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ABSTRACT

Selective IgA deficiency (IgAD) is the most common primary immunodeficiency disorder in
Caucasians and is defined as serum IgA concentrations below or equal to 0.07 g/l, with normal serum
concentrations of IgM and IgG, in individuals 4 years of age or older. The prevalence of IgAD is
approximately 1:600 in the general population and recent results have shown that patients with IgAD
have significantly poorer physical health and an increased risk of early death.

The domestic dog is more than just a companion and working animal. The almost 400 distinct modern
dog breeds represent great phenotypical diversity and there are more than 350 naturally occurring
genetic diseases in dogs which clinically resemble the corresponding human diseases. As a result of
domestication, the dog’s genome is characterised by long haplotype blocks and linkage
disequilibrium (LD) making the dog an appealing model for genetic studies of human diseases.

Low serum IgA concentrations in dogs have been reported to clinically resemble human IgAD.
However, even though the literature on IgA concentrations in dogs is extensive, the normal range of
serum IgA as well as a generally accepted cut-off value for IgAD deficiency has not yet been
established.

We performed an extensive screen of serum IgA concentrations in more than 1,500 dogs from
22 breeds. Dog breed-specific differences in the prevalence of IgAD indicate the involvement of
genetic factors in the development of the disease. Furthermore, certain dog breeds were found to stand
out as high-risk breeds.

Genome-wide association studies (GWAS) in selected high-risk breeds show that IgAD is associated
with genes involved in B cell development and haematopoiesis. Additionally, serum IgA
concentrations were found to play an important role in the aetiology of canine atopic
dermatitis (CAD), an autoimmune disease in dogs.

Molecular identity allowed the quantification of IgA in serum samples from Canadian and
Scandinavian wolves with the same antibodies as those used in dogs. Interestingly, wolves from
Scandinavia show significantly lower IgA concentrations as compared to Canadian wolves. Due to its
size, the Scandinavian wolf population is prone to inbreeding and therefore, it is known to suffer from
a decrease in genetic variation. Further analyses are needed to investigate whether Scandinavian
wolves and dogs with a high-risk profile for IgAD share certain genetic factors.



LIST OF SCIENTIFIC PAPERS

Olsson M, Frankowiack M, Tengvall K, Roosje P, Fall T, Ivansson E
et al. The dog as a genetic model for immunoglobulin A (IgA)
deficiency: Identification of several breeds with low serum IgA
concentrations. Vet Immunol Immunopathol. 2014; 255-2509.

Tengvall K, Kierczak M, Bergvall K, Olsson M, Frankowiack M,
Farias FHG et al. Genome-wide analysis in German shepherd dogs
reveals association of a locus on CFA 27 with atopic dermatitis. PLoS
Genet. 2013; 9: e1003475.

Olsson M, Tengvall K, Frankowiack M, Kierczak M, Bergvall K,
Axelsson E et al. Genome-wide Analyses Suggest Mechanisms
Involving Early B-cell Development in Canine IgA Deficiency. PLOS
Genetics. Currently under review

Frankowiack M, Hellman L, Zhao Y, Arnemo JM, Lin M, Tengvall
K et al. IgA deficiency in wolves. Dev Comp Immunol. 2013; 40:
180-184.

Frankowiack M, Olsson M, Cluff HD, Evans AL, Hellman L,
Mansson J et al. IgA deficiency in wolves from Canada and
Scandinavia. Dev Comp Immunol. 2015; 50: 26-28.



LIST OF RELATED SCIENTIFIC PAPERS

A. Frankowiack M, Kovanen RM, Repasky GA, Lim CK, Song C et al. The Higher
Frequency of IgA Deficiency among Swedish Twins is not Explained by HLA
Haplotypes. Genes Immun. 2015; doi:10.1038/gene.2014.78

B. Viktorin A, Frankowiack M, Padyukov L, Chang Z, Melén E, Saaf A et al. IgA
measurements in over 12 000 Swedish twins reveal sex differential heritability and
regulatory locus near CD30L. Hum Mol Genet. 2014; 23: 4177-4184.



CONTENTS

1

Yoo [0 Tod o] o S PTSRSPTSRSR 7
L1 HUMAN TGA e bbb bbbt bbb e et be s be e e b b s 7
1.2 Selective IgA defiCienCy iN NUMANS...........ccoriieiiieee e 7
1.3 Murine disease MOelS FOr IGAD .........cceiiiiieei e 8
1.4 Domestication OF the dOQ.........ceueiiiireiieieiirss e 8
1.5 The canine [eUCOCYTE ANTIGEN ....c.cvviiiiiiicieiis e 9
1.6 Canine diSease MOUE .........couieiiririreei bbb 11
A o VAN o To B o VAN N o (oo RS EURPRSRRN 11
1.8 IgA cONCENLrAtiONS IN WOIVES .......coviiiiicic et re e 12
1.9  Canine atopiC AerMALILIS.........cccvveiiiieiiesee e re s nas 12
AAIMIS bbbt bbb bbbttt 13
B R € 1= o 1= - |-V TS 13
2.2 SPECITIC AIMIS ...ttt bbbt b bbbttt 13
Materials and MENOAS ..........cciiieiiree et 14
3.1 SAMPIE CONOMS....coiiitii e bbb b bbb sr et e b ne e 14

KT 00 R I To o =1 ] o] O RR 14

312 WO SAMPIES ..o e 15
3.2 DINA EXITACTION. ...ttt ettt bbbttt 15
3.3 Serum immunoglobulin CONCENTIALIONS ..........ccvviieeeriiiieee s 15
B - 11 1] ot 16
3.5  Genome-wide asSOCIAION STUAY .........ccurvrrirereiriririeieieisi s 16
3.6 Sequencing of the IGHA GENE TOCUS .........cceiririiieieiiinrsiee e 17
3.7 IMMUNOUITIUSION ..ttt 17
RESUILS ..ottt s et et et e s e et et en et e e s e e enenne s 18
4.1  Serum IgA concentrations and prevalence for IgAD in dogs...........ccocovevvveieieeneirennn. 18

4.1.1 IgA concentrations in different dog breeds ..., 18

4.1.2 Defining an IgAD CUt-Off.......cccciiiiiiiiic e 18

4.1.3 Prevalence of IgAD in different dog breeds...........cccovvieeiennniccinnneinns 19
4.2  Serum IgA concentrations and prevalence of IgAD in WOIVES ...........cccovveieinrnennes 19

4.2.1 Molecular identity of dog and WOIT IGA ... 19

4.2.2  1gA concentrations iN WOIVES...........ccoriiieiiinnniseeinss e 20
4.3  Genetic association of IGAD and CAD ..o e 20

4.3.1 Genetic association of CAD and IgQAD .........ccoveiereiinniincre e 20

4.3.2 Genetic association OF IGAD ..........ccoveiieierri e 20
300U 11 [0 o SR 22
5.1 IgA concentrations and IgAD in different dog breeds...........ccocovveeiennnncienennneenes 22
5.2 IgAD-associated diSEaSeS IN UOGS ....c.cvrvrvriereririririiieieenirisieie e 22
5.3  Genetic associations With IGAD iN 0OGS .......ccurrririinririeeeirseee s 22
5.4 DLA and autoimmUNE GISEASES .......cviveeriireriiteesieresesesestesesteseseesesessessssesessessssssessssesenns 23
55  TGAD INWOIVES ..ottt 24
5.6  Twins as disease MOdels fOr IGAD ...t e 25
FULUTE PEISPECTIVES.......cvieieiietee ettt 25
6.1 Establishment of a physiologically proven cut-off for IgAD ..o vnenirenne 25

6.2  1gAD and autoimmUuNE ISEASES.......ccceervireriireisiee sttt re e sa e es 25



10

6.3 DLA haplotype @nalySiS........ccoouiieriiieiiieriisiis ettt saene 26

6.4  Whole-genome SEQUENCING........ceiiiveieiereriiiee sttt sttt b st ssaesesaene s 26
6.5 Wolf samples from different populations...........cccccovveiiicievciinsiei e 27
(000] 0o 1115 ] S SRS 28
POPUIAr SCIENCE SUMMAIY ......cviuiiiieiiiiieteesie et 29
ACKNOWIEAGEMENTS ......cviveecieces et eere e 30

RETEIEINCES ... et e et e et e e et e e e e e et e e et e seneeeeneaeaneeenanenenneas 31



LIST OF ABBREVIATIONS

APRIL Tumour necrosis factor superfamily
BSD Belgian shepherd dog

CAD Canine atopic dermatitis

CFA Canine chromosome

Cua Gene loci encoding the o heavy-chain
Cl Confidence interval

CLEC16A C-type lectin domain family 16

CNV Copy number variation

CVID Common variable immunodeficiency
DLA Dog leucocyte antigen

DNA Deoxyribonucleic acid

EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay
GPR149 G protein-coupled receptor 149

GR Golden retriever

GSC Goosecoid homeobox

GSD German shepherd dog

GWAS Genome-wide association study

HLA Human leucocyte antigen

HWD Hovawart dog

IFIH1 Interferon induced with helicase C domain 1
Ig Immunoglobulin

IgAD Selective immunoglobulin A deficiency
IGHA IgA heavy chain constant region gene
IL Interleukin

kb Kilo base pairs

KIRRELS3 Kin of IRRE-like protein 3

LD Linkage disequilibrium

LR Labrador retriever

MAF Minor allele frequency

Mb Mega base pairs

MHC Major histocompatibility complex
NED Norwegian elkhound dog

NSDTR Nova Scotia duck tolling retriever
PBST Phosphate-buffered saline with Tween
PCR Polymerase chain reaction

PKP2 Plakophilin 2

PNPP Para-Nitrophenylphosphate

PPP4R4 Protein phosphatase 4

RETNLB Resistin like beta

SERPINA Serpin peptidase inhibitor family
SLE Systemic lupus erythematosus

SLIT1 Slit homolog 1

SNP Single nucleotide polymorphism

SP Shar Pei

T1D Type 1 diabetes

TACI Transmembrane activator and CAML interactor
TBST Tris-buffered saline and Tween

TNF Tumour necrosis factor



Marcel Frankowiack

1 INTRODUCTION

1.1 HUMAN IGA

Immunoglobulin (Ig) A accounts for at least 70 % of all Igs produced in the human body. It is the
predominant Ig class at the mucosal sites (secretory 1gA) and the second most prevalent antibody
class, after I1gG, in serum [1].

Humans have two functional gene loci encoding the a-heavy chain (Cpo) domain of the antibody
molecule, resulting in two IgA subclasses (IgA1 and IgA2). The predominant difference between
IgAl and 1gA2 is the length of the hinge region [1, 2].

Whilst serum IgA is predominantly monomeric IgAl, the secretory IgA is polymeric, mainly dimeric,
with an increased proportion of 1gA2 [2]. Serum IgA is produced in the bone marrow while secretory
IgA is produced locally at the mucosal surfaces, in direct contact with the environment [2]. In the vast
majority of individuals, there is a high correlation between serum IgA concentrations and mucosal
IgA concentrations [3].

As the basis of the secretory immune system, IgA protects the lining of the gastrointestinal, respiratory
and genitourinary tracts from invading pathogens by neutralising antigens and preventing the
adherence of bacteria [2, 4, 5]. The function of serum IgA is less clear, however, there is evidence that
serum IgA triggers effector functions [2, 6].

Genome-wide association studies (GWAS) found the regulation of normal serum IgA concentrations
in humans to be associated with members of the tumour necrosis factor (TNF) ligand superfamily.
Interestingly, both candidate loci are involved in the regulation of B cell proliferation [7, 8].

1.2 SELECTIVE IGA DEFICIENCY IN HUMANS

Selective IgA deficiency (IgAD) is defined as serum IgA concentrations equal to or less than 0.07 g/l,
with normal concentrations of 1gG and IgM, in individuals four years of age or older [9]. IgAD is the
most common primary immunodeficiency in humans and its frequency ranges from 1:143 in Saudi
Arabia [10] to 1:18,500 in Japan [11]. In Sweden, the frequency is around 1:600 [12].

IgAD can appear or disappear spontaneously [2]. Furthermore, a transient form of the deficiency can
be induced by captopril, penicillamine and other drugs [13]. Until recently, it was believed that only
one third of the patients with IgAD have an increased risk of recurrent infections at mucosal sites and
an increased predisposition for autoimmune diseases, such as rheumatoid arthritis and systemic lupus
erythematosus (SLE), allergy and gastrointestinal infections [14—-16]. Recent studies, however, show
that IgA-deficient individuals have significantly poorer physical health [17] and an increased risk of
early death [18].

The genetic background of IgAD is complex. It is assumed that regulatory mechanisms in the
production or secretion of IgA are the cause of the deficiency, since both C,a genes are expressed and
functional in individuals with IgAD and no mutations have been identified within the coding regions
of these genes [19].



Canine disease models for IgA deficiency

There is a strong association of IgAD with the major histocompatibility complex (MHC) region, in
particular the human leucocyte antigen (HLA) [20]. Up to 45 % of IgAD patients harbour at least one
copy of the risk-conveying HLA-B*08, DRB1*03, DQB1*02 haplotype [21, 22] in comparison to
16 % in the general population [23]. Other haplotypes, like the HLA-DRB1*07, DQB1*02 and
DRB1*01, DQB1*05 are also associated with IgAD [24]. The HLA-DRB1*15, DQB1*06 haplotype
has been shown to confer almost complete protection against the disorder [24-26].

Furthermore, non-MHC genes (interferon induced with helicase C domain 1 [IFIH1] and C-type lectin
domain family 16 [CLEC16A]) and to a lesser extent, several autoimmunity risk alleles have been
found to be associated with IgAD [27]. Lastly, missense mutations in the TNF receptor family
member TACI, mediating isotype switching in B cells, were reported in 1:16 individuals with
IgAD [28].

1.3 MURINE DISEASE MODELS FOR IGAD

The foremost model for genetic studies in mammals has been the mouse, but with significant
limitations. Spontaneously occurring diseases in humans must be induced in mice, thus limiting the
possibility to study complex, polygenic human diseases.

Until today, there is no animal model that fully resembles the manifestation of IgAD in humans. In
mice, the phenotype is usually genetically or experimentally induced and therefore, resembles the
human disease only to a limited extent [13].

Several knockout mice have been generated by targeted deletion of either the joining chain [29],
which links two monomeric IgA molecules, or the IgA switch region and/or parts of the antibody’s
constant region. Although the secretion of IgA was successfully impaired, the concentrations of IgM
and (subclasses of) IgG in serum and/or secretion increased significantly [30-34].

Another strategy to artificially create IgA-deficient mouse models is the disruption or deletion of
cytokine or cytokine receptor genes crucial for B cell development, such as lymphotoxin o [35, 36],
tumour necrosis factor superfamily (APRIL) [37] and the interleukin (IL)-5 receptor [38]. With the
exception of IL-5 receptor, a significant decrease in serum IgA concentration has been observed in
these models. However, the observed side effects have been substantial. They range from disrupted
development of secondary lymphoid organs [35] to an increased number of effector and memory
Band T cells [37].

More or less successful, the murine disease models are used to investigate the protection from
infection, such as influenza [32] and rotavirus [31, 39], through secretory IgA.

1.4 DOMESTICATION OF THE DOG

The domestic dog (Canis lupus familiaris) emerged from its wild ancestor, the gray wolf
(Canis lupus), through domestication; a process that started around 15,000 years ago [40]. The
domestication is characterised by two narrow genetic bottlenecks where only a limited number of wild
ancestors contributed to the generation of a very restricted gene pool (Figure 1) [40, 41]. These genetic
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restrictions are the reason for considerably short haplotype blocks on a species level and long
breed-specific haplotypes [40].

The haplotype blocks and the linkage disequilibrium (LD) in the whole domesticated dog population
are about 10 kilo base pairs (kb) and thus, shorter than in humans [40, 41]. LD breaks down over
time [42]; as the first genetic bottleneck occurred around 15,000 years ago, there was enough time for
breakdown of the haplotype blocks in the whole dog population [41].

There are nearly 400 distinct dog breeds showing great phenotypic diversity for morphology,
physiology and behaviour. The phenotypic variety was generated based on few founder animals and
stringent breeding strategies. The overall genetic drift led to a loss of genetic diversity within breeds
and a greater divergence among them [43]. Long breed-specific haplotype blocks of 0.1 to 1 mega
base pairs (Mb) and a LD that is 40 to 100x more extensive than in humans are the result [41 ,44, 45].
The generation of modern dog breeds started around 200 years ago [41], not leaving enough time for
the haplotypes and the LD to break down. As a consequence, the dog genome displays unique features
making it an excellent model for genetic studies.

old

bottlenccks Figure 1. The domestication of modern dog breeds is characterised
=S by two genetic bottlenecks. The first one occurred around 15,000
years ago when the domestic dog diverged from the gray wolves.
At the time of the creation of modern dog breeds, around 200 years
ago, a very restricted number of founder animals contributed to the
e genetic pool. As a consequence, our modern dog breeds display
botdenctls \T long haplotypes and long LD in a dog breed-specific manner. This

. figure was adapted from Karlsson and Lindblad-Toh, Nature

Time

Dog

Reviews. Genetics. 2008 Sep; 9(9): 713-725, with permission from
Nature Publishing Group.

1.5 THE CANINE LEUCOCYTE ANTIGEN

The dog leucocyte antigen (DLA) is the canine counterpart of the HLA. Like in all vertebrates, the
genes inside the DLA are essential for the presentation of foreign and self-peptides to the immune
system [46, 47]. The DLA is thought to be under balancing selection to maintain the required
diversity. The proposed selection mechanisms are based on providing resistance for diseases and
parasites, maternal-foetal interactions and mate choice to avoid inbreeding [48-50].

Low levels of genetic diversity have been suggested to increase vulnerability to infectious
diseases [51-53]. Furthermore, a higher level of heterozygosity in the HLA region in humans is
thought to provide an advantage in fighting viral diseases [54-57]. Similar results were found for
some wildlife species [58], but not all [49, 59-61].
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The structure of the DLA was identified through large-scale mapping studies [62]. In general, it is
divided into class I, Il and Il regions [63, 64]. DLA class | and Il genes, involved in the processing
and presenting of antigens [65], are characterised by low mutation rates and high levels of
polymorphism [66-68]. In addition, these genes display a significant sequence homology with the
corresponding HLA regions in humans [69-71].

The DLA class Il complex is composed of a tightly linked cluster of three functional genes (DRB1,
DQAL and DQB1) and one pseudogene (DRB2) on canine chromosome (CFA) 12. The complex
shows high inter-breed and low intra-breed variation of alleles and haplotypes resulting in a
characteristic distribution of DLA alleles for individual breeds (Table 1) [67, 72, 73]. Theoretically,
there is a great capacity for allelic variation within the DLA class Il region. However, this potential is
limited, due to the natural LD and the breeding restrictions [74].

Table 1. Distribution of selected DLA alleles in dogs. This table was adapted from Kennedy et al.,
Tissue Antigens. 2002 Mar; 59(3): 194-204, with permission from John Wiley and Sons.

DLA allele Beagle German shepherd Labrador retriever  Golden retriever
DRB1*n
001 40 16 23 6
002 13 7 - -
008 13 - 3 -
011 2 32 1 -
012 1 2 31 54
015 17 38 22 14
DQA*n
00101 44 13 25 13
00201 2 15 2 1
00301 15 - 6
00401 1 10 32 64
00601 1 37 20
00701 1 16 2 1
00901 31 - - -
DQB1*n
101 13 - - -
201 50 - 10 -
401 3 - 10 -
701 13 - 15 -
1303 3 - 10 -
1701 - - 35 -
2301 - - 15 -

10
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1.6 CANINE DISEASE MODEL

After humans, the dog is the most intensively studied animal in medical practice with detailed records
of its family history [41, 75]. There are more than 350 naturally occurring genetic diseases described
in dogs that clinically resemble the corresponding human disease [75, 76]. The strong selection of
certain traits, popular sires and inbreeding during the domestication of the dog led to an enrichment of
disease mutations in different breeds. Often these diseases occur exclusively in a limited number of
breeds, due to the enrichment of risk alleles suggesting a heritable component [77].

Due to the similar genomic content and genetic predisposition, the dog is an excellent model for
mapping disease-causing genes of common and even complex diseases [41, 78]. Gene mapping was
successfully performed for narcolepsy [79], copper toxicosis [80, 81], ichthyosis [82], haemophilia,
retinal degeneration, and muscular dystrophy [83] amongst others.

The dog’s many advantages, beside its particular genetics, make it a superior model system for
translational medicine. In 2005, the first high-quality draft sequence of the euchromatic genome of a
dog, a female boxer named Tasha, was published [41]. Additional analysis of the canine haplotype
structure and a dense single nucleotide polymorphism (SNP) map enabled the study of even more
complex disease backgrounds, including human aging and Alzheimer’s disease [84], cancer [85],
SLE [86], as well as the environmental contributions to diseases, aging, and disease heredity [83].

There are further advantages the canine disease models have to offer. The dog is a companion animal
with which we share our environment and it receives good care, including medical care. The lifespan
of a dog is approximately seven times shorter than that of humans, making disease development and
progression shorter. Reduced regulatory guidelines and increasing acceptance by regulatory bodies
make clinical trials in dogs even more attractive [83, 85].

The enormous genetic diversity between different dog breeds is the cause for some limitations of
canine disease models. Breed-specific differences in physiology and metabolism make a
generalisation of results difficult. This is particularly the case in pharmacodynamics and
pharmacokinetics [87]. Compared to rodent models, their generation time is longer, they are more
expensive to house, due to their size, and use for research purposes is more strictly regulated [83, 84].

1.7 I1GA AND IGAD IN DOGS

In contrast to humans, only a single Cha gene has been described in dogs [88]. It occurs in four
different allelic variants which differ mainly in the length of the hinge region [89]. The polymeric,
predominantly dimeric, mucosal IgA is produced by plasma cells at the mucosal sites of the
intestine [90, 91]. Interestingly, mucosal IgA represents the main source of serum IgA in dogs [92].

Also, in dogs there is a correlation between IgA concentration and age. While the concentrations are
low [93] or even undetectable [94] in young animals, they later increase with ageing [95, 96].

The quantification of immunoglobulins is commonly used in dogs to assess immune function. Still,
the normal range of serum IgA and a generally accepted, physiologically proven cut-off value for
IgAD have not been established yet. This is partially due to the strong variation of IgA concentrations
among different dog breeds [97].

11
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Previously suggested cut-offs in different dog breeds range from 0.15 g/l [98, 99] to 0.3 g/l [100].
Selected dog breeds, including the Chinese Shar Pei (SP) [98, 100] and selected Beagle
dogs [95, 101], show innately low IgA concentrations or even overt deficiency. For German shepherd
dogs (GSD), conflicting results have been published. Some studies report no difference in serum IgA
concentrations [102] and faecal samples [103] as compared to other breeds. Other studies find lower
IgA concentrations in serum [104-107], tears [108], faeces [109] and secretions of duodenal
explants [110].

The majority of animals displays no clinical symptoms [107]. In terms of recurrent infection,
especially of the skin and the upper respiratory tract [95, 100, 105] and the increased susceptibility to
immune-mediated diseases [95], low IgA concentrations in dogs clinically resemble human IgAD.
Furthermore, intestinal bacterial overgrowth has been found in dogs with IgAD [105, 106].

1.8 IGA CONCENTRATIONS IN WOLVES

Despite all the work on IgA concentrations in dogs, very little is known on Ig concentrations in
wolves. This is remarkable, especially since the grey wolf is considered to be the ancestor of the
dog [111].

One study on serum IgE in wolves found concentrations approximately twice as high as the ones in
dogs [112].

1.9 CANINE ATOPIC DERMATITIS

Canine atopic dermatitis (CAD) is a complex disease involving immune dysregulation, allergic
sensitisation, skin barrier defects, microbial colonisation and environmental factors [113]. It is an
inflammatory and pruritic allergic skin disease with clinical manifestations similar to human atopic
dermatitis. CAD develops in young dogs between six months and three years of age [114]. It affects
10-15 % of all dogs [113-116].

There is a genetic component with a strong breed predisposition (e.g. for Labrador retriever [LR])
involved in CAD [117, 115]. Environmental factors have been found to be crucial for the development
of CAD and this might explain its seasonal manifestations [118].

Most dogs with CAD produce IgE antibodies directed towards environmental allergens [119, 120].
However, IgE concentrations are not correlated to the disease course [121]. Moreover, total IgE
concentrations in normal and atopic dogs have not been found to differ significantly [122].

Allergic symptoms manifest in the muzzle, on the ears, the paws, the extremities, the ventrum and flex
zones in the form of pruritus and erythema [123].

12
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2 AIMS

2.1 GENERAL AIM

The aim of this thesis is to evaluate the potential of a canine disease model for the study of genetic risk
factors associated with IgAD in humans.

2.2 SPECIFIC AIMS

The specific aims of this thesis are to investigate the prevalence of IgAD in different dog breeds,
identify dog breeds with a high-risk profile for IgAD and to analyse genomic loci associated with
IgAD in selected high-risk breeds using GWAS.

Furthermore, the breed-specific differences in the prevalence of IgAD raised the question as to
whether canine IgAD is a breeding-enriched phenomenon. To address this question, serum IgA
concentrations in wolves from North America and Scandinavia have been analysed.

13
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3 MATERIALS AND METHODS
3.1 SAMPLE COHORTS

3.1.1 Dog samples

Blood samples (ethylenediaminetetraacetic acid [EDTA] blood for the extraction of deoxyribonucleic
acid [DNA] and serum for IgA quantification) were collected from 1,623 privately owned, purebred
dogs aged between 0.5 and 17 years in collaboration with veterinaries in the United States, Sweden
and Switzerland (Table 2). The samples were obtained all year round between 2007 and 2013. Owner
consent was collected for each dog.

Serum was isolated from blood samples after centrifugation and stored at -20 °C/ -80 °C until use. The
sampling was conformed to the approval of the Swedish Animal Ethical Committee, the Swedish
Animal Welfare Agency, the Broad Institute (Cambridge, MA, USA) and the canton of
Bern (Switzerland).

Table 2. Number of dogs from different dog breeds included in the studies. This table was adapted
from Olsson et al., Vet. Immunol. Immunopathol. 2014 Aug; 160(3-4): 255-259, with permission from

Elsevier.
Breed Abbreviation Study 1 Study?2 Study 3 Total
American Staffordshire bullterrier - 13 - - 13
Bearded collie - 49 - - 49
Belgian shepherd BSD 10 - - 10
Berner sennen - 21 - - 21
Border collie - 20 - - 20
Boxer - 20 - - 20
Bullterrier - 14 - - 14
German shepherd GSD 319 207 516 516
Giant schnauzer - 20 - - 20
Golden retriever GR 168 - 187 187
Hovawart HWD 19 - - 19
Jamthund - 19 - - 19
Labrador retriever LR 141 - 302 302
Leonberger - 20 - - 20
Norwegian elkhund NED 14 - - 14
Nova Scotia duck tolling retriever NSDTR 11 - - 11
Rottweiler - 20 - - 20
Samoyed - 19 - - 18
Shar Pei SP 157 - 96 157
Staffordshire bullterrier - 20 - - 20
Standard Poodle - 137 - - 137
Tibetan spaniel - 16 - - 16
Total population 1247 207 1101 1623

14
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3.1.2 Wolf samples

Blood samples were collected from 150 free-ranging Scandinavian wolves in the winters (December—
March) from 1998 through 2014 primarily from the central region of Sweden and Norway (59-61°N,
11-15°E, [Table 3]). Ten individuals were sampled in northern Sweden, partially at the border to
Finland. These 150 wolves correspond to approximately 75% of the entire free-ranging wolf
population in Sweden and Norway. The individuals were chemically immobilised for radio collaring,
health assessment, and sampling of biological materials. Blood was collected in tubes with clot
activating factor (Venoject llsystem, Terumo Europe N.V., Leuven, Belgium). The tubes were kept at
room temperature for 1-2 h to ensure complete coagulation. Serum was then separated by
centrifugation and stored at -20 °C until use. Thirteen samples were collected from wolves living in
captivity. The samples were collected from chemically immobilised individuals during routine
check-ups. Blood was collected in tubes with gel and clot activating factor (Venoject® llsystem,
Terumo Europe N.V., Leuven, Belgium) and treated as described above.

Blood samples from 33 free-ranging Canadian wolves were collected in Nunavut and the rest of the
North-West Territories in Canada in March 2012 or June 2013 (Table 3). The individuals were
chemically immobilised for radio collaring, health assessment, and sampling of biological materials.
Blood was collected in red top vacutainer tubes with clot activating factor (Becton, Dickson and
company, Franklin Lakes, NJ, USA) and treated as described above.

Capture of free-ranging wolves was approved by the Ethical Committee on Animal Experiments in
Uppsala, Sweden, by the National Animal Research Authority in Oslo, Norway and the Northwest
Territories Wildlife Care Committee in Yellowknife, Canada.

Table 3. Number of Canadian and Scandinavian wolves

Study 4 Study5 Total
Captive 13 - 13
Scandinavian Free-ranging 58 92 150
wolves
Total 71 92 163
Canadian wolves - 33 -

3.2 DNA EXTRACTION

Genomic DNA was extracted from EDTA blood samples using Qiagen mini- and/or midiprep
extraction kits (Qiagen, Hilden, Germany) or from whole blood using the phenol-chloroform or the
salting out method.

3.3 SERUM IMMUNOGLOBULIN CONCENTRATIONS

Total serum IgA concentrations were determined by enzyme-linked immunosorbent assay (ELISA) at
room temperature using non-commercial canine reference samples with known IgA concentrations, as
described previously [124, 125]. All samples were quantified at least two times. Samples showing
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strong variation between the individual measurements were run again and potential outliers were
subsequently excluded.

For studies 1, 3, 4 and 5, polyclonal goat anti-dog IgA antibodies (AbD Serotec, Oxford, UK) and
alkaline phosphatase-conjugated polyclonal goat anti-dog IgA antibodies (Bethyl Laboratories,
Montgomery, TX, USA) were diluted 1:2,000 with carbonate-bicarbonate buffer (0.05 M, pH 9.6) or
Tris-buffered saline and Tween (TBST) respectively. Samples were diluted 1:25,000, 1:50,000 and
1:100,000 with phosphate-buffered saline with Tween (PBST). Para-Nitrophenylphosphate (PNPP)
was used as substrate.

For studies 2 and 4, polyclonal goat anti-dog IgA antibodies (AbD Serotec, Oxford, UK), monoclonal
mouse anti-dog IgA antibodies (AbD Serotec, Oxford, UK) and alkaline phosphatase-conjugated
polyclonal goat anti-dog IgA antibodies (Jackson Immunoresearch, West Grove, PA, USA) were
diluted 1:2,000 in PBST. All samples were diluted three times as described above and PNPP was used
as a substrate.

3.4 STATISTICS

All descriptive statistics were calculated using routine procedures and software such as GraphPad
(LaJolla, CA, USA), IBM SPSS (Armonk, NY, USA) and R (www.r-project.org). Normal
distribution of IgA concentrations was tested by D’Agostino normality test. The number of animals in
different groups was assayed for significance by Fisher’s exact test (study 2). The effect of age, sex,
subpopulations and/or CAD on IgA concentration was assessed either by Spearman correlation
test (studies 1 and 4), Pearson’s correlation coefficient (study 2) or Kendall’s rank correlation
test (study 5). Mann-Whitney test (studies 1 and 5) or Welch two-sample t-test (study 2) was used to
compare the IgA concentrations between different groups of animals. Differences were considered
significant if p<0.05.

3.5 GENOME-WIDE ASSOCIATION STUDY

Genome-wide scans were performed for 1,101 dogs (516 GSD, 187 GR, 302 LR and 96 SP) with
previously determined IgA concentrations using the Illumina 170k Canine HD Bead-Chip (lllumina,
San Diego, CA, USA). A further 179 GSD were successfully genotyped, of which 91 were CAD cases
and 88 were healthy controls.

Quality control was conducted; non-informative markers, markers with a low call rate (<0.95) and
markers not in Hardy-Weinberg equilibrium were removed to minimise potential bias and error in
GWAS results.

In study 3, an association analysis of CAD was performed in GSD with IgA concentrations (as scale
measure) and age at sampling as covariates.

In study 4, an association of IgA concentrations with genetic markers was analysed. Age at sampling
was used as covariate. A different GWAS was performed in each of the four breeds separately. The
IgA concentrations were divided into groups of percentile intervals, hence the analysis was run in a
close-to-continuous manner. A subpopulation assignment was included in the analysis as an additional
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covariate only for GSD; cases and controls were included for this analysis. All individuals with 1gA
concentrations lower than the 25" percentile were considered cases. Controls were all individuals with
IgA concentrations higher than the 75™ percentile.

To control for cryptic relatedness and population sub-structure a mixed model approach was applied
in both studies. Genome-wide significance was defined as p-values below 0.05 after 100,000
permutations or by using an empirical threshold (97.5 % confidence interval [CI]) calculated from the
distribution of p-values and after permutations.

3.6 SEQUENCING OF THE IGHA GENE LOCUS

The IgA heavy chain constant region gene (IGHA), encoding the heavy chain constant region (Cy1 to
Cy3) was sequenced in genomic DNA from the blood of two wolves. The gene was amplified by
polymerase chain reaction (PCR) using primers targeting the IGHA gene in dogs:

5 CATGAAGACCTGTGCATTTC TCA 3°,
5" AGGGACTCAATTGTGAGGAGGAA 3°.

The resulting products were cloned into a pMD19-T vector and sequenced by Sanger sequencing.

3.7 IMMUNODIFFUSION

Serum samples from dog and wolf were analysed for identity by double immunodiffusion, as
described previously [126], using polyclonal goat anti-dog IgA antibodies (AbD Serotec, Oxford, UK)
and monoclonal mouse anti-dog IgA antibodies (AbD Serotec, Oxford, UK). Antisera and serum
samples were added to holes with a defined distance in an agarose matrix. The samples were allowed
to diffuse in the matrix.
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4 RESULTS
4.1 SERUM IGA CONCENTRATIONS AND PREVALENCE FOR IGAD IN DOGS

4.1.1 IgA concentrations in different dog breeds

The measured IgA concentrations range from 0.01 g/l to 3.0 g/l (Figure 2). The concentrations vary
widely among the 22 different purebred dog breeds analysed. The SP stands out as the most high-risk
breed for low median serum IgA concentrations followed by HWD, NED, NSDTR, BSD, American
Staffordshire terrier, Bullterrier, GSD, GR, LR and Staffordshire bullterrier.

The difference in IgA concentrations between males and females as well as castrated and
non-castrated dogs was found to be insignificant. A positive correlation between IgA concentrations
and age was found.

Max IgA 3.0 g/l

Suggested canine IgAD cut-off 0,15 g/l

LOG10 IgA conc. (g/l)

Min IgA 0.01 g/I

Figure 2. IgA concentrations measured for 22 different dog breeds. This figure was adapted from
Olsson et al., Vet. Immunol. Immunopathol. 2014 Aug; 160(3-4): 255-259, with permission from
Elsevier.

4.1.2 Defining an IgAD cut-off

In accordance with previously suggested cut-offs for IgAD [95, 98, 99, 102], we calculated a 95 % CI
of the mean resulting in a cut-off of 0.26 g/l for the total population of 1,623 dogs. Due to the strong
variation in IgA concentrations among different breeds, a breed-specific cut-off might be preferred.
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4.1.3 Prevalence of IgAD in different dog breeds

Low serum IgA concentrations or even overt deficiency have previously been found in
the SP [98, 100], the GSD [104, 105, 107, 109] and Beagle dogs from selected kennels [95, 101].

Our studies suggest an average prevalence of IgAD in the investigated dog breeds of 15 % (Figure 3).
Furthermore, the following five dog breeds show an increased prevalence for IgAD compared to the
average: SP, HWD, NED, NSDTR and BSD.

30
L

average prevalence for all breeds

Prevalence for IgAD [%]
0
had

et
e
X

Shar-Pei -
Hovawart -
NSDTR -
Bullterrier —
Rottveeiler —
Boxer - X
olie 4 X
Jamthund = X

Tibetan spaniel -

Berner sennen | X
Samoyed — X
Leonberger < X

Bearded collie —
Border ¢

Nonwegian elkhund -
Belgian shepherd
German shepherd
Labrador retriever —|
hi
Standard Poodle -
de

Staffordshire bullterrier —|

Stafferdshire bullterrier

American

Figure 3. Prevalence of IgAD in different dog breeds.

4.2 SERUM IGA CONCENTRATIONS AND PREVALENCE OF IGAD IN
WOLVES
4.2.1 Molecular identity of dog and wolf IgA

The sequenced IGHA gene in wolves has shown complete sequence homology to one of the four
known gene variants [89] in dogs. Moreover, the fused precipitation lines indicate that the applied
detection antibodies bind to the same epitope in the IgA molecule in dog and wolf (Figure 4) [124].
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Figure 4. Double immunodiffusion showing binding of
one of the detection antibodies to IgA in serum samples
from dogs and wolves. This figure was adapted from
Frankowiack et al., Dev. Comp. Immunol. 2013 Jun;
40(2): 180-184, with permission from Elsevier.

4.2.2 1gA concentrations in wolves

The IgA concentrations in wolves range from 0.01 g/l to 0.23 g/I. No sex- or age-dependency has been
found. Furthermore, no difference has been found between free-ranging and captive wolves.

Scandinavian and Canadian wolves differ significantly in their IgA concentrations. The median IgA
concentration for Scandinavian wolves is 0.05 g/l and 0.18 g/l for Canadian wolves.

Applying an arbitrary cut-off at 0.1 g/l, the average prevalence for IgAD in Scandinavian wolves is
80 %. The prevalence of IgAD in wolves from North America is only 14 %.

4.3 GENETIC ASSOCIATION OF IGAD AND CAD

4.3.1 Genetic association of CAD and IgAD

Low serum IgA concentrations correlate strongly to the CAD phenotype in GSD. In total, 19 SNPs on
CFA27 show a significant association to CAD. Furthermore, these 19 SNPs have been found to form
a 1.5 Mb-long associated haplotype with an 86 % correlation with the case and control haplotype
pattern. The associated haplotype includes eight genes, with the top two SNPs surrounding the gene
plakophilin 2 (PKP2).

4.3.2 Genetic association of IgAD

In the association analysis performed in four dog breeds prone to low IgA concentrations, 35 genomic
loci were found to be suggestively associated. However, there were no overlapping association signals
in the different breeds.

In GSD, three loci on CFA5, CFA8 and CFA23 showed a significant association with IgA
concentrations. The first locus on CFA5 is around 1 Mb long, consisting of 14 SNPs. Based on the
SNPs in LD with the top SNP, a region around 1.7 Mb long was identified. This region consists of
18 SNPs and it resulted in 12 different haplotypes. Two of the haplotypes were defined as risk
haplotypes, one as an IgA concentration-independent haplotype and nine as rare haplotypes. Only the
gene kin of IRRE-like protein 3 (KIRRELS3) is harboured by these haplotypes, despite its size.
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Two single SNPs on CFA8 and CFA23 showed significant association. The CFAS8 top SNP is in high
LD with three SNPs spanning a region of about 0.5 Mb. Eleven haplotypes could be defined from this
region. None of these haplotypes were found to convey either a risk for or a protection from low IgA
concentrations. However, the region harbours 13 genes, such as goosecoid homeobox (GSC),
resistin-like beta (RETNLB), protein phosphatase 4 (PPP4R4), and 10 members (member 1, 2, 3-6,
9-13) in the Serpin peptidase inhibitor family (SERPINA). The CFA23 top SNP is located in the intron
of the gene G protein-coupled receptor 149 (GPR149) and is not in LD with any other SNP.

In SP, a significant association to a region on CFA28 was found. The region is part of a ~20 kb-long
haplotype. In total, two rare haplotypes, two common haplotypes, four risk haplotypes, and one
protective haplotype were defined. A significant difference in IgA concentrations between the risk and
the protective haplotype was found in homozygous dogs. Furthermore, both the dogs homozygous for
the risk haplotype and the dogs heterozygous for the risk haplotype show a significant difference in
IgA concentration. The haplotype spanned the first intron of the gene slit homolog 1 (SLIT1).

Pathway analysis unveils significant connectivity between genes in the IgA associated regions across
three breeds (GSD, GR and SP). The results indicate that around 45 % of the enriched genes are
involved in inflammation. Gene set enrichment analysis indicates the involvement of, amongst others,
transcriptional activity, haematopoiesis and regulation of cell growth.
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5 DISCUSSION

5.1 IGA CONCENTRATIONS AND IGAD IN DIFFERENT DOG BREEDS

The proportion of dogs with a low IgA concentration or even an overt IgAD, as well as the range of
IgA concentrations, has been found to vary widely among different breeds. The inter-breed variability
makes it difficult to establish a generally accepted, physiologically proven cut-off for IgAD.
Previously suggested cut-offs in different dog breeds include 0.3 g/l [100], 0.22 ¢/l [102],
0.18 g/l [95], and 0.15 g/l [98, 99], these being higher than the cut-offs we chose. In agreement with
some studies, we suggest the lower limit of the 95 % CI for the mean in the studied population to be
used as a cut-off [95, 98, 99].

Most purebred dogs have low levels of genetic variation caused by founder effects, strict breeding
practices and reproductive isolation. As a consequence, these breeds show a very high susceptibility to
one or more genetic diseases [40, 127]. IgAD appears to be one of the diseases shared among multiple
breeds.

The SP is known to be a high-risk dog breed for IgAD [98, 100] and it stands out as the breed with the
highest prevalence of IgAD. Amongst the other dog breeds with a considerably increased prevalence
are the HWD, the NED and the GSD; at least for the latter, inconsistent results have previously been
published. Normal faecal IgA concentrations [103] and a larger variance in serum IgA concentrations
as compared to other breeds [102] have been reported, as well as low IgA concentrations or IgAD in
faeces [109] and serum [105-107]. Our results suggest that the GSD is a high-risk breed for
IgAD [97].

5.2 |IGAD-ASSOCIATED DISEASES IN DOGS

In humans, IgAD is associated with autoimmune diseases such as SLE and celiac disease (CD) [16].
In dogs, IgAD is known to increase susceptibility to immune-mediated diseases [95].

The GSD has an exceptionally high susceptibility to immunological diseases or immune-related
disorders including skin as well as gastrointestinal problems, such as CAD [128, 129]. We found a
significant difference in IgA concentrations in CAD cases as compared to CAD controls that indicates
a functional role for IgA in the aetiology of CAD [125]. Furthermore, we identified the gene PKP2 as
a target gene. The protein encoded by PKP2 is involved in linking cadherins to intermediate filaments
in the cytoskeleton [130]. Degradation processes in the surface of the skin are known to be common in
skin diseases including atopic dermatitis [131], underlining that PKP2 is a good candidate gene for
CAD. Furthermore, altered mMRNA expression of PKP2 has been detected between atopic and healthy
skin and even correlated with clinical severity in atopic skin [132].

5.3 GENETIC ASSOCIATIONS WITH IGAD IN DOGS

Our results suggest that canine IgAD is a polygenetic, multifactorial disease. Results from our GWAS
performed in four breeds prone to low IgA concentrations identified risk haplotypes and target genes
like KIRREL3, SERPINA9 and SLIT1. These genes are known to play a role in naive B cell
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maintenance and the regulation of haematopoiesis in the bone marrow [133-139]. Even though the
molecular basis of IgAD is unknown, defects were suggested at several steps, including the stem cell
level [140]. Furthermore, most patients with IgAD were found to have a lower percentage of
class-switched memory B cells [141], or both memory B cells and class-switched memory B cells, as
compared to the healthy controls [142]. Interestingly, a reconstitution of IgA production could be
demonstrated in IgAD subjects by in-vitro induction of class-switch recombination (CSR) through
CD40 together with IL-4 or IL-10, or IL-21 exclusively [143-148]. This suggests that a lack of one or
more essential signals following class-switching may result in a selective elimination of IgA™ B cells.

In humans, a mechanistic and genetic difference between low concentrations of serum IgA and IgAD
has been suggested [149]; contrary to humans, there is no clear distinction between low concentrations
and IgAD in dogs. In conclusion, the background IgAD in dogs might be equivalent to low serum IgA
concentrations in humans and thus explain why, at this stage, we were not able to prove homology to
human IgAD-associated genes for our candidate genes.

5.4 DLA AND AUTOIMMUNE DISEASES

In both humans and dogs the class Il region of the HLA and DLA respectively, is one of the most
important genetic risk factors for autoimmune disease [74, 150]. As a consequence of a shrinking
population size, geographic isolation of populations or selective breeding for specific traits, the
genetic diversity of the DLA can be limited. What follows are strong inter-breed, low intra-breed
polymorphisms and high levels of homozygosity in 35 % [72] to 40 % [67] of the DLA class Il region
in purebred dogs [67].

Consequently, the breed-specific distribution of DLA haplotypes [67, 72, 151] and the decrease in
genetic diversity might cause the breed-specific increases in disease predisposition of
immunodeficiencies such as IgAD [97], autoimmune diseases like canine immune arthritis [152],
diabetes mellitus [153-155], SLE [86], and cancer [67]. Studies on diabetes mellitus have found
similar risk-associated haplotypes and genotypes in different susceptible breeds [153] confirming this
notion.

Similarly to the human HLA, the DLA might not explain the complete heritability of complex
diseases. It might indicate a link to other genetic markers outside the DLA or to genetic variations in
the form of polymorphisms or gene copy number variation (CNV) elsewhere in the genome. Such a
link has been found for SLE in humans [156]. Consequently, alleles inside the DLA might not only
represent a potential genetic cause for a disease, but might also be an indicator for disease
susceptibility.

Although studies in humans have found associations between IgAD and the HLA [20, 27], no
association has yet been found with the DLA. The lack of a physiologically proven cut-off makes a
distinction between cases and controls challenging. Strong, but not significant, day-to-day variations
in IgA concentrations have also been found in saliva, tears and faeces [93, 103]. Since mucosal IgA is
the main source of serum IgA in dogs [92], one could assume similar variations of serum IgA.
Unfortunately, due to the complexity involved in sample drawing, a repeated sampling of the dogs,
albeit highly desirable, might not be possible to achieve.
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Despite breed-specific differences in the DLA, different dog breeds susceptible to diabetes mellitus
show similar risk haplotypes and alleles [153]. Assuming an analogous underlying disease cause for
IgAD, genotyping could help to increase the power of a GWAS due to further population
stratification.

Although the applied chip allows for genome-wide genotyping with a uniform coverage, including the
DLA, some of the SNPs failed due to technical reasons or quality control. Even though the majority of
SNPs that failed quality control has been excluded due to a low minor allele frequency (MAF), actual
mutations or variants might have been missed.

5.5 IGAD IN WOLVES

The nuclear coding-DNA sequence from the domestic dog differs only by 0.04 % from the gray
wolf [41, 77]. As a result of this close relationship within wolf-like canids, genetic tools developed for
dogs are usually applicable to wolves as well [77, 157]. SNPs identified in the domestic dog can
therefore be used to characterise variations in wild wolves [158].

We could prove complete sequence homology of the IGHA gene in wolves to one of the four known
gene variants in dogs [89, 124]. Moreover, the antibodies applied for the quantification of serum IgA
concentrations in dogs and wolves have been found highly reliable, because of the strong correlation
between the results obtained using the two different sets of antibodies and a unique line of
precipitation in immunodiffusion [124].

High levels of inbreeding in the Scandinavian wolf population might be the cause for the difference in
serum IgA concentrations displayed by Canadian and Scandinavian wolves [159, 160]. Despite the
observation that reasonably high levels of DLA diversity can be maintained in small
populations [161], the Scandinavian wolf population is an exception as it was established by only
three animals [162, 163]. The breeding restriction-dependent reduction in genetic variation could have
led to an increased proportion of disease-associated DLA alleles or haplotypes in comparison to the
Canadian wolves. Therefore, a potential enrichment of the same genetic risk factors (supposedly in the
DLA region) in certain high-risk dog breeds as well as the Scandinavian wolf population might be the
cause for the increased prevalence of IgAD. These risk factors might have been enriched during the
domestication and passed on to certain dog breeds. This would explain the breed-specific variation in
IgA concentrations, the prominent differences in disease prevalence as well as the similarly low IgA
concentrations in Scandinavian wolves and SP dogs.

Parts of the DLA class Il genes in gray wolves from North America were found to be identical in
structure to the DLA of domestic dogs with similar polymorphisms at each of the DLA class Il
sites [164]. Thus, the combination of DLA class Il alleles might be under strong maintaining pressure.
Even though wolves from North America had a few dog DLA alleles, Canadian wolves in particular
showed high levels of variation in the DLA class Il region [164]. A reduced susceptibility to IgAD
might thus be the result of a larger gene pool in the North American wolf population.

Interestingly, data on the DLA class Il alleles in wolves from Scandinavia [162] and North
America [164] indicated only a minor overlay. However, this data has to be interpreted with caution,
since it is based on a limited number of animals.
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5.6 TWINS AS DISEASE MODELS FOR IGAD

Twins, in particular monozygotic twins discordant for IgAD, provide a unique possibility to study the
complex interplay of genes and environment in propensity to disease. So far, there are seven
references on serum IgA concentrations in twins [165-171]. Three of them are case reports [167-169]
and two studies suggest either a genetic influence on serum IgA concentrations [165] or a combination
of genetic and environmental influences [166].

More recent studies suggest non-HLA or even non-genetic predisposing risk factors for the
development of IgAD [170, 172]. One study on the prevalence of IgAD among patients with type 1
diabetes (T1D), which is known to be higher compared with the general population [16, 173], suggests
an incomplete penetrance for certain HLA-determined Ig deficiencies [170]. The other study finds an
increase in disease prevalence among twins compared to the healthy population which is not explained
by a genetic association with the HLA. Furthermore, the heritability for IgAD has been found to
be 35 % [172].

The problem of missing heritability is shared by most common diseases [174-176] and mapping of
complex human diseases finds many mutations outside known genes that are likely to alter gene
regulation rather than the coding sequence [177]. The findings described in here stress the importance
of non-HLA genetic differences or environmental factors and support the conclusions drawn from the
studies in dogs and wolves.

6 FUTURE PERSPECTIVES

6.1 ESTABLISHMENT OF A PHYSIOLOGICALLY PROVEN CUT-OFF FOR
IGAD

A physiologically proven cut-off is crucial to distinguish between low concentrations of IgA and
IgAD. Unfortunately, there is no generally accepted cut-off in dogs as yet. Even if the majority of
animals displays no clinical symptoms [107], low IgA concentrations resemble human IgAD in a
proportion of dogs. Hence, an additional screening of medical records might help identify dogs with
recurrent infections, especially in the skin and the upper respiratory tract [95, 100, 105] as well as an
increased susceptibility to immune-mediated diseases [95]. Their IgA concentrations could
consequently be compared to a control group in a breed-specific manner.

6.2 |IGAD AND AUTOIMMUNE DISEASES

An in-depth analysis of medical records would also allow for the investigation of an association
between IgAD and immune-mediated diseases including autoimmune diseases and allergies. There is
a well-established connection between human IgAD and autoimmune diseases [16]. Furthermore, we
found indications for IgA to play an important role in the aetiology of CAD [125].

Despite the complexity involved in drawing multiple samples from the same animal, it would allow
for analysis of the variation in IgA concentrations in dogs. This is of particular interest since seasonal
fluctuation of IgA concentrations are known in humans [178]. Furthermore, IgAD in humans can
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appear and disappear without a known cause [2]. Multiple samples could help confirm the permanent
status of the deficiency in the animals.

In summary, not only could a retrospective analysis of the medical records help to establish a
physiologically proven cut-off for IgAD, it could also further substantiate the similarities in disease
manifestation in humans and dogs.

6.3 DLA HAPLOTYPE ANALYSIS

Breed specificity in the prevalence of IgAD [97] and the haplotype distribution [67, 72, 151] indicate
a possible association between IgAD and the DLA. The genotype data from the GWAS could be used
to impute the DLA haplotypes in the study cohorts and to investigate the presence of risk-conveying
DLA alleles or haplotypes similar to ones known in humans (see 1.2). Ultimately, GWAS could be
run on the proportion of cases harboring a respective risk haplotype. This way, the power of the
analysis would be increased due to the exclusion of genetic variance in the DLA.

The genotype array used allows for genome-wide genotyping of more than 170,000 SNPs, which
uniformly cover the whole genome, including the DLA. Should further genotype information be
needed, despite the strong LD, sequencing of parts of the DLA class Il region might be required. In
this case, sequencing of only one gene of the DLA class Il region might be sufficient, due to the small
number of possible alleles at each locus in purebred dogs [74].

Similarly to dogs, wolves from both Canada and Scandinavia could be genotyped; their DLA
haplotypes could be imputed and compared. It can be assumed that the Scandinavian wolves display a
much lower diversity of the DLA region, since they represent a much smaller population which is also
prone to inbreeding (see 5.5).

It is known that wolves from North America and domestic dogs share similarities in their DLA class Il
genes [164]. One should investigate if this accounts also for potential IgAD risk-haplotypes.
Furthermore, a comparison of the DLA haplotypes from wolves and dogs with IgAD might support
the idea that IgAD is a breeding-enriched phenomenon that has been passed on to some purebred dogs
from the gray wolf. Finally, it should be analysed if there are greater similarities between the DLA
haplotypes of the Scandinavian wolves and Canadian wolves or one of the high-risk dog breeds. A
limitation to running GWAS on these wolves is the size of the available sample cohort. Even for a
simple multiplicative risk model, 100 cases and 100 controls are needed, according to power
calculations, to detect a fivefold risk allele in 98 % of data sets [40].

6.4 WHOLE-GENOME SEQUENCING

In common variable immunodeficiency (CVID), another primary immunodeficiency,
disease-associated CNVs have been found [179]. However, array-based genotyping methods do not
allow for the detection of structural variants, such as CNV, prediction of functionality, non-coding
mutations and genes located in non-conserved elements or in complex regions with low sequence
coverage. To aggravate this situation, structural variants in dogs are poorly understood and until today
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there are only five large studies on structural variants in dogs using comparative genomic
hybridisation (CGH) [180].

One approach to target structural variants, genetic differences outside the DLA and outside SNPs
included on the array is whole genome sequencing. DNA sequences from Canadian and Scandinavian
wolves could thus be compared in an attempt to identify differences that might account for different
disease prevalence for IgAD.

6.5 WOLF SAMPLES FROM DIFFERENT POPULATIONS

More serum samples from wolves, ideally from different populations could be used to investigate
whether low serum IgA concentrations are unique for the Scandinavian wolves. Additionally, an
assessment on whether low IgA concentrations have a negative effect on the health and fitness of
these wolves might be informative. For this purpose, it might be feasible to focus on captive wolves as
regular health checkups are quite common for most of them.
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7 CONCLUSIONS

The dog displays an appealing disease model for IgAD. Not only do dogs with low serum IgA
concentrations resemble human IgAD from a clinical point of view but there is also a genetic
background present in canine IgAD. Serum IgA concentrations were found to differ between different
dog breeds. Moreover, several additional dog breeds were identified as high-risk breeds.

GWAS have identified new, highly interesting target genes associated with low concentrations of
serum IgA using a novel percentile groups-approach that allowed for the establishment of
breed-specific cut-offs and the performance of analysis in a close to continuous manner. The results
suggest that genetic markers involved in B cell development and haematopoiesis play an important
role in canine IgAD. Furthermore, our results suggest that canine IgAD is a polygenic, multifactorial
disease.

IgA concentrations were found to be correlated with the immune-related disease CAD and a novel
target gene was found to be associated with CAD. Furthermore, our results indicate that Scandinavian
wolves might represent another high-risk population for IgAD possibly sharing a similar genetic
background with high-risk dog breeds.

Our results suggest additional studies, especially on a physiologically relevant cut-off and genotyping
of the DLA in different dog breeds and wolves from Canada and Scandinavia which will allow for
investigation of genetic association inside and outside the DLA.
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8 POPULAR SCIENCE SUMMARY

The dog, our furry companion, believe it or not, has an incredible impact on human health; an impact
that goes beyond animal-assisted therapy to increase social behaviour or the detection of cancer and
diabetes by disease-characteristic smells.

The story of the dog began around 15,000 years ago when it emerged from its ancestor, the gray wolf.
Since then, humans have selected dogs with desirable traits and thereby strictly reduced the size of the
available breeding pool. Over time, the dog’s genetic material started to change resulting in strong
variations between different dog breeds, but very limited variation within individual breeds.

Today, the dog’s genes are arranged in long blocks that are characteristic to individual dog breeds.
These blocks help researchers to perform genetic studies in dogs; however they also increase the dog’s
susceptibility to diseases.

IgA deficiency (IgAD) is one such disease and individuals suffering from it lack the ability to produce
IgA antibodies. Since IgA protects the body from invading pathogens by covering the mucosal
surfaces of the gastrointestinal and respiratory tracts, individuals with IgAD are likely to experience
recurrent infections at these sites. Interestingly, the clinical manifestations of IgAD are similar in
humans and dogs.

The results presented herein suggest that the dog is a suitable model to study the background of human
IgAD. More specifically, we found IgA concentrations and the number of dogs with IgAD to be
breed-specific, suggesting the involvement of genes in the development of the disease.

By selecting dog breeds with a high susceptibility to IgAD and analysing their genes, we identified
genetic markers involved in formation of blood cells to play an important role in the development of
the disease.

We also found very low IgA concentrations in Scandinavian, but not in Canadian, wolves so further
genetic studies are currently planned to help identify common genetic denominators in dog breeds
with a high prevalence of IgAD and wolves from Scandinavia. These studies will also investigate the
genetic differences in Canadian and Scandinavian wolves, which could account for the observed
difference in IgA concentrations.

In conclusion, this study portrays dogs and wolves as appealing disease models to study the
background of IgAD.

29



Canine disease models for IgA deficiency

9 ACKNOWLEDGEMENTS

This work was performed at the Department of Laboratory Medicine within the Karolinska Institute in
Stockholm, Sweden. | would like to thank all the people that | have had the pleasure to work with
during the past years. In particular, I would like to acknowledge the following people:

Lennart Hammarstréom, my principal scientific advisor. Thank you for giving me the opportunity to
pursue my PhD studies. | would like to express my gratitude for your limitless trust in me and for
always allowing me to spearhead our research.

Nancy Pedersen, my co-supervisor. Thank you for your support, your scientific guidance and your
help.

All other co-authors and collaborators for their contribution and input. Especially Katarina Tengvall,
Cecilia Johansson, Dean Cluff, Jon Arnemo, Alina Evans, Johan Mansson, Hakan Sand, Ake
Hedhammar and Torsten Mgller.

I would like to thank all my present and past colleagues at the Division of Clinical Immunology in
particular, Sonal Pendharkar, Kerstin Bergman, Naradja Wissmar and Pernialla Klyve for their
company, friendship and for always being willing to give me a helping hand.

Furthermore, | am grateful to my former group member Mia Olsson who joined our group to do a
short postdoc on canine IgA deficiency. Mia’s genuine personality and her great scientific curiosity
make her an excellent role model for a young scientist.

I would also like to thank Victoria Garvare for the lovely cover illustration and Stephanie
Darmanin for her invaluable help revising this work.

Last, but not least, I would like to express my sincere gratitude to all dog owners and veterinarians for
providing us with blood samples and clinical information.

30



Marcel Frankowiack

10 REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Macpherson AJ, McCoy KD, Johansen F-E, Brandtzaeg P. The immune geography of IgA
induction and function. Mucosal Immunol. 2008;1: 11-22. doi:10.1038/mi.2007.6

Woof JM, Kerr MA. The function of immunoglobulin A in immunity. J Pathol. 2006;208: 270—
282. doi:10.1002/path.1877

Hammarstrom L, Smith C. Genetic Approach to Common Variable Immunodeficiency and IgA
Deficiency. A Molecular and Genetic Approach. 3 ed. Oxford University Press; 2013.

Strugnell RA, Wijburg OLC. The role of secretory antibodies in infection immunity. Nat Rev
Microbiol. 2010;8: 656—667. doi:10.1038/nrmicro2384

Fagarasan S, Kawamoto S, Kanagawa O, Suzuki K. Adaptive immune regulation in the gut: T
cell-dependent and T cell-independent IgA synthesis. Annu Rev Immunol. 2010;28: 243-273.
doi:10.1146/annurev-immunol-030409-101314

Roos A, Bouwman LH, van Gijlswijk-Janssen DJ, Faber-Krol MC, Stahl GL, Daha MR. Human
IgA activates the complement system via the mannan-binding lectin pathway. J Immunol Baltim
Md 1950. 2001;167: 2861-2868.

Yang C, Jie W, Yanlong Y, Xuefeng G, Aihua T, Yong G, et al. Genome-wide association study
identifies TNFSF13 as a susceptibility gene for IgA in a South Chinese population in smokers.
Immunogenetics. 2012;64: 747—753. doi:10.1007/s00251-012-0636-y

Viktorin A, Frankowiack M, Padyukov L, Chang Z, Melén E, Saaf A, et al. IgA measurements in
over 12 000 Swedish twins reveal sex differential heritability and regulatory locus near CD30L.
Hum Mol Genet. 2014;23: 4177-4184. doi:10.1093/hmg/ddul35

Al-Herz W, Bousfiha A, Casanova J-L, Chapel H, Conley ME, Cunningham-Rundles C, et al.
Primary immunodeficiency diseases: an update on the classification from the international union
of immunological societies expert committee for primary immunodeficiency. Front Immunol.
2011;2: 54-80. d0i:10.3389/fimmu.2011.00054

Al-Attas RA, Rahi AH. Primary antibody deficiency in Arabs: first report from eastern Saudi
Arabia. J Clin Immunol. 1998;18: 368—-371.

Kanoh T, Mizumoto T, Yasuda N, Koya M, Ohno Y, Uchino H, et al. Selective IgA deficiency in
Japanese blood donors: frequency and statistical analysis. Vox Sang. 1986;50: 81-86.

Hammarstrom L, Smith C. Genetic approach to common variable immunodeficiency and IgA
deficiency. HD Ochs CIE Smith JM Puck Eds Prim Immunodefic Dis Mol Genet Approach.
2007;2nd ed, Oxford University Press, New York, 2007: 313-325.

Hammarstrom L, Vorechovsky I, Webster D. Selective IgA deficiency (SIgAD) and common
variable immunodeficiency (CVID). Clin Exp Immunol. 2000;120: 225-231. doi:10.1046/].1365-
2249.2000.01131.x

Cunningham-Rundles C. Physiology of IgA and IgA deficiency. J Clin Immunol. 2001;21:
303-309.

Yel L. Selective IgA deficiency. J Clin Immunol. 2010;30: 10-16. doi:10.1007/s10875-009-
9357-x

Wang N, Shen N, Vyse TJ, Anand V, Gunnarson I, Sturfelt G, et al. Selective IgA deficiency in

autoimmune diseases. Mol Med Camb Mass. 2011;17: 1383-1396.
doi:10.2119/molmed.2011.00195

31



Canine disease models for IgA deficiency

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Jorgensen GH, Gardulf A, Sigurdsson MI, Arnlaugsson S, Hammarstrém L, Ludviksson BR.
Health-related quality of life (HRQL) in immunodeficient adults with selective IgA deficiency
compared with age- and gender-matched controls and identification of risk factors for poor
HRQL. Qual Life Res Int J Qual Life Asp Treat Care Rehabil. 2014;23: 645-658.
d0i:10.1007/s11136-013-0491-9

Ludvigsson JF, Neovius M, Hammarstrom L. IgA deficiency and mortality: a population-based
cohort study. J Clin Immunol. 2013;33: 1317-1324. doi:10.1007/s10875-013-9948-4

Hammarstrom L, Carlsson B, Smith CI, Wallin J, Wieslander L. Detection of IgA heavy chain
constant region genes in IgA deficient donors: evidence against gene deletions. Clin Exp
Immunol. 1985;60: 661-664.

Ferreira RC, Pan-Hammarstrom Q, Graham RR, Fontadn G, Lee AT, Ortmann W, et al. High-
density SNP mapping of the HLA region identifies multiple independent susceptibility loci
associated with  selective IgA  deficiency. PL0S Genet. 2012;8: e1002476.
doi:10.1371/journal.pgen.1002476

Olerup O, Smith CI, Hammarstrom L. Different amino acids at position 57 of the HLA-DQ beta
chain associated with susceptibility and resistance to IgA deficiency. Nature. 1990;347: 289-290.
d0i:10.1038/347289a0

Cunningham-Rundles C, Fotino M, Rosina O, Peter JB. Selective IgA deficiency, IgG subclass
deficiency, and the major histocompatibility complex. Clin Immunol Immunopathol. 1991;61:
S61-69.

Mohammadi J, Ramanujam R, Jarefors S, Rezaei N, Aghamohammadi A, Gregersen PK, et al.
IgA deficiency and the MHC: assessment of relative risk and microheterogeneity within the HLA
Al B8, DR3 (8.1) haplotype. J Clin Immunol. 2010;30: 138-143. doi:10.1007/s10875-009-9336-
2

MacHulla HK, Schénermarck U, Schaaf A, Miller LP, Kloss C, Krliger J, et al. HLA-A, B, Cw
and DRB1, DRB3/4/5, DQB1, DPB1 frequencies in German immunoglobulin A-deficient
individuals. Scand J Immunol. 2000;52: 207-211.

Ramanujam R, Piehl F, Pirskanen R, Gregersen PK, Hammarstrom L. Concomitant
autoimmunity in myasthenia gravis - Lack of association with IgA deficiency. J Neuroimmunol.
2011;236: 118-122. doi:10.1016/j.jneuroim.2011.05.008

Rioux JD, Goyette P, Vyse TJ, Hammarstrom L, Fernando MMA, Green T, et al. Mapping of
multiple susceptibility variants within the MHC region for 7 immune-mediated diseases. Proc
Natl Acad Sci U S A. 2009;106: 18680-18685. doi:10.1073/pnas.0909307106

Ferreira RC, Pan-Hammarstrom Q, Graham RR, Gateva V, Fontan G, Lee AT, et al. Association
of IFIH1 and other autoimmunity risk alleles with selective IgA deficiency. Nat Genet. 2010;42:
777-780. doi:10.1038/ng.644

Castigli E, Wilson SA, Garibyan L, Rachid R, Bonilla F, Schneider L, et al. TACI is mutant in
common variable immunodeficiency and IgA deficiency. Nat Genet. 2005;37: 829-834.
doi:10.1038/ng1601

Hendrickson BA, Conner DA, Ladd DJ, Kendall D, Casanova JE, Corthesy B, et al. Altered
hepatic transport of immunoglobulin A in mice lacking the J chain. J Exp Med. 1995;182:
1905-1911.

Harriman GR, Bradley A, Das S, Rogers-Fani P, Davis AC. IgA class switch in I alpha exon-

deficient mice. Role of germline transcription in class switch recombination. J Clin Invest.
1996;97: 477-485. doi:10.1172/JC1118438

32



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Marcel Frankowiack

Blutt SE, Miller AD, Salmon SL, Metzger DW, Conner ME. IgA is important for clearance and
critical for protection from rotavirus infection. Mucosal Immunol. 2012;5: 712-719.
d0i:10.1038/mi.2012.51

Mbawuike IN, Pacheco S, Acuna CL, Switzer KC, Zhang Y, Harriman GR. Mucosal immunity to
influenza without IgA: an IgA knockout mouse model. J Immunol Baltim Md 1950. 1999;162:
2530-2537.

Harriman GR, Bogue M, Rogers P, Finegold M, Pacheco S, Bradley A, et al. Targeted deletion of
the IgA constant region in mice leads to IgA deficiency with alterations in expression of other Ig
isotypes. J Immunol Baltim Md 1950. 1999;162: 2521-2529.

Blanchard TG, Czinn SJ, Redline RW, Sigmund N, Harriman G, Nedrud JG. Antibody-
independent protective mucosal immunity to gastric helicobacter infection in mice. Cell Immunol.
1999;191: 74-80. doi:10.1006/cimm.1998.1421

Banks TA, Rouse BT, Kerley MK, Blair PJ, Godfrey VL, Kuklin NA, et al. Lymphotoxin-alpha-
deficient mice. Effects on secondary lymphoid organ development and humoral immune
responsiveness. J Immunol Baltim Md 1950. 1995;155: 1685-1693.

Koni PA, Sacca R, Lawton P, Browning JL, Ruddle NH, Flavell RA. Distinct roles in lymphoid
organogenesis for lymphotoxins alpha and beta revealed in lymphotoxin beta-deficient mice.
Immunity. 1997;6: 491-500.

Castigli E, Scott S, Dedeoglu F, Bryce P, Jabara H, Bhan AK, et al. Impaired IgA class switching
in  APRIL-deficient mice. Proc Natl Acad Sci U S A. 2004;101: 3903-3908.
d0i:10.1073/pnas.0307348101

Hiroi T, Yanagita M, lijima H, Iwatani K, Yoshida T, Takatsu K, et al. Deficiency of IL-5
receptor alpha-chain selectively influences the development of the common mucosal immune
system independent 1gA-producing B-1 cell in mucosa-associated tissues. J Immunol Baltim Md
1950. 1999;162: 821-828.

O’Neal CM, Harriman GR, Conner ME. Protection of the villus epithelial cells of the small
intestine from rotavirus infection does not require immunoglobulin A. J Virol. 2000;74:
4102-4109.

Karlsson EK, Lindblad-Toh K. Leader of the pack: gene mapping in dogs and other model
organisms. Nat Rev Genet. 2008;9: 713—-725. doi:10.1038/nrg2382

Lindblad-Toh K, Wade CM, Mikkelsen TS, Karlsson EK, Jaffe DB, Kamal M, et al. Genome
sequence, comparative analysis and haplotype structure of the domestic dog. Nature. 2005;438:
803-819. doi:10.1038/nature04338

Przeworski M. The signature of positive selection at randomly chosen loci. Genetics. 2002;160:
1179-1189.

Parker HG, Kim LV, Sutter NB, Carlson S, Lorentzen TD, Malek TB, et al. Genetic structure of
the purebred domestic dog. Science. 2004;304: 1160-1164. doi:10.1126/science.1097406

Sutter NB, Eberle MA, Parker HG, Pullar BJ, Kirkness EF, Kruglyak L, et al. Extensive and
breed-specific linkage disequilibrium in Canis familiaris. Genome Res. 2004;14: 2388-2396.
doi:10.1101/gr.3147604

Wade CM, Elinor K. Karlsson, Tarjei S. Mikkelsen, Michael C. Zody, Kerstin Lindblad-Toh. 11
The Dog Genome: Sequence, Evolution, and Haplotype Structure. Cold Spring Harb Monogr
Arch Vol 44 2006 Dog Its Genome. 2006; Available:
http://cshmonographs.org/index.php/monographs/article/view/4573

33



Canine disease models for IgA deficiency

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Brodsky FM, Lem L, Bresnahan PA. Antigen processing and presentation. Tissue Antigens.
1996;47: 464-471.

Weenink SM, Gautam AM. Antigen presentation by MHC class Il molecules. Immunol Cell Biol.
1997;75: 69-81. doi:10.1038/ich.1997.11

Apanius V, Penn D, Slev PR, Ruff LR, Potts WK. The nature of selection on the major
histocompatibility complex. Crit Rev Immunol. 1997;17: 179-224.

Paterson S. Evidence for balancing selection at the major histocompatibility complex in a
free-living ruminant. J Hered. 1998;89: 289-294.

Bernatchez L, Landry C. MHC studies in nonmodel vertebrates: what have we learned about
natural selection in 15 years? J Evol Biol. 2003;16: 363-377.

O’Brien SJ, Roelke ME, Marker L, Newman A, Winkler CA, Meltzer D, et al. Genetic basis for
species vulnerability in the cheetah. Science. 1985;227: 1428-1434.

O’Brien SJ, Evermann JF. Interactive influence of infectious disease and genetic diversity in
natural populations. Trends Ecol Evol. 1988;3: 254-259. doi:10.1016/0169-5347(88)90058-4

Carrington M, O’Brien SJ. The influence of HLA genotype on AIDS. Annu Rev Med. 2003;54:
535-551. doi:10.1146/annurev.med.54.101601.152346

Thursz MR, Thomas HC, Greenwood BM, Hill AV. Heterozygote advantage for HLA class-II
type in hepatitis B virus infection. Nat Genet. 1997;17: 11-12. doi:10.1038/ng0997-11

Carrington M, Nelson GW, Martin MP, Kissner T, Vlahov D, Goedert JJ, et al. HLA and HIV-1:
heterozygote advantage and B*35-Cw*04 disadvantage. Science. 1999;283: 1748-1752.

Tang J, Costello C, Keet IP, Rivers C, Leblanc S, Karita E, et al. HLA class | homozygosity
accelerates disease progression in human immunodeficiency virus type 1 infection. AIDS Res
Hum Retroviruses. 1999;15: 317-324. doi:10.1089/088922299311277

Jeffery KJ, Siddiqui AA, Bunce M, Lloyd AL, Vine AM, Witkover AD, et al. The influence of
HLA class | alleles and heterozygosity on the outcome of human T cell lymphotropic virus type |
infection. J Immunol Baltim Md 1950. 2000;165: 7278—7284.

Oliver MK, Telfer S, Piertney SB. Major histocompatibility complex (MHC) heterozygote
superiority to natural multi-parasite infections in the water vole (Arvicola terrestris). Proc Biol
Sci. 2009;276: 1119-1128. doi:10.1098/rspb.2008.1525

Langefors A, Lohm J, Grahn M, Andersen O, von Schantz T. Association between major
histocompatibility complex class 11B alleles and resistance to Aeromonas salmonicida in Atlantic
salmon. Proc Biol Sci. 2001;268: 479-485. doi:10.1098/rspb.2000.1378

Figueroa F, Tichy H, Berry RJ, Klein J. MHC polymorphism in island populations of mice. Curr
Top Microbiol Immunol. 1986;127: 100-105.

Nizeti¢ D, Stevanovi¢ M, Soldatovi¢ B, Savi¢ I, Crkvenjakov R. Limited polymorphism of both
classes of MHC genes in four different species of the Balkan mole rat. Immunogenetics. 1988;28:
91-98.

Breen M, Jouquand S, Renier C, Mellersh CS, Hitte C, Holmes NG, et al. Chromosome-specific
single-locus FISH probes allow anchorage of an 1800-marker integrated radiation-hybrid/linkage
map of the domestic dog genome to all chromosomes. Genome Res. 2001;11: 1784-1795.
doi:10.1101/gr.189401

34



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Marcel Frankowiack

Wagner JL, Burnett RC, Storb R. Organization of the canine major histocompatibility complex:
current perspectives. J Hered. 1999;90: 35-38.

Wagner JL. Molecular organization of the canine major histocompatibility complex. J Hered.
2003;94: 23-26.

Williams DL. Studies of canine leucocyte antigens: a significant advance in canine immunology.
Vet J Lond Engl 1997. 1997;153: 31-39.

Vila C, Seddon J, Ellegren H. Genes of domestic mammals augmented by backcrossing with wild
ancestors. Trends Genet TIG. 2005;21: 214-218. doi:10.1016/j.tig.2005.02.004

Angles JM, Kennedy LJ, Pedersen NC. Frequency and distribution of alleles of canine MHC-II
DLA-DQB1, DLA-DQA1 and DLA-DRBL1 in 25 representative American Kennel Club breeds.
Tissue Antigens. 2005;66: 173-184. doi:10.1111/j.1399-0039.2005.00461.x

Runstadler JA, Angles JM, Pedersen NC. Dog leucocyte antigen class Il diversity and
relationships among indigenous dogs of the island nations of Indonesia (Bali), Australia and New
Guinea. Tissue Antigens. 2006;68: 418-426. doi:10.1111/j.1399-0039.2006.00696.x

Burnett RC, DeRose SA, Wagner JL, Storb R. Molecular analysis of six dog leukocyte antigen
class | sequences including three complete genes, two truncated genes and one full-length
processed gene. Tissue Antigens. 1997;49: 484-495.

Wagner JL, Burnett RC, Works JD, Storb R. Molecular analysis of DLA-DRBB1 polymorphism.
Tissue Antigens. 1996;48: 554-561.

Wagner JL, Burnett RC, DeRose SA, Storb R. Molecular analysis and polymorphism of the
DLA-DQA gene. Tissue Antigens. 1996;48: 199-204.

Kennedy LJ, Barnes A, Happ GM, Quinnell RJ, Bennett D, Angles JM, et al. Extensive
interbreed, but minimal intrabreed, variation of DLA class Il alleles and haplotypes in dogs.
Tissue Antigens. 2002;59: 194-204.

Kennedy LJ, Hall LS, Carter SD, Barnes A, Bell S, Bennett D, et al. Identification of further
DLA-DRBL1 and DQAL1 alleles in the dog. Eur J Immunogenetics Off J Br Soc Histocompat
Immunogenetics. 2000;27: 25-28.

Pedersen N, Liu H, Millon L, Greer K. Dog leukocyte antigen class ll-associated genetic risk
testing for immune disorders of dogs: simplified approaches using Pug dog necrotizing
meningoencephalitis as a model. J Vet Diagn Investig Off Publ Am Assoc Vet Lab Diagn Inc.
2011;23: 68-76.

Patterson DF. Companion animal medicine in the age of medical genetics. J Vet Intern Med Am
Coll Vet Intern Med. 2000;14: 1-9.

Sargan DR. IDID: inherited diseases in dogs: web-based information for canine inherited disease
genetics. Mamm Genome Off J Int Mamm Genome Soc. 2004;15: 503-506.
doi:10.1007/s00335-004-3047-z

Wayne RK, Ostrander EA. Lessons learned from the dog genome. Trends Genet TIG. 2007;23:
557-567. doi:10.1016/j.tig.2007.08.013

Ostrander EA, Wayne RK. The canine genome. Genome Res. 2005;15: 1706-1716.
doi:10.1101/gr.3736605

Lin L, Faraco J, Li R, Kadotani H, Rogers W, Lin X, et al. The sleep disorder canine narcolepsy
is caused by a mutation in the hypocretin (orexin) receptor 2 gene. Cell. 1999;98: 365-376.

35



Canine disease models for IgA deficiency

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Van De Sluis B, Rothuizen J, Pearson PL, van Oost BA, Wijmenga C. Identification of a new
copper metabolism gene by positional cloning in a purebred dog population. Hum Mol Genet.
2002;11: 165-173.

Stuehler B, Reichert J, Stremmel W, Schaefer M. Analysis of the human homologue of the canine
copper toxicosis gene MURR1 in Wilson disease patients. J Mol Med Berl Ger. 2004;82:
629-634. doi:10.1007/s00109-004-0557-9

Grall A, Guaguére E, Planchais S, Grond S, Bourrat E, Hausser |, et al. PNPLAL mutations cause
autosomal recessive congenital ichthyosis in golden retriever dogs and humans. Nat Genet.
2012;44: 140-147. doi:10.1038/ng.1056

Tsai KL, Clark LA, Murphy KE. Understanding hereditary diseases using the dog and human as
companion model systems. Mamm Genome Off J Int Mamm Genome Soc. 2007;18: 444-451.
doi:10.1007/s00335-007-9037-1

Head E. A canine model of human aging and Alzheimer’s disease. Biochim Biophys Acta.
2013;1832: 1384-1389. doi:10.1016/j.bbadis.2013.03.016

Rowell JL, McCarthy DO, Alvarez CE. Dog models of naturally occurring cancer. Trends Mol
Med. 2011;17: 380-388. d0i:10.1016/j.molmed.2011.02.004

Wilbe M, Jokinen P, Truvé K, Seppala EH, Karlsson EK, Biagi T, et al. Genome-wide
association mapping identifies multiple loci for a canine SLE-related disease complex. Nat Genet.
2010;42: 250-254. d0i:10.1038/ng.525

Fleischer S, Sharkey M, Mealey K, Ostrander EA, Martinez M. Pharmacogenetic and metabolic
differences between dog breeds: their impact on canine medicine and the use of the dog as a
preclinical animal model. AAPS J. 2008;10: 110-119. doi:10.1208/s12248-008-9011-1

Patel M, Selinger D, Mark GE, Hickey GJ, Hollis GF. Sequence of the dog immunoglobulin
alpha and epsilon constant region genes. Immunogenetics. 1995;41: 282—-286.

Peters IR, Helps CR, Calvert EL, Hall EJ, Day MJ. Identification of four allelic variants of the
dog IGHA gene. Immunogenetics. 2004;56: 254-260. doi:10.1007/s00251-004-0686-x

Snoeck V, Peters IR, Cox E. The IgA system: a comparison of structure and function in different
species. Vet Res. 2006;37: 455-467. doi:10.1051/vetres:2006010

Vaerman JP, Heremans JF. Origin and molecular size of immunoglobulin-A in the mesenteric
lymph of the dog. Immunology. 1970;18: 27-38.

Mestecky J, Moro I, Underdown B. "Mucosal immunoglobulins.”, In: Mucosal Immunology,
Ogra PL, Mestecky J, Lamm ME, Stober W, Bienenstock J, McGhee JR. 2nd ed. London, UK:
Academic; 1998. pp. 133-152.

German AJ, Hall EJ, Day MJ. Measurement of 1gG, 1gM and IgA concentrations in canine serum,
saliva, tears and bile. Vet Immunol Immunopathol. 1998;64: 107-121.

Reynolds HY, Johnson JS. Quantitation of Canine Immunoglobulins. J Immunol. 1970;105:
698-703.

Felsburg PJ, Glickman LT, Jezyk PF. Selective IgA deficiency in the dog. Clin Immunol
Immunopathol. 1985;36: 297-305.

36



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

100.

110.

111.

Marcel Frankowiack

Schreiber M, Kantimm D, Kirchhoff D, Heimann G, Bhargava AS. Concentrations in serum of
IgG, IgM and IgA and their age-dependence in beagle dogs as determined by a newly developed
enzyme-linked-immuno-sorbent-assay (ELISA). Eur J Clin Chem Clin Biochem J Forum Eur
Clin Chem Soc. 1992;30: 775-778.

Olsson M, Frankowiack M, Tengvall K, Roosje P, Fall T, Ivansson E, et al. The dog as a genetic
model for immunoglobulin A (IgA) deficiency: Identification of several breeds with low serum
IgA concentrations. Vet Immunol Immunopathol. 2014,160: 255-259.
doi:10.1016/j.vetimm.2014.05.010

Rivas AL, Tintle L, Argentieri D, Kimball ES, Goodman MG, Anderson DW, et al. A primary
immunodeficiency syndrome in Shar-Pei dogs. Clin Immunol Immunopathol. 1995;74: 243-251.

Day MJ. Possible immunodeficiency in related rottweiler dogs. J Small Anim Pract. 1999;40:
561-568.

Moroff SD, Hurvitz Al, Peterson ME, Saunders L, Noone KE. IgA deficiency in shar-pei dogs.
Vet Immunol Immunopathol. 1986;13: 181-188.

Glickman LT, Shofer FS, Payton AJ, Laster LL, Felsburg PJ. Survey of serum IgA, IgG, and
IgM concentrations in a large beagle population in which IgA deficiency had been identified. Am
J Vet Res. 1988;49: 1240-1245.

Day MJ, Penhale WJ. Serum immunoglobulin A concentrations in normal and diseased dogs.
Res Vet Sci. 1988;45: 360-363.

Peters IR, Calvert EL, Hall EJ, Day MJ. Measurement of immunoglobulin concentrations in the
feces of healthy dogs. Clin Diagn Lab Immunol. 2004;11: 841-848. doi:10.1128/CDLI.11.5.841-
848.2004

Whitbread TJ, Batt RM, Garthwaite G. Relative deficiency of serum IgA in the German shepherd
dog: a breed abnormality. Res Vet Sci. 1984;37: 350-352.

Batt RM, Barnes A, Rutgers HC, Carter SD. Relative IgA deficiency and small intestinal
bacterial overgrowth in German shepherd dogs. Res Vet Sci. 1991;50: 106-111.

Willard MD, Simpson RB, Fossum TW, Cohen ND, Delles EK, Kolp DL, et al. Characterization
of naturally developing small intestinal bacterial overgrowth in 16 German shepherd dogs. J Am
Vet Med Assoc. 1994:204: 1201-1206.

Griot-Wenk ME, Busato A, Welle M, Racine BP, Weilenmann R, Tschudi P, et al. Total serum
IgE and IgA antibody levels in healthy dogs of different breeds and exposed to different
environments. Res Vet Sci. 1999;67: 239—243. doi:10.1053/rvsc.1999.0314

Day MJ. Low IgA concentration in the tears of German shepherd dogs. Aust Vet J. 1996;74:
433-434.

Littler RM, Batt RM, Lloyd DH. Total and relative deficiency of gut mucosal IgA in German
shepherd dogs demonstrated by faecal analysis. Vet Rec. 2006;158: 334-341.

German AJ, Hall EJ, Day MJ. Relative deficiency in IgA production by duodenal explants from
German shepherd dogs with small intestinal disease. Vet Immunol Immunopathol. 2000;76: 25-
43.

Vonholdt BM, Pollinger JP, Lohmueller KE, Han E, Parker HG, Quignon P, et al. Genome-wide

SNP and haplotype analyses reveal a rich history underlying dog domestication. Nature.
2010;464: 898-902. doi:10.1038/nature08837

37



Canine disease models for IgA deficiency

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Ledin A, Arnemo JM, Liberg O, Hellman L. High plasma IgE levels within the Scandinavian
wolf population, and its implications for mammalian IgE homeostasis. Mol Immunol. 2008;45:
1976-1980. doi:10.1016/j.molimm.2007.10.029

Nuttall T. The genomics revolution: will canine atopic dermatitis be predictable and preventable?
Vet Dermatol. 2013;24: 10-18.e3-4. doi:10.1111/j.1365-3164.2012.01094.x

Hillier A, Griffin CE. The ACVD task force on canine atopic dermatitis (I): incidence and
prevalence. Vet Immunol Immunopathol. 2001;81: 147-151.

Bieber T. Atopic dermatitis. Ann Dermatol. 2010;22: 125-137. doi:10.5021/ad.2010.22.2.125

Williams H. Disease definition and measures of disease frequency. J Am Acad Dermatol.
2001;45: S33-36.

Bieber T, Novak N. Pathogenesis of atopic dermatitis: new developments. Curr Allergy Asthma
Rep. 2009;9: 291-294.

Marsella R, Girolomoni G. Canine models of atopic dermatitis: a useful tool with untapped
potential. J Invest Dermatol. 2009;129: 2351-2357. doi:10.1038/jid.2009.98

Lian TM, Halliwell RE. Allergen-specific IgE and IgGd antibodies in atopic and normal dogs.
Vet Immunol Immunopathol. 1998;66: 203-223.

Olivry T, DeBoer DJ, Griffin CE, Halliwell RE, Hill PB, Hillier A, et al. The ACVD task force
on canine atopic dermatitis: forewords and lexicon. Vet Immunol Immunopathol. 2001;81: 143-
146.

DeBoer DJ, Hillier A. The ACVD task force on canine atopic dermatitis (XV): fundamental
concepts in clinical diagnosis. Vet Immunol Immunopathol. 2001;81: 271-276.

Hill PB, Moriello KA, DeBoer DJ. Concentrations of total serum IgE, I1gA, and IgG in atopic and
parasitized dogs. Vet Immunol Immunopathol. 1995;44: 105-113.

Favrot C, Steffan J, Seewald W, Picco F. A prospective study on the clinical features of chronic
canine atopic dermatitis and its diagnosis. Vet Dermatol. 2010;21: 23-31. doi:10.1111/j.1365-
3164.2009.00758.x

Frankowiack M, Hellman L, Zhao Y, Arnemo JM, Lin M, Tengvall K, et al. IgA deficiency in
wolves. Dev Comp Immunol. 2013;40: 180-184. doi:10.1016/j.dci.2013.01.005

Tengvall K, Kierczak M, Bergvall K, Olsson M, Frankowiack M, Farias FHG, et al. Genome-
wide analysis in German shepherd dogs reveals association of a locus on CFA 27 with atopic
dermatitis. PL0S Genet. 2013;9: €1003475. doi:10.1371/journal.pgen.1003475

Ouchterlony O, Ericsson H, Neumuller C. Immunological analysis of diphtheria antigens by the
gel diffusion method. Acta Med Scand. 1950;138: 76-79.

Ostrander EA, Galibert F, Patterson DF. Canine genetics comes of age. Trends Genet TIG.
2000;16: 117-124.

Ngdtvedt A, Bergvall K, Emanuelson U, Egenvall A. Canine atopic dermatitis: validation of
recorded diagnosis against practice records in 335 insured Swedish dogs. Acta Vet Scand.
2006;48: 8. d0i:10.1186/1751-0147-48-8

Jaeger K, Linek M, Power HT, Bettenay SV, Zabel S, Rosychuk R a. W, et al. Breed and site
predispositions of dogs with atopic dermatitis: a comparison of five locations in three continents.
Vet Dermatol. 2010;21: 118-122. d0i:10.1111/j.1365-3164.2009.00845.x

38



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Marcel Frankowiack

Bonné S, van Hengel J, van Roy F. Assignment of the plakophilin-2 gene (PKP2) and a
plakophilin-2 pseudogene (PKP2P1) to human chromosome bands 12pll and 12pl3,
respectively, by in situ hybridization. Cytogenet Cell Genet. 2000;88: 286-287. doi:15540

Ishida-Yamamoto A, Igawa S, Kishibe M. Order and disorder in corneocyte adhesion.
J Dermatol. 2011;38: 645-654. doi:10.1111/j.1346-8138.2011.01227 X

Wood SH, Clements DN, Ollier WE, Nuttall T, McEwan NA, Carter SD. Gene expression in
canine atopic dermatitis and correlation with clinical severity scores. J Dermatol Sci. 2009;55:
27-33. doi:10.1016/j.jdermsci.2009.03.005

Wu JY, Feng L, Park HT, Havlioglu N, Wen L, Tang H, et al. The neuronal repellent Slit inhibits
leukocyte chemotaxis induced by chemotactic factors. Nature. 2001;410: 948-952.
doi:10.1038/35073616

Keleman K, Rajagopalan S, Cleppien D, Teis D, Paiha K, Huber LA, et al. Comm sorts robo to
control axon guidance at the Drosophila midline. Cell. 2002;110: 415-427.

Ueno H, Sakita-Ishikawa M, Morikawa Y, Nakano T, Kitamura T, Saito M. A stromal cell-
derived membrane protein that supports hematopoietic stem cells. Nat Immunol. 2003;4: 457-
463. doi:10.1038/ni916

Shen K, Bargmann CI. The immunoglobulin superfamily protein SYG-1 determines the location
of specific synapses in C. elegans. Cell. 2003;112: 619-630.

Prasad A, Fernandis AZ, Rao Y, Ganju RK. Slit protein-mediated inhibition of CXCR4-induced
chemotactic and chemoinvasive signaling pathways in breast cancer cells. J Biol Chem.
2004;279: 9115-9124. doi:10.1074/jbc.M308083200

Forsberg EC, Prohaska SS, Katzman S, Heffner GC, Stuart JM, Weissman IL. Differential
expression of novel potential regulators in hematopoietic stem cells. PLoS Genet. 2005;1: e28.
doi:10.1371/journal.pgen.0010028

Geutskens SB, Andrews WD, van Stalborch A-MD, Brussen K, Holtrop-de Haan SE, Parnavelas
JG, et al. Control of human hematopoietic stem/progenitor cell migration by the extracellular
matrix protein Slit3. Lab Investig J Tech Methods Pathol. 2012;92: 1129-1139.
doi:10.1038/labinvest.2012.81

Hammarstrom L, Lénnqvist B, Ringdén O, Smith CI, Wiebe T. Transfer of IgA deficiency to a
bone-marrow-grafted patient with aplastic anaemia. Lancet. 1985;1: 778-781.

Husain Z, Holodick N, Day C, Szymanski I, Alper CA. Increased apoptosis of CD20+ IgA + B
cells is the basis for IgA deficiency: the molecular mechanism for correction in vitro by IL-10
and CD40L. J Clin Immunol. 2006;26: 113-125. doi:10.1007/s10875-006-9001-y

Aghamohammadi A, Abolhassani H, Biglari M, Abolmaali S, Moazzami K, Tabatabaeiyan M, et
al. Analysis of switched memory B cells in patients with IgA deficiency. Int Arch Allergy
Immunol. 2011;156: 462-468. doi:10.1159/000323903

Zielen S, Bauscher P, Hofmann D, Meuer SC. Interleukin 10 and immune restoration in common
variable immunodeficiency. Lancet. 1993;342: 750-751.

Briére F, Bridon JM, Chevet D, Souillet G, Bienvenu F, Guret C, et al. Interleukin 10 induces B

lymphocytes from IgA-deficient patients to secrete IgA. J Clin Invest. 1994;94: 97-104.
doi:10.1172/JC1117354

39



Canine disease models for IgA deficiency

145.

Marconi M, Plebani A, Avanzini MA, Maccario R, Pistorio A, Duse M, et al. IL-10 and IL-4 co-
operate to normalize in vitro IgA production in IgA-deficient (IgAD) patients. Clin Exp
Immunol. 1998;112: 528-532.

146. Asano T, Kaneko H, Terada T, Kasahara Y, Fukao T, Kasahara K, et al. Molecular analysis of B-

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

cell differentiation in selective or partial IgA deficiency. Clin Exp Immunol. 2004;136: 284-290.
doi:10.1111/j.1365-2249.2004.02440.x

Hummelshoj L, Ryder LP, Nielsen LK, Nielsen CH, Poulsen LK. Class switch recombination in
selective IgA-deficient subjects. Clin Exp Immunol. 2006;144: 458-466. doi:10.1111/j.1365-
2249.2006.03096.x

Borte S, Pan-Hammarstrém Q, Liu C, Sack U, Borte M, Wagner U, et al. Interleukin-21 restores
immunoglobulin production ex vivo in patients with common variable immunodeficiency and
selective IgA deficiency. Blood. 2009;114: 4089-4098. doi:10.1182/blood-2009-02-207423

Heikkila M, Koistinen J, Lohman M, Koskimies S. Increased frequency of HLA-AL and -B8 in
association with total lack, but not with deficiency of serum IgA. Tissue Antigens. 1984;23: 280—
283.

Fernando MMA, Stevens CR, Walsh EC, De Jager PL, Goyette P, Plenge RM, et al. Defining the
role of the MHC in autoimmunity: a review and pooled analysis. PL0oS Genet. 2008;4: e1000024.
doi:10.1371/journal.pgen.1000024

Soutter F, Kennedy LJ, Ollier WER, Solano-Gallego L, Catchpole B. Restricted dog leucocyte
antigen (DLA) class Il haplotypes and genotypes in Beagles. Vet J Lond Engl 1997. 2015;
doi:10.1016/j.tvjl.2014.12.032

Ollier WE, Kennedy LJ, Thomson W, Barnes AN, Bell SC, Bennett D, et al. Dog MHC alleles
containing the human RA shared epitope confer susceptibility to canine rheumatoid arthritis.
Immunogenetics. 2001;53: 669—673. doi:10.1007/s002510100372

Catchpole B, Adams JP, Holder AL, Short AD, Ollier WER, Kennedy LJ. Genetics of canine
diabetes mellitus: are the diabetes susceptibility genes identified in humans involved in breed
susceptibility to diabetes mellitus in dogs? Vet J Lond Engl 1997. 2013;195: 139-147.
doi:10.1016/j.tvjl.2012.11.013

Davison LJ, Catchpole B, Kennedy LJ, Barnes A, Thomson W, Ollier WER. Research into
canine diabetes mellitus. Vet Rec. 2003;152: 148.

Kennedy LJ, Davison LJ, Barnes A, Short AD, Fretwell N, Jones CA, et al. Identification of
susceptibility and protective major histocompatibility complex haplotypes in canine diabetes
mellitus. Tissue Antigens. 2006;68: 467—476. doi:10.1111/j.1399-0039.2006.00716.x

Morris DL, Taylor KE, Fernando MMA, Nititham J, Alarcon-Riquelme ME, Barcellos LF, et al.
Unraveling multiple MHC gene associations with systemic lupus erythematosus: model choice
indicates a role for HLA alleles and non-HLA genes in Europeans. Am J Hum Genet. 2012;91:
778-793. doi:10.1016/j.ajhg.2012.08.026

Kohn MH, Murphy WJ, Ostrander EA, Wayne RK. Genomics and conservation genetics. Trends
Ecol Evol. 2006;21: 629-637. doi:10.1016/j.tree.2006.08.001

Seddon JM, Parker HG, Ostrander EA, Ellegren H. SNPs in ecological and conservation studies:
a test in the Scandinavian wolf population. Mol Ecol. 2005;14: 503-511.

doi:10.1111/j.1365-294X.2005.02435.x

Ellegren H. Inbreeding and relatedness in Scandinavian grey wolves Canis lupus. Hereditas.
1999;130: 239-244.

40



160.

161.

162.

163.

164.

165.

166.

167.

168.

1609.

170.

171.

172.

173.

174.

Marcel Frankowiack

Hagenblad J, Olsson M, Parker HG, Ostrander EA, Ellegren H. Population genomics of the
inbred  Scandinavian wolf. Mol Ecol. 2009;18: 1341-1351. do0i:10.1111/j.1365-
294X.2009.04120.x

Niskanen AK, Kennedy LJ, Ruokonen M, Kojola I, Lohi H, Isomursu M, et al. Balancing
selection and heterozygote advantage in major histocompatibility complex loci of the
bottlenecked Finnish wolf population. Mol Ecol. 2014;23: 875-889. doi:10.1111/mec.12647

Seddon JM, Ellegren H. A temporal analysis shows major histocompatibility complex loci in the
Scandinavian wolf population are consistent with neutral evolution. Proc Biol Sci. 2004;271.:
2283-2291. doi:10.1098/rsph.2004.2869

Arbanasi¢ H, Huber B, Kusak J, Gomer¢i¢ T, Hrenovi¢ J, Galov A. Extensive polymorphism and
evidence of selection pressure on major histocompatibility complex DLA-DRB1, DQA1 and
DQB1 class 1l genes in Croatian grey wolves. Tissue Antigens. 2013;81: 19-27.
doi:10.1111/tan.12029

Kennedy LJ, Angles JM, Barnes A, Carmichael LE, Radford AD, Ollier WER, et al. DLA-
DRB1, DQAL, and DQBL1 alleles and haplotypes in North American Gray Wolves. J Hered.
2007;98: 491-499. doi:10.1093/jhered/esm051

Kouvalainen K, Moilanen I. Intrapair similarity of immunoglobulin levels in twins. Acta Genet
Med Gemellol (Roma). 1987;36: 509-515.

Di Franco P, Brai M, Misiano G, Piazza AM, Giorgi G, Cossarizza A, et al. Genetic and
environmental influences on serum levels of immunoglobulins and complement components in
monozygotic and dizygotic twins. J Clin Lab Immunol. 1988;27: 5-10.

Huntley CC, Stephenson RL. IgA deficiency: family studies. N C Med J. 1968;29: 325-331.

Lewkonia RM, Gairdner D, Doe WF. IgA deficiency in one of identical twins. Br Med J. 1976;1:
311-313.

Ulfarsson J, Gudmundsson S, Birgisdéttir B, Kjeld JM, Jensson O. Selective serum IgA
deficiency in Icelanders. Frequency, family studies and Ig levels. Acta Med Scand. 1982;211:
481-487.

Alper CA, Husain Z, Larsen CE, Dubey DP, Stein R, Day C, et al. Incomplete penetrance of
susceptibility genes for MHC-determined immunoglobulin deficiencies in monozygotic twins
discordant for type 1 diabetes. J Autoimmun. 2006;27: 89-95. doi:10.1016/j.jaut.2006.07.007

Viktorin A, Frankowiack M, Padyukov L, Chang Z, Melén E, Saaf A, et al. IgA measurements in
over 12 000 Swedish twins reveal sex differential heritability and regulatory locus near CD30L.
Hum Mol Genet. 2014;23: 4177-4184. doi:10.1093/hmg/ddu135

Frankowiack M, Kovanen R-M, Repasky GA, Lim CK, Song C, Pedersen NL, et al. The higher
frequency of IgA deficiency among Swedish twins is not explained by HLA haplotypes. Genes
Immun. 2015; doi:10.1038/gene.2014.78

Sayarifard F, Aghamohammadi A, Haghi-Ashtiani MT, Rajab A, Irani H, Ahmadian JH, et al.
Evaluation of serum IgA levels in Iranian patients with type 1 diabetes mellitus. Acta Diabetol.
2012;49: 131-135. doi:10.1007/s00592-010-0183-7

Sadee W, Hartmann K, Seweryn M, Pietrzak M, Handelman SK, Rempala GA. Missing

heritability of common diseases and treatments outside the protein-coding exome. Hum Genet.
2014;133: 1199-1215. doi:10.1007/s00439-014-1476-7

41



Canine disease models for IgA deficiency

175.

176.

177.

178.

179.

180.

Zaitlen N, Kraft P. Heritability in the genome-wide association era. Hum Genet. 2012;131:
1655-1664. doi:10.1007/s00439-012-1199-6

Marian AJ. Elements of “missing heritability.” Curr Opin Cardiol. 2012;27: 197-201.
d0i:10.1097/HCO.0b013e328352707d

Altshuler D, Daly M. Guilt beyond a reasonable doubt. Nat Genet. 2007;39: 813-815.
doi:10.1038/ng0707-813

Weber-Mzell D, Kotanko P, Hauer AC, Goriup U, Haas J, Lanner N, et al. Gender, age and
seasonal effects on IgA deficiency: a study of 7293 Caucasians. Eur J Clin Invest. 2004;34:
224- 228. d0i:10.1111/j.1365-2362.2004.01311.x

Orange JS, Glessner JT, Resnick E, Sullivan KE, Lucas M, Ferry B, et al. Genome-wide
association identifies diverse causes of common variable immunodeficiency. J Allergy Clin
Immunol. 2011;127: 1360-1367.e6. doi:10.1016/j.jaci.2011.02.039

Ramirez O, Olalde I, Berglund J, Lorente-Galdos B, Hernandez-Rodriguez J, Quilez J, et al.

Analysis of structural diversity in wolf-like canids reveals post-domestication variants. BMC
Genomics. 2014;15: 465. doi:10.1186/1471-2164-15-465

42



