression has also been shown to increase
in response to stimulation using cigarette smoke in vivo (301) and in vitro in lung smooth
muscle (451). In addition, nasal epithelial cells (co-cultured with dendritic cells) from
smokers exhibited greater TSLP production than cells from non-smokers after influenza

infection (452).
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I hypothesized that my SNP of interest is involved in this cigarette smoke induction of
TSLP expression; and therefore cells transfected with the allele-specific plasmids were
treated with fresh cigarette smoke extract diluted to 3 concentrations. | found that similar to
the poly (I:C) treatment, CSE treatment led to an increase in luciferase activity in the C allele
plasmid transfected cells compared with the untreated cells but seemingly not in a dose-
dependent manner. This effect was not present in the cells transfected with the T allele,
although there seemed to be a decreasing trend in that allele. This is in line with my
hypothesis

In summary, the T allele led to higher short TSLP expression and no significant change
in long TSLP expression, this allele exhibited differential binding to nuclear protein in
EMSA, and led to increased expression compared to the C allele in luciferase reporter gene
assays; cells transfected with the C allele plasmid and not T allele were responsive to poly
(I:C) and CSE treatments resulting in an expression increase..

My data, together with the new protein data suggesting opposite roles for the two TSLP
isoforms (427), indicate a role for the rs1837253 T allele in protection from asthma by
regulating the expression of the short TSLP isoform and potentially preventing its stimulation

by pro-inflammatory stimuli.
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Chapter 6: Conclusion

The objective of this thesis was to identify causal SNPs in two genes, TSLP and IL1RL1, with
very solid genetic and biological evidence of involvement in asthma pathogenesis. Both
genes have been identified in several asthma GWAS in multiple populations.

Finding an association of a phenotype with SNPs in a specific gene might be a valid
endpoint for a study as this can identify genes involved in disease-causing pathways.
However, there is a compelling case to be made for following-up the association studies in
order to identify the specific phenotype-causing SNP. Identifying causal SNPs can help
uncover the molecular mechanism underlying the involvement of the gene in disease
pathogenesis and help decipher association signals from multi-gene loci with extensive LD.

This thesis outlines the first functional analysis of the sole asthma-associated SNP in
TSLP, rs1837253, which has been replicated in multiple populations; I demonstrated that this
SNP is indeed functional, the T allele was associated with increased short TSLP expression,
and the T allele differentially bound a nuclear protein or complex and led to increased
expression in a reporter gene system.

| also report the first usage of generalized linear models to prioritize SNPs for
functional follow-up and also its first use to deal with gene expression data. | have identified
a viable list of candidate functional SNPs from the asthma-associated IL1RL1/IL18R1
chromosome 2q region; and uncovered a potential novel distal regulatory region ranging
from 680 kb to 260 kb from the IL1RL1 transcription start site, controlling the expression of

the ILLRL1 receptor isoform transcript.
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6.1 IL1IRL1
6.1.1 Summary of findings

The purpose of the ILIRL1 work in this thesis was to firstly identify putative asthma-causing
functional SNPs, secondly to investigate the gene expression of IL1RL1 soluble and receptor
transcripts isoforms, and protein expression of the soluble isoform as well as the relationship
of expression to clinical phenotypes and thirdly to uncover the molecular mechanisms of
identified putative functional SNPs.

Using two approaches, a manual annotation and a statistical learning method (Glmnet),
I narrowed down 604 associated SNPs (by virtue of gene expression, genetic association or
LD with associated SNPs) to ten and eleven SNPs respectively. | uncovered three separate
potentially important regulatory regions: one shared between the soluble and receptor
ILIRL1 isoforms and one for each of the isoforms. | also suggest the presence of an
important regulatory region controlling the gene expression of the receptor IL1RL1 at a distal
location as far as 260 kb from the TSS of its target gene IL1IRL1 but not controlling the
soluble form.

| hypothesized that functional alleles of SNPs associated with asthma risk in the
ILIRL1 gene lead to decreased expression of the soluble isoform of IL1IRL1 and/or increased
expression of the receptor form. | found no statistically significant associations of the
receptor ILLRL1 expression of the receptor in a subset of the lung expression dataset of about
300 subjects with complete phenotypic data. In the entire lung expression dataset, receptor
ILIRL1 expression was lower and less variable than that of the soluble isoform. The soluble
IL1IRL1 expression was negatively correlated with asthma and antihistamine intake; and there

was a positive correlation between smoking and soluble ILLRL1 expression; this correlation

175



was significantly modified by four SNPs. Soluble IL1IRL1 was also significantly associated
with BMI.

| performed functional analysis of the rs1420101 and rs3771180 polymorphisms.
rs1420101 was significantly associated with soluble IL1RL1 expression; although a strong
functional candidate, it did not show differential splicing of ILIRL1 mRNA as assessed by a
PCR-based method. rs3771180 was significantly associated with soluble IL1IRL1 expression.
The SNP showed DNA/protein complex formation in EMSA experiments but no clear
difference between alleles, and luciferase reporter gene assays corroborated this negative

finding.

6.1.2 Implications of the work
This thesis is the first report of the usage of generalized linear models using gene expression
data with SNPs as predictors. Exploring the IL1RL1 region using gene expression data and
intersecting it with asthma association findings in the literature allowed me to identify
potentially functional SNPs in this region of extensive LD. eQTL data showed the soluble
isoform is regulated by a multitude of independent groups of SNPs in the lung.

Using multiple linear models, I found that the receptor ILLRL1 expression did not vary
considerably as compared with the soluble isoform’s expression. Subjects diagnosed with
conditions with inflammatory symptoms such as a-1 antitrypsin deficiency and CF showed
significantly higher receptor expression and soluble IL1IRL1 was significantly greater in
subjects taking oral steroids. Despite these associations, the variability of the transcripts’

expression was mostly accounted for by genetic variation.
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The SNPs | selected for functional analysis were not analyzed elsewhere. Therefore,
efforts towards identifying asthma-causing polymorphisms will include different SNPs than
the ones for which | am reporting negative findings.

| aimed to select good putative functional SNPs that could be causing the asthma
association as well as perform in vitro studies to verify that my candidate SNPs were
functional and uncover their mechanism of regulating the IL1RL1 gene. | hypothesized that
alleles associated with asthma risk would lead to decreased gene expression of soluble
ILIRL1 accompanied with no change or increase of the receptor ILLRL1 expression and that
alleles associated with protection from asthma would lead to the opposite effect. | utilized the
results of my manual SNP prioritization for selection of SNPs for functional analysis. |
selected rs1420101 and rs3771180 as both were excellent candidates: eQTLS, associated with
asthma and predicted to have functional potential. 1 hypothesized that rs1420101 leads to
defects in IL1RL1 splicing as it was present in an intron shared between the two IL1RL1
isoforms. | designed a PCR-based assay to detect size differences between PCR products
from cDNA amplified with a forward primer and different reverse primers annealing to
successive exons. However, rs1420101 did not show evidence supporting my hypothesis.

rs3771180 is a proximal promoter SNP with strong evidence of functional potential
according to my manual annotation; it was highly associated with soluble IL1RL1 expression
in the lung but failed to show differential binding to nuclear proteins by EMSA and similarly
did not show a significant difference in luciferase expression by allele. Therefore, it is
unlikely that either rs1420101 or rs3771180 is a causal polymorphism for the associations
with asthma and these results narrow down the search for the functional SNPs in this

important asthma locus.
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6.1.3 Limitations and future directions

A limitation to the expression studies in this thesis is that the lung gene expression dataset
was derived from subjects undergoing lung resection following cancer diagnosis; although
the region of the lung sampled for the study were distant from the tumor site, this was not an
asthma cohort. | used this dataset under the assumption that SNP effects on gene expression
would be the same in asthma patients although allele frequencies may be different in the two
diseases. A similar dataset from asthmatics and controls would have been ideal but was not
available. Additionally, there was much sparsity in the phenotypic data, which decreased the
number of samples | could use for gene expression/phenotype association from 1104 to 845
subjects. Variable selection for the linear models was performed in an unbiased manner,
which resulted in the removal of several relevant variables such as asthma. In addition,
several variables had too few subjects in the different categories and this rendered some
comparisons underpowered because of the stratification by genotype that is required for
studying interactions.

Another limitation in the IL1IRL1 work is that, although | found no evidence of a
differential splicing pattern by rs1420101 genotypes or by asthma status using the PCR-based
splicing assay, the PCR-based technique has relatively low resolution to observe smaller
changes in size. A more robust approach would have to be employed in order to definitively
state that this SNP has no effect on splicing. For example, the rs1420101 SNP splicing data
in this thesis should be replicated using mini-gene systems in order to verify the negative

finding and provide a more definitive answer.
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Moreover, the SNP selection for functional analysis was performed based on the
manual annotation because the Glmnet analysis required additional training in statistical
learning methods which occurred later during my thesis work.

As future direction, putative functional SNPs from the glmnet analysis should be
investigated for functional potential using molecular biology techniques like those described
in this thesis; in particular, the identified potential distal regulatory region for receptor
ILLIRL1 should be investigated. This could be done by analyzing the individual SNPs in the
region using EMSA and reporter gene assays and also by chromosome capture techniques to
uncover potential physical interaction of this regulatory region with ILIRL1 promoters.

Blood and lung samples from a large cohort (500 or more) of asthmatics and controls
with genotypes, phenotypes and gene expression data would be instrumental in further
investigating the differential expression of the IL1RL1 isoforms and distinguishing between
their respective regulatory SNPs. This would also allow comparison of tissue-specific
differences and may shed more light on the differential ILIRL1 promoters’ usage. Thus far,
there have been only a limited number of published in vitro studies investigating the topic; in
rats cardiac myocytes, the proximal promoter is used for the two isoforms (205); whereas in
mice mast cells, both isoforms are produced from the distal promoter (453). Human in vitro
studies also indicate complex regulation. For example, data suggest that in Th2 cells, the
receptor transcription is controlled by the distal promoter (394) and in fibroblasts the soluble
isoform is controlled by the proximal promoter (395). There are also data from a leukemia

cell line UT-7, where both promoters are used for the transcription of the two isoforms (382).
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6.2 TSLP

6.2.1 Summary of findings
My purpose was to investigate the TSLP SNP rs1837253, as the T allele of this
polymorphism was associated with protection from asthma in several GWAS in different
populations. I hypothesized that this allele leads to decreased TSLP expression.

gPCR assays in a small number of lung samples showed no detectable long TSLP, no
differential expression of the short TSLP by genotypes or by alleles; although for the allele-
specific expression assay, | utilized a coding marker SNP which might result in differential
allelic expression so this result was inconclusive.

In the larger lung expression dataset, long TSLP was detectable but its levels were
lower and of smaller range than the short isoform. Male subjects had lower long TSLP
expression in the lung; but it did not survive correction. | showed rs1837253 was an eQTL in
the lung albeit a modest one, and that it significantly modified the relationship of smoking
status to the short TSLP expression. Former smokers with the T allele exhibited higher gene
expression than the subjects carrying the CC genotype. | showed for the first time a
significantly higher long TSLP expression in CF subjects as well in subjects with higher
weight. Antibiotic use was significantly associated with lower short TSLP consistent with its
emerging role as an antimicrobial peptide.

Using EMSA, | showed that the T allele of rs1837253 differentially bound a nuclear
protein or complex in A549 nuclear extract, but could not show consistent competition of the
resulting DNA/protein complex. Reporter gene assays however confirmed a differential
effect of the T allele, as a plasmid containing that allele showed higher luciferase expression

than the C allele plasmid. Dexamethasone treatment did not significantly affect the C allele
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but showed some effect on decreasing the T allele plasmid luciferase activity. Finally, the C
allele plasmid-transfected cells had significantly increased luciferase expression after Poly

(I:C) and CSE treatments but not the protective T allele.

6.2.2 Implications of the work

To the best of my knowledge, this is the first investigation and demonstration of the
functional potential of the asthma-associated TSLP SNP rs1837253. In the last few years, the
important role of TSLP in initiating, amplifying and maintaining the asthmatic airway
inflammation has become clear. TSLP, however, is also involved in homeostasis rendering a
direct therapeutic approach challenging. It is therefore crucial to understand the role of the
asthma-associated SNP in order to decipher the particular asthma-specific pathway and
consequently have the basis to develop specific therapeutics which would hopefully have the
least harmful secondary effects on patients. AMG 157, a human TSLP monoclonal antibody
reduced allergen-induced asthmatic early and late responses in stable allergic asthmatics in a
recent 12-weeks clinical trial (454).

The TSLP gene expression analysis detailed in this thesis showed a clear difference
between the levels of the two isoforms in the lung as well as a low correlation between them;
this certainly warrants future studies into TSLP expression to be designed to differentiate
between the isoforms. At present, it is still unclear which isoform is important for asthma as
most reports use gene expression assays that do not discriminate between isoforms which
could confound the results. A very recent study thoroughly investigated the two TSLP
isoforms in oral keratinocytes (427) and the authors elucidate the issue of the TSLP isoforms

(at least in keratinocytes) by finding the short TSLP does not activate STAT5 in DCs as the
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long TSLP does. Furthermore, the short TSLP isoform does not interfere with the signaling
either and thus they were able to differentiate between an inflammatory role for the long
TSLP and a role as an antimicrobial peptide for the short TSLP. This study potentially
explains my finding that the asthma protective T allele of rs1837253 binds a nuclear protein
or complex in a lung cell line and leads to higher expression in a luciferase reporter gene
system and is associated with greater short TSLP transcript levels in human lung samples. |
showed that cells transfected with the C allele plasmid increased luciferase production in
response to the pro-inflammatory stimuli used (Poly(l:C) and CSE) but not the T allele.
Together with the EMSA finding, this could imply the nuclear protein(s) that bind to the T
allele inhibit the signaling necessary for an inflammatory response to the stimuli.

This thesis reports the first interaction of the TSLP genome-wide associated SNP
genotype with smoking status and oral steroids use on gene expression. Previously published
significant interactions of TSLP SNPs were: 1) rs2289276 was associated with FEV1 in
asthmatic Turkish children without allergic rhinitis compared to with allergic rhinitis (425);
2) rs3806933 significantly modified the effect of breast-feeding on food sensitization (455);
3) rs1898671 significantly interacted with smoking to influence asthma risk in an American
admixed population (456) and finally 4) rs2289276 was significantly associated with

protection from asthma in females only in a stratified analysis (110).

6.2.3 Limitations and future directions
The TSLP gene follow-up of the asthma association consisted of the functional analysis of a
single SNP, rs1837253. The reason for that was the consistency of its replication in several

GWAS:; to date, no other TSLP SNP was identified in a GWAS. However, other TSLP SNPs
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have been associated with asthma and related phenotypes in candidate gene association
studies (109, 110, 424, 425, 456, 457) although the majority of these studies did not consider
rs1837253 for association analysis. These studies are summarized in 6.3B.2 .These TSLP
SNPs might also be important for gene regulation and asthma; but the fact that these SNPs
were not identified in GWAS, even in the GWAS of the Japanese population (90), where
some of these candidate genetic association studies were performed, indicates that their
involvement in asthma is minor compared to rs1837253 or that they served as a surrogate for
it, as there is some degree of LD in the Asian population.

A clear limitation of my TSLP EMSA data is the lack of consistent successful cold
competition; many strategies were used to attempt to remedy that problem and the assays
were repeated multiple times (~18 times). Nevertheless, the differential binding to the T
allele was always replicated.

A limitation of my studies is that | did not perform any methylation assays to verify
any potential effect of my SNP of interest; there was a report of hypomethylation leading to
heightened TSLP expression in atopic dermatitis lesions (458) as well as a significant
difference of methylation status of the TSLP promoter in children with and without prenatal
smoke exposure (459); but the scope of my thesis work was to investigate the asthma-
associated SNP rs1837253 and there were no reported CpG sites around it, as verified using
the UCSC genome browser.

In future work, the identification of the protein or complex which binds to the T allele
and the successful cold competition are very desirable. Mass spectrometry after stable

isotope labeling of the DNA/protein complex could be used to identify the proteins bound
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(460) followed by verification using consensus sequence oligonucleotides in EMSA

competition.

6.3 Concluding remarks

More extensive research needs to take place in order to clearly understand the specific roles
of both TSLP and IL1RL1 transcript isoforms in the lung. Understanding the different
regulation and expression patterns of each isoform would greatly enhance our understanding
of asthma pathogenesis by answering some of the unresolved questions in the mechanisms of
asthmatic lung inflammation. Given the upstream production of IL-33 and TSLP from the
epithelium, these proteins and their receptors present a great opportunity for therapeutic
intervention before chronic inflammation becomes established in the lung. An excellent way
of investigating those mechanisms is to follow up SNP associations with functional analysis
while paying the utmost attention to the selection of the SNPs most likely to be worth the
time and financial commitment of this follow-up. In a metaphorical sense, functional SNPs
pinpoint to the exact “location” in the signaling cascades where homeostatic processes and
healthy immune responses break-down and should be used to identify those proteins or
signaling hubs’ breaking points or imbalances in the normal immune responses. Asthma
therapies have not changed in a long time and are still focused on relieving excessive existing
inflammation and acute bronchospasms. Prenatal screening for asthma susceptibility and
eventually a cure are long overdue, and efforts should be directed towards the opportunity
that epithelial genes, such as TSLP and IL-33, offer to understand the disease onset

mechanisms.
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Appendices

Appendix A - Supplementary tables for Chapter 3

Al

List of the 186 SNPs in the IL1IRL1 region

W 00N OB Wi =

(=]

Chromosomal
SNP rs position build Nearby Genes Alleles
37.3
102858921 IL1RL2||LOC100129822 G/T
102860074 IL1RL2| |LOC100129822 C/G
102865236 IL1RL2| |LOC100129822 A/T
102865875 IL1RL2| |LOC100129822 C/G
102879464 LOC100129822| [IL1RL1 A/C
102883618 LOC100129822| [IL1RL1 C/T
102883975 LOC100129822| |IL1RL1 C/T
102887128 LOC100129822| |IL1RL1 C/T
102895784 LOC100129822| |IL1RL1 A/G
102912664 LOC100129822| |IL1RL1 A/C
102914214 LOC100129822 |IL1RL1 A/G
102915662 LOC100129822 [IL1RL1 c/T
102917788 LOC100129822] [IL1RL1 C/T
102920037 LOC100129822] |IL1RL1 C/T
102922987 LOC100129822| [IL1RL1 G/C
102926511 LOC100129822] |IL1RL1 C/T
102926981 LOC100129822| |IL1RL1 A/G
102930147 IL1RL1 G/A
102930881 IL1RL1 A/G
102930948 IL1IRL1 A/G
102932293 IL1IRL1 T/C
102932562 ILIRL1 C/A
102935237 IL1RL1 C/T
102935805 IL1IRL1 A/C
102936131 IL1IRL1 A/T
102936981 IL1RL1 G/A
102937482 IL1IRL1 G/A
102939036 IL1RL1 C/T
102939434 IL1RL1 T/C
102939833 IL1IRL1 C/T
102940412 IL1RL1 C/T
102947201 IL1RL1 A/T
102948632 IL1RL1 C/A
102948819 IL1IRL1 T/C
102948939 IL1IRL1 A/G
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Chromosomal

SNPrs position build Nearby Genes Alleles
373
102949161 ILIRL1 T
102950822 ILIRL] AJC
102951073 IL1IRL1 G/A
102951467 ILIRL1 G/C
102951798 ILIRL1 G/C
102951851 ILIRL1 A/G
102951972 ILIRL1 G/C
102952360 ILIRL1 AG
102953067 IL1RL1 o
102953617 ILIRL1 T/G
102954653 ILIRL1 /T
102955056 IL1IRL1 c/G
102955082 ILIRL1 A/G
102955468 IL1IRL1 AC
102955683 IL1IRL1 G/T
102955860 ILIRL1 T/G
102957348 ILIRL1 T
102957532 ILIRL1 T/C
102957716 IL1RL1 T/C
102960007 ILIRL1 A/G
102960210 ILIRL1 AT
1312712142 102960584 ILIRL1 AJC
rs6543119 102963072 IL1IRL1 AT
513017455 102964742 IL1IRL1 /T
102966067 ILIRL1 A/G
102966549 IL1IRL1 A/G
102967844 ILIRL1 AJC
102971865 ILIRL1] |IL18R1 G/T
102974417 IL1IRL1]|IL18R1 G/T
rs2287037 102979028 ILIRL1] [IL18R1 T/C
102985424 IL18R1 G/A
102985980 IL18R1 T/A
102986170 IL18R1 T/C
102986618 IL18R1 T/C
102990648 IL18R1 c/G
102991786 IL18R1 T/A
102992675 IL18R1 T/C
102993161 IL18R1 AC
102994714 IL18R1 A/G
102997884 IL18R1 C/A
103003961 IL18R1 C/A
103009894 IL18R1 G/A
103013750 IL18R1 G/C
103018128 IL18R1| |LOC442035 AT
103019740 IL18R1| |LOCA42035 G/T
103019919 IL18R1| |LOCA442035 G/A
103020030 IL18R1| |LOCA42035 AT
103024813 IL18R1| |LOCA42035 G/T
103025203 IL18R1| |LOC442035 AIG
103025274 IL18R1| |LOCA42035 T
103025547 IL18R1| |LOCA42035 A/G
103025738 IL18R1] |LOCA442035 A/G
103028066 LOC442035 /T
103033147 LOC442035 T/C
103035044 LOC442035 G/A
103035468 LOCA442035/IL18RAP /T
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Chromosomal
SNPrs position build Nearby Genes Alleles
373
103038527 LOCA442035/IL18RAP G/C
103038587 LOCA442035/IL18RAP 1/G
103039584 ILI8RAP AT
103039873 ILIBRAP C/G
103039929 ILIBRAP A/G
103045020 ILI8RAP A/G
103046880 ILI8RAP G/A
103048467 ILIBRAP G/T
103049910 ILI8RAP G/A
103050390 ILI8RAP (¥4}
103050458 ILABRAP G/T
103050925 ILABRAP G/A
103052206 ILIBRAP T/C
103052995 ILABRAP C/G
103054420 ILISRAP (*4 )
103054449 ILIBRAP G/A
103054803 ILIBRAP T/C
103055644 ILI8RAP A/G
103057251 ILIBRAP 1/G
103060024 IL1IBRAP T/A
103061147 ILIBRAP A/G
103061286 ILIBRAP A/G
103062116 ILIBRAP A/G
103062880 ILIBRAP c/T
103063369 ILABRAP A/G
103066858 ILI8RAP A/G
103068787 ILI8RAP A/G
103070568 ILI8RAP| |SLCOAM T/C
103074493 IL18RAP| |SLCOAY A/G
103075561 ILI8RAP| |SLCOM (*4 )
103076210 IL18RAP| |SLCOAM A/G
103076351 IL18RAP| |SLCOA A/G
103076569 IL18RAP| |SLCOA AJC
103076670 ILIBRAP| |SLCOAM A/G
103076888 IL18RAP| |SLCOA G/T
103078740 IL1IBRAP| |SLCOA A/G
103079297 IL18RAP| |SLCOA ("4}
103079516 ILLBRAP| |SLCIA4 AJC
103079619 IL18RAP| |SLCOAM A/C
103079814 IL1BRAP| |SLCOA AT
103082273 ILLBRAP| |SLCOA4 C/A
103083324 IL18RAP| |SLCOAG G/C
103085257 ILIBRAP| |SLCOA C/G
103086049 IL1BRAP| |SLCOA4 C/G
103086758 IL18RAP| [SLCOAA (¥4)
103086770 IL18RAP| {SLCIAL C/A
103087573 IL18RAP| |SLCOA (*4}
103088176 IL1BRAP| |SLCOAM T1/G
103088777 IL18RAP| |SLCOA4 T/C
103089078 IL18RAP| |SLCOA C/G
103091585 SLCOAL AJC
103092021 SLCOAL G/A
103092270 SLCIAL (#4)
103092906 SLCOAL A/G
103093081 SLCOAL T
103093243 SLCIAL or
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103094213 SLCIAG T/G
103094323 SLCIAY T/A
103123301 SLCIAS A/G
103123633 SLCIA4 C/G
103123642 SLCIAd A/G
103123965 SLCIAS C/G
103125018 SLCIAG C/G
103125138 SLCOA4 A/G
103125182 SLCIAS T
103125632 SLCIAG /T
103125736 SLCOA4 /T
103127963 SLCOAd AT
103128866 SLCOAd /T
103129692 SLCOA4 C/G
103132269 SLCIA4 G/C
103132378 SLCOAd T/C
103133310 SLCIA4 A/G
103135759 SLCOAd G/A
103135938 SLCaAd AT
103136309 SLCIAL /T
103136446 SLCOAY G/T
103137990 SLCIAd o
103138761 SLCIAS A/G
103138825 SLCIA4 A/G
103139298 SLCIAd o
103139751 SLCIAS A/G
103141651 SLCIAG G/C
103144391 SLCOA4 G/A
103151219 SLCIA4 | |SLCIA2 A/C
103151441 SLCOA4| [SLCIA2 A/G
103151862 SLCOA4 | [SLCIA2 /T
103159093 SLCOA4 | |SLCOA2 AJC
103160443 SLCOA4 | |SLCOA2 A/G
103161053 SLCOA4 | [SLCIA2 AT
103165129 SLCOA4 | |SLCOA2 /T
103165832 SLCOA4 | |SLCOA2 G/A
103173059 SLCOA4| [SLCIA2 G/A
103176411 SLCOA4 | [SLCIA2 (=4}
103176797 SLCOA4 | |SLCOA2 AC
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List of the 232 SNPs in the IL1IRL1 region
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102858921 ILIRL2| | LOC100129822 eQIL
102860074 IL1IRL2| | LOC100129822 eQIL
102865236 IL1IRL2| | LOC100129822 2QIL
102865875 IL1RL2| | LOC100125822 eQIL
102879464 LOC100129822] | ILIRL1 eQIL
102883975 LOC100129822] |IL1IRL1 eQIL
102887128 LOC100129822] | ILIRL1 eQTL + Association
102914214 LOC100129822] | ILIRL1 eQlL
102953617 IL1IRL1 e(QTL + Association
102954653 IL1IRL1 eQTL + Association
102955056 IL1RL1 eQIL+ LD
102955082 IL1RL1 eQiL+ LD
102955468 IL1IRL1 eQTL + Association
102957348 IL1RL1 eQTL « Association
102960210 IL1RL1 eQIL
102966549 IL1IRL1 eQTL + Association
102990648 IL18R1 eQIL
102991786 IL18R1 eQIL
102997884 IL18R1 eQTL + Association
103003961 IL18R1 eQIL
103009894 IL18R1 eQIL
103013750 IL18R1 eQIL
103018128 IL18R1] | LOCA42035 2QTL
103019740 IL18R1] | LOCA442035 eQIL
103020030 IL18R1| | LOCA42035 eQIL
103025274 IL18R1] | LOC442035 eQlL
103025547 IL18R1] | LOC442035 =QTL
103025738 IL18R1] | LOCA42035 eQIL
103028066 LOC442035 eQiL
103035468 LOCA42035/IL18RAP eQIL
103039873 IL18RAP eQlL
103050390 IL18RAP eQTL
103054420 IL18RAP eQTL
103057251 IL18RAP eQlL
103079516 IL18RAP| | SLCOA4 eQIL
103083324 ILIBRAP| |SLCOAY 2QTL
103087573 ILIBRAP| [SLCOAY eQIL
103088777 ILIBRAP| |SLCOAA eQIL
103091585 SLC9AL 2QTL
103092270 SLCSA4 eQIL
102883618 LOC100129822] | IL1RL1 eQIL
102895784 LOC100129822] | ILIRL1 eQTL
102912664 LOC100129822] | IL1RL1 eQIL
102915571 LOC100129822] | IL1RL1 LD
102948632 ILIRL1 eQIL
102951851 IL1IRL1 eQlL
102971865 ILIRL1| |IL18R1 =QTL
102985424 IL18R1 eQTL + Association
102985980 IL18R1 eQlL
102986170 IL18R1 eQIL
102986618 IL18R1 eQIL
102992675 IL18R1 eQTL + Association
102993161 IL18R1 eQTL
102994714 IL18R1 eQlL
103019919 IL18R1| | LOCA42035 eQTL
103024813 IL18R1] | LOCA42035 eQTL
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2 7 103025203 IL18R1] | LOCA442035 2QTL
2 7 103033147 LOC442035 eQIL
2 7 103035044 ILIBRAP eQTL + Association
v 7 103038527 LOCA42035/IL18RAP eQTL
2 7 103038587 LOCA42035/IL18RAP eQlL
2 7 103039584 IL18RAP eQiL
2 7 103039929 IL18RAP eQTL
2 7 103045020 IL18RAP QL
2 7 103046880 IL18RAP eQTL
2 7 103048467 IL18RAP eQIL
2 7 103049910 IL18RAP eQIL
2 7 103050458 IL18RAP eQIL
2 7 103050925 IL18RAP eQTL
r 7 103052206 IL18RAP eQIL
2 7 103052995 IL18RAP eQIL
2 7 103054449 IL18RAP eQIL
2 7 103054803 IL18RAP eQIL
2 7 103055644 IL18RAP eQTL
2 7 103060024 IL18RAP eQIL
2 7 103062880 IL18RAP eQTL
2 7 103063369 IL18RAP eQTL
2 7 103068787 IL18RAP eQIL
2 7 103070568 IL1BRAP| |SLC9AA eQIL
2 7 103074493 ILI8RAP] | SLCOAY eQIL
2 7 103075561 ILIBRAP| [SLC9AA eQlL
2 7 103076210 IL1BRAP| | SLC9AA eQIL
2 7 103076351 ILIBRAP| |SLCOAY eQTL
2 7 103078740 ILIBRAP| [SLCOAY eQTL
2 7 103079297 IL18RAP| |SLCOAA eQIL
2 7 103079619 ILIBRAP| |SLCOAY eQIL
2 7 103079814 ILIBRAP| [SLCOAY 2QTL
2 7 103082273 ILIBRAP| |SLCOAY eQIL
2 7 103086770 ILIBRAP| |SLCOAY eQTL
2 7 103092021 SLC9AY4 eQIL
2 7 103092906 SLCSA4 eQTL
2 7 103093081 SLC9A4 eQIL
2 7 103093243 SLC9AA eQIL
2 4 103159093 SLCIA4| |SLCOA2 2QTL
2 4 103160443 SLCOAA| |SLCOA2 2QTL
2 q 103161053 SLCOAA| |SLCOA2 eQTL
2 4 103165129 SLCIA4| |SLCOA2 2QTL
2 4 103165832 SLC9A4| |SLCIA2 eQIL
2 a4 103173059 SLCIAA| |SLC9A2 eQIL
2 4 103176411 SLCIA4] |SLCOA2 eQIL
2 4 103176797 SLC9A4| |SLC9A2 eQIL
3 22 rsd4851563 102885535 LOC100129822] | ILIRL1 LD
3 24 rs1476984 102912269 LOC100129822| | IL1IRL1 LD
3 24 rs1420089 102938389 IL1RL1 Association
3 24 rs17696376 102965153 IL1IR1 LD
3 22 rs4851567 102972807 ILIRL1| [IL18R1 LD
3 24 rs12105808 102974222 ILIRL1 / IL18R1 LD
3 23 rs13425475 103025181 IL18R1] | LOCA442035 LD
3 23 rs4851581 103034749 LOC442035 LD
3 23 rs11465722 103063489 LD
4 18 102915662 LOC100129822] | IL1RL1 eQIL
5 4 102917788 LOC100129822] | ILIRL1 =QTL
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102920037 LOC100129822] | IL1RL1 eQIL
102922987 LOC100129822] | ILIRL1 =QIL
102926511 LOC100129822] | IL1RL1 eQIL
102926981 LOC100129822]|IL1RL] eQIL
102930147 ILIRL1 eQTL
102930881 IL1RL1 eQIL
102930948 IL1IRLY eQlL
102932293 IL1RL1 eQIL
102935237 ILIRL1 2QTL
102935805 IL1IRLL eQlL
102936131 IL1RL1 eQIL
102936981 ILIRL1 eQIL
102937482 ILIRL1 eQTL
102939434 IL1RL1 eQIL
102939833 IL1RL1 eQIL
102940412 ILIRL1 eQTL
102947201 ILIRL1 eQIL
102948819 IL1RL1 eQlL
102948939 JLIRL1 eQTL
102951073 ILIRL1 eQIL
102951467 IL1RL1 eQlL
102951798 ILIRL1 eQTL
102951972 IL1RL1 eQIL
102953067 IL1RL1 eQTL
102932562 ILIRL1 =QTL
102939036 IL1RL1 eQTL
102949161 IL1RL1 eQTL
102950822 IL1RL1 eQIL
102952360 IL1RL1 2QIL
102955683 ILIRLL eQlL
102955860 IL1RL1 eQIL
102957532 ILIRL1 eQIL
102957716 ILIRL1 eQTL + Association
102960007 IL1RL1 eQIL
103001402 IL18R1 eQTL + Association
102959260 IL1IR1 LD
102961929 ILIRL1 Association
102962739 IL1IR1 LD
102963628 IL1IR1 LD
102963949 IL1IR1 LD
102965329 ILIR1 LD
102966067 ILIRL1 eQTL + Association
102967236 IL1RL1 LD
102967413 IL1RL1 LD
102967587 IL1IRL1 LD
102967928 IL1RL1 LD
102968007 ILIRLY LD
102968075 IL1RL1 LD
102968212 IL1RL1 Association
102968285 ILIRLL LD
102968356 IL1IRL1 Association
102968362 IL1IRL1 Association
102984624 IL18R1 Association
102986222 IL18R1 Association
102986375 IL18R1 Association
102990788 IL18R1 LD
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102991369 IL18R1 LD
102994333 IL18R1 LD
102996345 IL18R1 LD
102998279 IL18R1 LD
102999952 IL18R1 LD
103006104 IL18R1 LD
103006448 IL18R1 LD
103009537 IL18R1 Association
103011237 IL18R1 Association
103015687 IL18R1 Association
103018052 IL18R1] | LOCA442035 LD
103019000 IL18R1] | LOCA42035 LD
103019031 IL18R1] | LOCA42035 LD
103020139 IL18R1] | LOCA442035 LD
102966906 IL1RL1 Association
103061147 IL18RAP eQlL
103061286 IL18RAP eQIL
103062116 IL18RAP eQIL
103066858 IL18RAP eQiL
103076569 ILL8RAP| | SLCIAY eQIL
103076670 ILI8RAP| | SLCOAY eQIL
103076888 ILI8RAP| |SLCIAY eQIL
103085257 IL18RAP| |SLCOAY eQIL
103086049 IL18RAP| |SLCOAY eQIL
103086758 ILI8RAP| |SLCIAY eQIL
103088176 IL18RAP| |SLCOAY eQIL
103089078 IL18RAP| |SLCOAA eQIL
103094213 SLC9A4 eQIL
103094323 SLC9A4 eQTL
103123301 SLC9A4 eQIL
103123633 SLC9A4 eQIL
103123642 SLC9A4 eQTL
103123965 SLC9Aa eQiL
103125018 SLC9A4 eQIL
103125138 SLC9AA eQTL
103125182 SLC9AA eQiL
103125632 SLCSAA eQIL
103125736 SLC9AA eQTL
103127963 SLC9Ad eQiL
103128866 SLC9A4 eQTL
103129692 SLC9AA eQTL
103132269 SLC9AA eQIL
103132378 SLC9A4 eQIL
103133310 SLC9AM eQTL
103135759 SLC9AA eQIL
103135938 SLC9A4 eQIL
103136309 SLC9AA eQIL
103136446 SLC9A4 eQIL
103137990 SLC9A4 eQIL
103138761 SLC9A4 eQIL
103138825 SLC9A4 eQIL
103139298 SLC9A4 eQTL
103139751 SLC9AA eQiL
103141651 SLC9AY eQIL
103151219 SLCIA4] |SLCIA2 eQTL
103151441 SLCIA4| |SLCIA2 eQlL
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10 4 103151862 SLCIAA] |SLCOA2 eQTL
11 14 103144391 SLCSA4 eQTL
12 8 rs12712142 102960584 IL1RL1 eQIL
12 8 rs6543119 102963072 IL1IRLY eQIL
12 8 rs13017455 102964742 IL1RL1 eQTL
12 8 rs11123923 102967844 IL1IRL1 eQIL
12 8 rs12998521 102974417 IL1IRL1| |IL18R1 eQIL
12 8 rs2287037 102979028 IL1IRL1] [IL18R1 eQTL + Association

SNP source legend:
eQTL: SNP identified from the lung eQTL dataset
LD: SNP identified to be in high LD with an eQTL or asthma-associated SNP

Association: SNP identified from a published genetic association study of asthma
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List of the 77 SNPs in the IL1RL1 region

Promoter | Enhancer
HapMap | Encode GENCODE | dbSNP func
pos (hg19) SNP WD bin | LD bin Ref [ Alt| CEU | SiPhy cons | histone | histone DNAse Proteins bound| Motifs changed S i
marks | marks -
103087573 | rs10172116 | 1 3 |c|7|o1s Ets 22
SLCIA4
103025274 | rs10181785 1 3 | c|T|o1s RXRA,Roaz SIS o
ILIBRAP
102955468 | rs1041973 1 13 |c|alozs Hinery AP4, Ascl2, LBP-L, | p1a missense
K562 Maf, Myf, NRSF
103025738 | rs11687768| 1 3 |a|lc|ois Hbp1l b0
ILISRAP
103025547 | rs12712148 1 3 | 6|a|ois Dby En-1, bae s, ] 9.6k of
Poulfl, RXRA ILIBRAP
et K562, HCM,
NHEK. | HEEDIC, HMVEC-|  CFOS, CIUN,
102954653 | rs13431828 | 1 2 c|7|o1a wshny, | DPFAG, HPAEC, | POL2, FOSLY, XR ILIRLY 5-UTR
" | HRGEC, PANC-1,| JUNB, JUND
K362 SAEC, WI-38
103088777 | rs1403552 1 3 |c|7|oas DMRT1,RREB-1 | 28409 5' of
SLCIAG
AFP1, FoxQ1,
102990648 | rs17027029 | 1 3 |6|c|o1s HNFL, Myf, SIX5, | IL18R1 intronic
SRF
103057251 | rs2075186 1 3 |G |7 [ois Tgifl IL18RAP intronic
103035468 | rs2293223 1 3 | c|T1o18 K562 | GM12878 5 altered motifs | _ILISRAP intronic
102597884 | 53213733 i 3 |clalois GATAPax-8TALL | IL18R1 intronic
103013750 rs3732127 1 3 |elcloaz K562 E£BF IL18R1 3-UTR
BRCAL, Ets, Irf, :
102960210 | rs3771175 1 2 [ 1]|Afo1s K562 HCM,NB4 ILIRLY 3-UTR
Myb, tef12
Huvec,
HMEC, CFOS,CJUN,STA| AP-1, Bch2, GR, s 7
102953617 | rs3771180 1 2 G| T|[014 X562, (1) - PROM1, STAT ILIRL1 intronic
NHEK
103028066 | rs7586983 1 3 | c|7|o1s PPAR 71k 3tof
IL1SRAP
102265275 | r<9646944 1 1 clcloz Chorion,Hepatoc GATA HDAC2 HMG | 9.4kb 3" of
ytes N3 IL1RL2
GM12878, Ci;‘n'GUN' S5
103035044 | rs1420106 2 7 | A|6|ore K562, (2) TGS ILIND Evi-1 P
PU1, STAT1, ILISRAP
Huvec
TALL
103033147 | rs1807782 2 7 | c|T|ore Thi D 20
IL1SRAP
102985424 | rs2058622 2 7 |Ale 0.79- GM12878 E“""c;;i' PEBP. | j118R1 intronic
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Promoter | Enhancer
HapMap | Encode GENCODE | dbSNP func
pos (hg19) SNP || e CEU | SiPhy cons | histone | histone DNAse Proteins bound| Motifs changed Gones R
marks | marks
2 HNF4, k-1, k-2,
103054443 | rs2058660 | 2 7 0.79 e Nanog,Tré::A,Sox, IL18RAP intronic
102992675 | 52270207 | 2 7 079 AGO4450,HPF IL18R1 intronic
GM12878, o o
103039929 | rs2272128 | 2 7 0.79 e AIRE Nkx6-1 IL18RAP intronic
102051851 | rs2310220 | 2 7 074 :552' GCNF,2p740 ILIRLY intronic
uvec
GM12878, Thi,Monocytes- _ _
103039584 | rs3817465 | 2 7 079 keen |CO14+_RO01746 GRVDR IL18RAP intronic
NB4
EVi-1, GR,HDACZ, | g0
103024813 | rsags1007 | 2 7 079 Melano Ost2, PEBP, Sin3Ak-|
20
103025203 | rsagsis7s | 2 7 079 PPAR R sof
ILIBRAP
HSMM, NFKS, EBF1,
103052995 | rs67a6271 | 2 7 079 A5562) @) ELEL, 1004, Maf IL18RAP intronic
GM12878, MEF2A,
Huvec PAXSC20
102093161 | re6753717 | 2 7 079 EWSRI-FLILTCF12 | IL18R1 intronic
103068787 | rs7550479 | 2 7 079 Egr-1, SETDBL, Sox, |\ 1erap 3-UTR
2fp410
103070568 | rs917997 2 7 0.79 TALL Aokhs o
ILIBRAP
103086770 | rs990171 2 7 0.79 CDP.GATA 3kb 5’ of
SLCIA4
103063489 | 511465722 | 3 19 0.12 Myc IL18RAP intronic
MZF1::1-
102974222 | s12105808 | 3 18 013 GM12878 | Huvec EBF1 azeTETAZIITR0 | 13RI
103025181 | rs13425475 | 3 19 0.12 RAR,RXRA,SMC3 1?3’81 l°'
102938389 | rs1420089 | 3 18 013 GATA2 Evi-1Lhxd ILIRLY intronic
GM12878,
NHLF, GM18507,
Huvec, GM19238, Huh-
GM12878, 7, Urothelia,
102972807 | rsag51567 | 3 18 013 NHEK, H1, | HSMM D20+, EGR1,POL2 ATF:)’(RA:F:;?"R' IL18R1
HMEC, CD34+_mobilize '
K562, d, H7-hESC,
HepG2 PANC-1, SAEC,
Ihd
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Promoter | Enhancer
HapMap | Encode GENCODE | dbSNP func
pos (hg19) SNP LD bin | LD bin Ref | Alt| CEU | SiPhy cons | histone histone DNAse Proteins bound| Motifs changed PR SR
marks | marks 5
103034743 | rs4851581 3 19 | A|G|012 GMIZETE; Tht Foxa,Foxp3,HDAC2 | 39%0P 5" of
K562 ILIBRAP
102915662 | rs11693697 | 4 14 | 7|cloas Hoxas Hoxb13 ulfi’:u"'
980bp 5' of
4 g
102926981 | rs11685424 5 5 G | A|0as 1k-2 AR
K562, 5 ]
102951798 | rs1362350 5 5 G | C|o49 Pax-4 ILIRLL intronic
Huvec
102922987 | rs4090473 5 5 c|G|oas K562 Oz, HNEG RAR;. (™ 5K 57t
RXRA IL1RL1
103001402 | rs1035130 6 9 c|T|025 AIRE,RREB-1,STAT IL18R1 synonymous
102960007 | rs12905 6 a G| Aloa2s K562 HDAC2 IL1IRL1 3-UTR
102957716 | rs1420101 6 8 [ EIEED HNF4,Pdx1,RXRA ILIRL1 intronic
102955860 | rs3771177 3 9 G | 1025 Huvec AP-2rep ZBTB7A IL1RL1 intronic
102963628 | rs12996097 7 23 [G|Afo13 CDP.Roaz ILIRLL intronic
102965392 | rs12999542 7 23 | A|c|oa3 K562 ATB’::f' £2h IL1RLY intronic
BCL, Egr-1, FXR,
102963949 | rs13028993 7 23 | 7|cfo13 GATA HNEL Wy IL1RLY intronic
Hkx2, PU.1, Pax-5,
102966067 | rs1921622 8 15 |G [Aalos2 7 altered motifs IL1RLL intronic
102968356 | rs10192157 9 20 | c| T |04 Huvec PRDM1,Pax-5,Roaz | IL1RL1 missense
102968212 | rs10204137 9 21 [ AlcJo32 Huvec WT1 ILIRLL missense
102968362 | rs10206753 9 20 T|C|041 Huvec Pax-5,Pou2f2,Roaz IL1IRL1 missense
HMVEC-dBI-
102968007 | rs4988956 9 20 | G| A|041 Huvec | AdHMVEC-dLy- GATA2 Zbtb3 ILIRLL missense
Neo,Th2
102968075 | rs4988957 9 20 | 7|c|oa Huvec H“;VECT:ZW GATA2 AP-1,FAC1,p300 ILIRLL | synonymous
0,
102968285 | rs4988958 9 20 | 7|c|osr Huvec AP-3,GATAPou3fl | ILIRL1 | synonymous
103006104 | rs6706002 9 22 | A 0.54 ”4‘3::1”5"1' IL18R1 intronic
102991369 | rs6758936 9 22 0.54 Nkx2 IL18R1 intronic
103089078 | rs10201184| 10 6 0.43 GR 6a3bp 3 of
SLCIAG
HSMM, : ]
103129692 | rs11676371| 10 a4 G| c|ost i NRSF SLCOA intronic
uvec
103085257 | rs12463588 | 10 6 c|G|oa3 E2F AD ik
SLCIAG

236



6

-

62
63
64
65
66

6

~

6!

o

70
71

72

73

74
75
76

77

Ref: Reference allele
Alt: Alternative allele
CEU: Minor allele frequency in CEU HapMap population
GERP cons: Genomic evolutionary rate profiling conservation score
SiPhy cons: Site-specific phylogenetic analysis conservation score

Promoter | Enhancer
HapMap | Encode o GENCODE | dbSNP func
pos (hg19) SNP D bin | 1D bin | ReF| Alt| CEV| SiPhy cons | histone | histone DNAse Proteins bound| Motifs changed & R
marks marks
103086758 | rs12469887 10 6 | 17|c|oas AR HOACH IO Jiboiof
5 i Pax-5, STAT SLCIAd
103127963 | =12712155| 10 4 | AT |08t CEEPB Aridsa,Mef2,50x | SLCOAG intronic
103123301 13019784 | 10 4 | Aloclost HSMM | _HSMMtube Pax-5,28TB33 SLCOAS intronic
103136309 | rs1403550 | 10 4 | 7| clos: | COP,Dbx2 SLCOA4 intronic
103136446 | rs1403551 | 10 4 |7 |clost Smad3.Sox YY1 | SLCOA4 intronic
103132269 rs2192758 | 10 4 | c|G|ost Hicl SLCOAG intronic
37kb 5 of
103086049 | rs2310302 | 10 6 |6|cloas Hst S
103088176 | rsa140786 | 10 6 [6|T|o43 EtsGATAVDR | 1E6KbS'of
sLcoad
—_ BCL, Egr-1, Ets, FEV,
103128866 | rs4851600 | 10 a | 7|clost * | Osteobl HAEpIC GATA, NERF1a, Nrf-|  SLC9A4 intronic
Huvec
2,PU.1, Pax-5, Tel2
103137990 | rs4851613 | 10 4 | 1 |clost Pouf2 SLCOA4 intronic
103123965 rs6708949 | 10 4 |6 |clost HSMM ) SLCOA4 intronic
Arid3a, Dbx1, Dix1,
Hoxa5, Hoxa7,
103133310| rs6714379 | 10 a | alc|ost HoxB4, HoxC6, | SLCOAG intronic
Lhx3, Mef2, Nkx6,
Pax7, Pitx2, Pou2f2
CDP, CEBPB, Fox,
103144391 | rs3849365 11 11 G| A|O68 Foxa, Foxpl, HMG-| SLC9A4 intronic
1Y, HNF1
102960584 | s12712142 | 12 8 | clalo3s K562 AR:AmE At ILIRLY 3-UR
102974417 | 1512998521 12 8 |G| T|o38 GM12878 Th1,GM06990 IL18R1
102979028 | 2287037 | 12 8 | c|To3s IL18R1
102963072 | rs6543119 | 12 8 |[a|T|o3s ”CM'::::"'C'R Mef2,NF-kappa8 | ILIRLL intronic
Legend:

(1) A549, HSMM, HSMMtube, HUVEC, Hela-S3, HNEK, HPDE6-E6E7, Myometr, RWPE1, AG10803, AoAf, HAEpIC, HCF, HCFaa,
HCPEpIC, HEEpIC, HIPEpiC, HMF, LBI, HMVEC-Dbi-Neo, HPAEC, HRCEpiC, NH-A, NHDF-Ad, PANC-1, PrEC, RPTEC, SAEC, SKMC

GM12878, K562, Thl, AoSMC, GM18507, GM19238, Adult_CD4_ThO, CD34+_Mobilized_sp, HAEpiC, HBMEC, HCM, HCPEpIC,
) HL-60, HNPCEpiC, HPAF, HRCEpIC, HRE, Jurjat, CD14+_R0O01746, NB4, NH-A, NHLF

(3) GM12878, HSMM, HSMMtube, HUVEC, AoSMC, Panlslets, AG04449, AG04450, Adult_CD4_Th0, HA-sp, HAEpIC, Hac, HBMEC,

HCF, HCFaa, HCM, HCPEpIC, HFF-Myc, HIPEpiC-LBI, HMVEC-dNeo, HNPCEpiC, HPAEC, HPAF, HRCEpiC, HRE, HRGEC

Refer to http://genome.ucsc.edu/ENCODE/cellTypes.html for a description of the ENCODE cell lines
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Appendix B - Supplementary tables for Chapters 4 and 5

B.1

TSLP and IL1RL1 isoforms gene expression

Variables Mean (= SE) or N (%)

Age 59.1+048
BMI 25.22+0.18
Height 1.67 +0.003
Pack year 3585102
Predicted FEV1 2.95 +0.02
Predicted FVC 3.85+0.03
Weight 70.89 £ 0.57
ACEI Yes: 105 (12.5%)
Anti_depression Yes: 84 (10.0%)
Antibiotics Yes: 90 (10.8%)
Anticholinergic long acting Yes: 33 (3.9%)
Anticholinergic short acting Yes: 79 (9.4%)
Anticoagulants Yes: 44 (5.3%)
Antihistamine Yes: 27 (3.2%)
Antiplatelet Yes: 138 (16.5%)
ARB Yes: 72 (8.6%)

Beta blockers

Yes: 113 (13.5%)

Bisphosphonates

Yes: 85 (11.4%)

Calcium channel blockers vasodilators

Yes: 122 (14.6%)

Cardiac disease

Yes: 162 (19.4%)

Combined beta agonists & anticholinergic

Yes: 54 (6.5%)

Combined beta agonists & steroid

Yes: 58 (6.9%)

Digoxin Yes: 19 (2.3%)
Diuretics Yes: 126 (15.1%)
Estrogen replacement Yes: 33 (3.9%)
Gabapentine dilantin valproic acid phenobarbital Yes: 25 (3.0%)

Hypnotic anxiolytic antipsychotics

Yes: 191 (22.8%)

Inhaled steroids

Yes: 132 (15.8%)

Insulin Yes: 32 (3.8%)
Long acting beta agonists Yes: 83 (9.9%)
Narcotic Yes: 60 (7.2%)
Nasal steroid Yes: 25 (3.0%)
No medication Yes: 92 (11.0%)
NSAIDS Yes: 58 (6.9%)
Oral hypoglycemics Yes: 42 (5.0%)

Characteristics of subjects used for gene expression multiple linear models for
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Variables

Mean (£ SE) or N (%)

Oral steroids

Yes: 112 (13.4%)

Progestins

Yes: 14 (1.7%)

Protein pump inhibitors

Yes: 155 (19.0%)

Sex

M:

452 (54.1%)

Short acting inhaled beta agonists

Yes: 137 (16.4%)

Smoking status

Current: 170 (20.3%), ex: 527
(63.0%), no: 139 (16.6%)

Statins Yes: 154 (18.4%)
Theophyline Yes: 48 (5.7%)
Thyroid replacement Yes: 64 (7.6%)

Vitamins & minerals

Yes: 220 (26.3%)

ACEl: Angiotensin-converting-enzyme inhibitor; ARB: angiotensin 1l receptor blocker.

B.2  Summary of TSLP candidate gene association results in the literature
2w | N(cases/ | Functional
SNP Chrs location rs‘lagg’ss in ; Phenotype Population rols) hais Notes References
population
Birben E et al. Int
1511466749 | 110412585 <02 <0.2 Atopicasthma | Turkish 506/ 157 No - Cectublleny
Immunol 2014;
163(3):185-92
Association
diriisd discovery: 387 / strongerinex- | LiuM et al. PloS
rs1898671 110408002 <0.2 <0.2 Asthma :mr:rli)::an 212; replication: No smokers and non- One 2011;
1716 /16888 existant in never- |  6(9):225099
smokers
FEV1in
asthmatics Birben E et al. Int
rs2289276 | 110407507 <0.2 <02 withoatalergic; | riaat 506/ 157 No : peoh ey
rhinitis + Immunol 2014;
Eosinophils count 163(3):185-92
in girls
tudy of the 2 LiuW et al. Exp
12289276 | 110407507 <0.2 0.44 Asthma Han Chinese |  531/540 No g ; Lung Res 2012
oW1 Oct; 38(8):375-82
Harada M et al.
hildhood atopi Children: 639/ |protective T allele| No replication in | Am J Resir Cell
rs2289276 110407507 <0.2 0.44 c& Ia duit as?h?np:: Japanese | 838; adults: 641/ | binds Ap-2a less European Mol Biol 2011
3786 than C allele samples Jun; 44(6): 787-
93
Costa Norephcasion i Hunninghake GM
rs2289276 | 110407507 <02 co ||Chkhood Stoplc: |Hican Alrical lots No European etal Alergy
asthma Americans + P 2010 Dec;
hispanics P 65(12): 1566-75
LiuW et al. Exp
rs2289278 | 110409148 <02 <0.2 Asg‘E"\’li }vbé'e’ Han Chinese 531/540 No s';:lypzf the2 |} ing Res 2012
' oY | Oct; 38(8):a75-82
Harada M et al.
No replication in | Am J Resir Cell
152289278 | 110409148 <02 <02 lower FEVI/FVC | ;1 anese 639/838 No European Mol Biol 2011
in adult asthma
samples Jun; 44(6): 787-
93
the risk allele C Cheong KA et al-
decreased Exp dermatol
rs3806933 110406742 <0.2 0.29 Vitiligo South Korean 160/ 568 promoter activity - P
2 2009 Dec; 18(12):
compared with T 10735
allele construct
T allele was Harada M et al.
childt atonlc associated with | No replicationin | Am J Resir Cell
rs3806933 110406742 <0.2 0.29 Eodhikashra Japanese 639 /838 higher expression European Mol Biol 2011
of long TSLP samples Jun; 44(6): 787-
isoform 93
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