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Computational Approach
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Director: Dr. Erich Baker, Ph.D

Behget’s disease (BD) is a multi-system inflammatory disease primarily affecting
patients along the historical silk road. Current attempts to develop an animal model for
BD have proved to be only partially successful; they have been unable to replicate both
the phenotypic and genotypic aspects of this complex disease. In order to overcome
these limitations, we performed a computational analysis to find an improved animal
model for BD. First, we identified phenotypic and genetic factors of BD. Second, we
compared these factors to 27 other autoimmune diseases. Finally, we analyzed identified
autoimmune diseases animal models in order to determine if they can be used for BD.
Using this methodology, we were able to identify 3 potential animal models for the
continuation of BD research. These three models may prove useful in the development
of novel BD treatments.
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INTRODUCTION

Globally, BD affects males and females at roughly equal rates, and the onset of the
disease occurs in the third decade of life [1]. Currently, the disease is classified as an au-
toimmune or auto inflammatory disease and there exists no cure, though recent research
has resulted in the push to reclassify BD a a syndrome rather than a disease [1, 2]. The
disease is thought to be triggered in genetically predisposed individuals by a combina-
tion of viral infection and environmental factors, but the exact mechanism of infection
is not currently known [3].

Developing accurate animals models representing the disease is vital for the discov-
ery of the pathogenesis and potential treatments for the disease. Future animal models
need to be able to reflect both clinical presentation and underlying genetic features of the
disease. Current BD animal models have proved to be only partially successful as they
are often unable to replicate both the phenotypic and genotypic aspects of the disease
[4,5, 6].

In this work, we undertake a computational approach towards finding an improved
animal model for BD that is able to account for both genetic and environmental fac-
tors of the disease. To do this, we leverage the computational power of the Geneweaver
HiSIM graph tool. The HiSIM Graph tool, previously called The Phenome Map tool, on
Geneweaver results in a graph that is a hierarchical network of multiway gene set inter-
sections. The resulting geneset interaction graph enables users to find genes connected
to all populated subsets of an input set of gene lists[7]. To accomplish this task, the
tool takes takes advantage of bipartite data structure in order to dynamically enumerate
maximal bicliques to be arranged into hierarchical associations [8, 7].

We complete our computational approach in 3 stages: 1) the identification of genetic
and phenotypic factors of BD, 2) the comparison of the genetic factors of BD to the
genetic factors of other autoimmune disease, and 3) the comparison animal models from

identified autoimmune disease to the phenotypic factors of BD. In order to augment our
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analysis, we introduce improvements to the HiSIM graph visualization that will more

effectively display geneset interactions.



CHAPTER 1

Behget’s Disease Review

1.1 Introduction

As previously mentioned, developing accurate animal models representing BD is vi-
tal for the discovery of pathogenesis and potential treatments for the disease. Current BD
animal models have been unable to replicate both the phenotypic and genotypic aspects
of the disease [4, 5, 6], which yields inconsistent and incomplete disease manifestation.
Future animal models may overcome these inefficiencies only if they are able to reflect
both phenotypic presentation and underlying genetic features of the disease. Therefore,
in our quest to identify an improved animal model for the disease, we outline the phe-
notypic presentation, genetic influences, and their impact on the current animal model

landscape of BD in this chapter.

1.2 Phenotypic Presentation

1.2.1 Symptoms

BD was first described as a multi-system disease demonstrating lesions of the mouth,
the genitalia, and the eye [9]. Symptoms of the disease manifest at different points in the
patients life with some symptoms, such as oral aphthosis, presenting earlier than other
symptoms [10].

Oral aphthosis, a well-defined painful round or oval ulceration with a white base
surrounded by a red areola, is the most common symptom of the disease [3, 1]. These
lesions are the first typical phenotypic indications of the disease and occur in 86 - 100%
of patients [3]. Oral lesions vary in size from a few millimeters to centimeters and are

localized at the lips, buccal mucosa, soft palate, and tongue of patients [11].



Genital aphthosis is the second most common symptom of the disease with 57%
- 93% of BD patients reporting this symptom. These ulcers are larger but otherwise
similar to oral ulcers present in BD patients. They are found most commonly on the
scrotum of men and the vulva in women but can also be found on the epididymis and
penis of men and vagina and cervix in women [3].

Skin conditions such as pseudofolliculitis (also called Behcet’s pustulosis), and ery-
thema nodosum are commonly found in 60% - 80% of patients. Skin aphthosis occurs
more rarely in patients [1]. Pseudofolliculitis lesions, resembling acne, are found over
the range of the body and are not always hair follicle based. Erythema nodosum lesions
occurs as bilateral, pretibial, painful, and hot erythematous nodules. They are commonly
found localized to the face, neck, buttocks, and forearms [12].

Ocular lesions are another common symptom of the disease with 40% to 60% of pa-
tients presenting with these symptoms [1, 3]. Manifestations of this symptom are usually
present in both eyes and occur 2-3 years after symptoms start. Posterior uveitis occurs in
almost all cases of ocular involvement while anterior uveitis occurs less frequently [12].

Other less common symptoms of the disease include nervous system manifestation
and gastrointestinal involvement. These symptoms along with vascular manifestations
are considered special type Behcet’s disease[10].

Neuro-Behcets Disease(NBD) usually is present in the Central Nervous System and
is further divided into parenchymal NBD and non-parenchymal NBD. Parenchymal
NBD presents with one or more of the following: ophthalmoparesis, cranial neuropathy,
cerebellar or pyramidal dysfunction, cerebral or spinal cord involvement, myelopathy,
encephalopathy, hemiparesis, hemisensory loss, seizures,dysphasia, mental changes in-
cluding cognitive dysfunction, and psychosis. Non-parenchymal NBD presents with
cerebral venous thrombosis, intracranial hypertension syndrome, or acute meningeal
syndrome [13].

Gastric manifestations of BD commonly include esophageal ulcers, gastric ulcers
and/or duodenal ulcer, small and/or large intestinal ulcers, large artery aneurysm/thrombosis

in abdomen, and large vein thrombosis in the abdomen [14].



1.2.2  Physiological Manifestations

Natural Killer(NK) cells play a cytotoxic role in infected cells and tumor cells but
also regulate the function of other immune cells, including dendritic cells (DCs) and T
cells, by secreting cytokines. It has been reported that patients with BD have less NK
cells in their peripheral blood, and NK cells are implicated to play an important role in
Th1 dominance in BD patients [15].

Patients presenting with BD have been shown to have an increase of neutrophils
usually involved in perivascular infiltration in BD lesions [15]. Neutrophils, one of the
first lines of defense against invading microbes, can damage host cells and tissues while
destroying microbes. Tissue damage is one of the main triggers of inflammation, which
in turn triggers the immune response. Neutrophil hyperactivity is stimulated by antigen-
presenting cells (APCs) and results in the stimulation of T helper 1 (Thl) response with

neutrophil secreted cytokines [3].

1.2.3 Diagnostic Criteria

Current diagnostic criteria of BD follows the International Criteria for Behget’s Dis-
ease (ICBD) guidelines [16]. The diagnostic criteria for BD has undergone 6 iterations
with ICBD being the 6th iteration at the time of writing [17]. ICBD diagnostic criteria
relies on a point-based system with ocular lesions, oral aphthosis, and genital aphthosis
each being assigned 2 points. Skin lesions, central nervous system involvement, vascu-
lar manifestations, and the, when used, pathergy test are all assigned 1 point. Patients
scoring 4 or more points using this criteria are classified as having BD [16].

Separate diagnostic criteria exist for BD subtypes. Neuro-Behgets disease diagnosis
requires a BD diagnosis, a neurological syndrome recognized to be associated with BD,
and no better explanation of neurological findings[13]. Diagnosis of gastrointestinal
BD is based mainly on clinical findings and should be considered only after ruling out

Crohn’s disease (CD), tuberculosis, vasculitis, and other gastrointestinal diseases [14].



1.3 Genes of Interest

1.3.1 HLA-BS51 and other HLA genes

The Human Leukocyte Antigen B51 (HLA-B51) has long been thought to be associ-
ated with Behcet’s disease [12, 18]. HLA-BS51 is a variation of the HLA-B gene, which
is part of a family of genes called the human leukocyte antigen (HLA) complex. These
genes are components of the human version of the major histocompatibility complex
(MHC) and the HLA-B gene is further classified as a MHC class I gene [19]. The func-
tion of molecules coded for by MHC genes is to bind peptide fragments derived from
pathogens and display them on the cell surface for recognition by the appropriate T cells
[20]. These T cells then work to rid the body of the pathogen.

In virtually every studied population, HLA-B51 has been the most closely associated
risk factor for BD [21]. Studies analyzing the genetic influences of BD in distinct popu-
lations - Iranian, Japanese, Italian, Native American, Hispanic, Israeli, and Irish - have
corroborated HLA-B51’s association with BD [22, 23, 24, 25, 26, 27, 28]. Further stud-
ies have shown the prevalence of HLA-B51 in BD patients to range between 50% - 72%
compared to only 10-15% in healthy controls [29, 30]. The exact mechanism behind
the association of HLA-B51 and BD is still unknown. Possible theories of HLA-B51’s
causative effect on Behcet’s disease include the presentation of cytotoxic CD8+ T cells
and the interaction of HLA-B51 with NK cells [31].

Verity et al.’s report on the geographic distribution of HLA-B51 shows a correlation
between the prevalence of HLA-BS51 in a population and the prevalence of BD. Popu-
lations presenting with a high prevalence of HLA-BS5]1 lie along the historic silk road
mimicking the distribution of BD, the ”’Silk Road Disease”. However, a sizable portion
of BD patients present as HLA-B51 negative and the high prevalence of HLA-B51 in
American Indian populations where BD is rare indicates the role of other genetic loci
as factors of BD pathogenesis [21, 26]. Research has also found a higher frequency of
HLA-B51 in males compared to females and there does not appear to be an associa-

tion between HLA-B51 and the severity of the disease. [28, 32]. It is for these reasons



that, despite a strongly confirmed association, HLA-B51 has yet to be classified as the
primary causative agent of BD.

There have been reports of other HLA genes being associated with BD. As men-
tioned earlier, HLA genes are components of the human version of the MHC, and the
function of molecules coded for by MHC genes is to bind peptide fragments derived
from pathogens and display them on the cell surface for recognition by the appropriate
T cells [20, 19]. HLA-A02, HLA-A24, HLA-A26, HLA-A31, HLA-B27, and HLA-B57
were found to increase susceptibility to BD [33, 34]. HLA-A03, HLA-B15, HLA-B35,
HLA-B49, HLA-B58 were reported as BD-protective [33]. HLA-A29 has been shown
to be increased in patients with ocular symptoms when coupled with a decrease in HLA-
B51. HLA-B35 frequency was shown to be decreased in patients with thrombophlebitis.
Finally, HLA-B3901, Cwl, Cw14, Cwl15, Cw16, HLA- DRB104, and HLA-DRB107

have also been described to be associated with BD[34].

1.3.2  TNF and TNFAIP3

Previous studies have indicated an association between Tumor Necrosis Factor(TNF)-
aand BD[12, 35, 36, 37]. TNF-« is a pro-inflammatory cytokine that is important in the
regulation of the immune response [12, 34, 38]. TNF is encoded in the class III region
of the HLA complex adjacent to HLA-B which provides some positional evidence for
its involvement in BD [37]. Specifically, research has indicated a relationship between
the TNF-a Induced Protein 3 (TNFAIP3) gene and BD [39, 33, 40, 41].

Research into the particular variants of TNF-« that confer BD susceptibility have had
mixed results. Radouane et al. conducted a study in a Moroccan population that found
an association with the -1211C allele and BD [42]. Lee et al. found no difference in the
distribution of TNF-« -308G/A polymorphisms in Korean BD patients versus healthy
controls [43]. Touma et al.’s 2010 meta-analysis found significant associations between -
1031C, -857T, and the -238 A alleles with BD while also finding no association between
-863A and -308A/G alleles [44]. However, in 2013 Zhang et al. conducted a meta-

analysis of BD polymorphisms that confirmed the association between TNF308A/G and



BD susceptibility while also identifying significant associations between TNF 238A/G,
1031C/T, and 857T/C polymorphisms and BD risk[45]. It is speculated that the apparent

contradictory results partially stem from variation among ethnic groups tested[44].

1.3.3 MICA

MHC class I chain-related gene A (MICA) has a speculative relationship to BD [12,
36]. It is located between between the HLA-B and TNF genes[18] and is associated
primarily though genomic proximity.

Research into MICA’s effect on BD has had mixed results. In a Japanese population,
an association between A6, a MICA-transmembrane region, and BD was discovered
[46,47]. These findings were later corroborated in Greek, Korean, Turkish, and pediatric
Italian populations [48, 49, 50, 51, 47]. However, follow-up studies seem to indicate that
these findings were due to the linkage disequilibrium (LD) effect of HLA-B51 rather than
being caused by MICA-AG6 [47]. Additional evidence for the LD effect theory came from
a study in an Italian population that identified a strong association between HLA-B51
and MICA, but was unable to identify a relationship between MICA and BD [25].

These conflicting results were then tested in meta-analyzes of previous case studies
which found that a correlation existed between BD and MICA-AG6 in both Caucasian and
Asian populations [52, 53]. For this reason, MICA is thought to be a gene of interest in

BD.

1.3.4 ERAPI

Endoplasmic reticulum-associated amino-peptidase 1 (ERAP1) has been identified
as potential gene of interest in BD susceptibility in patients presenting with HLA-B51
[54, 10, 55, 56, 57]. The ERAP1 gene is located on chromosome 5q15 and encodes
an amino-peptidase responsible for N-terminal trimming of peptides in the endoplasmic
reticulum. This is a critical step of the processing of the peptides to optimize their length
for MHC-I binding [56].

ERAPI has been associated with ankylosing spondylitis (AS) and psoriasis, two



other immune-mediated diseases associated with MHC class I genes [10, 56, 58]. Fur-
thermore, an association exists between these diseases and the IL-23R and IL10 genes,
two other BD associated genes, which might indicate the existence of shared pathogenic
pathways [56].

ERAPI1 is a highly polymorphic gene, and studies into the particular variants of
ERAPI that confer BD susceptibility have yielded some results. The most common
variants, designated as haplotypes (Hap), or combinations of non-synonymous Single
Nucleotide Polymorphisms (SNPs), are named Hap1 to Hap10. Together these 10 hap-
lotypes account for 99% of the natural ERAP1 variants in human populations[59, 60].
Specifically, Hap10 has been shown to induce extensive changes in the peptide reper-
toires available for loading onto HLA-B*51, which alter its antigen-presenting speci-
ficity and can destabilize the molecule through generating a peptidome of lower affinity
[59]. This haplotype has been shown to induce the most changes that negatively affect

ERAPI activity [60].

1.3.5 STAT4

STAT4, a signal transducer and activator of transcription, is another gene that has
been correlated with BD [61, 33, 12]. STAT4 activates gene expression involved in func-
tional regulation and differentiation of T-helper cells, NK cells, mast cells and dendritic
cells, and it modulates differentiation of naive T cells into Th1 and Th17 cells[33].

Genome Wide Association Studies (GWAS) conducted in individuals of Han Chi-
nese descent showed a susceptibility locus around STAT4 SNPS rs7574070, rs7572482,
and rs897200 providing evidence for STAT4’s involvement with BD [62]. The results
linking STAT4 SNP rs7574070 to BD were corroborated in a study in an Iranian popu-
lation [57]. Kim et al. conducted a study on Intestinal BD in a Korean population that
looked at STAT4, IL17A, and IL23R. Their study was unable to find a significant differ-
ence in the genotype frequencies of SNPs in STAT4 between the patients and controls,
but found associations between G149R in IL23R and rs11685878 in STAT4, rs2275913
in IL17A and rs7574865 in STAT4, and rs1188941 in STAT4 and rs2275913 in IL17A



[63].

1.3.6 IL

Multiple members of the interleukin family of genes have been implicated in BD
[33]. Interleukins (IL) are cytokines that play essential roles in the activation and dif-
ferentiation of immune cells. They have pro-inflammatory and anti-inflammatory prop-
erties, and their primary function is to modulate growth, differentiation, and activation
during inflammatory and immune responses[64].

An association between IL-10 and BD has been identified in multiple independent
studies [65, 66, 67, 68, 69]. IL-10, a member of the interleukin family, has a variety of
functions including decreasing the antigen presentation and MHC class II expression of
dendritic cells, decreasing co-stimulatory molecule B7-1/B7-2 expression on monocytes
and macrophages, and limiting the production of proinflammatory cytokines[64, 70].
The pathological role and functional basis of the gene is yet to be determined. Research
into IL-10 found that the gene’s effect on BD is primarily localized to the impaired migra-
tion of M2 macrophages into inflammatory lesions, but the exact mechanism of action is
still unknown [71]. A meta-analysis studying IL-10 demonstrated significant BD associ-
ations with IL-10 polymorphisms -819C/T, 592C/A, rs1518111G/A, and rs1554286C/T
and found that these polymorphisms may play protective roles against BD. These studies
also found that the -1082A/G polymorphism carried no significant association with BD
[72, 73].

Likewise, an association between IL-12 an BD has been previously described [33,
74, 69, 68]. IL-12 is produced by monocytes, and it causes induction of Th1 cells while
also being a potent inducer of interferon gamma production by T lymphocytes and NK
cells [64, 75]. Aridogan et al. found patients presenting with Recurrent Aphthous Stom-
atitis (RAS), a common oral mucosal disease with a similar immunopathogenesis to BD,
had higher levels of IL-12 compared to controls. A decrease in IL-12 was found in ac-
tive BD patients compared to inactive BD patients. These findings were corroborated in

a study that looked at the sera of inactive, mildly active, and active BD patients [68, 69].
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Studies have shown that Heat Shock Proteins (HSPs) stimulate T cells and thus affect
the release of proinflammatory cytokines and IL-12[75, 74]. Finally, advances in IL-12-
family related genes have revealed two major subclusters - Th17/Th1 and Th1/IL-35 -
which have been associated with multiple other diseases including inflammatory bowel
diseases, psoriasis, ankylosing spondylitis, rheumatoid arthritis, primary biliary cirrho-
sis, and Graves’ disease. Some research has shown that BD might be included in the
Th17/Thl cluster [76].

Multiple studies have indicated a relationship between IL-23 and BD [33, 77, 78,
79]. 1L-23 impacts the development of Thl7 cells [33]. IL-23 also promotes IL-17
production which, along with TNF, induces a sustained neutrophil recruitment during
inflammation [80, 78].

Other IL family members, including IL-6 and IL-11, have also been shown to have
generalized correlation with BD [81, 82, 33]. However, the roles of these particular

cytokines have very limited exploration.

1.3.7  Inflammatory Genes

Genes associated with inflammation including CIITA,MEFV,IRF8, REL,TLLR2,4, CCR1-
CCR3, GIMAP, KLRC4, and interferon-y have been shown to be associated with Be-
hcet’s disease [33, 83, 3]. Research looking into CCR1 found that it’s effect on BD might
be primarily localized to impaired migration of M2 macrophages into inflammatory le-
sions, similar to the IL-10 mechanism [71].

Other genes including NCOAS, FOXP3, PSORS1C1, FUT2, UBAC2, SUMO4, Loci
at ADO-EGR2, CEBPB-PTPNI1, JRKL-CNTNS have been shown to confer BD suscep-
tibility [33]. Finally, there have been conflicting reports of the NEMO, NOD2, PSTPIP1,
MVK and TLR4 genes having associations with BD. Further research is needed to clar-

ify the role, if any, these genes play in BD pathogenesis [12, 83].
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1.4 Animal Models

To date there have been multiple attempts to create an animal model of BD, resulting

in varying levels of success [4, 5].

1.4.1 Environmental Model

Initial models of BD used chemicals to induce symptoms of BD in Pitman-Moor
swine[84, 4]. The chemicals were administered orally and included organic chlorides,
organo-phosphate (DDT-trichloroethanediyl-bis-chlorobenzene, polychlorinated-biphenyl
(PCB), Sumithion™ — dimethyl-nitro-phosphorothioate), and inorganic copper [84]. All
animals eventually developed symptoms including folliculitis, cutaneous nodules, gen-
ital ulcers, oral aphthae, and intestinal ulcers[4, 84]. However, the time required to

cultivate these symptoms, over a year, made this model infeasible for future studies [4].

1.4.2  Herpes Simplex Virus Model

The primary animal model of BD involves the inoculation of mice with Herpes Sim-
plex Virus (HSV) [85]. BD has been long thought to have a viral triggering factor; Hulusi
Behcet described viral artifacts present in patients during his first paper describing the
disease [9]. Subsequently, HSV was found to be associated with BD [86, 87]. In cre-
ating HSV-induced BD, HSV type 1 (KOS strain) is inoculated into ICR mice through
a scratched earlobe resulting in oral, genital and skin ulcers, eye lesions, and arthritis
which mimics symptoms observed in BD patients [88, 85]. In the original paper de-
scribing the process, 33% of mice died after infection, 29.8% showed symptoms, and
the rest retained a normal appearance. Of the mice presenting symptoms, 57% presented
with skin ulcers, 39% presented with eye syndromes, and 19.5% presented with genital
ulcers among other symptoms [85].

This model’s limitations have been outlined in Charles et al. and Sohn et al. [6, 85].
Briefly, only 1/3 of the mice infected by this protocol displayed symptoms making very

large sample sizes a requirement to effectively use this model [6, 85]. Additionally, the
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lack of input of genetic and environmental factors in the development of the model might
undercut it’s effectiveness as an animal model of the disease since BD is thought to be
triggered by a combination of a genetic and environmental factors [87]. A proposed
modification to this model in order to account for underlying genetic factors is to infect
transgenic HLA-B51 mice with HSV [6, 87, 89]. To our knowledge this model has yet

to be tested.

1.4.3 Transgenic HLA-B51 Models

Attempts to create a transgenic mouse model presenting with the HLA-BS51 allele
have proved only partially successful. Takeno et al. created a transgenic mouse model
presenting with the HLA-B51 allele. However, while the mice displayed an increase in
the neutrophil production, consistent with BD in humans, they did not present any of
the clinical symptoms of BD [89]. Karaki ef al. demonstrated that HLA-B51 transgenic
mice can be useful in the production of allospecific anitbodies for HLA-A and HLA-
B antigens [90]. Finally, Sato et al. established HLA-B*51:01 transgenic humanized
mice and demonstrated the elicitation of human effector CD8+ T cells in the transgenic
mice, but not in controls, after infection with HIV-1 [91]. These findings might provide
evidence for the effectiveness of infecting HLA-B51 transgenic mice with HSV since
infection of a virus was able to elucidate this response [6, 87, 89, 91, 3]. The utility of

this approach, however, remains speculative to date.

1.4.4 Heat Shock Protein Model

Heat shock proteins have been reported in patients presenting with BD and Intestinal
BD, and may present yet another potential trigger for the disease[92, 93, 75]. The devel-
opment of a mouse model presenting Uvelitis-like symptoms was achieved in Lewis rats
using peptides 336-351 derived from human 60-kDA HSP. Uveitis was observed in 80%
of rats immunized with a combination of this peptide and B. pertussis[6]. Unfortunately,

no other symptoms of BD were identified in these mice [94, 92].
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1.4.5 Streptococcal Model

Supporting the notion that Behgets disease may have a bacterial or viral triggering
factor [9], members of the Streptococcal family have been observed in oral ulcers of
patients presenting with BD in elevated levels. Furthermore, experiments in human der-
mal microvascular endothelial cells have shown that S. sanguinis can induce a similar
inflammatory response as BD patient sera [95, 96, 97]. While this has led to the hy-
pothesis that the Streptococcal family could play a role in BD pathogenesis [96, 98],
attempts to develop animal models based on this information remain wholly unsuccess-
ful. Animal experiments utilizing S. salivarius, S. faecalis, S. pyogenes, or S. sanguisor
induced acute multiorgan infectious/inflammatory reactions, septic shock, and noninfil-
trative short-term uveitis. It is therefore unsurprising that the inability of these models
to produce an experimental model of BD has led to the lack of recognition of the strep-
tococcal model and the search for other bacterial components for the development of a

bacterial model [99, 5, 84].

1.4.6  «a-tropomyosin model

It has been shown that the sera of BD patients contain IgG antibodies directed to-
wards a-tropomyosin protein [84, 100, 101]. Two models have been created based on
this information. The first model immunized Lewis rats with bovine a-tropomyosin in
CFA injected into the hind foot. The rats immunized by this methodology developed
anterior uveitis and inflammatory skin infiltrates [100, 6]. The other model inoculated
Lewis rats with bovine alpha-TPM and differed from the first model only in the site of
injection[84]. Ninety percent of the immunized rats developed severe acute arthritis
12 days after vaccination, and rats that were followed-up for 6 months had persistent

inflammation of the leg joints. These rats did not display uveitis symptoms [102].

1.4.7 Human Sera Model

A recent model of Neuro-Behget’s disease (NBD) inoculates Sprague-Dawley rats

with IgGs isolated from the sera of neuropil antibody-positive NBD patients [103, 6].
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This model was able to induce a negative effect on locomotor activity and a neurotoxic
action. However, no other appreciable clinical symptoms or death in rats were identi-
fied [103]. Support for this model comes from the fact that the infectious agent used
was obtained from NBD patients, supporting it as a triggering factor of the disease [6].
Additionally, the fact that serum IgG, but not IgG depleted sera, was shown to induce
the response lends evidence to the classification of BD as an autoinflammatory disease

[6, 103].

1.4.8 Induced Uveitis models

The final group of models used for BD research are induced models of Uveitis. Sev-
eral animal models of Experimental Uveitis have been described, some of which have
been employed towards BD research. The most notable ones prescribed for BD research
include interphotoreceptor retinoid-binding protein (IRBP) in BIO.A, BI1O.S (8R), A,
and MRL (+/+) mice, recoverin in Lewis rats, and retinal soluble antigen or S-Ag in
SJL/J X AKR, and AKR mice[6, 84]. Of particular interest in the identification of these
models was the fact that the S-Ag epitope shared homology to a conserved sequence
in the HLA-B molecules [84]. While the downsides of these models lie in the fact that
they only are able to replicate Uveitis symptoms, they present a valuable opportunity to

research BD symptoms in isolation [6].

1.5 Conclusion

Behcets disease (BD) is a multi-system inflammatory disease presenting in patients
along the historic Silk Road [1]. Developing accurate animal models representing BD
is vital for the discovery of pathogenesis and potential treatments for the disease. The
ideal animal model should replicate, to a major extent, both a human disease phenotype
and its underlying causality [104]. To date, current animal models of BD have only
been partially successful in achieving this ideal as they present exclusively with either

the phenotype or the genotype of the disease [4, 5, 6].
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The difficulty of developing an animal model for BD is due, in large part, to the
inherent difficulties of developing animal models for complex, multi-system diseases.
Despite the vast similarities that exist between humans and other mammals, significant
differences exist across molecular, physiological and developmental scales [105]. More-
over, the recent push to reclassify of BD as a syndrome rather than a disease underscores
additional challenges in producing a consistent animal model. Observations that distinct
subsets of BD display distinct expression profiles and different disease associated path-
ways [2] raises the possibly that an animal model for one BD subset will be ungeneral-
izable to other BD subsets.

Despite these challenges, hope exists for discovery of an improved animal model
for Behget’s Disease. Depression, arguably a much more difficult disease to replicate
in animal models, research has uncovered animal models that are able to replicate both
genetic and phenotypic features of the disease [106, 107]. While these models are far
from perfect representations of the human version of the disease, their existence illus-
trates that it is possible to develop approximate models capable of replicating phenotype

and underlying causality [104].
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CHAPTER 2

HiSIM Graph Considerations

2.1 Introduction

After identifying the genetic factors of BD in the preceding chapter, we then sought
to improve the Geneweaver HiSIM tool visualization that would be used to analyze these
factors. The Geneweaver HiSIM Graph tool results in a bipartite graph that is a hierar-
chical network of multiway gene set intersections [8, 7]. The bipartite nature of the
HiSIM tool presented a specific opportunity for the improvement of the HiSIM graph
visualization. Since a bipartite graph is a set of graph vertices that can be split into
two sets such that no two graph vertices within the same set are connected by an edge
[108, 109], the graph permitted the hierarchical display of geneset interactions as HiSIM
graph tool output and allowed for the adoption of subway plots to be used as a visual-
ization technique.

However, integrating the subway plot visualization proved challenging due to the
inability of certain graphs to be displayed by the subway plots. Therefore, we load tested
the subway plot visualizations in order to determine the conditions that caused graphs
to not display. In this chapter, we outline 1) the integration of the HiSIM plots into the

Geneweaver ecosystem and 2) the load testing of these plots.

2.2  Methods

2.2.1 VZ Integration

In order to better visualize the Geneweaver HiSIM graph, a Subway plot visualization

(VZ) tool was adapted to work within the exisiting Geneweaver ecosystem '. The VZ

Thttps://github.com/treynr/vz
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subway plots were implemented in d3.js which is a representation transparent approach
for the web. D3 allows designers to bind input data to document elements making it
ideal for representing dynamically created graphs [110].

In order to integrate VZ into the existing Geneweaver ecosystem, a new python mod-
ule was created. The python module transposed the input data generated by the Ge-
neweaver HiSIM tool into a format that was compatible with the VZ subway plots. The
existing view on Geneweaver was updated in order to allow users to switch between vi-
sualizations of the HiSIM graph. Finally, a minified version of the Geneweaver website

focused solely on the HiSIM graph was created for testing purposes.

2.2.2 Load Testing

Data Generation Machine Learning Approach

Randomly Dimensional

Clusterin
Generated Data Reduction e

Randomly
Permuted Random Forest
Biclique Graphs

Figure 2.1: Load testing flow chart

Some generated HiSIM graphs proved to large for VZ plots to handle. Therefore, in
order to load test the VZ visualizer, python programs were created. The pipeline used to
load test the VZ plots can be seen in Figure 2.1. All code used to load test the VZ plots

can be accessed on Github 2.

Zhttps://github.com/shenoisam/Thesis
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Data Collection

The first stage of load testing the VZ plots involved the generation of test data. Data
was generated in two ways for this stage: Randomly Generated Dataset (RGD) and Ran-
domly Permuted Biclique Graphs Dataset (RBG).

Data collected as part of the RGD dataset included 1725 biclique graphs that were
randomly generated using a python program. The graphs were similar to those generated
from the Geneweaver HiSIM graph, but were not based on existing genesets. Instead the
graphs were created in order to ensure that a certain number of nodes, edges, and hier-
archical depths were created. Graphs contained between 1 and 100 nodes (n), between
0 and n? edges (m), and up to n hierarchical depths. All 1725 graphs were tested us-
ing the VZ plots and manually annotated. The purpose of these graphs were to test the
importance of n, m, and hierarchical depths in the ability for the VZ plots to display.

For the RBG dataset, we ran the Geneweaver HiSIM graph on randomly selected
public genesets. We collected the successful runs(RBG-UnPermutated dataset), where
the HiSIM Graph was able to run to completion, and tested the graphs to see if they could
be displayed using the VZ visualizer. After annotating all of the collected graphs, we
sampled 10 graphs from the RBG-UnPermutated dataset and randomly permuted them.
The permutations removed all existing edges and redrew new random edges between
nodes. During this permutation, the number of edges and the number of nodes were kept
constant and the only difference between a permutated graph and the starting graph were
the starting and ending nodes of the edges. One hundred permutations of the each of the
10 graphs were created using this method and were saved as a dataset (RBG dataset).
Since we knew that these original graphs either displayed or didn’t display, permutation
allowed us to determine if any latent features irrespective of number of nodes or number

of edges were important in the visualization of these graphs.

Machine Learning Approach 1

The next stage in load testing the VZ plots was to determine the relationship between

the structure of the graphs and their representations in the VZ subway plots. To do this
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we experimented with 2 different machine learning techniques - labeled as MLA1 and
MLA2.

MLAT1 sought to address the major challenge of accounting for latent features in the
graph that would affect their visualizations. The existence of these features potentially
prevented a simple comparison of number of nodes, number of edges, and node depth
from being accurate.

In order to solve this problem, MLA1 tested two graph embedding techniques: GCN
and linear. The purpose of both embedding techniques was to 1) preserve the structure of
the original graph while 2) reducing the dimensionality of the graphs [111]. The Graph
Convolutional Network (GCN) model works by iteratively aggregating the embeddings
of neighbors for a node and then using a function of the obtained embedding and its
embedding at previous iteration to obtain the new embedding [111, 112]. An extension
of this model, Variational Graph Auto-Encoders (VGAE), uses a GCN encoder and an
inner product decoder to encode the graph. This has been shown to improve performance
[111, 113]. Furthermore, the linear model seeks to replace the GCN autoencoder used
for the VGAE with a linear model . This model, while simpler, has been shown to achieve
competitive results [114].

Using these models, we tested our graphs on 4 variations of these models: GCN
Auto Encoder (gcn_ae), GCN Variational Auto Encoder (gecn_vae), Linear Auto Encoder
(linear_ae), and Linear Variational Auto Encoder (linear_vae). Each model was trained
using the RBG dataset. A python script was created to test each of these encoders on
the obtained datasets. To encode the graphs we used the default parameters of the graph
autoencoders. These parameters can be seen in Table 2.1.

After autoencoding the graphs, the graph representations were then reduced to a 1D
representation in order to prepare for the clustering stage. The dimensional reduction
was preformed using the Sklearn PCA package [115].

Finally, the 1D representations of the graph were then clustered using Sklearn KMeans[115].
The clustered graphs were then compared to their annotated classification to see if there

was an underlying relationship between the structure of graphs that were displayed prop-
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Parameter Value
Learning Rate | .01
Epochs 200
Hiddenl 32
Hidden2 16
Weight Decay 0
Dropout 0
Dimension 16

Table 2.1: Default parameters used for all models encoded.

erly by the VZ subway plots or not.

Machine Learning Approach 2

MLAZ2 made use of a random forest algorithm in order to determine which graphs
were unable to be displayed by the Subway plots. ML A2 assumed that there were no
significant inaccessible latent features inherent in the graph that would impede machine
learning performance.

The random forest algorithm implementation used the Scikit-Learn package. [116].
Networkx was used to load in the graphs and extract the following features: n,m, maxi-
mum hierarchical depth, mode of hierarchical depths, graph density, and number of self
loops [117].

The random forest algorithm was trained on RBG-UnPermutated dataset and tested
on the RGD dataset. In order to test the effectiveness of each feature to the random forest

learning process, we tried a variety of combinations of the 6 input features (Table 2.2).

2.3  Results

2.3.1 VZ Integration

The VZ subway plots were successfully integrated into Geneweaver as seen by the
screenshot in Figure 2.2. The newly created python module was able to take the json
output from the existing HiSIM tool and convert it to a format that could then be passed

into to the VZ Subway plots. The current view visualization on Geneweaver was updated
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Run Number | density | n | m | max depth | mode depth | self loops

0

O| 00| A O\ | | W =—

Table 2.2: Features used for each run of the Random Forest classifier.
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Figure 2.2: Integrated HiSIM Graph
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Run Name | Number of Genesets | Num Permutations
RealRun0 19 100
RealRun4 2 9
RealRun6 10 100
RealRun7 4 36
RealRun102 11 102
RealRun105 10 105
RealRunl6 4 16
RealRun108 10 108
RealRunl117 12 100
RealRun124 3 25

Table 2.3: Data sets collected from running the HiSIM tool on Geneweaver with random
genesets.

in order to allow users to switch between Subway plot visualizations and the existing

HiSIM graph visualization.

2.3.2 Load Testing
Data Collection

In order to construct the datasets required, automated data generation testing code
ran the HiSIM graph 375 times. However, the majority of test cases failed due to a lack
of genetic overlap between randomly picked genesets. Seventy eight successful trials
were obtained and annotated (RBG-UnPermutated dataset). We then selected 10 graphs
from this set to be used as initial starting graphs (Table 2.3, Figure 2.4). The selected
initial starting graphs had between 2 and 19 randomly selected input genesets.

The 10 selected graphs were subsequently plotted using the VZ Subway plots as
seen in Figure 2.6. Runs 105 and 16 graphical representations were not visible at all
reaffirming original doubts that the VZ Subway plots could not display certain graphs.
The remaining 8 graphs were able to be displayed.

These 10 resulting graphs were then permutated using a permutation python script.
Runs 4,7,16, and 124 had 9, 36, 16, and 25 permutated runs respectively due to the lack
of permutation options for such small graphs. The remaining 7 runs had the full 100

permutations. These combined permutations composed the RBG dataset.
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Run Encoder AE Median | AE Median | VAE Me- | VAE Me-
ROC Score | AP Score dian ROC | dian AP
Score Score
RealRun0 gcn S .621 5 .633
RealRunO linear 0.484 0.589 0.472 0.589
RealRun4 gcn NA NA NA NA
RealRun4 linear NA NA NA NA
RealRun6 gcn NA NA NA NA
RealRun6 linear NA NA NA NA
RealRun7 gcn NA NA NA NA
RealRun7 linear NA NA NA NA
RealRun102 | gcn S 5 5 .667
RealRun102 | linear 5 5 ) 5
RealRun105 | gcn 1 1 0 5
RealRun105 | linear 0 ) 0 S
RealRunl6 | gcn NA NA NA NA
RealRunl6 | linear NA NA NA NA
RealRun108 | gcn 0 5 0 S
RealRun108 | linear 0 ) 0 5
RealRunl17| gcn 5 .583 5 75
RealRunl117 | linear 5 75 5 583
RealRun124 | gcn NA NA NA NA
RealRunl124 | linear NA NA NA NA

Table 2.4: Median Roc Score and AP score for each encoder tested on each of the
datasets. Only 5 of the 10 tested datasets were able to be encoded.

Machine Learning Approach 1

The 10 graphs were then encoded using the 4 types of graph autoencoders: gcn_ae,
gcn_vae, linear_ae, and linear_vae. The median ROC and AP score for each run can be
seen in Table 2.4. Runs 4, 6, 7, 16, and 124 were unable to be encoded by any method.
We believe that the size of these graphs was the major contributing factor to the inability
to be encoded. Due to the poor ROC and AP scores that were obtained when encoding
the graph, we decided not to proceed with the Dimensional Reduction and Clustering
aspects of our pipeline. These low scores indicated that the encoders were unable to
truly capture the representation of these testing graphs and therefore further processing

using these embeddings would prove fruitless.
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Figure 2.7: Results of the Random Forest run. Features were selected to handle the
training and testing of the model. The best preforming run used only n,m, and the
maximum depth. Graph was created using the Boutros Lab Plotting R package [118,
119]

Machine Learning Approach 2

The graphs were then tested using the MLLA2 which utilized the random forest method-
ology. The classifier was trained on the RBG-UnPermutated dataset and tested on the
RGD dataset. The results of each run and the features used to test the graphs can be seen
in Figure 2.7. Using the Random Forest Methodology,the best run was able to correctly

classify the graphs 88% of the time.

2.3.3 Prediction

In order to predict the node and edge values that the VZ plots could handle, we
then employed the random forest model to classify varying node, edge, and depth levels.
Figures 2.9 and 2.8 show the predicted number of nodes, edges, and maximum depths

that the VZ plot could handle. Based on our analysis, the VZ plots are able to display
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Figure 2.8: Number of nodes, edges, and maximum depths that the VZ plots can display.

graphs with around 50 n, 65 m, and a maximum of 30 hierarchical depths.

2.4 Discussion

Through this work, we were able to integrate a new visualization technique into
the existing Geneweaver architecture. The added graphical implementation provides
selective advantages over previous visualization techniques in that it provides a more
colorful representation of the result graph and provides a key corresponding the number
of genesets present per level.

We were able to determine that there exists a relationship between the number of
node, edges, and maximum depths and the ability for the VZ plots to display correctly.
This relationship is irrespective of any latent features of the graph. As n,m, and maxi-

mum depth increase, the VZ plots are less likely to be able to display the resulting graph.
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Figure 2.9: Histogram displaying the number of nodes, edges, and maximum depths the
VZ plots can display. Dashed lines represent 1 standard deviation from the mean
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An interesting finding that emerged from this study was the poor results obtained
when using the GAEs. We initially tried changing the parameters used for encoding the
graphs, but we were unable to see a significant improvement in our research (Data not
shown). We believe that the sizes of the graphs and their unique structure were some of

the contributing factors to the poor performance discovered.
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CHAPTER 3

Network Analysis

3.1 Introduction

As previously mentioned in Chapter 1 of this thesis, the genetics of BD is of particu-
lar interest. In virtually every studied population, the HLA-B51 gene has been the most
closely associated risk factor for BD [21]. However, the facts that sizable portion of BD
patients present as HLA-B51 negative and the high prevalence of HLA-B51 in American
Indian populations where BD is rare indicates the role of at least one other genetic loci
as a factor of BD patheogenesis [21, 26]. Some potential candidates to fill this role have
been identified including ERAP1, TNF-«, and IL-10 [12, 36, 33, 54, 10, 55, 56, 57].
The lack of a clear mechanism of BD patheogenesis and the genetic variation present in
BD patients poses an interesting question: how can we separate the true genetic factors
of the disease from the noise?

Furthermore, the classification of BD as an autoimmune disease and the discovery
of isolated shared genetic factors between other autoimmune diseases and BD is also
interesting. For instance, ERAP1 has been shown to be a susceptibility gene in BD, pso-
riasis, and ankylosing spondylitis while IL-10 has been associated with multiple other
autoimmune diseases including rheumatoid arthritis, systemic sclerosis, Kawasaki dis-
ease, Sjogren’s syndrome, Grave’s disease, myasthenia gravis, psoriasis, autoimmune
lymphoproliferative syndrome, and BD [10, 56, 58, 120]. This overlap between autoim-
mune diseases presents as significant area for research as gaining a deeper understanding
of the shared genetic pathways of autoimmune diseases can have important implications
for diagnosis, treatments, and future research[121].

In addiction research, where single genes rarely largely impact clinical phenotype
and hundreds if not thousands of variants are needed to fully explain underlying genetics

of the diseases, convergent functional genomics (CFG) is leveraged to make sense from
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the noise. The premise of CFG is simple: the more lines of evidence for a gene, the
higher it is prioritized as a gene of interest [121, 122]. This approach allows data from
sources such as Genome Wide Association Studies (GWAS), gene expression studies,
and animal models to be synthesized as evidence to ascertain the impact of genes on
phenotype[122]. Even data from sources with limited sample size or lack of replication
studies can be used as data points in the CFG approach since it is the collective evidence
that together makes up the prioritization list.

To implement the CFG approach, we leverage the computational power of the Ge-
neweaver HiSIM graph[8]. The hierarchical structure of the HiSIM graph output allows
us to categorize genes based on where on the hierarchy they fall. Nodes at the top of the
graph have a limited number of genes but many genesets as evidence while nodes at the
bottom of the graph have many genes but fewer genesets as evidence. In this chapter, we
use the CFG approach to first find candidate genes of interest for BD and then secondly

determine other autoimmune diseases with genetic overlap with BD.

3.2 Methods

3.2.1 Data Collection

Genes associated with BD were collected as genesets on Geneweaver [7]. Each gene-
set contained a record of BD associated genes from a single study or source. Sixteen
BD genesets were collected overall. Eleven of the genesets originated from GWAS stud-
ies and were collected by searching the GWAS Catalog and publicly available curated
genesets from Geneweaver [123, 7]. The combined GWAS data came from a global pop-
ulation that included samples from Iranian, Japanese, Turkish, Korean, Spanish, Western
European, Middle Eastern, and Han Chinese populations. [124, 125, 126, 65, 127, 128,
129, 62, 130, 65]. One of the GWAS studies collected data regarding BD and a special
type of BD that effects the GI tract, Intestinal BD (IBD) [65]. This data source was split
into two genesets for purposes of this study. Another geneset was created from the NCBI

gene2mesh tool and was included in the study[131]. The Online Mendelian Inheritance
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in Man (OMIM) database provided an additional geneset tagged “autoinflammatory, fa-
milial, Behcet’s-like” [132]. Another geneset was created using information compiled
in Malacards [133]. The last two genesets came from a BD review paper that consol-
idated genes of interest and a BD gene expression profile paper [33, 39]. Finally, we
noticed that one of the existing BD genesets on Geneweaver did not include all of the
genes identified by the GWAS study as associated with BD. To compensate for this, we
created a new geneset from the same GWAS study and added all of the genes identi-
fied by the study as associated to BD. The union of all 16 genesets was subsequently
collected using the Boolean Algebra tool on Geneweaver and stored as another geneset
[7, 66].

Genesets for twenty-seven conditions were compiled in order to test BD ’s relation
to other autoimmune diseases. Disease genesets were created by using the Geneweaver
Boolean Algebra tool on publicly available curated genesets [7]. Due to the large data
size, only human genes were used for this run. The list of conditions and number of

genes present in the genesets can be seen in Table 3.1.

3.2.2 BD HiSIM Run

To find the consensus genes of BD between all of the collected data sources, the
Geneweaver HiSIM graph was run with the 16 BD genesets as input. The parameters

used to run the HiSIM graph are reported in Table 3.2.

3.2.3  Autoimmune HiSIM Run

To determine the genetic overlap between BD and other autoimmune diseases. The
HiSIM graph tool was run on 27 autoimmune disease genesets constructed using the
Boolean Algebra tool and the BD Union geneset. The parameters used to run the HiSIM
graph are in Table 3.2.

The data from the Autoimmune HiSIM run was then filtered to find relevant con-
nections between BD and other autoimmune diseases. The resulting graphs were then

plotted using the igraph python package [317] and the BoutrosLab.plotting.general R
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package [119, 118]

3.2.4 Jaccard Geneset Analysis

After conducting the HiSIM run, a Jaccard Geneset analysis was conducted on au-
toimmune diseases identified as presenting with a high BD similarity. This analysis
determines whether the geneset overlap identified in the Autoimmune Disease Run was
statistically significant. The Jaccard Geneset analysis was run using the Jaccard Simi-

larity tool on Geneweaver [7].

3.2.5 Neighbor Joining Analysis

In order to find the top five most genetically similar diseases to BD, a neighbor join-
ing tree was created using the ape R package [318]. The distance between any two
diseases was defined using the normalized Jaccard formula seen in Formula 3.1.

ANB

b= min(size(A), size(B)) SB

The formula took into account the differences in set size between the two sets in order
to determine their overlap. By taking the size of the intersection between the two sets
and dividing it by the largest possible overlap that could occur between the two sets, the
formula allowed sets of different sizes to be compared. The distance between all possible
pair combinations of the 16 genes was calculated and stored in a distance matrix. The
distance matrix was then used as input to the neighbor joining program from the ape R

package[318, 119].

3.3  Results

3.3.1 BD HiSIM Run

Running the HiSIM graph on the BD collected genesets resulted in the graph shown

in Figure 3.1. Genes found in more than 3 genesets are displayed in Table 3.3. HLA-B
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Figure 3.1: HiSIM Graph between 17 BD gensets.

was identified in 7 genesets making it the most common gene amongst all tested genes.
IL-10 was the next most common gene and was found in 6 genesets. IL23R was the third
most common gene, found in 5 genesets. Finally, HLA-A, STAT4, MICA, and ERAP1

were all found in 4 genesets.

3.3.2 Autoimmune Disease Run

After collecting autoimmune genesets on geneweaver, the HiSIM graph was run on
27 unique autoimmune diseases and BD. Figure 3.2 displays the results of this run. In
Figure 3.2A, all edges between computed nodes are included. The resulting dataset was
subsequently filtered in order to remove all nodes that are unrelated to BD; Figure 3.2B
displays the results of filtering.

Figure 3.3 displays the genetic overlap between the autoimmune diseases and BD as
determined by the HiSIM graph. Out of the 27 conditions tested, only 16 were found
to have some genetic overlap with BD. The 16 identified candidates were then used to

subsequently preform the Jaccard Analysis.
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(a) Autoimmune HiSIM graph

(b) BD Filted Autoimmune HiSIM Graph

Figure 3.2: Results from the Autoimmune HiSIM Graph run. 27 autoimmune diseases
were compared to BD in order to find which diseases had the largest genetic overlap
with BD. A) All edges between computed nodes were drawn. B) Edges were filtered
such that only edges that connected to nodes containing the BD geneset were drawn.

Number of Genes

254

20

Diseases

Hemolytic Anemia
Systemic Lupus
Alopecia Areata
Myositis

Ankylosing Spondylitis

Psoriasis
Uveitis
Biliary Liver Cirrhosis

Sjogren Syndrome
Scleroderma
Sarcoidosis

Endometriosis
Hashimoto's Thyroiditis

Vitiligo

Graves Disease

Crohn

Figure 3.3: Graph displaying identified HiSIM nodes with the largest gene overlap with
BD. 16 conditions were found to have some overlap with BD out of the 27 tested.
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Figure 3.4: Results of the Jaccard Geneset Analysis. None of the 16 autoimmune disease
genesets were identified as having a statistically significant overlap with BD.
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Behget's Disease

T Sarcoidosis
! Uveitis
Sjogren’s Syndrome
-Hemolytic Anemia
-Myositis

Scleroderma

-Endometriosis
Graves Disease
Hashimoto's Thyroiditis

Alopecia Areata

Vitiligo

Crohn's Disease
-Ankylosing Spondylitis

I
-
Psoriasis

Biliary Liver Cirrhosis
Systematic Lupus

Figure 3.5: Results of the Neighbor Joining Tree.

3.3.3 Jaccard Geneset Analysis

Using the 16 identified conditions from the Autoimmune HiSIM run, a Jaccard Gene-
set Analysis was run. The results from the Jaccard Geneset analysis found that the
overlap between all of the conditions and BD did not reach a level of statistical sig-

nificance(Figure 3.4).

3.3.4 Neighbor Joining Analysis

The genetic overlap between BD and the 16 identified autoimmune diseases was
then normalized using Formula 3.1. The normalized genetic overlap was then used as
input for the Neighbor Joining Tree, the results of which can be seen in Figure 3.5. The
tree indicates that BD is closest to Sarcoidosis, Uveitis, Sjogren’s Syndrome, Hemolytic

Anemia, and Myositis.

3.4 Discussion

The results of the BD HiSIM graph run are consistent with previous BD research.

All top scoring genes have previously been identified as having an association with BD
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[18, 33, 10]. The emergence of HLLA-B as the top scoring gene is unsurprising given the
history of HLA-BS51 as a susceptibility gene of BD and its reputation as the the primary
gene of interest in BD [21, 12, 18].

The results of the BD autoimmune disease run identified 16 diseases with at least
some genetic overlap with BD. While these associations were unable to achieve statistical
significance based on the results of our Jaccard Similarity run (Figure 3.4), we believe
that these results can be potentially attributed to the limitations of the Jaccard Similarity
test. It has been documented that the Jaccard coefficient, which is used to calculate the
Jaccard Similarity, is strongly effected by dataset size [319]. This represents a limitation
to our current study that can be addressed in future work.

Additional limitations to our study are primarily centered around data collection.
Due to the limited genomics literature available for Behcet’s Disease we were only able
to collect 16 unique genesets for analysis. While sufficient for our current study, the
addition of future GWAS and other genomic studies will help further elucidate the com-
plex genomic interactions at play in BD. Similarly, our autoimmune disease HiSIM run,
while large, is not exhaustive. All of the conditions collected were relatively common
and data for these runs were limited to publicly available genesets already present in Ge-
neweaver. This selection criteria excluded non-autoimmune conditions, such as cervical
cancer, oral cavity cancer, and oropharyngeal cancer, that might mimic BD phenotype
presentations.

To circumvent these limitations, we proposed a modified Jaccard similarity formula
(Formula 3.1) to determine the genetic similarity between any two diseases. We then
used this formula to construct a neighbor joining tree which allowed us to identify how
genetically similar each of the 16 identified diseases were to BD.

The results of our CFG approach have the benefit of identifying autoimmune diseases
with a shared genetic architecture, and is a promising strategy for identifying genes asso-
ciated with BD. The inclusion of certain diseases in 16 identified diseases was expected.
Most notably, Uveitis’s high genetic overlap with BD was expected given that this condi-

tion is a symptom of BD [12]. Sjogren’s Syndrome’s inclusion in our list was expected
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as well given that Sjogren’s Syndrome often presents with other autoimmune diseases
[320, 321]. Because of the multiple reports of Sjogren’s Syndrome and BD, Sjogren’s
Syndromes association with BD has already been tested and no association between the
two was found [322, 321].

Of interest was the close proximity of Sarcoidosis and BD in the neighbor joining tree
(Figure 3.5). Historically, there have been very few reports of patients presenting with
both BD and Sarcoidosis [323, 324], but there has been a recent uptick in BD patients
presenting with both Sarcoidosis and BD after treatment with TNF antagonists [323].
Clinically, it can be difficult to distinguish between BD and Sarcoidosis considering the
similarity of the articular, neurological, and skin lesions between the two diseases [324].

Additionally, the inclusion of psoriasis in our list was noteworthy as well. Psoriatic
arthritis has been documented to sometimes be confused with BD articular involvement
[325]. Hahn et al. recently found that psoriasis patients were twice as likely to be diag-
nosed with BD based on an analysis of patient data from the National Health Insurance
Database of Korea [326]. Finally, Intestinal BD is sometimes misdiagnosed as Crohn’s
Disease and vice versa due to the similarity of symptoms, so its inclusion in our list of
related diseases was unsurprising[327].

These findings, coupled with our genetic analysis, might provide evidence for a re-
lated underlying genetic mechanism related to the pathogenesis of these diseases. It will
be left up to future work to fully clarify these relationships.

There have been documented case reports of patients presenting with both BD and
one of the other diseases identified from our analysis. There have been a handful of cases
of patients presenting with both BD and Sclerosis [328, 329], Myositis [330, 331, 332,
333], Endometriosis [334], Graves disease [335], Vitiligo [336, 337], Hemolytic Anemia
[338], tuberculous thyroiditis [339, 340],and Biliary Liver Cirrhosis [341]. However, the
inclusion of Alopecia Areata in this set of conditions was surprising. To our knowledge,
there have been no reported cases of patients presenting with both Alopecia Areata and

BD nor evidence of an association between BD and Alopecia Areata.
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3.5 Conclusion

Behcet’s disease is a complex multi-system inflammatory disease in which the exact
pathogenesis continues to elude researchers [3, 1]. Genetically, the identification of
HLA-B51 as a major, but not sole, susceptibility gene has led to the hunt for other genetic
factors of the disease [21]. The resulting identification of multiple genes of interest,
however, does not explicitly establish the contributions of each of these genes towards
the overall presentation of the disease [12, 36, 33, 54, 10, 55, 56, 57]. Furthermore,
research into these genes has uncovered roles of these genes in the progression of other
autoimmune diseases [10, 56, 58, 120]. Itis imperative to research autoimmune diseases
in relation to other autoimmune diseases in order to fully understand human disease.

In this study, we employed a functional convergent genomics approach to discover 1)
the genetic factors and 2) related autoimmune conditions of Behget’s Disease. The power
of this approach lies in its ability to synthesize information from multiple genomics data
sources [121] and in its recognition of shared genetic factors of autoimmune diseases
[10, 55, 56]. The ability to quickly and accurately synthesize this information using the
Geneweaver HiSIM graph presents a valuable opportunity for further discovery in this
line of research [8]. Furthermore, our results using this approach confirmed existing
BD research regarding the genetic factors of the disease, and identified 16 autoimmune
diseases that share an underlying genetic relationship to BD. Almost all of these asso-
ciations - the only exception being Alopecia Areata - have documented clinical findings
linking them with BD, further providing evidence towards our results. It will be left up
to further research to fully uncover the complex genetic interactions underlying these

diseases as well as the shared genetic mechanisms between them.
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Condition Number | Number | Publications
of Genes | of Gene-
sets

Achalasia 12 3 [134]

Vitiligo 107 10 [135, 136, 137, 138, 139, 140, 141]

Celiac Disease 428 22 [142, 143, 144, 145, 146, 147, 148,
149, 134, 150, 151, 152, 153, 154,
155]

Crohn’s Disease 273 25 [156, 157, 158, 159, 147, 160, 161,
162, 163, 164, 165, 166, 167, 168,
169, 170, 171, 172, 173]

Psoriasis 382 23 [174, 175, 176, 176, 177, 178, 179,
180, 181, 182, 183, 184, 185, 186,
187, 188]

Diabetes 130 20 [189, 190, 191, 192, 193, 194, 195,
196, 197, 198, 199, 200, 201, 202,
203, 204, 205, 206, 207, 208]

Uveitis 130 7 [134]

Sarcoidosis 107 7 [209, 160, 210]

Myositis 82 5 [134, 211]

Scleroderma 148 9 [212, 213, 134, 214, 215]

Agammaglobulinemia 39 3 [134]

Alopecia Areata 26 3 [216]

Restless Leg Syndrome 27 6 [134, 217, 218, 219, 220]

Sjogren Syndrome 145 7 [221, 199, 222, 223]

Hashimoto’s Thyroiditis 99 6 [134, 224, 225]

Addison Disease 40 4 [226]

Amyloidosis 58 12 [134]

Ankylosing Spondylitis 132 6 [227, 228, 150, 229]

Chagas Syndrome 159 7 [230]

MS 201 25 [231, 232, 233, 234, 235, 236, 237,
238, 239, 240, 241, 242, 243, 244,
245, 246, 247, 248, 249, 250, 251,
252,253, 254]

Endometriosis 226 9 [255, 256, 134, 257, 258, 259, 260]

Ulcerative Colitis 386 23 [261, 262, 263, 264, 265, 266, 160,
267, 163, 268, 269, 270, 271, 168,
272,273,274, 275, 276, 277, 278]

Hemolytic Anemia 261 20 [134, 279]

Systematic Lupus 269 25 [280, 281, 282, 283, 221, 284, 285,
286, 287, 288, 289, 290, 291, 292,
293, 294, 214, 295, 296, 297, 298,
299]

Liver Cirrhosis 130 8 [300, 301, 302, 134, 303, 304, 305]

Graves Disease 121 8 [306, 307, 308, 134, 309, 225, 310]

IgA nephropathy 39 6 [311, 312,313, 314, 315, 316]

Table 3.1: Genetic information from 27 autoimmune diseases were collected from mul-
tiple publicly available genesets on Geneweaver. Genesets from each condition were
then consolidated into one geneset using td®Boolean Algebra tool.




Parameter Value
Disable Bootstrap False
Node Cutoff Auto
Homology Included
Genes In Node All
Use FDR False
Hide Unemphasized False
p-value 1
Minimum Overlap 1%
Minimum Genes 1
Permutation Time Limit 5
Max In Node 4
Permutations 0
Max Level 40
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Table 3.2: Parameters used for both runs of the Geneweaver HiSIM graph




Num Genesets

Gene

Genesets

7

HLA-B

Behget’s GWAS [65], BD
Gene2Mesh, Behget’s
GWAS [126], Behget’s

GWAS [129], Malacards

BD [133], Immune
Genetics of BD [33],
Behget’s GWAS [66]

IL-10

Intestinal Behget’s
GWAS[65], Behget’s
GWAS [66], BD
Gene2Mesh, Behget’s
GWAS [127], Malacards
BD [133], Immune
Genetics of BD [33]

IL23R

BD Gene2Mesh, Behget’s
GWAS [66], Malacards
BD [133], Immune
Genetics of BD [33],
Behget’'s GWAS [127]

HLA-A

BD Gene2Mesh, Behcet’s
GWAS [126], Behget’s
GWAS [66], Immune
Genetics of BD [33]

STAT4

Immune Genetics of BD
[33], BD Gene2Mesh,
Behget’'s GWAS [62],
Behget’'s GWAS [128]

ERAPI1

Intestinal Behcet’s
GWAS|65], Malacards
BD [133], Behget’s
GWAS [128], Immune
Genetics of BD [33]

MICA

BD Gene2Mesh, Behcet’s
GWAS [62], Immune
Genetics of BD [33],
Behget’'s GWAS [66]

Table 3.3: Abbreviated results from the BD HiSIM run. IL10 was identified in 7 genesets
making it the most common gene amongst all tested genes. HLA-B was the next most
common gene and was found in 6 genesets. IL23R was the third most common gene; it
was found in 5 genesets. Finally, HLA-A, STAT4, MICA, and ERAP1 were all found in

4 genesets.
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CHAPTER 4

Autoimmune Disease Comparison

After identifying autoimmune diseases that were genetically similar to BD, the final
stage of this thesis was to identify genetically and phenotypically representative ani-
mal models of BD. Since autoimmune diseases with a genetic relationship to BD were
discovered previously in Chapter 3 (Figure 3.5) [342], the animal models for these con-
ditions provided a starting point from which representative BD animal models could be
identified from. These models could then be subjected to the International Criteria for
Behget’s Disease (ICBD) in order to determine whether the phenotypic presentation of
these models mirrored BD[16]. In this chapter, the discovery of novel animal models

for Behcet’s Disease is described.

4.1 Methods

4.1.1 Data Collection

The top 5 genetically similar diseases identified previously - uveitis, myositis, Sjogren’s
syndrome, sarcoidosis, and hemolytic anemia - were taken to be studied [342]. For each
of the diseases, a brief review was conducted to identify clinical manifestations and cur-
rent animal models.

Animal models were identified by researching literature and by using The Jackson
Laboratory Human - Mouse: Disease Connection website [343]. For each animal model
identified, the literature describing the animal model was scanned in order to find out if
the model presented with any potential symptoms of BD. For the purposes of this study,
potential symptoms of BD included ocular, oral, skin, genital, neural, gastrointestinal,

or vascular involvement.
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Starting Reduced Score Final

Labeled
Models Models Models Models

Figure 4.1: Workflow describing the evaluation of animal models. A. Remove all models
with no BD areas effected. B. Score phenotypes based on BD diagnostic criteria C.
Assess genetic relevance of models

4.1.2 Mouse Model Analysis

After compiling the list of animal models for each of the 5 diseases, the compiled
models were evaluated to determine relevance (if any) to BD using the workflow defined
in Figure 4.1. The first step (Step A) removed models with no apparent BD symptoms
based on the results from the Data Collection stage. This resulted in a group of animal
models termed as Reduced Animal Models.

The remaining models were then subjected to the International Criteria for BD (ICBD)
and were thus assigned a numerical score (Step B) resulting in a group termed Score La-
beled Models. The ICBD criteria uses a point based scoring system and a score of 4 is
needed to be diagnosed with BD[16]. Based on the ICBD criteria, oral aphthosis, geni-
tal aphthosis, ocular lesions (anterior uveitis, posterior uveitis, or retinal vasculitis each
add 2 points to the patients score. Neurological manifestations, skin lesions (pseud-
ofolliculitis, skin aphthosis, erythema nodosum) and vascular manifestations (arterial
thrombosis, large vein thrombosis, phlebitis or superficial phlebitis) each add 1 point to
the patients score. For the purposes of this study we defined oral aphthosis as follows:
a well-defined painful round or oval ulceration with a white base surrounded by a red
areola that are localized to the lips, buccal mucosa, soft palate, and tongue of patients
[3, 1, 11]. Similarly, we defined genital aphthosis as follows: a well-defined painful
round or oval ulceration with a white base surrounded by a red areola most commonly
found on the scrotum of men and the vulva in women but can also be found on the epi-
didymis and penis of men and vagina and cervix in women [3]. Scoring the models in
this way allowed for an easy comparison between models and the point values for each
symptom can be seen in Table 4.1.

The first two steps primarily looked at phenotypic presentation of the models, so the
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Symptom Point Value
Oral aphthosis
Genital aphthosis
Ocular lesions
Skin lesions
Neurological manifestations
Vascular manifestations

—| == NN

Table 4.1: Points associated with each BD symptom based on the ICBD criteria

next step (Step C) assessed the genetic relevance of each model resulting the final group

of models appropriately termed Final Models.

4.2 Results

4.2.1 Data Collection

The first disease to be researched was uveitis. Anterior and posterior uveitis have
been shown to be symptoms of BD which made it an interesting target for further re-
search [12]. Uveitis defines a group of diseases that present with intraocular inflamma-
tion involving the iris, ciliary body, and choroid. It can be caused by a localized infection
or by a non infectious etiology [344]. Localized infections that have been shown to cause
uveitis include Herpes Simplex Virus (HSV), varicella virus, cytomegalovirus, syphilis,
toxoplasmosis, and tuberculosis [345]. On the other hand, non infectious uveitis has
been shown in diseases such as BD, sarcoidosis, Vogt—Koyanagi—Harada (VKH) dis-
ease, juvenile rheumatoid arthritis, and multiple sclerosis [344]. There is some evidence
to suggest that non-infectious uveitis may be initiated by an infectious agent as well, but
the specific agent or mechanism of action has not been identified so far [346]. Thirteen
animal models for Uveitis were identified from review papers and the Mouse Genome
Informatics Website [347, 343]. All of the animal models identified presented with oc-
ular lesions [348, 349, 350, 351, 352, 353, 354, 355, 356, 357, 358, 359, 360, 361]. Two
models, both using a version of the AIRE infection protocol, presented with lympho-
cyte infiltrates in retina, salivary glands, and ovaries [357]. One of the AIRE infection

protocol mouse models also presented with lymphocyte infiltrates in the stomach [357].
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The animal models associated with uveitis were compiled and listed in Appendix A.
The second disease to be researched was Myositis. Myositis, or Inflammatory my-
opathies, refers to a broad range of myopathies that affect not only the muscles but mul-
tiple organs. The forms of myositis include dermatomyositis, Overlap myositis, Necro-
tizing myopathy, polymyositis, and inclusion body myositis [362]. The animal models
associated with Myositis were compiled and listed in Appendix B. Eighteen models in
total were identified in mice, C. elegans, dogs, rats, guinea pigs,and hamsters[363, 364,
365, 366, 367, 368, 369, 370, 371, 372, 373, 374]. Of the eighteen models identified,
four had phenotypic presentation in areas of interest : Transgenic Mice V, Transgenic
Mice VI, Infectious Mouse II, and Immunological IV [368, 369, 371]. Transgenic Mice
V presented with skin collagen increase, transgenic mice VI presented with rashes on
the skin and eyelid, Infectious Mouse II presented with inflammatory cell arthritis and
multifocal vasculitis, and immunological IV presented with inflammatory cell arthritis.
The third disease to be researched was Sjogren’s Syndrome. Sjogren’s syndrome
(SS) is an autoimmune disorder caused by the lymphocytic infiltration of exocrine glands
resulting in glandular dysfunction, preferentially of the salivary and lachrymal glands
[320]. The disease usually results in patients having ocular and oral dryness accompa-
nied with salivary gland swelling. Additionally, patients frequently present with skin,
nasal, and vaginal dryness, and between 30% to 50% of patients with the disease may
present with articular, pulmonary, neurological, or kidney involvement [375]. The lo-
cations of Sjogren’s syndrome phenotypic presentation, coupled with the discovered
genetic overlap with BD, makes it an interesting target for further research. Specifi-
cally, the locations of the main symptoms of Sjogren’s syndrome - eyes, mouth, skin,
and vagina - mirror the locations of the main BD symptoms. The animal models asso-
ciated with Sjogren’s syndrome were complied and listed in Table Appendix D. Twenty
two mice models were identified in total [376, 377, 378, 379, 380, 381, 382, 383, 384,
385, 386, 387, 388, 389, 390, 391, 392, 393, 394, 395, 396, 397, 398, 399]. All of
the models of Sjogren’s Syndrome had either salivary or lacrimal gland involvement or

both. Four models presented with additional symptoms: Mouse Model Spontaneous I
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presented with conjunctivitis, Mouse Model Spontaneous II presented with testicular le-
sions, Sjogren’s AIRE KO presented with stomach lymphoid cell infiltration, and Mouse
T cell specific P13K KO presented with intestinal infiltration [377, 378, 379, 387, 388].

The fourth disease to be researched was Sarcoidosis. Sarcoidosis primarily presents
with bilateral hilar lymphadenopathy and reticular opacities in the lungs and can also be
found in skin, eyes, and joints. Additionally, it can express in the musculoskeletal system,
reticuloendothelial system, exocrine glands, heart, kidney, and central nervous system
[400]. Similarly to the other diseases researched, the genetic overlap between BD and
Sarcoidosis combined with the phenotypic genes of interest made it an interesting target
for further research. The animal models associated with Sarcoidosis were compiled and
listed in Appendix C.Ten unique models were identified in either mice or rats [401, 402,
403, 404, 405, 406, 407, 408, 409, 410, 411, 412, 413, 414, 415, 416, 417, 418, 419,
420, 421]. Of the ten, only three presented with symptoms in at least one BD affected
area: ApoE-deficient Mice, Tsc2 Mice, and Horse Sarcoidosis [408, 414, 415,416,417,
418]. ApoE-deficient Mice and Horse Sarcoidosis both presented with skin lesions and
extra collagen in the GI tract. Tsc2 mice presented only with skin lesions. Interestingly,
despite the fact that human Sarcoidosis effects the eyes, none of the models identified
presented with any ocular manifestations [400].

The final disease to be researched was Hemolytic Anemia. Autoimmune Hemolytic
Anemia is a decompensated acquired hemolysis caused by the host’s immune system act-
ing against its own red cell antigens[422]. Patients with this disease can remain asymp-
tomatic and might only present symptoms when erythrocytosis cannot match the pace of
red cell destruction. Other manifestations of this disease include jaundice, cholelithiasis,
or isolated reticulocytosis. Patients may acquire Hemolytic Anemia through a variety
of means that fall either in the acquired or hereditary category[423]. The animal mod-
els associated with Hemolytic Anemia were compiled and listed in Appendix E. Thirty
seven models of the disease were discovered in mice[424, 425, 426, 427, 428, 429, 430,
431,432,433,434,435,436,437,438, 439,440,441, 442,443,444, 445, 446, 447, 448,
449, 450, 451, 452, 453, 454, 455, 456, 456]. Of the models identified, two - ARTX KO

52



mice II and nb/nb mice - contained at least one BD symptom. ARTX KO II contained
decreased horizontal and amacrine cells in retina while nb/nb mice contained neurolog-
ical symptoms of an unbalanced gait and moderate tremor, indicating a nervous system

involvement.

4.2.2 Animal Models Analysis

The identified models were then filtered to remove models that didn’t affect one
area present in BD (Step A in Figure 4.1). This resulted in 13 uveitis, 4 myositis, 22
Sjogren’s syndrome, 3 sarcoidosis, and 2 hemolytic anemia models. Since both Uveitis
and Sjogren’s syndrome make use of the AIRE model, the total number of unique po-

tential animal models remaining after Step A was 43.

Diagnostic Criteria Results

These 43 models were then subjected to the diagnostic criteria for Behcet’s disease.
In order to be classified as having BD, the models needed to score at least a 4 on the
International Criteria for BD. The resulting scores of each model can be seen in Figure
4.2 and Appendix F.

The six highest scoring models scored a three on the ICBD criteria. These models
all presented with vascular manifestations in addition to either ocular or genital lesions.
These top scoring models were models for either uveitis or Sjogren’s syndrome. Eleven
models scored a 2 on the ICBD criteria, and all of these models with uveitis symptoms.
These models were models for uveitis, Sjogren’s Syndrome, and hemolytic anemia.

The remaining models tested presented with phenotypic presentation not inline with
ICBD criteria despite phenotypic presentation in an organ or area of interest. For ex-
ample, every Sjogren’s syndrome animal model identified presented with either salivary
gland or lacrimal gland infiltration. However, even though that lesions in the oral cav-
ity and the eye are symptoms of BD, these specific symptoms receive a score of 0 on
the ICBD criteria since they do not present in the correct area of the mouth and eyes

respectively.
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ICBD Score

Disease

Uveitis/Sjogrens
Uveitis
Hemolytic Anemia
Sarcoidosis
Sjogrens

Myositis

Gl Involvement

NA
Present

Vascular Involvement
NA
Present
Neurological Involvement

EI NA
Present

Skin Manifestations

NA
Present

Ocular Manifestations

NA
Present

Genital Manifestations

NA
Present

Oral Manifestations

NA
Present

Figure 4.2: Scores of each animal model using the ICBD criteria. Models need to score

a 4 or greater in order to be classified as having BD.

Genetic Analysis

Since no models passed the phenotypic test, the highest scoring models were then

run through a genetic analysis in order to determine how genetically similar they were

to BD. Seventeen models in total scored a 2 or greater on the ICBD criteria and, as such,

were subjected to the genetic test. The results of the analysis can be found in Table 4.2.
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Model Gene BD Gene
AIRE KO AIRE No

AIRE infected AIRE No
Transgenic HLA-A29 HLA-A29 Yes [33]
Induced Uveitis NA (ocular antigens) NA
Uveitis Humanized Tg | HLA-DR3 No
RPEG65 Rat RPEG65 No

DC-EAU IL-1,IL-6, IL-12, TNF- | Yes[67, 65, 66]
a, IFN-v, and IL-10

EMIU, EAAU NA NA

EAU bovine NA NA

EIU NA NA

Uveitis Double Tg TCR « and TCR No

Experimental CMV re- | NA NA

tinitis

Expermimental animal | NA NA

ocular tuberculosis

ARTX KO mice II ATRX No

Sjogren’s Mouse Spon- | Ipr No

taneous |

Sjogren’s Mouse Spon- | NA (NOD mice) NA

taneous II

Mouse T cell specific | P13K pathway Yes[39]

P13K KO

Table 4.2: Genetic Analysis of top scoring models.
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Of the seventeen models subjected to the genetic test, seven were deemed ineligible
due to the lack of a genetic component in the infection technique used to generate the
model. Of the remaining 10 models, 3 were determined to have a genetic relationship

to BD and 7 were determined to have no relation to BD.

4.3 Discussion

Our results indicate that 3 animal models - HLA-A29, DC-EAU, and P13K KO -
might prove to be promising models for BD research.

The HLA-A29 emerged as one of the most promising models identified since it was
one of the highest scorers on the ICBD criteria and presented with a genetic relationship
to BD[34]. Phenotypically, the model presented with uveitis symptoms and vascular
manifestations. Genetically, a relationship between HLA-A29 and BD has already been
previously identified. The relationship showed increased HLA-A?29 in patients present-
ing with ocular symptoms when coupled with a decrease in HLA-B51 [34]. Additionally,
HLA-A29 has been shown to work in conjunction with variants in ERAP1, another im-
plicated gene in BD patheogenesis, to induce birdshot uveitis [54, 10, 457, 458].These
findings may prove to be interesting since ERAP1’s role in BD patheogenesis revolves
around it’s interactions with HLA-B51. Therefore, the findings that ERAP1’s interac-
tions with HLA-A29 can also induce uveitis symptoms may provide an area for future
research for HLA-B51 negative BD patients [54, 10, 457].The HLA-A29 mouse model
may prove to be an effective tool in modeling HLA-B51 negative BD the future.

The Dendritic Cell Experimental Autoimmune Uveitis (DC-EAU) model was an-
other one of the top scorers in our analysis since it presented with a phenotypic and
genotypic component. The DC-EAU model scored a 3 on the ICBD criteria and pre-
sented with expression of multiple genes of interest. Classification wise, it falls in the
category of an induced animal model of uveitis. Induced models of uveitis have been
used in BD research before, and the most notable ones prescribed for BD research in-

clude interphotoreceptor retinoid-binding protein (IRBP) in BIO.A, BIO.S (8R), A, and
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MRL (+/+) mice, recoverin in Lewis rats, and retinal soluble antigen or S-Ag in SJL/J X
AKR, and AKR mice [6, 84]. The DC-EAU model’s expression of IL-10, IL-6, TNF-q,
IFN-~ and IL-12 in conjunction to ocular manifestations made it a promising model for
BD research since these members of the interleukin family have been repeatedly shown
to be associated with BD [67, 65, 66].

Finally, the mouse T-cell specific PI3K KO mouse presented with ocular lesions and
included a BD gene of interest[39, 376, 388]. PI3Ks are a family of lipid kinases of
which the the tumor suppressor gene PIK3R1 is a member[459]. The PIK3R1 gene
was identified as having an association with BD in a study that used a gene array strat-
egy to identify transcriptional profiles of peripheral blood cells obtained from patients
with active BD.[39]. The PI3K signaling pathway is involved in a broad range of cellu-
lar processes, including growth, metabolism, differentiation, proliferation, motility, and
survival, and class IA PI3Ks, of which PIK3RI1 is a part of, stand out for their critical
role in the mammalian immune system [460]. Mutations in the pathway have been clas-
sically associated with cancer, but recent research has indicated that mutations in the
PI3K have led to immune dysregulatory disease with autoimmune manifestations and
immunodeficiency[461, 460, 459, 462]. This model represents an interesting area for
further research to determine the role, if any, the PI3K pathway plays in BD pathogene-
sis.

While our results didn’t find a evidence of a genetic relationship between the AIRE
models and BD, these models are worth mentioning here due to the facts that they are
used as models for both Sjogren’s syndrome and Uveitis and present with symptoms in
the eyes, mouth, and genitals, all areas important in BD diagnosis. The AIRE models
scored a 2 on the ICBD criteria due to the presence of ocular lesions as the oral and
genital lesions were not localized in the correct area. Of interest is recent research in-
dicating a possible diminishing of ovarian reserves in BD patients as well as a possible
higher resistance and lower blood flow in the ovaries of BD patients [463, 464]. These
results, while not conclusive, may provide evidence of an ovarian involvement, lend-

ing evidence towards the potential use of the AIRE model as a model of BD. Further
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research is needed to confirm these results.

The first potential source of error in this study stems primarily from data collection.
Since not all manuscripts document phenotypes unrelated to the condition that the model
is targeted for, models presenting with BD symptoms might have been overlooked.

Despite the genetic and phenotypic presentation of the models discovered, the perfect
animal model for BD remains elusive. The genetic relationships associated with 2 of
the models recommended by this study were not identified as part of the convergent
functional genomics approach outlined in our earlier work [342]. Further research is
needed to explore these genetic relationships and their impact on BD patheogenesis. It is
worth reiterating the potential of creating a transgenic HLA-B51 mouse model infected
with HSV as mentioned by Charles et al. and Islam et al. [87, 6]. However, at present,

this model has yet to be tested.
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CONCLUSION

Behget’s disease (BD) is a multi-system inflammatory disease that affects patients
along the historical silk road. The complex, potentially syndromic, nature of BD has
made the identification of animal models for the disease quite challenging [6, 2]. Current
animal models of the disease have been unable to replicate both the phenotypic and
genotypic aspects of the disease [6] which proves to be a hindrance to the discovery
of improved treatments for the disease. In this work, we undertook a computational
approach to discover an improved animal for the BD that is able to encompass both the
genotypic and phenotypic aspects of the disease.

To start, we first conducted a literature review that looked at the phenotypic and ge-
netic factors of BD (Chapter 1). These factors where then used to analyze the current BD
animal model landscape. The complicated phenotypic presentation and the existence of
multiple BD subtypes makes developing BD animal model a major challenge as we dis-
covered in our review. BD disease manifestations are present in multiple areas and as
such obtaining a model that is able to replicate all clinical findings is challenging. Ad-
ditionally, the proposed syndromic nature of BD [2] further complicates animal model
creation since there exists a possibly that an animal model for one BD subset will be un-
generalizable to other BD subsets. On the genetics side, the lack of a clear mechanism of
action severely limits the ability of models to replicate the full extent of the genetic inter-
play present in BD. Of note was the association between HLA-B51 and BD. In virtually
every population studied, HLA-B51 has been the most closely associated risk factor for
BD, but the incomplete penetrance of the gene and the high prevalence of HLA-B51 in
American Indian populations where BD is rare indicates the role of at least one other
genetic loci as factors of BD patheogenesis [21]. Finally, analysis of the current ani-
mal model landscape of BD revealed similar difficulties with the creation of an animal
model. To date, the most widely used model for the disease is the infection of mice

with Herpes Simplex Virus [85, 88]. This model is able to present with all of the same
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symptoms as BD, but the lack of genetic influences in the model and the 33% mortality
rate of the mice tested makes this model only feasible for large scale studies[6, 85]. A
genetics approach towards developing a BD model also was partially successful as the
HLA-B51 mice phenotypically presented only with an increased neutrophil count [89].
Thus, the need for the identification of an improved animal model is great.

To address this issue, we employed the Geneweaver HiSIM graph which allowed us
to view a hierachial network of geneset interactions[8]. In order to improve the visu-
alization of the graph, we integrated an improved visualization library (VZ plots) and
load tested the plots in order to determine what types of graphs the plots could handle
(Chapter 2).

After integrating the VZ plots into the Geneweaver HiSIM graph, we then used the
graph to conduct a Convergent Functional Genomics (CFG) network analysis in order
to find consensus genes and related autoimmune diseases to BD (Chapter 3). The CFG
approach has been used extensively in studying the genetics of addiction and behavior
disorders [122, 121]. The results our of genetic analysis were relatively unsurprising as
all identified genes had been documented extensively as potentially associated with BD.
The results of autoimmune disease analysis proved to be more fruitful as 16 autoimmune
diseases were identified as having a genetic relationship to BD, 15 of which had docu-
mented associations with BD or case reports with patients presenting with both diseases
simultaneously. These results are exciting for two reasons: 1) they indicate that the CFG
approach can be used for autoimmune diseases and 2) they potentially indicate the pres-
ence of shared genetic pathways of the diseases. This presents an exciting area for future
research as by unlocking potential similarities in the genetic pathways of autoimmune
diseases, we can more effectively understand the patheogenesis of these diseases.

Finally, we took the top 5 genetically related autoimmune disease and analyzed their
models to discover if they can be used for BD (Chapter 4). The most promising candi-
dates were found in the HLA-A29 model, DC-EAU model, and P13K KO mouse model.
All three of these models have previously not been used in BD research and represent

exciting potential models that are able to present with a phenotypic symptom of BD in
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conjunction with a genetic component. While these models are far from perfect repre-

sentations of BD, they present potential opportunities for application in BD research.
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APPENDIX A

Uveitis Animal Models

Name Species Strain Inoculation  Tech- | BD Symptoms
nique
Transgenic Mouse| Transgenic | Transgenic retinopathy, poste-
HLA-A29 HLA-A29 rior uveitis, retinal
[349] vasculitis, perivas-
culitis
Induced Mouse| B10.R111, | ocular antigens in | posterior uveitis
Model[347, Rat B10.A, CFA or adoptive
360] C5BL/6, transfer of immune
Lewis cells
Humanized Tg | Mouse| HLA-DR3 | S-Ag in CFA poste- | chorditis, photore-
Models Mouse rior ceptor cell damage
[347, 348]
RPE65  Rat | Rat Lewis, RPEG65 in CFA and | posterior uveitis, re-
[350, 347] Brown Nor- | Bordetella pertussis | tinitis, engorgement
way (BN), | injection of iridic blood ves-
Fischer sels
(F344), and
SHR rats
DC-EAU Mouse| BI10.R111 infusion of antigen | posterior uveitis, en-
Mouse pulsed syngenic | gorged blood vessels
[347, 351] Dendritic Cells

64




EMIU, EAAU | Rat pertussis TRP 1 and 2 anterior
[347, 352, toxin coad- uveitis,neutrophil
353] juvant, 1 g infiltrates in anterior
of melanin- chamber, retinal
protein vasculitis

EAU bovine | Rat, various immunized with a | Uvea lesions, neu-
extract [353, | Mon- soluble bovine reti- | trophil lesions
354, 355] key, nal extract

Guinea

Pig,

Rab-

bit
EIU [347, 353, | Mouse Bacterial LPS bilateral uveitis
356] Rat,

Rab-

bit
AIRE knock- | Mouse| AIRE defi- | NA Lymphocyte in-
out mice cient mice filtrates in retina,
[347, 357] salivary glands, and

ovaries

AIRE lacking | Mouse| alymphoid | transference of | Lymphocyte in-
lymphocyte Rag®/? lymphocytes  from | filtrates in retina,
infected mice spleen and lymph | salivary glands,

[357]

nodes of AIRE

deficient mice

ovaries,and stomach
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Double Mouse| R161H Double Tg mice ex- | uveitis
Te mice mice pressing a neo self-
[347, 358] antigen in the retina

and an antigen spe-

cific TCR
Experimental | Mouse| C5BL/6 MCMV inoculation | retinitis
animal CMV in MAIDS affected
retinitis model mice
[347]
Experimental | Guinea Hartley Mycobacterium Uvea lesions
animal ocular | pigs | strain tuberculosis inocu-
tuberculo- lation
sis model
[347, 359]

Table A.1: Uveitis Animal Models
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APPENDIX B

Myositis Animal Models
Name Species Strain Inoculation  Tech- | BD Symptoms
nique
Diet-triggered | Rabbit Diet with 2% choles- | None
rabbit myositis terol
[363, 364]
Transgenic Mouse| C57BL/6 & | transgenic ~ MCK- | None
Mice I SJL/J mice | APP/PSI mice
[363, 365]
Transgenic Mouse| C57BL/6 & | transgenic ~ MLC- | None
Mice II SJL/J mice | APP mice
[363, 366]
Transgenic Mouse| Unknown transgenic HSA- | None
Mice III [363] LTab mice
Transgenic Mouse| C57BL/6 MHC-I None
Mice v (H+T+
[363, 367] mice)
Transgenic Mouse| C57BL/6 Synaptotagmin VII | Skin Collagen
Mice \'% (Syt VII/) Increase
[363, 368]
Transgenic Mouse| BALB/c K14-Angptl2 Eye and skin rashes
Mice VI [369]
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Transgenic C.El- | NA transgenic  Human | None
Nematode egans A overexpressed in
[363] muscle
Canine Natu- | Dogs | NA Natural None
ral [363]
Infectious Mouse| BALB/c, Coxsackievirus B1 | None
Mouse I Swiss C3H, | infection
[363, 370] COH mice
Infectious Mouse| CD-1, Ross River virus, | Inflammatory  cell
Mouse II CS57BL/6 Chikungunya virus | arthritis and multifo-
[363, 371] mice (CHIKV SL15649) | cal vasculitis
infection
Infectious Mouse| CBA/J Trypanosoma cruzi | None
Mouse 111 mice infection
[363]
Infectious Im- | Mouse| SJL/J mice, | Leishmania in- | None
munological Rat, Lewis rats, | fantum Myosin B
[363] Guinea Syrian fraction infection
Pig, Hamsters
Ham-
ster
Immunological | Rat, Lewis rats, | purified myosin None
1[363, 372] Mouse| SJL/J,
BALB/C,
C57BL/6
mice
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Immunological | Rat, Lewis rats, | C-Protein fragment | None
II [363, 373] Mouse| C57BL/6 2
mice
Immunological | Mouse| C57BL/6 Transfer of CIM | None
I1I [363] splenocytes  cocul-
tured with naive
BMDCs  preincu-
bated with CP2 and
IL-2, simultaneous
s.c. CFA injection.
Immunological | Rat Wistar rats | Laminin Inflammatory  cell
IV [363, 374] arthritis
Immunological | Mouse| C57BL/6, Amino terminal por- | None
V [363] B6.G7, tion of HRS without
Nod.Idd3/5 | CFA
mice

Table B.1: Myositis Animal Models
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APPENDIX C

Sarcoidosis Animal Models

Name Species Strain Inoculation  Tech- | BD Symptoms
nique

Kveim ex- | Mouse| various footpad inoculation | None

tract mice strains of Kveim sarcoidosis

[401, 402, tissue extracts

403, 404, 405]

CFA into Wis- | Rat Wistar rats | injection of CFA None

tar rats [401,

406]

P. ac- | Mouse| C57BL/6 Propionibacterium None

nes/C.acnes mice acnes in C57BL/6

in C57BL/6 mice

mice [407,

401, 408, 409,

410, 411, 412]

M. tubercu- | Mouse| C57BL/6, M.tuberculosis None

losis Mouse | Rat Lewis infection

[407, 413]

ApoE- Mouse ApoE-deficient and | skin lesions and ex-

deficient high fat cholate diet | tra collagen in GI

[408, 414] tract
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Tsc2 Mouse| myeloid tuberous  sclerosis | Skin lesions
[408, 415] lineage complex 2 (Tsc2)
deletion
Horse Sar- | Horse Natural Skin lesions and GI
coidosis [416, tract involvement
417, 418]
Mycobacterial | Mouse| C57BL/6 Subcutaneous  in- | None
superoxide mice jections of IFA
dismutase A with  incorporated
[407, 419] mycobacterial
sodA, followed
by a challenge of
beads-coupled sodA
H. pylori ure- | Mouse| SD rats preimmunized None
ase [407, 420] with  intratracheal
urease, and then
challenged with H.
pylori protein-bound
beads intravenously
4 weeks later
Multiwall Car- | Mouse| C57BL/6 Oropharyngeal None
bon Nanotubes mice administration  of
[407, 421] multiwall carbon
nanotubes

Table C.1: Sarcoidosis Animal Models
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APPENDIX D

Sjogrens Animal Models
Name Species Strain Inoculation Tech- | BD Symptoms
nique

Mouse Spon- | Mouse| MRL/lpr, Spontaneous Conjunctivitis, LG

taneous I NZB/NZW F1 | development of | and SG lesions,

[376, 377] symptoms increased neutrophil
count, vasculitic
infiltrates

Mouse Spon- | Mouse| Non-obese di- | Spontaneous Lesions of Sali-

taneous II abetic (NOD) | development of | vary Glands and

[376, 378, symptoms Testis, perivasciular

379] infiltrates

Mouse Spon- | Mouse| C57BL/6.NOD- Spontaneous salivary glands

taneous 11 AeclAec2 development of | and lacrimal gland

[376, 380, symptoms lesions

378, 381, 382]

Mouse Spon- | Mouse| NFS/sld, Spontaneous salivary glands

taneous v IQI/Jic development of | and lacrimal gland

[383, 376] symptoms lesions

Mouse Spon- | Mouse| Aly/aly Spontaneous salivary glands

taneous A% development of | and lacrimal gland

[376, 384] symptoms lesions
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Mouse Id3 KO | Mouse| NA Id3 KO salivary and lacrimal
[376, 385] gland lymphocytic
infiltration
Mouse  Aro- | mouse | NA Aromatase KO salivary and lacrimal
matase KO gland lymphocytic
[376, 386] infiltration
Autoimmune | Mouse Aire KO salivary and lacrimal
regula- gland lymphocytic
tor (Aire) infiltration along
KO mice with severe dry eye,
[376, 387] stomach lymphoid
cell infiltration
Mouse T cell- | Mouse| Lck-Cre T  cell-specific | salivary and lacrimal

specific PI3K
KO [376, 388]

crossed with
rlf/r2n trans-

gentic mice

PI3K KO

gland lymphocytic

infiltration, intesti-

nal infiltration, eye

lesions
IBaM/M Mouse| NA IBa™/M  Knock | salivary and lacrimal
Model In gland lymphocytic
[376, 389] infiltration, perivas-

cular infiltration
OPN Mouse| Opn Tg mice | Osteopontin salivary and lacrimal
transgenic backcrossed transgenic mice gland lymphocytic
[376, 390] with C57BL/6 infiltration
Overexpression| Mice | NA RbAp48-Tg salivary and lacrimal

of RbAp48 in
salivary gland

[376, 391]

gland lymphocytic

infiltration
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Overexpression| Mice | NA AQP5-Cre trans- | salivary gland lym-
of TNF- in genic phocytic infiltration
salivary gland
[376, 392]
Ro immunisa- | Mice | BALB/c immunized with | salivary gland lym-
tion (hRo60- hRo060-480-494 phocytic infiltration
480-494/274- or 274-290 or
290/273-289) 273-289
[376, 393]
Ro immu- | Mice | C3H/Hel, Murine salivary and lacrimal
nisation DBA/1J, Ro60516 — | gland lymphocytic
(mRo60-316- C57BL/6], 3351mmunization infiltration
335)[376,394] and C3H/HeN
Ro immunisa- | Mice | New Zealand | MBP-mRo052 im- | salivary gland lym-
tion (mRo52) Mixed (NZM) | munization phocytic infiltration
[376]
M3R im- | Mice | C57BL/6j immunized with | salivary and lacrimal
munisation (B6) mice | a mixture of free- | gland lymphocytic
[376, 395] (M3RH/1), form extracellular | infiltration
M3R~/~ peptides (each 20

g) in IFA with

Mycobacterium

tuberculosis and

Pertussis toxin
IL-10 -/- mice | Mice | C57BL/6 Transgenic salivary gland
[376, 465] NOD IL-10/ involvement

RAG-2/
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CA2 im- | Mice | PL/J (H-2u) intradermal im- | salivary and lacrimal
munisation munization with | gland lymphocytic
[376, 396] human carbonic | infiltration

anhydrase II

(CAIl) and adju-

vant containing

monophos-

phoryl lipid A

and trehalose

diorynomycolate
salivary gland | Mice | C57BL/6 delivery of a | salivary gland lym-
infection  of replication- phocytic infiltration
adenovirus 5 deficient
[376, 397] adenovirus-5

through  retro-

grade excretory

duct cannulation
salivary gland | Mice | C57BL/6J Adenovirus salivary gland lym-
cannulation of serotype 5 (AdS) | phocytic infiltration
AdS-1L17 vec- vectors —express-
tors [376, 398] ing either IL-17A

or LacZ infused

via retrograde

cannulation
Chimeric Mice | NSG injection of | salivary and
human—mouse isolated human | lacrimall gland

model

[376, 399]

PBMCs

lymphocytic infiltra-

tion
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Table D.1: Sjogren’s Syndrome Animal Models
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APPENDIX E

Hemolytic Anemia Animal Models

Name Species Strain Inoculation  Tech- | BD Symptoms
nique

New Zealand | Mice | New Spontaneous None

Black  Mice Zealand

(NZB) Black Mice

[424, 466]

Playfair and | Mice intraperitoneal injec- | None

Marshall- tion of rat RBCs

Clarke model

[424, 467]

HL mice [424] | Mice | NA Heavy and light | None
chain derived from
NZB model

HOD model | Mice | NA BC-restricted triple | None

[424, 468] fusion protein con-

sisting of hen egg
lysozyme  (HEL),
ovalbumin (OVA),
and human blood

group molecule

77




ATRX KO | Mice | NA Atrx knockout | None
mice I [425] mouse using the
Cre-loxP recom-
bination system
controlled by the
Forkhead box Gl
(Foxgl; ref. 29) and
Nestin promoter
ARTX KO | Mice | NA Atrx knockout | Decreased horizon-
mice II [426] animals using the | tal and amacrine
Cre-loxP recom- | cells in retina
bination system in
which Atrx ablation
is restricted to the
peripheral retina
Glucose-6- Mice | NA Gpi 1sb—miNev | None
Phosphate Gpi 1gb—m2Neu
Isomerase De- mutants backcrossed
ficient Mice with C3H/EI strain
[427]
nb/nb  mice | Mice | WB/Re and | Spontaneous Neurological Symp-
[428] C57BL/6] toms:  unbalanced
mice gait and moderate
tremor
ANK — 116™ | Mice | C57BL/6 ANK — 1'%™ mu- | None
mutation[429] tants outcrossed to

C57BL/6 mice
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ENU induced | Mice | C57Bl/6] three intraperitoneal | None
mutation  in (B6), injections of 85
ankyrin-1 C3H/HeJ mg/kg ENU
gene [430] (C3H), and

SvimJ/129

(129))

strains
sph3’ and | Mice | NOD/LtJ spontaneous None
sph* muta- strain
tions [431]
sph?P¢ muta- | Mice | Mixed spontaneous None
tions [432] strain:

BALB/cGa,

129/J, and

CBA/J, to

the ICR/M1

stock
wan  model | Mice | C3H/Hel spontaneous None
[433] (C3H)
PK deficient | Mice | CBA-Pk- NA None
[434] 15l¢/Pk-15t¢
Plasmodium Mice | AcB55 X | Plasmodium None
chabaudi A/, AcB61 | chabaudi infec-
infection [435] x A/J, and | tion

AcB55  x

DBA/2
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EPO mice | Mice | C57BL/6 treatment with ery- | None
[436] thiopoietin (EPO)
Polg D257A | Mice | Polg Germline missense | None
[437] D257A mutation in DNA
polymerase gamma

AHSP- Mice | a- NA None
deficient Hb-stabilizing
mice [438] protein de-

ficient
Transgenic (- | Mice | C57BL/6 [-globin transgene | none
globin I [439]
[b-globin gene | Mice | C57BL/6J(straMating between | None
deletion II B6) chimeras and
[440] C57BL/6J mice
Tmprss6 and | Mice | NA Tmprss6 and | None
Hbb'"3/+knockqut Hbb*"3/+ knockout
mice [441]
ELKF /= | Mice | NA ELKF~/~ None
[442]
RBC13 and | Mice | C57BL/6 Mutation None
RBC14 [443] and Balb/c
M-II deficient | Mice | C57BL/6 M-II deficient None
[444]
mDia2 Mice | NA mDia2 knockout None
knockout
mouse[445]
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Nan mice | Mice | C3H, mutation None
[446] C57BL/6]
(B6), and
WB/ReJ
(WB)
Protein Mice | C57BL/6] | protein 4.2—null | None
4.2—null mice
mice [447]
[-adducin Mice | NA [-adducin knockout | None
knockout
mouse [448]
Gadd34-null Mice | NA Gadd34-null mice None
mice [449]
Radiation- Mice | Unknown radiation-induced None
induced [450] strain SEC alpha-
chain deficiencies
Neo Mice | a-globin replaced the | None
mouse[451] PRE AP1/NFE2 sites
with a neomycin re-
sistance gene (neo)
that is flanked by
LoxP sites (floxed)
Targeted dele- | Mice | NA targeted deletion of | None

tion of the
[-globin locus

[452]

the [-globin locus

control region
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Insertional Mice | NA insertion of se- | None

disruption of lectable  sequences

the mouse into (3-globin gene

major  adult

[-globin gene

[453]

[454] Mice | NA replaced two (cis) | None
murine adult -
globin genes with a
single copy of the
human [IVS-2-654
gene

Deletion  of | Mice | NA Deletion of 5’HS2 of | None

5S’HS2 of the murine (3-globin

the murine LCR

[-globin

LCR[455]

Humanized Mice | C57BL/6J | (vf) insert None

Mouse Model

of  Cooley’s

Anemia [469]

Transfusion- Mice | C57BL/6] | mouse « and [ | None

dependent globin genes re-

humanized placed with a2al

mouse [456]

and 60,

Table E.1: Hemolytic Anemia animal models
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Animal Models ICBD Score

APPENDIX F

Disease Model Oral | GenitplOcularSkin | Neuro GI | Vascul&icore BD?
Aph-| Aph-| Le- | le- In- | In- | In-
tho- | tho- | sions| sions| volve; volver volve;
sis sis ment | ment | ment
Uveitis/ AIRE 2 NO
Sjogrens knockout
Uveitis/ AIRE 2 NO
Sjogrens lacking
lympocyte
infected
mice
Sarcoidosis | ApoE- 1 NO
deficient
Sarcoidosis | Tsc2 1 NO
Sarcoidosis | Horse Sar- 1 NO
coidosis
Myositis Transgenic 0 NO
Mice V
Myositis Transgenic 0 NO
Mice VI
Myositis Infectious 1 NO
Mouse II
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Myositis Immunological NO
v
Uveitis Transgenic NO
HLA-A29
Uveitis Induced NO
Uveitis Humanized NO
Tg
Uveitis RPEG65 Rat NO
Uveitis DC-EAU NO
Uveitis "EMIU,EAAU” NO
Uveitis EAU NO
bovine
Uveitis EIU NO
Uveitis Double Tg NO
Uveitis Experimental NO
CMV  re-
tinitis
Uveitis Expermimental NO
animal
ocular tu-
berculosis
Hemolytic | ARTX KO NO
Anemia mice II
Hemolytic | nb/nb NO
Anemia
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Sjogrens

Mouse
Spon-
taneous

I

NO

Sjogrens

Mouse
Spon-
taneous

II

NO

Sjogrens

Mouse
Spon-
taneous

III

NO

Sjogrens

Mouse
Spon-
taneous

v

NO

Sjogrens

Mouse
Spon-
taneous

A%

NO

Sjogrens

Mouse id3

KO

NO

Sjogrens

Mouse
Aromatase

KO

NO

Sjogrens

Mouse T
cell specific

P13K KO

NO
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Sjogrens

IBM/M

model

NO

Sjogrens

OPN trans-

genic

NO

Sjogrens

Overexpressi
of RbAp48
in salivary

gland

NO

Sjogrens

Overexpressi
of TNF-a
in salivary

gland

on

NO

Sjogrens

RO im-

munosation

NO

Sjogrens

RO im-
munosation

II

NO

Sjogrens

RO im-
munosation

III

NO

Sjogrens

M3R im-

munisation

NO

Sjogrens

Salivary
Gland
protein im-

munisation

NO

Sjogrens

CA2 immu-

nisation

NO

86




Sjogrens salivary 0 NO
gland  in-
fection of

adrenovirus

Sjogrens salivary 0 NO
gland can-
nulation of
AdS-IL17

vectors

Sjogrens Chimeric 0 NO
human-
mouse

model

Table F.1: Resulting ICBD scores for each of the animal models identified with pheno-
typic presentation of symptoms in at least one BD associated area. None of the models
scored above a 4, the minimum score required for a diagnosis, on the criteria.
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