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ABSTRACT

Behcet’s Disease (BD) is an auto-inflammatory, immune-mediated disorder
affecting skin, mucosa, eyes, blood vessels and many organs. The disease prevalence is
significantly increased along the countries of the Old Silk-Road trade route. The
approximate occurrence is one in a million in the USA whereas four per thousand in
Turkey contract the disease. Being a center of attraction for clinical research, BD studies
continue on genomic scales in some Mediterranean, Middle Eastern and Eastern Asia
countries. Researchers have found out that the disease is related to an MHC protein, HLA-
B51; however, the pathogenesis of BD is still a mystery. In this study, we present a
mathematical model based on a dynamical systems perspective that captures especially the
relapsing nature of the disease, which has no obvious correlation and differs greatly from
patient to patient and time to time. We propose a disease progression mechanism and
construct a model consisting of a system of Ordinary Differential Equations (ODEs), which
reveals the occurrence pattern of the disease in the population. The model has three distinct
modes describing the different phenotypes of people with HLA-B51, the healthy carrier,
the potent patient, and the diseased. A model for the healthy population can be obtained by
removing the HLA-B51 effect from our model, which is in accordance with other immune
system models previously proposed and represents the normal inflammation response of
the body. We present an exemplary mathematical model for BD, for the first time in the
literature, that captures the actions of many cell types together with genetic, environmental,
and protein effects. The proposed model provides insight into this complex immunological

disease, and it may help with its treatment and prevention.

i1



OZET

Behcet Hastalign (BH) deriyi, gozleri, kan damarlarin1 ve daha bir¢ok organi
etkileyen ve bagisiklik sistemini de iceren otoinflamatuar bir rahatsizliktir. Hastalik /pek
Yolu ad1 verilen antik ticaret rotasi iizerinde bulunan iilkelerde daha yaygindir. Amerika
Birlesik Devletleri’'nde milyonda bir goriilen bu hastalia Tiirkiye’de yaklasik her bin
kisiden dordiinde rastlanmaktadir. Baz1 Akdeniz, Orta Asya ve Dogu Asya iilkelerinde
Behcet Hastaligr klinik arastirmalarin ilgi odaklarindan biri olmakla beraber, ¢alismalar
genetik diizeyde devam etmektedir. Arastirmacilar, hastaligin HLA-B51 adinda bir major
histokompatibilite kompleksi ile iliskili oldugunu ortaya koymuslardir, ancak BH nin nasil
olustugu halen bir sirdir. Bu calismada, dinamik sistemler perspektifiyle, hastaligin
insandan insana ve iilkeden iilkeye degisen, kendiliginden tekrar edebilme ozelligini
yansitan matematiksel bir model olusturulmustur. Burada, hastaliin olusum
mekanizmasinin aciklanmasinin yani sira bu hastaligin toplumda olusma sablonunu ortaya
koyan Tiirevsel Denklemlerden (TD) olusan bir model sunulmustur. Bu modelde HLA-B51
tagsiyan insanlarda goriillen fenotipleri agiklayan ii¢ farkli tavir bulunmaktadir: saglikli
tasiyicilar, muhtemel hastalar ve hastaliklilar. HLA-B51 proteinin bu modeldeki etkisi
cikarildiginda saglikli insanlar i¢in de bir model elde edilebilmekte, bu yeni model ise daha
once ortaya konulmus bagisiklik sistemi modelleri ile uyumlu ve insandaki normal
bagisiklik yanitin1 gosterebilmektedir. Bu ¢alismada, degisik bagisiklik sistemi hiicrelerinin
yaptiklarin1 ve genetik, ¢evresel ve protein etkilerini yansitabilen, alaninda ilk ve Oncii
olabilecek bir matematiksel model sunulmustur. Sunulan model, bu karmagik immiinolojik
hastaligin anlagilmasina katkida bulunacak ve hastaligin tedavi ve 6nlenmesine yardimci

olacaktir.
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Chapter 1

1. INTRODUCTION

Inflammation is a part of the complex immune response to protect the body against
infection or other harmful stimuli. When an organism is attacked by a pathogen or when
some self-abnormalities arise, different levels of protection systems come into effect in a
combined manner. Behget’s Disease (BD) is a chronic, multi-systemic, immune mediated
auto-inflammatory disorder. It causes prolonged and recurrent aphtha or ulcers and tissue
damage. The clinical features and manifestations of BD are well understood and agreed on
[1, 2]. However, the pathogenesis or the etiology of the disease still remains a mystery.

The BD patients generally manifest recurrent oral ulcerations, recurrent genital
ulcerations, eye lesions, skin lesions, and a positive pathergy test, although these
manifestations may differ from country to country [3]. BD is also known as the Old-Silk
Road Disease since its prevalence is highest in the countries along this ancient trade route
[4]. For instance, Turkey, Israel and China have the highest incidence rates compared to
rarity seen in American and Scandinavian countries [1, 5-7].

In studies of BD, clinical tests revealed that some bacteria, viruses, and self-
antigens contribute to the development as well as onset of the disease symptoms [8-24].
More detailed genetic analysis in case-control studies is also employed. These Genome
Wide Association Studies (GWAS) located hundreds of thousands of single nucleotide
polymorphisms (SNPs). Among all these studies, one common result is reported so far;
HLA-B51 is associated with Behget’s Disease [5, 8, 20]. The occurrence of BD in families

was also investigated, showing the effect of HLA-B51 and familial inheritance in disease
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prevalence [2, 4, 8]. Giil et al. reported that the overall effect of HLA-B51 in BD is only
19% [25].

In the history of disease metabolism researches, mathematical models are employed
to explain how the symptoms or clinical features may manifest [26-29]. In these models,
different types of approaches and equation systems are used. One such approach is to use
Ordinary Differential Equations (ODEs), where selected system parts are represented as
state variables [30]. To the extent of our knowledge, however, there is not any
mathematical model for BD. Thus, the present study aims to fill-in this gap and to provide
assistance in disease prevention. Based on both the clinical and the genetic data available, a
mathematical model with a dynamical systems perspective is proposed. This model
captures the recurrent nature of inflammation seen in BD patients and demonstrates the
effect of HLA-B51 and different kinds of immune cells in this oscillatory, recurrent
behavior. In this study, a model for the healthy population is also introduced.

In Chapter 2, a detailed literature survey is presented concerning the genetic risk
factor HLA-B51, other important molecules and their signaling pathways, important cell
types (Antigen Presenting Cells — APCs, innate and adaptive immune cells), and some
pathogenesis maps available.

In Chapter 3, employed methods are given. Constructed maps of disease
pathogenesis based on the extensive literature survey, the proposed disease progression,
and the mathematical models are the elements presented in this section.

In Chapter 4, first, a comparison of one of the present models with a previous
research is given. Then, the diseased model results are presented, where the modes revealed
by the model and corresponding phenotypes of population are compared. The validation of
the methodology is also presented.

In Chapter 5, the conclusions drawn from this study are highlighted.
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Chapter 2

2. LITERATURE REVIEW

2.1. Behget’s Disease

Behcget’s disease (BD) is a rare, systemic, form of vasculitis (inflammation of the
blood vessels) that often includes mucous membrane ulceration and eye lesions. In BD,
Mendelian inheritance is not clear. Being rather a chronic inflammation disorder, BD
causes tissue damage and prolonged and recurrent aphtha or ulcers. For the diagnosis of
BD, recurrent oral ulceration is a must in addition to at least two of recurrent genital
ulceration, eye lesions, skin lesions, and positive pathergy test, although these
manifestations may differ from country to country [1-3]. Table 1 summarizes the

international consent on the criteria of BD.

Table 1 The International Criteria for Behget’s Disease [1-3]

Must have: Recurrent oral ulceration Seen at least three times a year

Plus at least two of: Recurrent genital ulceration

Eye involvement Eye lesions, uveitis, retinal vasculitis

Skin lesions

Positive pathergy Read by a physician at 24-48 hours

BD is also known as the Silk Road Disease since its prevalence is highest in the
countries along this ancient trade route [4]. For instance, the highest incidence is seen in

Turkey with around 420 cases per hundred thousand. In Japan, the disease is seen in 22
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cases per hundred thousand. However, the disease is rarely encountered in the United
States, only one case in a million [1, 5-7]. Table 2 presents some of the data for disease
prevalence. The occurrence of BD in families was investigated, showing that sibling
recurrence is important to indicate the genetic background of BD [2, 4, 25].

In studies of BD, firstly clinical tests were employed in order to identify what parts
of the immune system are triggered. Then, some studies to determine the pathogenic
triggers were carried out, both external (viruses and bacteria components) [4, 9-11], and
internal (heat shock proteins) [12-15], or others [16-18]. The results of these studies
revealed that some bacteria like Streptococcus sanguis [2, 19], Escherichia coli [7, 20], or
viruses like HSV and Hepatitis viruses [2, 7, 21, 22], or some internal heat shock proteins
(due to homology with pathogenic antigens) [23, 24], as well as others cause or at least

initiate the symptoms of BD.

Table 2 The Prevalence of Behget’s Disease [6, 8]

Country Cases per hundred thousand
Turkey 420

China 110

Korea ~30

Japan 22

Egypt ~8

USA <l

Aside from these studies, Genome Wide Association Studies (GWAS) have been
conducted to determine or validate the genetic risk factors for BD. Such single nucleotide
polymorphism (SNP) studies have revealed that HLA-B51 is associated with the disease [5,
8, 20].
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2.2. HLA-B51

HLA-B51, which is a Major Histocompatibility Complex (MHC) Class I molecule,
takes part in the presentation of peptides to the immune cells [21]. The MHC is a large
genomic region found in most vertebrates that encodes MHC proteins. MHC complexes
play an important role in the immune system. HLA-B51 is a 362 amino acid long protein
and complexes with f2-microglobulin, Figure 1 [31]. When an antigen is captured by an
APC, one fragment of this pathogen or self-foreigner is loaded by HLA-B51 onto the
cavity between its alpha helices before the whole complex translocates to the cell
membrane.

The HLA-B51 contribution to BD occurrence is through various mechanisms, e.g.,
its connection with CD8+ T and NK cells [4, 9], and y3-T-cells and its possible misfolding
causes problems with endoplasmic reticulum stress and HSP60 associations [12]. Although
there are many other candidates for disease association, most of the other genetic factors
are thought to be in linkage disequilibrium with HLA-B51 [2, 5, 8, 20, 32]. The effect of
HLA-B51 on disease susceptibility is around 19 % [24, 25].

In two separate genome-wide association studies (GWAS) to identify the genetic
variants that underlie BD, Remmers et al. studied 311,459 single nucleotide
polymorphisms (SNPs) in 1200 patients and as many controls from Turkey [5]; Mizuki et
al., on the other hand, examined 320,438 SNPs in over 600 patients and over 700 controls
from Japan [33]. Both groups confirmed the association of HLA-B51 and BD. Then, they
exchanged their data and showed that IL.-10 and IL-23R-IL-2RB2, which are critical for the
immune response, are new possible susceptibility loci for BD, in both populations.

In the study of BD, the single nucleotide polymorphisms (SNPs) are studied widely
thoroughout the countries on the Silk Road. The genes of interest are looked for any
significant relationships between; SNPs — Target (ill) individuals — Control (healthy)

individuals. The studies have revealed that HLA-B51 is significantly important in the
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disease together with polymorphisms in the regions of the genes of FCN2, TRIM39,
RNF39, 1L10, IL23R, & IL12RB2 but not of TLR2 or TLR7. However, the exact role of
any of those is still unknown.

The study of Kurata et al. shows two novel SNPs independently of HLA-B51 and
HLA-A26. The results of that study suggest that RNF-39 and TRIM-39 are involved in the
etiology of BD [34]. Some related SNPs are Rs9261365, near RNF-39 and Rs2074474, on
exon 9 of TRIM-39. In a study of IL-12B, the most common SNP is said to be 1188A/c in
3> UTR. Although IL-12B might be associated with IL-23 signaling, it is stated that the IL-
12B polymorphism is not associated with BD [35]. For an extensive list of SNPs that were

shown to be associated with BD, refer to the supplemental material of [5].

Figure 1 The structure of HLA-B51 [31]
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2.3. Other molecules important in BD

Behget’s Disease is shown to be related to the specific MHC variant, HLA-BS51. In
addition to this protein, there are other proteins also important in the progression if not in
the occurrence of BD. Some of these biological entities are: IL-12 [19, 20, 23], IFN-y [20],
ICAM-1 [36], VCAM-1 [36], IL-10 [5], IL-8 [5, 19, 20, 37], IL-18 [19, 20], TNF-a [9, 19,
20, 38], MICA [19, 21, 22, 37, 39], S100A12 [38], HSPs [23, 24, 37, 39], and other
molecules [20, 37].

These secreted cytokines and others are part of a delicate mechanism that controls
the overall response of the immune cells in type and magnitude to various triggers. The
polymorphisms in these molecules cause or may be causing alterations in the immune
response. For instance, IL-10 is related to the suppression of inflammation for especially
the Thl type response. In a Thl response, the major cytokines are IFN-y and IL-12 [40]
and the T cells become cytotoxic, killing cells upon contacting them. IL-23R is associated
with the neutrophilic response and TNF-a causes a more innate immune response. MICA 1is
related to innate immune response activation such that MICA polymorphisms
accompanying the strong linkage disequilibrium with HLA-B51 may play an important role
in the development of BD via increased killer activities of T-cells, and NK cells [32]. IFN-y
drives Thl cell proliferation whereas it inhibits Th2 cell proliferation. In a Th2 response,
the T cells become B cells and differentiate into either memory cells or plasma cells,
producing antibodies. IL-10 and IL-4 inhibit Th1 production where IL-4 enhances Th2 cell
production. In Thl cells, IFN-y and TNF-a cause enhanced production of IL-12 and IL-18
(may act on itself as well as those from neutrophils). IL-8/17/18 by APCs and T-cells cause
more IL-12/18 production from neutrophils.

Next, a number of proteins that are related to BD are discussed in detail.
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1.3.1. MICA

It is apparent that MHC molecules play an important role in the immune
system and autoimmunity. They present antigen fragments to immune cells and initiate an
immune response. If there is malfunctioning in a step of this process or in a structure on the
path, an undesired outcome occurs: either a no response or a chronic flare/remission cycle.
One such molecule of interest is MICA (MHC class I polypeptide-related sequence A). It is
a stress inducible antigen, mainly expressed by ENDs (endothelial cells) and fibroblasts.
MICA interacts with a receptor (NKG2D) found mostly on natural killer (NK) cells and
some T cells (CD8+ T cells and v T cells). This interaction leads to the activation of these
cells and cause different levels of immune response [32], which is primarily related to the
innate immune system. This response is enhanced in Thl type mediums, present in the BD
cases [39].

Increased expressions of MICA gene as well as overlapping of this increased
expression sites and BD lesions are also reported [32]. The endothelial injury in BD can be
a result of anti-MICA responses [39]. NKG2D activated immune cells are shown to
increase in BD patients, also. Although the MICA association with BD is studied widely,
there are no certain findings. However, some alleles of MICA are reported to be increased
in active BD patients [41]. It is clear that polymorphisms in MICA gene causes increased
actions of killer cells. Thus, together with HLA-B51 linkage disequilibrium, MICA plays a
role in BD.
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Figure 2 The IL-2 signaling pathway

2.3.2. Interleukin 2

The activated T-cell pathways result in IL-2 production and release. Then, the IL-2
works as an autocrine, leading to cell survival. The signaling pathway of IL-2 is depicted in
Figure 2. As illustrated in this figure, the IL-2 receptor, IL2R, is a trimer composed of a-[3-
v subunits. The Janus Kinases 1 and 3 (JAK1 and JAK3), which are bound to subunits of
the IL2R, are activated by getting phosphorylated upon ligation of IL-2 with its receptor.
Then, these two kinases phosphorylate Signal transducer and activator of transcription-5
(STATS), Spleen tyrosine kinase (SYK), and lymphocyte-specific protein tyrosine kinase
(LCK). SYK and LCK induce expression of two genes, namely c-Myc and c-Fos,
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respectively. Moreover, by means of two other paths, more transcription factors are
induced so as the IL-2 and IL2R-a chain production. One of these paths is
the Phosphatidylinositol 3-kinase (PI3K) path from which the Nuclear factor-kappa B (NF-
kB) is induced and v-Akt murine thymoma viral oncogene homolog (AKT) signaling is
invoked. The suppression of IL-2 signaling is maintained by IL-2 induced Suppressor of
cytokine signaling 1 (SOCS1) action and Transforming growth factor-beta (TGF-p)
induced SMAD 3 and 4 binding to the negative regulator region of IL-2 gene.

2.3.3. Tumor Necrosis Factor — alpha

Tumor necrosis factor — alpha (TNF-a) acts in phosphorylation of intracellular
proteins and in neutrophil priming [21]. The TNF-a signaling is shown in the Figure 3. In
that figure it is shown that TNF-a signaling is enhanced by the receptor TNFR1 (TNF
receptor 1). When TNF-a binds to its receptor, TRADD (Tumor necrosis factor receptor
type 1-associated Death domain) binds to TNFR1. Then, three other molecules are bounded
to this death domain; RIPK1, FADD, and TRAF2 (Receptor-interacting serine/threonine-
protein kinase 1, Fas-Associated protein with Death Domain, and TNF receptor-associated
factor 2). RIPK1 and FADD act together by invoking the caspase cascade leading to the
cell apoptosis. On the other hand, RIPK1 and TRAF2 act together to NF-kB induction thus
cell survival. TRAF2 binds to and forms a complex with c-IAP1 (Inhibitor of apoptosis 1)
to inhibit caspase 8 cleavage and thus its activation. Moreover, TRAF2 activates JNK (c-
Jun N-terminal kinase) cascade where mitochondrial SMAC protein is released and binds
to c-IAPs to release the inhibitory effects of those molecules on caspases. The inhibitors of
TNF-a signaling are ARTS-1 (Type 1 tumor necrosis factor receptor shedding
aminopeptidase regulator); by decreasing TNFR1 number in the membrane, BRE (BRCA1-
A complex subunit); by inhibiting the NF-kB cascade, and SODD (Silencer of death
domain); by acting onto the receptor when the ligand is absent and it dissociates upon

ligation. In addition to the TNF-q, it is also shown that TNF-f1 and TNF-f2 (TNF-beta

10
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1/2) are seen to be produced more by the monocytes in BD [19].
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Figure 3 The TNF-a signaling map [42]

2.3.4. Interferon — gamma

One of the cytokines important in the T-cell response is the Interferon-gamma, IFN-

v, which indeed drives the Th1 (T-helper 1) type cell production as well as inhibiting Th2

(T-helper 2) type proliferation. IFN-y is produced by activated T cells and natural killer

(NK) cells. Figure 4 summarizes the signaling cascades invoked by IFN-y.

11
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When IFN-y binds to its receptor, Janus kinases 1 and 2 (JAK1 and JAK?2) bind to
IFNGR (Interferon-gamma receptor) and trans- phosphorylate each other and thus the
receptor complex becomes activated. The phosphorylated and receptor bound JAKSs
phosphorylate the receptor. Signal transducer and activator of transcription 1 (STATI)
binds to that phosphorylated site of the receptor. JAKs then phosphorylate STAT1, which
dimerize and travels into the nucleus where it regulates some genes. The STATI1 down-
regulates c-Myc leading to cell cycle progression disruption. On the other hand, STATI1
also induces the expressions of both IFN-y and IL-12R-B2, leading to Th-1 type
polarization.

Another path invoked by the IFN-y results in the expression of Intercellular
adhesion molecule 1 (ICAM-1). IFN-y leads to Phospholipase C-gamma 2 (PLC-y2)
activation with phosphorylation by the JAKs. Subsequent events including Diacylglycerol
(DAG) production leads to ICAM-1 production which is important in infiltration of
neutrophils and others to tissues in immune response against infection.

IFN-y also induces expression of Interferon regulatory factor 1 (IRF-1), which in
return induces the expression of the inhibitor of the IFN-y, the Suppressor of cytokine

signaling 1 (SOCS1). SOCSI1 binds and inhibits the JAKs bound to IFNGR.

2.3.5. Interleukin 10

Another important factor, known to have an effect in disease progression [Mizuki
2007], is Interleukin 10 (IL-10). IL-10 is a cytokine with anti-inflammatory properties: it
represses the expression of inflammatory cytokines; TNF-a, IL-6, and IL-1B in
macrophages. Functional IL-10 receptor complex is a tetramer consisting of two identical
ligand-binding subunits (IL10Ra) and two identical accessory signaling subunits (IL10Rp)
[43, 44].
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Upon binding of IL-10 to its receptor, JAK1 and Tyrosine kinase 2 (TYK2) also
bind to IL-10 receptor (IL10R) and they got phosphorylated, Figure 5. Then these two
kinases phosphorylate some tyrosine residues of IL-10R. Phosphorylated IL10R provides
sites for STAT3 docking, where it also gets phosphorylated by JAK1 and TYK2. After
activation two STAT3 dimerize and goes into the nucleus to induce corresponding genes to
alter expressions of TNF-a, SOCS3, Bcl-2 (B-cell lymphoma 2), and some others [46].
TNF-a is down-regulated. SOCS3 inhibits TNF-a and IL-1p expressions by negatively
regulating the STAT3 activation. Bcl-2, on the other hand, inhibits cell cycle progression
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leading to apoptosis. On the contrary to this Bcl induced apoptosis, JAK1 phosphorylates
Insulin receptor substrate 2 (IRS-2), which causes AKT pathway activation leading to cell

survival actions [47, 48].
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D

i
.

STAT1,345
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Figure 6 The IL-12 signaling pathway [49]
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2.3.6. Interleukin 12

Interleukin 12 (IL-12) is another Th1 type cytokine, which alters cell dynamics with
the actions of STATSs it activated. It causes proliferation and differentiation of native T
cells into Th-1 cells [49]. Binding of IL-12 to its complex receptor (IL12R) causes JAK2
and TYK2 be recruited also to the receptor. Activated JAK2 phosphorylates STAT3 and
STAT4, which translocate to the nucleus and cause IFN-y expression to increase. STAT4
also increases expressions of IL-18R1 (Interleukin 18 receptor 1), IL-1232, IRFI1
(Interferon regulatory factor 1), and IL2Ra [50-52]. The details of IL-12 pathway are given
in Figure 6.

IL-12 also induces STATS activation by JAK2 phosphorylation. STATS promotes
proliferation of the cell, but STATSa (part of STATS) results in SOCS3 production, which
binds to and inhibits the activity of IL-12p2 [53, 54].

2.3.7. Interleukin 1

Interleukin-1 (IL-1) is a proinflammatory cytokine. It has two main types; 1L-1a
and IL-1B. There is also a protein called Interleukin 1 receptor (IL1R) accessory protein
(IL1RaP) that aids in signaling [55-57]. The details of IL-1 signaling are depicted in Figure
7.

The protein MyD88 (Myeloid differentiation primary response gene 88) binds to
IL-1R complexed with its ligand and then it activates IRAK1 and IRAK4 (Interleukin-1
receptor-associated kinases 1 and 4). Indeed, IRAK4 activates IRAK1 by phosphorylation.
IRAKI1 leads to activation of NF-kB and Activator protein 1 (AP-1) pathways through
action of an ubiquitin ligase, namely TNF receptor-associated factor 6 (TRAF6), and
subsequent downstream proteins [58, 59].

TRAF6 causes destruction of the inhibitor of NF-kB, I-kB and thus enhance NF-kB
activity. As a result, the expressions of IRF1, iNOS, TNF-a, IL-6, and IL-8 increase [60-
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62]. In resting cells, a protein called Toll interacting protein (TOLLIP) complexes with
IRAKI1 and inhibits its activation by halting its phosphorylation.
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Figure 7 The IL-1 signaling pathway, adopted from [58]
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2.3.8. Toll-like receptors

Toll-like receptors (TLRs) are pathogen recognition receptors and they function in
identification of foreign materials. Although it was reported that Thl type immune
response is a result of activation of TLR-7, there reported no relationship between TLR-7
gene polymorphisms and BD susceptibility [63]. Another study on TLR-2 revealed five
possible SNPs as contributors to BD development. However, it is concluded that TLR-2
polymorphisms also do not contribute to the development of BD. Moreover, a study in
Turkish patients by Bacanli et al. stated that a TLR-2 polymorphism showed no association
with BD [23]. However, the TLR-2 ligands, HSP and LPS may act as risk factors where
TLR2 activation yields NF-kB action and increases TNF expression. Finally, the study in
[23] shows that a polymorphism in TLR-4, the receptor recognizing HSP and LPS, is
significantly associated with the risk of BD.

2.3.9. Heat Shock Proteins

Stress is the cause of heat shock protein (HSP) secretion where HSP-47 is called a-
enolase. Its expression on the cell surface results in auto-antibody formation and immune
complex formation resulting in END injury. The binding of HSP-70 to TLRs (TLR 2/4
with CD14 as the cofactor of binding) on APCs cause pro-inflammatory cytokine releases.
HSP-60 results in rapid inflammation and Th1 polarization [37]. Moreover, certain HSP60
peptides are recognized by yo T cells, which may be important in BD pathogenesis and
where these cells produce IFN-y and TNF-a [24]. The HSP60 is over-expressed in the oral
mucosa and skin lesions of patients with BD [39].

In addition to these, the study by [20] says that four peptides included within
mycobacterial 65-kDa HSP are responsible for the proliferation of yd T cells in patients
with BD. These peptides are reported to be demonstrating considerable likelihood with

those of human 60-kDa mitochondrial HSP. The study also states that cross-reaction
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between the microbial HSP and human HSP might be the basis for the relation of infection
with autoimmunity.

Hypersensitivity response to certain Streptococcus sanguis antigens in the skin and
sanguineous monocytes in BD patients is also present. These bacterial antigens are similar
to heat shock proteins. S.anguis and especially HSP-60/65 kDa activate T cells with gamma
and delta chains in BD patients but not in controls [19]. HSPs are upregulated in lesions of
BD and they are higher in BD patients. Nara et al. surmised that IL-12 produced by TLR-2
expressing cells and TLR-2/HSP-60 interaction contributed to Th-1 dominant immune

responses in intestinal BD [23].

2.3.10. Others

IL-8 is an attractant for neutrophils, besides leukocytes, [5, 37] through the
CXCR1/2 receptors present on these cells. IL-8 also activates ENDs so that monocytes
bind more tightly to the vascular ENDs [5]. E-selectin is also seen to be activated in ENDs
[19]. The IL-17 is produced primarily by CD4+ and CD8+ T cells [20].

A calcium binding protein, SI00A12, is also secreted during inflammation by either
corresponding tissues or neutrophils in the bloodstream [38]. This protein is significantly
increased during active BD (aBD) compared to the controls. Binding of SI00A12 to a cell
surface molecule results in a signal cascade activation yielding NF-kB and corresponding
cytokine release, like TNF-A. In return, TNF-A, which is elevated in BD patients,
stimulates S100A12 secretion together with NF-kB activation. As a result, the TNF-A and
S100A12 are “a positive inflammatory feedback loop” present in BD pathogenesis [38].
S100A12 also dictates more expression of ICAM-1 and VCAM-1 by ENDs.

In [21], a ninemer epitope is labeled as “Behcetogenic”. Moreover, oestrogen
decreases E-selectin and IL-6 gene expressions together with the superoxide generation

from the neutrophils. These effects of oestrogen, according to [21], are a possible reasoning
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that the clinical manifestations of BD in women are milder than in men.

The protein, FCN-2 activates immune cells to produce TNF-alpha, IL-6, and IL-8.
A GWAS study among SNPs of FCN-2 gene revealed that there were no significant
differences in FCN-2 gene SNPs between BD patients and controls. On the other hand,
significant differences in allele frequencies of FCN-2 gene SNPs among HLA-B51 positive
BD patients may reveal possible FCN contribution to innate immunity of BD patients [64].

A study on MBL gene stated that three polymorphic sites in exon 1 of MBL gene
may be related to BD. Finally, it is said that mutation at codon 54 may lead to susceptibility

to bacterial infections and affect the innate immune system in BD [65].

24. Cells

The disease is related to the actions of Antigen Presenting Cells (APCs) [20], T-
cells [13, 36, 37, 39, 66], and neutrophils [67]. The hyperactivity of these cells results in
tissue damage and inflammation. The connections among these cell types and their
up/down regulation cycles are regulated by the cytokines and chemokines produced and
released by the cells. When an antigen enters the body, it is captured by the APCs. Then,
the antigen is fragmentized into smaller pieces after which the small peptide fragment is
bound to MHC polypeptide in the endoplasmic reticulum (ER) compartment. The antigen
bound MHC complex translocates to the cell membrane for the display of the antigen to
immune cells, Figure 8. These activated immune cells, then, can proliferate and kill the
infected cells. The interaction between T cell receptor (TCR) and antigen presenting MHC
complex is illustrated in Figure 9. The T-cell and APC interaction mediates signaling in the
T-cell for proliferation. T-cell proliferation and the release of IL-2 from these cells induce
other neighboring T-cells to proliferate also. This activation of T-cells then results in
cytokine release and neutrophil activation as well as Thl type immune response to

progress.
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In BD, the keratinocytes (KERs) and endothelial cells (ENDs) [2, 18, 36, 68] are
the first in line to contact the triggers and release proinflammatory cytokines. These cells
are basic protection against infections, and with the help of secreted molecules they cause
immune cells (neutrophils [2, 20, 38, 67, 69], monocytes [70, 71], and NK cells [13, 66, 72,
73]) to accumulate at the inflammation sites.

Like other APCs, macrophages induce an immune response, in favor of Thl type,
where IFN-y plays a critical role in activation of macrophages taking part in regulation of
antigen representation [74]. Together with CD40L, IFN-y acts in activation of macrophages
and monocytes to produce monokines causing APC stimulation and MHC Class II
molecules expression and, thus, finally resulting in T cell activation [19].

After the APCs are loaded with the antigens, the innate immune cells come into
action while causing more cytokine release so that the adaptive immune response is also
triggered. During the pro-inflammatory cytokine production by the innate immune cells,
monocytes produce IL-1, IL-6, IL-8, and TNF [19, 70, 71, 75], and neutrophils primarily
release superoxides and many other cytokines [19, 20]. In BD patients, the presence of an
increased superoxide production by neutrophils is shown to be in accordance with the

presence of HLA-BS51 [76].
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In inactive-BD (iBD), the NK cells carry out some duties including lowering of IL-
12R-B2 and perforin production in contrast to higher IL-13 numbers. Moreover, IL-12
induced STAT4 phosphorylation is also cracked [72]. Thus, the Thl type response is
suppressed by lower IL-12 processing and thus lowers IFN-y production. The 1L-12 present
in the Thl environment activates NK cells [45]. During iBD, NK and T cells, which
produce IL-4 and IFN-y in early stages of inflammation, are claimed to be deficient in IFN-
vy production [72].

The neutrophils are kept in primed condition as a result of pro-inflammatory
cytokines [67]. The cause of hyperactivity of neutrophils, however, is the result of the
presence of IL-17, IFN-y, IL-8, and TNF-a [20]. The primed neutrophils express CD40 and
CD83 on their surfaces and produce IL-1, IL1IRA, MIP, IL-12, and IL-18 [20] as well as
secreting more ROS (reactive oxygen species) [19]. In BD patients, the presence of an
increased superoxide production by neutrophils is due to the presence of HLA-B51 [76].

As illustrated by Figure 8, the peptide (antigen fragment) bound MHC polypeptide
on the APCs binds to T-cell receptor (TCR)-CD3 complex. Then, the glycoprotein CD4 on
the T-cell also binds to antigen-MHC complex at some other part, stabilizing the prior
interaction [78]. Another signal, a costimulatory signal for further progress of signal
continuation in the T-cells is also needed. The second signal mentioned is performed by the
action of T-cell membrane element CD28, where it binds to CD80 or CD86 found on
APCs, and the mentioned signal transduction starts in T-cells. On the other hand, CD152 or
CTLA-4, Cytotoxic T-Lymphocyte Antigen 4, can also bind to CD80 or CD86 on APCs,
which is the T-cell activation inhibitor.

The TCR ligation leads to subsequent ZAP70, Zeta-chain-associated protein kinase
70 (it is a tyrosine kinase) activation. Activated ZAP-70 phosphorylates adaptor protein
Linker of Activated T cells, LAT which in turn turns on PLC-g1 (Phospholipase C-gamma
1) activation upon binding to it. The PLC-gl activation finally yields NF-kB pathway

activation together with Ca2+ release and subsequent nuclear factor actions promoting
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immune response genes’ expressions. Moreover, the AP-1 transcription factors are
activated also by the action of phosphorylated LAT binding to Growth factor receptor-
bound protein 2, GRB2. The first signal effect, which is summarized here, is given in
Figure 9.

The receptor CD28 activation enhances the signal started by TCR activation. In
response to ligand activation, CD28 binds to phosphatidylinositol kinase 1 (PIK3R1A),
GRB2, and some others. The whole picture of second signal is represented in Figure 9.
CD28 binds to SLP-76 with the help of GRB2 and GRAP2. TCR causes ZAP-
70 activation, and phosphorylation of LAT and SLP-76. LAT then is able to bind to the
SLP-76 after which SLP-76 recruits VAV-1 (Proto-oncogene vav) which finally induces c-
Jun (a transcription factor) activity, through MEKs/JNK pathway, thus cell proliferation.
Moreover, the CD28 bound ITK induces PLC-gl path to be activated that result in
transcription factor activity of NF-ATs, Nuclear factor of activated T-cells. The ITK also
activates Akt signaling, which acts to inhibit NF-AT nuclear translocation.

In the secondary response of adaptive immune cells, the type of molecules in the
vicinity dictate the type of adaptive response, where, in BD, a Th1 type is favored [4, 8, 19,
20, 23, 37, 74] not a Th2 response. Many researchers identified a reduced CD4+/CD8+ T
cell ratio resulting from both a decrease in CD4+ T cells and an associated increase in
CD8+ T cells [4]. When the body is infected, the naive T cells complexed with an APC
start to proliferate and release IL-2 [20]. This cytokine then acts as an autocrine to further
maturate the source cells together with the other cells around the secreting cell. Then, with
the attack of the adaptive immune system, the T-cells proliferate.

The naive T cell complexed with an APC starts to proliferate and release IL-2. This
cytokine then acts as an autocrine to further maturate the source cells together with the
other cells around the secreting cell. Then the T cell has two possible paths to take, either
Thl or Th2. In Thl response, the major cytokines are IFN-G and IL-12 and the T cells

become cytotoxic, killing cells upon contacting them. In Th2 response, however, the T cells
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become B cells and differentiate into either memory cells or plasma cells, producing
antibodies for killing.

Various abnormalities of T cells have been described in patients with BD. Many
researchers identified a reduced CD4+4/CD8+ T cell ratio resulting from both a decrease in
CD4+ T cells and an associated increase in CD8+ T cells. The elevated T cells were shown
to express activation markers, such as CD25, CD69, and CD29 and produce inflammatory
cytokines including IFN-y, TNF-a, and IL-8 [20]. Increased chemotaxis, phagocytosis,
superoxide generation and myeloperoxidase expression, as well as enhanced expression of
CDl1a, CD10, and CD14 on the cell surface have been reported in the neutrophils of BD
patients. Moreover, reduced CXCR2 chemokine receptor expression on the surface of the
synovial neutrophils was shown in BD patients as well as MALP-404, lipoprotein of
mycoplasma fermantase, was detected in the sera of BD patients. Due to some homological
peptides between MALP-404 and HLABS1, it is said to be possible that infection with
mycoplasma might be involved in the pathogenesis of BD [20]. Moreover, it is included
that a single-nucleotide polymorphism located at position -607 of IL-18 gene promotor

region in BD is also characterized.
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The expression of CD44 on the surface of T cells directs these cells to adhere to
END cells so that accumulation of lymphocytes at the inflammation site is sustained.
Obviously, the expression of CD44 is upregulated in BD [36]. Likewise, the ICAM-1
expression during inflammation is increased and infiltration of neutrophils and T cells
through tissues is enhanced. Thus, they argued that increased ICAM-1 yields destruction of
keratinocytes in epithelia with the aid of VCAM-1 —causing immune cells to stay close at
these sites [36]. In addition to these molecules, other scientists claimed that the chemokine
MCP-1 is required for migration of yd T cells to inflammation sites meaning that a
persistent role of MCP-1 is present in BD [37]. The yo T cells are increased by the presence
of active keratinocytes, in response to the MICA recognition [37].

In a Thl type response, an inefficacy of negative regulation produces less IL-10.
The Thl type cytokines cause a polarization that adaptive immune response, secondary in
action, takes place. Moreover supporting the Thl type polarization, a group of researchers
found that CCRS5 and CXCR3 receptors are abundant on the cell surface of the
lymphocytes [74] whereas Th2 cells express CCR3, CCR4, CCR8 receptors [37].

As conclusion, the paper states that complex interactions among APCs, Thl
lymphocytes, and neutrophils are the basis of the immune aberrations observed in patients

with BD [20].

2.5. Pathogenesis Maps

In this part, firstly the possible pathogenesis map of the BD will be described. Some
possible maps are already found in the literature like the one shown in Figure 10. As it can
be seen from that figure, there are actions of APCs, T-cells, monocytes, and neutrophils.
The neutrophil activation is followed by tissue injury and damage. The second map, Figure

11, is adopted from the former, and is proposed by Pay et al. [20]. The latter excludes the

27



Chapter 2: Literature Review 28

monocytes and is drawn as relations among APCs, T-cells, and neutrophils. Again, the
neutrophils activation is shown to lead to tissue damage and inflammation as well as
system failures. The cytokines involved in these two figures are tried to be summarized

next; their subsequent molecules and actions are given.
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Proposed model of the pathogenesis in Behget's disease. Ag, antigen; APC, antigen-presenting cells;
HSP, heat shock protein; IFN, interferon; IL, interleukin; IPP, isoprenyl pyrophosphate; PPP, prenyl
pyrophosphate; TCR, T-cell receptor; Thl, T helper cells type 1; TNF-a, tumor necrosis factor alpha.
Hirohata and Kikuchi Arthritis Res Ther 2003 5:139 doi:10.1186/ar757

Figure 10 Possible pathogenesis map of BD, taken from [24]

In Figure 10, the events proposed to occur during BD is summarized where APCs
present antigens to the T-cells and a combination of leukocyte actions drives the tissue
injury. It is also seen that Th1l dominant response is present where T-cell hypersensitivity
leads the way. On the other hand, Figure 11, shows a modified version of the previous

figure. The latter discards monocytes, shown in the first, and focuses on the three other cell
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types as well as possible antigen sources.
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Chapter 3

3. METHODS

3.1.  Our Pathogenesis Maps

Based on the literature survey and available pathogenesis maps, we constructed a
new map depicted in Figure 12. This figure is only a preliminary study, where an overall
view of the disease with the intracellular players is shown. In Figure 12, the proposed
mechanism of BD starts with a kick by the antigens. The antigens present in the body are
uptaken by the APCs and then they are presented on the cell surface for T-cell recognition.
Then, when the T-cells and APCs interact, the signal for T-cell maturation and
differentiation is initiated. After that, the T-cells release some cytokines: IL-2 for self and
neighboring T-cell proliferations, IL-8 for neutrophil activation, and IL-10 for the control
of immune reponse types. When IL-10 is present, Th1 type immune response is altered and
blocked whereas Th2 type immune response is flared and plasma cells are stimulated to
continue on producing antibodies. The stress conditions act through NK-cells and T-cells
producing HSPs and MICA for T-cell stimulation. The hyperactivation of neutrophils with
the action of T-cells, tissue damage and inflammation occur causing the disease to unfold.
In Figure 12, the elements have their names written within where the green arrows mean
either one of production, release, or positive action and the red arrows mean the inhibition
of the targeted green arrow action. The molecules written above and below the arrows are

the corresponding elements produced.
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After the first model, Figure 12, a new comprehensive model is constructed. This new
model is given in Figure 14 and it contains more, detailed information. The steps of

incidents presented in Figure 14 are listed in Box 1.

Box 1 The events employed in pathogenesis map 2, Figure 14

1 | Due to the action of HLA-B*51 or of any antigen, APCs represent peptide
fragments on their surface via their specific surface MHC proteins.

These MHC-peptide complexes are recognized by naive T cells.

TCR (T cell Receptor)-APC interactions occur.

IL-2 synthesis is started together with some other cytokines.

APCs also release IL-12 and IL-18 to T cells to produce IFN-G.

Al ] K] W| D

APCs additionally stimulate neutrophils to produce IL-12 and IL-18, which
stimulate T cells for TNF-A and IFN-G production.

7 | IL-8 and IL-17 from T cells cause neutrophils to migrate to inflammation sites and
cause hyperactivation.

8 | T cells also release TNF-A and IFN-G to stimulate APCs as well as to prime
neutrophils and hyperactivate.

9 | Activated neutrophils release more superoxides and ROS causing oxidative stress.

10 | Finally on neutrophils, HSP-60 epitope 336-51 peptide results in production of IL-
12, TNF-A, and IFN-G.

11 | The production of IL-2 in T cells results in synthesis of more 1L-2, IL.-4, and IFN-
G, leading further growth and Thl type response.

12 | HSP-60/65 (epitope 336-51) activates T cells to produce more TNF-A and IFN-G.

13 | IL-12 and IL-18 from T cells cause NK cells to enhance their killing activity and to
produce IFN-G and TNF-A, binding to T cells.

14 | TNF-A and IFN-G from NK cells cause T cells to produce IL-12 and IL-18, which
stimulate NK cells.

15 | Streptococcus and E.Coli stimulation of T cells results in IFN-G and IL-6 synthesis.

16 | IL-8 and MCP1 cause END Cells to bind to monocytes more firmly.
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17

Moreover, HSP70 binding at TLRs of the END Cells cause more cytokine synthesis
from those cells.

18

Cytokine regulated Leptin causes NO production from END Cells.

19

Moreover, E-selectin levels at END surface increase causing more infiltration of
immune cells.

20

A-enolase and MICA expressions by END Cells are also increased causing more
END injury.

21

CXCR3 expression of END Cells increased, resulting in more firm binding of T
cells.

22

At last more ICAM-1 is also synthesized in response to some antigens.

23

Stress conditions in the body cause more HSP and MICA expression and MICA-
which is mostly synthesized in END Cells, is recognized by NK cells.

24

HSP expression is also increased by mucous cells in response to bacterial stimuli.

25

MICA induces stimulation and action of NK cells, where they produce IL-4 at early
stages of immune response.

26

In BD Th1 type response is dominated where T cells tend towards Th1 cell type,
which is supported by presence of IFN-G but inhibited by both IL-4 and IL-10. On
the other hand, IFN-G represses a response towards Th2 type whereas IL.-4, which
is also produced by Th2 type T cells, enhances that tendency. IL-10 also inhibits
Th2 type response.

Figure 13 The legend for second model (Figure 14)
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Figure 14 The second and more detailed model of the disease
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The legend for the second model is given in Figure 13. The arrow usage is the same
in Figures 12 and 14. Although this model is very comprehensive and detailed, it lacked
some critical information that is not present in published literature so far. Thus the second

figure was modified and simplified yielding the drawing in Figure 15.

3.2.  Final Pathogenesis Map

There are some pathogenesis maps on how BD may progress [20, 24], however,
they are incomplete and insufficient to provide detailed insight into BD. In Figure 15, our
understanding and model for the disease development is shown. The three primary
variables of our model are the quantities of FLD (first line defense, i.e., innate immune,
cells), SLD (second line defense, i.e., adaptive immune, cells), and HLA-B51 as shown in
the figure. Based on the interactions depicted in Figure 15, a flow of progression and
mechanism is deduced for the stages of BD advancement. Figure 16 summarizes the flow.

BD is known to be affected by the presence of HLA-B51 so that any trigger may
start an inflammation, which leads to recurrent attacks of the immune cells in the body.
These attacks are primarily by the innate immune cells, neutrophils and natural killer cells
(NK cells). Furthermore, the adaptive immune response also takes part in these flare
phases. Due to the malfunctions in the control mechanism of the immune responses, high
numbers of killer cells are produced, which in turn cause tissue damage. In Figure 16, the
proposed mechanism of the disease propagation is given. The rest of the study is based on
these steps and the relations in between. These steps are both derived from the comments
of Prof. Ahmet Giil and the literature review. Based on the preliminary data obtained and
presented above, the first pathway model is drawn. Figure 15 shows the basic steps and
molecules produced and secreted among different cell types.

The process of the third model is given in Box 2.
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Box 2 The events employed in pathogenesis map 3, Figure 15

1

The triggers interact with the FLD, which is the collection of antigen presenting
cells, endothelial cells, and keratinocytes. The triggers may comprise but not limited
to bacterial-viral components, HSPs, and MICA.

This interaction, which is also effected by HLA-B*51, causes pro-inflammatory
cytokine release as well as neutrophil/monocyte collection at the inflammation site.

Together with the effects of triggers and HLA-B*51, the SLD (which is composed
of T lymphocytes, NK cells, neutrophils, and monocytes) interacts with FLD. The
results of this interaction are: (1) more ProC release, (2) more activation of
themselves, (3) release of IL-12 and IFN-G, (4) release of IL-10 (+ some other), and
(5) production of superoxides/autoantigens-leading to further triggering.

The neutrophils then produce molecules like S100A12, which causes more
expression of TNF-A. Being one of the ProC, TNF-A then causes more S100A12
production.

Adhesion molecules ICAM-1 and VCAM-1 are also produced by FLD in response
to SI00A12.

The presence of more adhesion molecules results in destruction of more cells thus
more inflammation and tissue damage.

The IL-12 and IFH-G produced are of type Thl, and they cause an immune
response of type Thl, which is downregulated by IL-10 (together with some other).

Together with hyperactivity of neutrophils, the Thl cells induce an elevated
immune response in BD.

Using the data present in the third model, the equation system was formulated. The

system will be represented by a system of Ordinary Differential Equations (ODEs), where,

at first, only two equations were written. However, the two equations were found to be

deficient in giving the desired behavior of the disease, a third equation was formed. The

section below summarizes this process of ODE system construction.
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Figure 15 The model of the disease pathogenesis.
FLD: First line defense (innate immune) cells. SLD: Second line defense (adaptive immune) cells.
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Figure 16 The proposed disease progression steps

3.3. The Mathematical Models

3.3.1. The Dynamical Model of the Diseased

The state variables of our model are the quantities (in arbitrary units) of HLA-B51

denoted by H, the adaptive immune (basically T) cells denoted by &, and the innate

immune (neutrophils, NK, macrophages) cells denoted by F. The three-variable ODE

system is deduced from the reaction system given in Table 1. The parameters have no

defined units because we used lumped actions of many cells and other organic materials in

construction of our models. Thus, any parameter will have corresponding units associated

with concentrations of the state variables. A similar approach is also followed in [30].
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Table 3 The reaction system of the BD pathogenesis

The activation of HLA molecules by triggers and subsequent
innate immune cell activation

kel
Rxnl. Trig+H — 2-H+F

kz Activation of adaptive immune cells by innate immune cells
Rxn2. Fr 5 -5

Killing of infected cells by adaptive immune cells

k3
Rxn3. H+s5— P

” Further activation of HLA molecules by the actions of adaptive

Rxn 4. Trig+§ — H+P immune cells

Collective killing of infected cells by any means

ks
RxnS>. H+H— P

H: HLA-B51 proteins. §: Adaptive immune cells. F: Innate immune cells. T: Triggers.
P: Damaged cells.

According to our model, represented by the reaction system in Table 1, when the
triggers (the pathogens or self antigens) are present in the body, the HLA-B51 proteins
manifest two different actions leading to inflammation, as captured by Reaction 1. The first
of these actions is the non-specific representation of protein fragments to immune cells, and
the second is the misfolding and accumulation of these distorted HLA proteins in the
endoplasmic reticulum, causing ER stress [4]. Moreover, these two roles of HLA and
antigen complexes cause an immediate and elevated response of innate immune cells, F.
Then, as captured by Reaction 2, when the innate immune cells are activated and
accumulated at the inflammation sites, they produce cytokines and the secondary (adaptive)
immune cells are subsequently activated. The parameter & in this reaction can be used to
tune the interactions of the different immune cell types in the system. In addition, as
represented by Reaction 3 in Table 1, the already present HLA proteins on the cell surfaces,
complexed with an antigen, interact with & cells resulting in the death of the infected cells.
In the vicinity of cytokines produced by 5 cells, some of the F cells, macrophages, become
more active when § cells are activated in the presence of the triggers, as represented by

Reaction 4. Moreover, in this cascade, the infected cells and the pathogens are killed or
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eliminated. Finally, as HLA protein plus antigen complexes accumulate on the cell
surfaces, they are attacked by different levels of the immune system and are eliminated, as
shown by Reaction 5. Based on the above and the reactions in Table 1, a three variable
ODE system can be constructed using the mass-action law. The three equations are listed

below in (1):

[j_f]: k,-[T]-[H] - k- [H]-[S] + k,-[T]-[S]- 2k - [H]?
[%J:kz'a'[F]_kg'[H]'[S]—k4'[T]'[S] 0
[%F ky - [T]- [H] - F, - [F]

Next, the ODE system above is converted to a dimensionless form following the

same steps for the Oregonator system described in [79], and using the definitions given in

(1.1).

H 5 F
h=— 5§=— f=— T = £
Hyp 5o Fn tn
ky-T k1T (hey T i
o Z2-ks 0 k3 0 kr ks 0 k2 (1.1)
_ 1 2- kg ke k2 2- kpkeg
- z " E = — L = — - —_—
¥ kqy-k3 £1 ky-T £2 kq-k3T

In (1.1), the parameters with subscript zero refer to reference conditions. h, s, and f
are the state variables in normalized form. The rest are some constants defined for
conciseness. The new dimensionless model of the diseased system is given by the
equations in (2) below:

51'(%): (q-s— h-s+ h—h?)
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& (3)= @ f-hs—qs) @)

(&)= @ n-p

The above dimensionless system has three fixed points (obtained by setting the
derivatives with respect to time to zero), one of which is the all zero point and two others.
The expressions for these fixed points are given in Appendix A. One of the other fixed
points is negative and it is physiologically meaningless. The zero fixed point is always
stable. The other nonzero, physiologically meaningful fixed point is a function of ¥, &, and
q only, independent of the amount of trigger, T. The steady state solution of Equation (2) is
obtained by setting the left-hand-side to zero and solving for s, in terms of h and s with
g, ¥ & (see [79]). This is, then, substituted into the first equation in (2). The final

reduced form of the ODE system is given below in (3):

(@)= (@ (@) n () now) =y (D aow o
@)= @n-n

There are three fixed points for the model in (2): a positive, a negative, and an all-
zero one. The Jacobian of the two dimensional nonlinear function that defines the RHS of
the two differential equations in (3) is computed and given in Appendix B. The trace of this
Jacobian (equal to the sum of its two eigenvalues) is also evaluated and given in (4). These
two equations for the Jacobian and its trace are generic, and appropriate fixed point data is

to be substituted whenever needed.
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|:.:L— N z’?‘"?'fss}
[ Tz
trace(]..) = - athee’ ! _ 4 4)

In (4), the subscript “ss” indicates that the corresponding variable is calculated at a
steady state fixed point given in Appendix A. Here, when the value of the trace in (4) is
less than zero (eigenvalues with negative real parts), the corresponding fixed point for the
system is stable, and when the trace is greater than zero (eigenvalues with positive real
parts), the fixed point is unstable [79]. When the trace is equal to zero (eigenvalues with
zero real parts), it corresponds to a Hopf bifurcation [79], corresponding to a stability-
instability boundary. Thus, the trace in (4) is set to zero and &, is solved in terms of the
other parameters after which the definition of £;, ¥, g, h.,and f,. are substituted for the
positive fixed point of the three-variable model. Then, the Tin £, is solved for in terms of
all the other parameters, which enables us to plot T as a function of k,, as shown in Figure
17.

In Figure 17, in the parameter region on the left of the red line, the trace is less than
zero, the fixed point is stable and as a result there is no limit cycle and hence no steady
oscillations. However, on the right side of the red line and above the blue curve, the fixed
point is unstable and it is encircled by a limit cycle resulting in steady oscillatory behavior.
On the other hand, the region below the blue curve but on the right of the red line also
corresponds to a stable fixed point. One can conclude that below a certain value of the rate
constant of Reaction 1 in Table 1 (k,), the system has a stable fixed point meaning that the
triggers are eliminated and the immune cell numbers settle down to steady values. The rate
constant k, reflects the various actions of the HLA proteins. If k, is above a critical value,
recurrent attacks become possible depending on the amount of triggers. For every value
of k,, there is a critical trigger amount above which recurrent attacks occur. This critical
trigger amount depends on the value of k, and it decreases rapidly for increasing values

of k.
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Figure 17 The trigger amount versus rate constant for Reaction 1 in Table 1 (T vs. ky).
Considering only the positive valued quadrants, the unstable region is above the blue curve in the
right quadrant, whereas the stable region is on the left quadrant and also below the blue curve of the
right quadrant. The negative valued quadrants are not physiologically meaningful. The figure is
obtained using the following parameter values constant:

k, = 1.0, k3 = 10%, k, = 2.0, ks = 2000, y = 2.0, 8 = 0.5.

Another bifurcation analysis for the pair T vs. kj is also carried out in a similar
manner, which is shown in Figure 18. The behavior in Figure 18 is similar to the one in
Figure 17. This plot captures the effect of the rate of interactions of infected cells (cells
with “H” with the secondary immune cells, and the trigger amount. This result may
correspond to the fact that patients of BD express an elevated Th1 type response of T-cells.
Thus, one may argue that the regulation of T-cell activity in the disease, especially in the
phase of interaction of these T-cells with the infected cells may constitute one major
decision point whether the immune system responses is recurrent or not. For small values

of k4, the system is stable and does not exhibit recurrent behavior.
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Figure 18 The bifurcation diagram for parameters (T vs. k3).

Considering only the positive valued quadrants, the unstable region is above the blue curve in the
right quadrant, whereas the stable region is on the left quadrant and also below the blue curve of the
right quadrant. The negative valued quadrants are not physiologically meaningful. The figure is
obtained using the following parameter values constant:

ky =10k, =10, ky = 2.0, k5 = 2000,y = 20,8 = 0.5

To sum up, if a person is the carrier of HLA-B51 and has high values of k,,
and/or kg, s/he will probably demonstrate the symptoms of BD. For lower values of these
rate constants or under fairly low antigenic conditions, one may not suffer from recurrent
attacks of inflammation although being a carrier of HLA-B51.

The steps followed in the methods are summarized in Box 3.

Box 3 The steps followed for analysis of our diseased model

1 | The three-variable model is constructed

2 | Fixed points of this original form is evaluated (There are three: positive, negative,
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and all-zero)

3 | The three-variable model is normalized using a procedure similar to that of
Oregonator models

4 | Based on this new normalized form, the system is reduced to a two-variable
model

5 | The Jacobian of this reduced form is calculated

6 | The Trace of this Jacobian (of reduced form) is calculated

7 | The positive valued root of the three-variable model and all other definitions of
the parameters are substituted in this Trace equality

8 | The trigger amount, T, is solved in terms of all other parameters using the
equation obtained in the previous step

9 | Figures 17 & 18 are plotted using the equation for T

10 | Finally, using the value ranges of parameters from the distinct regions in these
two plots (Figures 17 & 18), the simulations are carried out using the three-
variable model.

3.3.2. The Dynamical Model of the Healthy

For people having serotypes other than HLA-B51, Reaction 1 in Table 1 can be

recast as:

k1
Trig+H — H+F (5)

Using the system in Table 1 with the above reaction replacing the first, we have

gone through all the steps up to the calculation of the trace of the Jacobian for the fixed
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points. The steps followed for this healthy system is exactly the same as that of the diseased
model, presented in Box 3. This analysis reveals that the trace is always negative for
physiologically sound values of the parameters. Thus, the system always has stable fixed
points, with no possibility of steady oscillations or recurrent behavior, for all the values of

triggers or k4 or any other parameters (for their positive values).

|:_ z_hss_?’?'"?'fss }

{ 1z
trace_new(J, . ) = - Ei"”h”' -1 (6)

The equality (6) shows that, if the constants and the values of h,, and f., are
positive, then the trace is negative, meaning that the system always has stable fixed points.
Thus, we can represent the healthy population, or people with HLA proteins other than
HLA-B51, with this modified system of equations. This new system is in accordance with

the work by Reynolds et al. [30], which will be examined in the next section.

46



Chapter 4: Results 47

Chapter 4

4. Results

4.1. The Healthy System

Our healthy system model differs from the diseased system only by the increased
and enhanced activity of HLA-B51 in the population at risk in the latter system. The
dynamical system model of the healthy should exhibit the normal response of the immune
system against infection. We investigated our healthy system model behavior in response to
a step and a pulse input of triggers, as shown in Figure 19. In Figure 19a, a pulse input of
the pathogen is initiated at t = 26. An immense immune cell respond follows the increase of
active HLA complexes formed due to the trigger pulse. When the pathogen level returns to
normal, the immune cell counts settle down to its previous fixed point also. In Figure 19b,
however, a step input of the pathogen (at t = 26), i.e., with a continued infection, is applied
and the immune system responds immediately and the numbers of both innate and adaptive
immune cells stay elevated in an alert state as long as the pathogen introduction continues.

According to Reynolds et al. [30] there are three modes of the anti-inflammation
process, which are the healthy, the aseptic death, and the septic death. In the healthy case,
the intruder pathogens are cleared by immune cells completely, as such all the variables of
their model settle to zero (except for the concentration of mediators of anti-inflammation);
i.e., the number of pathogens as well as that of the immune cells. In the aseptic death case,
the pathogen is cleared but the number of immune cells stay elevated and they cause tissue

damage. This second fixed point has a non-zero value only for immune cells. Finally, the
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septic death mode corresponds to pathogen clearance failure and thus continued immune

response, with a fixed point of non-zero values for both the immune cells and the

pathogens.
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Figure 19 The behavior of the healthy model when a pulse and step input of triggers is
applied.
The constant parameters for all cases are: ky= 15.23, k; = 1.0, kg = 106, ky=2, ke =2000.

The T is changed from 1 to 100 at the input times, in both cases.

To further test our healthy system model, we studied the anti-inflammation modes
described by Reynolds et al. [30] and the results are depicted in Figure 20. In the healthy
case, when there was a certain amount of pathogen at the start and no immune cells, the
values of our three variables approach to a fixed point, which is very close to zero and
taken as the baseline. When the system is at this fixed point, a pulse input of pathogens is
given at t = 26, and the system settles back to the starting fixed point, as shown in column
(a) in Figure 20. The three plots in the column (b) in Figure 20 show the trend of our state
variables in the aseptic case. Starting with a higher pathogen amount compared to health
case in column (a), our variables settle a fixed point with non-zero immune cell values, 100

times higher innate immune cells and 10 times more adaptive immune cells than those of
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the health mode. When we apply a pulse input of pathogen at t = 26 to this system, it comes
back to its fixed point after a normal immune response. In this case, tissue damage occurs
due to elevated immune cell counts. The case of septic death is illustrated in the third
column, part (c), of Figure 20. When we started a simulation with a lower value for k4
(lower k5 results in higher h values), our system approached to a fixed point of all-non
zero condition: in addition to the immune cells, the infected cells also stay elevated in the
system. If a pulse input of triggers is given at t = 26 at this septic fixed point, the system
returns to that point after the effect of the pulse is eliminated. The values of all three
variables of our system are almost 1000 times higher in this septic mode fixed point

compared to the fixed point in health mode.

4.2. The Diseased System

In our diseased system model, the system has three modes: Carrier (of HLA-B51)
with no BD symptoms, a potent patient, or a patient with recurrent attacks, resulting from
the bifurcation analyses shown in Figures 17 and 18. The two plots of Figure 21a are the
behaviors of the carrier with no BD symptoms, which are similar to the health mode in our
healthy system model shown in Figure 19. The system is at the carrier but healthy mode of
the diseased in Figure 2la. The system has a positive steady state
(h=123x10"% s=54%10"° f=23x 107%) and when a pulse input of triggers is
applied, a normal immune response occurs, after which the system variables settle down to
the previous fixed point. At the upper right corner this plot, leg (h) curve is magnified for
better inspection. In the second plot of Figure 21a, however, the system is under a step
input of triggers starting at t = 51. The system acquires a new steady state and stays there as

long as the new trigger amount persists.
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Figure 20 The behavior of the healthy model: Healthy state, aseptic death, septic death
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Initial conditions for all cases are: hg = 0.125, 54 = 0.0, fp = 0.0. The constant parameters
for all cases are: k3= 15.23, kz = 1.0, kg = 2, ks = 2000. T is changed in (a) from 1 to 20,
in (b) from 10 to 200, and in (c) from 1 to 20 at the times of pulses. k3 is (a & b) 10°, and

(c) 10°.
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In the potent patient case, the rate constant k, is larger than its critical value but is
still under the blue curve. In Figure 21b, the potent patient enters the diseased zone when
the trigger level is increased from 1 to 100 at t = 51. A temporary transition to disease
symptoms is sustained until the trigger amount is decreased to 1 at t = 72. On the other
hand, the recurrent inflammation attacks continue to occur unless the trigger exposure
amount is restored to a lower value, as shown in the second plot of Figure 21b (a step input
is introduced at t=51).

In Figure 21c, a system in the diseased mode is illustrated. At a constant k, value,
the trigger amount (T) needed to cause continuous immune attacks should at least be on the
blue curve illustrated in Figure 17. As shown by the plots in Figures 21c and 22, although
the trigger or pathogen exposure is kept constant, the numbers of the all immune cells and
the cells presenting HLA-B51 oscillate. At t = 75, a pulse input of triggers is applied on
this oscillating system and the immune system flares a greater but transient immune
response. The system returns to its previous course of action after the elevated pathogen
level is restored to normal. In the diseased mode, a step input of triggers at t = 75 shifts the
values of system variables to a higher level, where they continue to oscillate at a higher
frequency; a decrease of two time units in the periods of oscillations occurred after the step
input.

When the diseased and the healthy system models are compared, in the healthy
system model, there are no immune attacks if no pulse or step input of pathogens are
present, Figure 19. On the contrary, the diseased system has auto-inflammation at constant
trigger exposure even if there is no further pathogen attack, Figure 22. The infected cell
counts continue to rise until a point, where the immune cell attacks start and then the

remission takes place, Figure 22.
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Figure 21 Simulations of the diseased system model.
Parts (a), (b), and (c) represent the healthy carrier, the potent patient, and the diseased
individual respectively. The constant parameters for all cases are: k; =1.0, k3 = 105,

ky= 2.0, ks = 2000,y = 2.0,8 = 0.5. T is changed in (a) from 1 to 1000 and in (b & c)
from 1 to 100 at the times of inputs. k; is 0.01, 0.23, and 15.23 in (a), (b), and (c),
respectively.
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A closer look at the diseased mode, which is the major concern of paper, is needed
and this mode without any transient inputs is illustrated in Figure 22. In such systems, the
number of cells with HLA proteins or the infected cells increase with time and reach a peak
at some point. Then the first line defense cells increase in number and they produce
cytokines to stimulate the secondary immune cells. When these adaptive immune cells
come into action, they cause the infected cells to decrease dramatically, after which the
infected cells start to accumulate again. The accumulation of the pathogens and hence
infected cells causes another inflammation attack. Thus, the flare/remission cycles of

inflammatory attacks in Behget’s Disease are obviously captured by our diseased mode.

log(h) or log(s) or log(f)

1
10 15 20 25 30
Time

Figure 22 Simulation of the diseased individual with recurrent attacks of inflammation.

The constant parameters for the simulation are:
ky=1523 k; =10, kg = 105, ky = 2.0, ks = 2000,y =2.0,86 =0.5,and T = 1.

In our systems we use a set of parameters, which are basically adopted from [79].
This set is reported to be working well in the study of Oregonator system. Other sets can be
studied but this is not in the scope of our study except for the analyses done and given in
Figures 17 & 18. We showed how clinical features of the population can be explained by

the critical rate constants of our models. We showed how people with HLA-B51 can be
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categorized into carrier, potent patient, and diseased modes only by changing the values of
T and k,. A study and categorization considering the effect of k4 can also be done, which
would yield information on how the presence of HLA-B5S1 affects the individual’s
advantage or disadvantage against diseases targeting the interactions of T-cells with the
antigen presenting and infected cells.

One thing to note here is that if two simulations are done with the same constants
and initial conditions, the healthy model will clear more of the pathogens (the variable (h)
will approach zero more) as opposed to the diseased system [data not shown]. This fact is
predictable, since the diseased system will have flares of attacks because of not cleared
pathogens. Another note on the triggers (pathogens and self-antigens) is that their amount
is taken constant, such that the exposure to these triggers is constant but the amount of
infected cells (_h) will change its value. Clinical data, [4], reveals that there are pathogenic
(bacterial or viral) elements in the oral flora of the patients but they manifest the symptoms
in discrete times.

Aside from the healthy system model, our model of the diseased explains the
clinical facts such as there are people with HLA-B51 who are not sick, or the effect of
HLA-B51 on BD occurrence is almost 20 % only, [25]. This percentage explains that the
occurrence of BD in an individual from a family with a history of HLA-B51 presence is
only 20 cases per hundred. Although the gene is conveyed to descendants, the progeny may
have an altered value for the parameter k;, and does not show symptoms of BD even if
his/her ancestors are diseased. Thus, we can say the value of kK, is not limited by genetic
factors but is a total, metabolic outcome, which depends in every human, and carrying
HLA-B51 is mostly not sufficient to induce a disease.

Finally, we verified that the reduced system in (3) behaves similar to the three-
variable model in (1). Figure 23 shows results of comparison of the diseased mode of the

three-variable model with the variables of reduced form. In Figure 23, the results for h
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and f variables from both the normalized three-variable model and the two-variable
reduced model are plotted separetely. The reduced form results deviate from those of three-
variable model after the first cycle of immune response. There occurs a lag between the
two data sets and the reduced form data follows from behind. However, this lag is not
significant in our studies since there are flare/remission cycles and they are autonomous.
The variable s, however, is not included in the plots since it becomes an algebraic equation

in the two-variable system.

m—otinalized form data o rmialized form data
reduced form data

reduced form data

log(h)

“o 5 10 15 20 0 5 10 15 20

Figure 23 Simulation of the diseased individual (a) with three-variable model and (b) with
reduced model.

(a) The parameter values are same with Figure 8. (b) The values of the parameters
are: £4 = 0.06566, g = 5.2528 x 1073,y =2, @ = 0.5,
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Chapter 5

S. CONCLUSIONS

In this paper, we have proposed, for the first time in the literature, a mathematical
model for Behget’s Disease, which is in the form of three coupled nonlinear ordinary
differential equations. In accordance with this model, we also proposed a model for the
healthy population who do not possess the genetic risk factor of BD, the HLA-B51 allele.
These two models differ only in one term for the presence/non-existence of this protein.

The current pathogenesis maps in the literature are updated to yield a new insightful
picture. In this study, mathematical models are formulated using the newly formed map and
a hypothesis on how BD proceeds. In construction of these models, ordinary differential
equations are used. The basic model consists of three state variables representing the HLA-
B51, adaptive immune cells, and innate immune cells. Then normalization of the equation
system is followed by a reduction maneuver. The information obtained from the bifurcation
analysis on the reduced model is used in simulations of the three-variable model. The
results of the reduced form and the normalized system are compared and validated that the
approximations are accurate.

Our healthy system always manifests stable steady points, which is used to define
different modes of health and is consistent with previous studies. Depending on the initial
values of pathogens and the rate constants, the system settles at a fixed point, which is
retrieved eventually when a pulse input of triggers is given. The diseased model, on the

other hand, introduces different phenotypic modes available in populations. The healthy
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HLA-BS51 carriers, the potent patients, and the diseased individuals are all describable with
our model. A person with the HLA-B51 gene allele and high values of k; and k; would
probably demonstrate the symptoms of Behcet’s Disease. For lower values of these rate
constants or under fairly low antigenic conditions, one may not manifest the recurrent
attacks of inflammation even if carrying HLA-B51.

We have proposed two models for healthy and Behgetegonic individuals, one
obtained from the other one by a modification that captures the presence of HLA-B51. Our
healthy system model forms an alternative for the current inflammation models and is open
to modifications to enhance or differentiate into specific disease models, just as it does in
our current study. The model of the diseased, on the other hand, explains the clinical
findings published in the literature. Being open to new challenges and modifications, our
systems set forth the first mathematical model for Behget’s Disease and will help to

understand this complex disorder in a quantitative manner.
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6. APPENDIX A

Fixed Point 1:
hﬁ : 0.0
s 0.0

=5

f.:00

Fixed Point 2:

1 f
he, i S(L-q-y8-+1+2q+q"-2y8+6yqf +y*07)

q+q°+3yq6+ gy 1+2q+q* - 2y8 + 6yqB+ y?6?
. ”

SS‘S‘

1

fss' 2 (6 - q8 _YBZ - EI\-'I{]-"' 2q + qz - 2vB + 6ygh +"|:"2E|2]

Fixed Point 3:

1
h., : E[l—q—vﬂ+y"’1+2q+ q% — 2y + 6yqf + y?6?)

q+q°+3yq6- g 1+2q+4° - 2yB + 6vqB+ y26?
. i

SS‘S‘

1
"2

f.i5 (8- qB-y8+ By1+2q+q*-2yB +6yqd +y6?)

58



Appendix B 59

7. APPENDIX B

B.1. The RHS of the healthy reduced form and its Jacobian
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