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Abstract
The BRN of NF-kB activation in HIV-1 replication and subsequent immune 

suppression leads to a stable steady state depicting vicious cycle of HIV causing its rapid 

replication due to uncontrolled trans-activation. The model generated two qualitative 

cycles that characterize the normal immune response against HIV-1, representing a 

healthy fight between the virus and the immune cells, showing the state of clinical 

latency. Modeling of the gene regulatory network behavior is a difficult task due to the 

presence of large number of unknown biological parameters, i.e., numerical values of 

dynamical features related to biochemical reactions. From a computational perspective, 

these modeling approaches employ the structure of the network (e.g., interlocked 

feedback loops) rather than relying on the numerical values of biologiceil compound 

concentrations during chemical interactions. The logical formalism of Rene Thomas is a 

powerful approach for the discrete (qualitative) modeling and these techniques facilitate 

to automatically investigate the qualitative properties of the genetic regulatory networks. 

The biological regulatory network model shows stable steady states and cycles, that gives 

insight into the abnormal and normal behaviors respectively. High levels of HIV-1 genes 

expression, verified by the model deadlock state (1,1,2) were seen due to the increased 

levels of intracellular NF-kB and it thus offers a favorable environment for HIV-1 

replication. The continuous production of inflammatory cytokines also stimulate NF-kB 

domain Rel A to replicate HIV-1. New experimental techniques like micro-arrays 

examine the gene expression over different intervals of time. It drags attention towards 

validating the model through model checking to temporal aspects of a biological 

phenomenon that takes place in all biological scales, i.e., the ‘time delay’. HYTECH tool 

synthesizes parametric constraints characterizing cyclic conditions in form of invariance 

kernels or non-cyclic time delays. Equality and inequality constraints were produced, the 

former one is sensitive, i.e., cannot tolerate slight fluctuations in the threshold values. 

These constraints confirmed that the production time delay of HIV must be greater than 

other two elements. A new technique called protein knock out was applied using 

GENOTECH tool which helps to check stability of the system. The production of the two 

domains (Rel A and Rel B) of NF-kB is dependent upon Receptor interacting protein

ix



(RIP), playing a key role in the regulation of these domains. Knocking out Rel A takes 

the system into a state of equilibrium, i.e., slowing the progression of viral infection.

'  While absence of Rel B lead towards a lethal condition where HTV devastating effects

take control of the immunity. Biological regulatory network verification techniques 

which combine the qualitative and quantitative properties were used as a guarantee that 

no condition was mistakenly ruled out.
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1. INTRODUCTION

Acquired Immunodeficiency Syndrome (AIDS) is one amongst the major 

pandemic diseases, caused by the Human Immunodeficiency Virus (HIV). HIV has 

spreaded out rapidly, reached to every region of the world and is the fourth leading cause 

of deaths globally. Currently, AIDS presents the world’s most severe public health 

challenge and it is responsible for mortality mainly among people rag in g  from 15-59 

years of age (Peters et al., 2008). Asia’s eventual contribution to this pandemic disease is 

determined by the two giants, India and China, having Africa as the leading source (De 

Cock and Weiss, 2000). More than 60 million people have been infected with the HIV 

virus causing death of more than 25 million people, since determination of HIV as the 

cause of AIDS. It has a global prevalence of about 0.8% estimated at the end of 2007, 

having 33 million people (approx.) living with HIV globally (Cohen et al., 2008). 

According to a survey report conducted by UNAIDS in year 2000, each day an estimated 

15,000 people become infected. On the other hand, although treatment and prevention 

methods have been improved but still the number of affected individuals is rising, 

encompassing about 2.5 million new infections and 2.1 million deaths in 2007 declared 

by WHO, UNAIDS and UNICEF report in year 2008.

In order to devise new therapies, it is important to understand its mechanism of 

activity. It attacks CD4+ T lymphocytes primarily and macrophages (responsible for 

cytokine induced immunity), which fiinctions to regulate and amplify elements of the 

immune system. CD4+ T lymphocytes would greatly decrease when no therapy is applied 

during AIDS and results in a weakened immime system. Thus, the body’s ability to fight
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infections including cancers would be damaged, resulting in death (Alimonti et a l, 2003). 

HIV-1 is one major subtype of HIV, used in the current investigation.

Huge efforts have been made to understand the origin of AIDS, its mechanism of 

demolishing immunity but there are still many landmarks to achieve in order to design 

some cure for it. Current treatments only mean to prolong life or delay the onset of AIDS 

(Whiteside, 2008). So a laborious effort has to be done to dig out the appropriate 

prevention. Although HIV/AIDS is a worldwide issue, its dynamics stand differently in 

different parts of the world along with the consequences (Whiteside, 2008). How HIV 

spreads its infection after getting into an individual remains to be uncertain.

1.1 Key elements of Biological Regulatory Network (BRN) of

mv-1

To investigate the role of HIV in human body and its mode of immune activation, 

several signaling pathways have been carefully reviewed to construct a biological 

regulatory network (BRN) regarding HIV intervention of immune system. Initially three 

key elements were extracted including HIV-1, NF-kB and TNF-a, being the focus of the 

study, while the BRN was further extended by adding new entities.

1.1.1 Human Immunodendency Virus (HIV)

HIV is a retrovirus that belongs to the lentivirus family. Retroviruses have the 

capability to exploit host DNA and their RNA for replication and encompass long 

incubation periods or latency and finally establishes their complete invasion (i.e., with 

signs and symptoms). For its replication HIV uses CD4+ cells and after that kills these 

immune cells, thus eliminating body’s immimity. Using this mechanism HIV can cause
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rigorous harm to the immune system and ultimately devastates it completely. HIV-1 

infection progresses in a diverse pattern of disease succession (Janewa et aL, 2004; 

Yokota, 2005), Longitudinal studies represent along and variable periods of latency 

(asymptomatic) from the time of infection and appearance of AIDS (Mellors, 1998; 

Tassie et al., 2002; Ageron et a l, 2004). Asymptomatic phase can linger for 15 or more 

years in some cases while some develop AIDS in just 2 years (Cecilia et al., 1999; 

Meissnera et aL, 2004).

Its mechanism of progression is not clearly understood, different factors govern 

its development mainly viral replication and immune proliferative abilities (De Boer et 

al., 1994; Altes et al., 2002; Galvani 2005; Hogue et a l,  2008; Iwami et al., 2008). In the 

early 1990’s the progression of AIDS ^and viral diversity was well established, 

particularly by Martin A. Nowak’s work (Nowak et al., 1991; Nowak, 1992; Nowak and 

May, 1993; Nowak and May, 2000; Nowak, 2006). The existence of viral diversity 

depends upon the viral load explosion when it exceeds the threshold number (Iwami et 

a l, 2009).

CD4+ T cell depletion is mainly caused by programmed cell death (apoptosis), 

which can be caused by HIV, through multiple pathways (Judie et al., 2003). Immune 

deregulation occurs when CD4+ levels drop from a normal of 1000 cells mm 23 of whole 

blood to less than 200 mm 23 causing opportunistic infections. Research has proven that 

Th responses play a key role in the control of HIV infection (Rosenberg et al., 1997; 

Rosenberg and Walker, 1998; Phenix and Badley, 2002).

Apoptosis plays a significant role in many normal physiological mechanisms, e.g., 

maintaining homeostasis of lymphocyte populations, tissue differentiation and also
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removes tumorigenic, mutated or virus-infected cells (Golstein, 1998; Everett and 

McFadden, 1999),

HIV-1 infection results in persistent activation of the immune system. 

Macrophages and other cell types that are permissive to HIV-1 infection may be infected 

by this virus, leading to a signaling modulation (Coleman and Wu, 2009). HTV-1 proteins 

such as Negative Regulatory Factor (Nef), Transactivator of transcription (Tat) and Viral 

Protein R (Vpr) have been found in serum of HIV-1 infected patients released by 

infected/apoptotic cells. These HIV-1 proteins enter the macrophages and transform both 

cellular machinery and viral transcription. It is vital to translate the signaling pathways 

involved in HIV infection for a better understanding of AIDS pathogenesis as this could 

lead to novel therapeutic approaches (Herbein et ah, 2010).

For efficient transcription of viral genes and for viral replication of the HIV-1, Tat 

protein is indispensable as well as the expression of several cellular genes (that interfere 

with the intracellular signaling) is regulated by it (Noonan et al., 2000; Gautier et al., 

2009). The fiilly grown Tat protein size ranges from 86 to 101 amino acids. It is 

organized in fimctional domains required to carry out transactivation activity. There is a 

motif in C-trerminus that mediates cell adhesion and Tat binding to integrin receptors 

(Chang et al., 1995). At least three cell surface molecules including heparin sulfate, beta- 

integrin and chemokine receptors are shown to be specific for Tat binding as well as 

peptides sparming its cysteine-rich region compete with cognate ligands to bind CXCR4, 

CCR2, and CCR3 chemokine receptors in primary human monocytes and PBMCs. Tat 

can also trigger Ca2+ mobilization in macrophages, causing several complications of 

neuronal cells (Albini et a l, 1998; Xiao et a i, 2000; Li and Verma, 2002).
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1.1 Nuclear Factor kappa beta (NF-kB)

It is a transcription factor that performs significant roles in immune activation 

(Ghosh et aL, 1998; Li and Verma, 2002; Bonizzi and Karin, 2004). NF-kBAkB family of 

transcriptional regulators, promotes the expression of more than 100 genes, most of these 

plays a part in immune defense against pathogens (Ghosh et aL  ̂ 1998). The encoded 

proteins comprise a variety of cytokines, chemokines, receptors involved in immune 

recognition, proteins required for antigen presentation and adhesion molecules that take 

part in transmigration across walls of blood vessels. As NF-kB entails a primary role in 

immune activation, it is also known as the central mediator of immune system (Hiscott et 

aL, 2001). Different studies on NF-kB state that it also has a role during oncogenesis and 

in the regulation of programmed cell death (Barkett and Gilmore, 1999). NF-kB is a 

striking target for viral pathogens due to various reasons. NF-kB gets activated 

immediately after being exposed to pertinent inducer without being de novo synthesized 

and produces a strong transcriptional stimulation of different viral and cellular genes 

(Hiscott et al.  ̂2001).

The viruses have evolved several different strategies to exploit the NF-xB 

pathway in order to increase their replication, enhancing the host cell life-span to use it as 

a reservoir and to escape the immune response. NF-kB could be an attractive target as it 

controls a number of genes such as growth factors, proto-oncogenes, cytokine and their 

receptor genes and major factors controlling the host cell cycle. The anti-apoptotic 

properties of NF-kB are used by the viruses in order to weaken the host defense 

mechanism, killing of infected cells tends to stop the replication of immune cells. 

Sometimes they elicit apoptosis to amplify viral spread (Hiscott et al.^ 2001).
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NF-kB controls the expression of cytokines, inducible nitric oxide synthase 

(iNOS), cyclo-oxgenase-2 (COX-2), growth factors, inhibitors of apoptosis and effector 

enzymes produced as a result of binding of many receptors engaged in immune responses 

like including T-cell receptors (TCRs), B-cell receptors (BCRs) and members of the Toll­

like receptor/IL-1 (Inter-leukin-1) receptor super family. Furthermore, pathological 

dysregulation of NF-kB is involved in certain inflammatory and autoimmune diseases as 

well as cancer. In case of central nervous system NF-kB also play a part in the 

development and the activity of tissues of the brain (Memet, 2006).

1.1.2.1 Mechanism of activation of NF-kB

A variety of stimuli activate the dormant cytoplasmic NF-kB/IkB complex by 

phosphorylation that includes viral and bacterial pathogens, cytokines and stress-inducing 

agents (Pahl, 1999). NF-kB comprises five proteins: c-Rel, Rel A (p65), Rel B, NF-kB 1 

(p50 and pi 05) and NF-kB2 (p52), regulated by its inhibitory subunit IkB (Inhibitors of 

Kappa B) family of anchorin domain-containing proteins (Ghosh et al., 1998).

The inactive NF-kB is confiscated in the cytoplasm in the form of a heterodimer 

containing p50, p65 and IkB subimits. Apart from viruses, activation signals of NF-kB 

also includes many carcinogens, inflammatory agents and tumor promoters including 

cigarette smoke, phorbolester, okadaicacid, H2O2 and tumor necrosis factor (TNF). After 

receiving the activation signal, the IkB undergoes phosphorylation at serine residues 32 

and 36, ubiquitinated at lysine residues 21 and 22 and degraded via the proteasomal 

pathway. This process lead to the exposure of nuclear localization signals on the p50-65 

heterodimer. The p65 is subsequently phosphorylated causing nuclear translocation and 

binding to its specific sequence on DNA leads to gene transcription (Pandey et al., 2007).
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NF-kB activation occurs through two types of signaling pathways widely known 

as the canonical pathway (or classical) and the non-canonical pathway (or alternative 

pathway) (Karin 1999; Tergaonkar 2006; Gilmore 2006; Scheidereit 2006). Both these 

pathways have a regulatory element in common known as IkB kinase (IKK) complex 

comprising catalytic kinase subunits (IKKa and/or IKKp) and a regulatory non- 

enzymatic scaffold protein (NEMO). NF>kB is activated by the IKK-mediated 

phosphorylation to induce proteosomal degradation, translocating NF-kB transcription 

factors to the nucleus leading to gene expression (Grey, 2008).

In case of canonical (or classical) pathway (Figure 1.1), the binding of a ligand to 

the cell surface receptors recruits adaptors which tends to activate the IKK complex to 

phosphorylate and degrade the IkB inhibitors and releases the inactive NF-kB to the 

nucleus (Nishikori, 2005). The non-canonical (or alternative) pathway (Figure 1.2) leads 

to the activation of plOO/RelB complexes and it is required for the development of 

lymphoid organs leading to the generation of B and T lymphocytes. In this pathway an 

IKK complex is involved that comprises two IKKa subunits, but not NEMO.

In alternative pathway, ligand induced activation causes the activation of NF-kB 

inducing kinase (NIK), which phosphorylates the IKKa complex, this in turn 

phosphorylates p i00 leads to the liberation of the p52/RelB active heterodimer 

(Nishikori, 2005).
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Figure 1.2 Alternative pathway
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1.1.3 Tumor necrosis factor alpha (TNF-a)

Tumor necrosis factor (TNF) is a cytokine principally known to be associated 

with immune responses in acute infection as it mediates inflammation. TNF is also called 

cachectin, in case of malignancies or AIDS it is associated with killing of patients. It has 

been found in laboratory studies that TNF is associated with increased HIV replication 

and studies are being done to find it as a possible cofactor in HIV infection. Activated 

macrophages, lymphocytes and monocytes produce tumor necrosis factor-alpha (TNF-a).

TNF-a elicits transcription and production of the IkB kinase enzyme after getting linkage 

to corresponding receptors, that produces the transcription factor NF-kB (Vitale and 

Ribeiro, 2007).

After activation NF-kB tends to induce a bulk of proteins, e.g., cytokines that 

cause inflammation and various immunological processes responsible for the activity of 

TNF-a (Bingham et aL, 2002).

Two important traits of Human Immunodeficiency virus (HIV) infection are the 

gradual depletion of both CD4+ and CD8+ T cells and the creation of viral reservoirs 

(Fauci et aL, 1996). Apart from a T helper cells type 1 and 2 (Thl-Th2) switch, AIDS 

pathogenesis can be described by an immune dysregulation employing proinflammatory 

cytokines, mainly tumor necrosis factor (TNF) (Herbein and Khan, 2007). Activated 

macrophages and lymphocytes secrete TNF to stimulate diverse responses, involving 

inflammation and apoptosis (Legler et aL, 2003). There are trans-membrane receptors 

TNFRl and TNFR2 for TNF binding to the cell in order to modulate immunity (Herbein 

and Khan, 2007).
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Pathogens activate host responses by various means like increasing TNF (Rahman 

et ah, 2006). The primary source of TNF production is Macrophages which are also 

important cellular targets in HIV infection. Macrophages serve as a reservoir for the 

virus, i.e., helps the virus to propagate and comparatively resistant to the damaging 

effects of HIV infection.

A number of laboratory studies of AIDS patients shov^ that TNF-a specifically 

kills HIV-infected cells, providing an underlying principle for the early studies where 

recombinant TNF-a was used to "boost" immune system. While some in vitro studies 

show it can stimulate HIV messenger RNA production as well. On viral replication the 

effects of TNF-a may be dose and time dependent. Progressive encephalopathy in 

persons with AIDS has shown high blood levels of TNF. According to one theory it is 

suggested that in central nervous system, the microglial cell (equivalent of the 

macrophage) produces TNF-a in case of HIV infection, leading to the development of 

AIDS-related dementia. TNF-a can cause neuronal appotosis alone and according to 

some findings it has been proposed that HIV-1 protein Tat synergizes TNF-a in neuronal 

death (Kaul et ah, 2001).

1.2 Qualitative Modeling

In living organisms gene is the unit of heredity. It is present on a stretch of DNA 

that codes one of the different types of proteins or for an RNA chain that has a function in 

the organism. Genes carry the information required to build and maintain an organism's 

cells and pass genetic traits to the offspring. In this way gene is the basic unit of 

inheritance.

Chapter No. 1__________________ ___________________________________________________ Introduction
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An mRNA molecule is generally responsible to make a specific protein or set of 

proteins that performs several different functions in the body. Some of the proteins serve 

only to activate other genes, are known as the transcription factors. These transcription 

factors are the main players in regulatory network. They turn them on by binding to the 

promoter region in the gene and initiate the production of another protein. In some cases 

they act as inhibitory factors.

Experimental approaches to study living systems behaviors normally focus on 

various complementary biological components, e.g., a set of genes that encodes a set of 

proteins. These components interact with each other in the form of a network. The rates 

at which genes are transcribed into mRNA and the way in which genes interact with each 

other (through RNA and protein products) and with other substances in the cell is 

controlled by a gene regulatory network (GRN). A gene regulatory network is the major 

biological framework for examining dynamical biological behaviors.

Modeling the gene regulatory network behavior was a difficult task due to the 

presence of large number of unknown biological parameters, i.e., numerical values of 

dynamical features related to biochemical reactions. Several approaches have been 

designed to overcome the lack of parameter values by proposing dedicated qualitative 

modeling approaches. In all these methods the gene interaction was considered as the 

cornerstone of a biological behavior. From a computational perspective, these modeling 

approaches employ the structure of the network (e.g., interlocked feedback loops) rather 

than relying on the numerical values of biological compound concentrations during 

chemical interactions.

Chapter No. 1______________________________________________________________________ Introduction
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When the qualitative modeling techniques are applied on concrete biological 

systems, approaches that are based on PieceAvise-Affine Differential Equations (PADEs) 

or the Rene Thomas’s formalism gave astonishing results (De Jong et aL, 2004; Thomas 

and Thieffry, 1995). These techniques can be used for a class of hybrid systems and these 

powerful techniques can help us in verification and the control of these hybrid systems 

(Ghosh et al., 2004). Particularly, they facilitate in automatic investigation of qualitative 

properties of the genetic regulatory networks (Batt et al., 2005).

New experimental techniques like micro-arrays examine the gene expressions 

over time (Bennett et a l,  2009). It drags our attention towards the temporal aspect of a 

biological phenomenon that takes place in all biological scales. Thus all biological 

systems modeling must take into account this new parameter that is called ‘time delay’. 

This parameter was often neglected before, although variations of specific products over

Chapter No. 1_______________ ______________________________________________________ Introduction

time were documented.

The existing qualitative models can be refined by the representation of qualitative 

properties that verify experimental temporal constraints. In this way the time delay 

represents a unique opportunity to refine existing qualitative models. So it can be stated 

that for modeling it satisfies both qualitative properties, arisen from the biological 

network structure, and delays associated with the dynamics of gene or gene products. For 

this purpose, a new hybrid modeling technique is developed that allows the biological 

society to directly use the qualitative and partial temporal experimental data. It abstracts 

the structure of the biological network by positive and negative feedback loops in order to 

focus on the variation of signs of the gene products as a result of qualitative behavior. In 

the qualitative abstraction, some constraints or delays are added for the purpose of natural
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refinement of the qualitative behavior (Fromentin et al., 2010).

In modem genomic techniques the simultaneous measurement of the expression 

levels of all genes in an organism has taken a qualitative leap to study the GRNs (Panday 

and Mann, 2000; Lockhart and Winzeler, 2000). Likewise the formal methods for the 

modeling and simulation of gene regulation processes will be essential. In most networks 

many genes are connected through interlocking positive and negative feedback loops, 

their dynamics is difficult to obtain and may lead to invalid conclusions. Formal 

modeling and simulation methods supported by computer tools allow one to study the 

behavior of large and complex networks to be predicted in a systematic way (Mcadams 

and Arkin, 1998; Endy and Brent, 2001).

Hybrid models allow viewing of both^discrete and continuous dynamics (Ahmad 

et al., 2007). Kinetic logic is a modeling tool that helps to represent qualitative verbal 

features in a formal mathematical way still preserving the verbal descriptions. It helps to 

model impact, feedback and temporal evolution of variables. The critical assumptions of 

kinetic logic are

1) The elements in a system have a little effect on each other before reaching a

certain threshold.

2) The effect could reach a plateau at high levels.

On the bases of these assumptions, an element is absent before reaching threshold 

and is present after that. It should be kept in mind while using kinetic logic that time 

frame must be specified, i.e., the interactions in biological regulatory network could 

change with the age of a person. One of the advantages of kinetic logic is that it transfers
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a complex dynamical process into a relatively simple model with distinct dynamical 

patterns and logical attractors (Sulis et aL, 1996).

The purpose of the study was to identify the regulatory network associated with 

NF-kB activation upon entry of HIV-1 in human body. Discrete modeling/Hybrid 

modeling formalism was then applied on the identified network. Model Checker tool 

(HYTECH, chapter 2) was used for the Qualitative analysis of the discrete/Hybrid 

models developed in this research.

Discrete and Hybrid models of the NF-kB associated BRN were developed. 

Normally dynamic models are based on quantitative differential equations which require 

very detailed kinetic knowledge. Alternative modeling techniques like constraint-based 

techniques were therefore applied to available functional genomics data. These 

qualitative modeling approaches offer formal support in the light of dynamic systems and 

have proven to be more valid approaches in cell biology in order to check the consistency 

of molecular networks (Gagneur and Casari, 2004).

An interesting area to study the qualitative behavior of the system is the existence 

of any steady-state or limit cycle. In a trajectory (oriented curve) the successive time 

pointing the concentration of each molecular species represents the evolution of the cell. 

Qualitative characterization of cell behavior can be analyzed from the study of the phase 

space and informs about the robustness of a particular asymptotic behavior corresponding 

to variation in the initial conditions (Tyson et al., 2001). Phase space is originally 

introduced by Poincare and it represents all possible states (Strogatz, 1994; Gagneur and 

Casari, 2005). Based on the qualitative characterization of the biological regulatory 

pathways. Qualitative Models were built. Hybrid model of the system were then
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developed using regulation “Delays” (Production/Degradation delays). The behavior of 

the system was tested for both normal pathways, i.e., oscillation and abnormal (diseased) 

condition, i.e., deadlock state.

The biological qualitative behavior is the cornerstone of the current modeling 

formalism which refers to the chronological sequence of ordered concentration peaks 

(showing timing properties). The main focus was on bi-product peaks, the discrete states, 

which stand for the time phases separating two such peaks, can be represented by boolean 

variables as shown in figure 1.3.

Each boolean variable showing the increasing time or decreasing time of its 

protein production represents the behavior of a given gene, e.g., (x, y) = (-, +) which 

shows a decrease of the concentration of the product of x and an increase of the 

concentration of the product of y.

By studying the differential behavior of systems, adjusting similar biological 

observed characters and performing in-silico experiments, the diversion state of the 

system from normal to abnormal behavior and the condition(s)/constraint(s) to avoid 

divergence into abnormal pathway were predicted.

All this helps to identify drug targets in terms of time delays or to find out the role 

of particular segments within the network (when it is switched on or off). On the basis of 

the predictions obtained from in-silico experiments, wet-lab experiments can be 

performed. It will save time and energy.

The main tool employed in the current research for dynamical modeling was 

GENOTECH. It is used for discrete modeling having a “Qualitative Threshold” and para-
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Figure 1.3 Qualitative behavior of the cycle (-, +) ^  (+, -)
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meter in order to be consistent with the observations.

1.2.1 Proposed BRN

Soluble viral proteins such as trans-activator of transcription (Tat) and the 

glycoprotein gpl20 are released from HIV-1 infected macrophages (Rumbaugh and Nath, 

2006). Tat interacts and activates surrounding cells including microglia, astrocytes and 

neurons. These infected microglia and astrocytes become activated to produce the pro- 

inflammatory cytokines tumor necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL- 

1 p) to further activate neighboring cells. These cells also produce certain chemokines that 

attract more inflammatory monocytes and macrophages (D’Aversa et al., 2002). Hence in 

this vicious cycle, Tat provides the elementary trigger, causing deficits in immune system 

leading to complete immunosuppression.

HIV-1 infection results in the persistent activation of immune system. HIV-1 

proteins such as the (Nef), Tat and (Vpr) have been found in the serum of HFV-l infected 

patients released by infected/apoptotic cells. These HTV-l proteins enter the macrophages 

and exploit both cellular machinery and viral transcription. It is important to decipher the 

signaling pathways in HIV infection for a better understanding of AIDS pathogenesis.

For efficient transcription of viral genes and for viral replication of HIV-1, Tat 

protein is indispensable. It regulates the expression of several cellular genes and 

interferes with intracellular signaling as well (Chen et aL, 1997). The surface receptors 

required for binding with CD4+ (Cluster of differentiation 4) by HIV-1 protein gpl20 on 

T lymphocytes is CXCR4, while that of macrophage is CCR5.

Nuclear Factor Kappa B (NF-kB) family of transcription factors serves to activate 
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and regulate genes responsible for the production of many inflammatory molecules, also 

known as the Rel family. The production of inflammatory molecules is the first line of 

defense against infection that tends to employ more immune cells to the area of insult 

(Noonan and Albini, 2000; Minghetti et al., 2004). This shows that this pathway has an 

important role in both adaptive and innate immunity, and consequently susceptible to 

HIV-1 infection. Different types of stimuli activate the NF>kB pathway. Cytokine 

induced activation of NF-kB takes place through Tumor Necrosis Factor (TNF) receptors. 

These receptors are found in many cell types where they respond to cytokines including 

TNF-a and IL-1 to enhance innate and adaptive immune systems (Li and Verma, 2002).

The NF-kB family member Rel B has many unique characteristics in contrast to 

the other NF-kB proteins like its unique amino-terminal leucine zipper motif (Dobrzanski 

et aL, 1993). Experiments strongly reveal that Rel B has anti-inflammatory and cytokine 

regulating properties. To investigate the anti-inflammatory properties of Rel B in the 

perspective of HIV-1 induced neuro-inflammation, an extended version of the BRN was 

also proposed (chapter 2).

When considering a biological network, it is necessary to express some level of 

abstraction. In case of regulatory networks, the defined genes or their products show 

activation or inhibition of their targets (Chaouiya, 2008). The kinetic logical approach 

developed by Rene Thomas to qualitatively model BRNs, applied on the BRN has been 

presented in chapter 2. Rene Thomas devised two rules to represent the dynamical 

behavior of regulatory networks: positive circuit (having even number of suppressions), 

a condition crucial for multistationarity and a negative circuit (having odd number of 

supressions) required for steady oscillation, i.e., homeostasis (Thomas, 1981).

Chapter No. 1__________ ____________________________________________________________ Introduction

Dynamical Modeling o f  the Biological Regulatory Network ofNF-kB Activation in case ofHIV-1 19



Kinetic logic discretizes the concentration according to their thresholds. Rene 

Thomas has demonstrated the logical formalism by applying it on a variety of BRNs, e.g., 

X phage infection in E. coli, dorso-ventral pattern formation and Drosophila gap gene 

control (Thomas and d’Ari, 1990; S^chez and Thieffry, 2001). Abstraction of flower 

morphogenesis controlling system in Arabidopsis thaliana is another example, generated 

six steady states, five of these were observed experimentally while sixth one was not 

explored hitherto (Mendoza et al.  ̂ 1999). By examining the state transitions graph it was 

predicted that transition from nonfloral to floral states requires at least one more 

regulator. Ahmad et al., 2009 successfully modeled E. coli response to carbon starvation 

using the kinetic logic and the framework of linear hybrid automata (Ahmad et al., 2009).

Boolean functions are used to represent interactions between the elements of a 

network to calculate the state of a gene after being activated by other genes (De Jong, 

2002). A Boolean network offers global properties of large-scale regulatory systems 

giving a view of the implications of local properties of the networks for global dynamics 

(Kauffman, 1991; De Jong, 2002). Continuous and precise modeling of a system based 

on quantitative methods entails fine-tuning of multiple parameters, not easily available 

for most biological systems. To analyze a proposed model such methods were not 

applicable, as the results obtained from experiments only offer qualitative details of 

description (Schaub et al., 2007) so the current study is focused on the quantitative 

properties of the BRN in making usefiil predictions.

Identification o f regulatory network associated with HTV-l activated pathway of  

NF-kB activation were elucidated further and discrete/hybrid modeling formalism was 

applied on identified networks. Based on the qualitative characterization o f the biological
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regulatory pathways, the next step involved building and analysis of Qualitative models; 

that required model checker tools for the qualitative analysis of the discrete/hybrid 

models. After the process of model generation, parameter identification was carried out 

by performing in-silico experiments and adjustment of similar biological observed 

characters. The research was aimed at the prediction of behavioral pattem of the system, 

for both normal pathway (i.e., oscillation) and abnormal (diseased) condition (i.e., 

deadlock state). The second half of the thesis covers the development of the hybrid model 

of the system using regulation delays (production/degradation delays). The stability 

behavior of the proteins involved in the BRN was also studied by using in-silico protein 

knocking out. Precise identification of the way in which the interacting proteins regulate 

HIV-1 v̂ dll help in greater understanding of human immune response and subsequently 

aid the development of a therapeutic drug.
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2. Discrete Modeling Formalism

The discrete modeling formalism of Rene Thomas was used to find the discrete 

(qualitative) model of the BRN (Thomas and d’Ari, 1990, Thieffry and Thomas, 1998, 

Ahmad et al, 2008). Following are the main formal definitions which are used to derive a 

discrete model of a BRN.

2.1 Definitions

2.1.1 Biological Regulatory Network (BRN)

In a directed graph G = {X, A), G* (v) and G"̂ (v) represent the set of predecessors 

and successors of a node v e  X  respectively. A BRN is a graph G ^  (X, A) where X  

represents the set of nodes (biological entities) and A is the "set of edges representing 

interactions between biological entities. Each edge a —* b is  labeled as (Sab, rab), where Sab 

is a positive integer representing a threshold and rab e {+, -} shows the type of 

interactions (‘+ ’ for activation and for inhibition). There is a limit Irria for each node a 

which is equal to the outgoing degree of a, such that V b ^  G^(a) each Sab ^ {i, ■■‘,^0} 

where ria< Inia. Each entity a carries its abstract concentration in the set 0a = {0,...,ria}.

To analyze the behavior of a BRN, it is necessary to know all the possible states 

and transitions between them.

2.1.2 State

A state of a BRN is a tuple where s e  S, such that

^  =  n  b e x Q b -
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A  vector is normally used to show a qualitative state (v^) V b eX,  where v* represents the 

concentration level of the product b.

2,1.3 Resources

A set of resources represents the activators of a variable at any instant. The set of 

resources R for a variable a e X a t some level y  is defined as

Rya = {b G G {a) \  {yb >sta andrta = ‘+ ’ or {yb < Sba andrta=  - ’) }

From the above definition, it can be inferred that the absence of an inhibitor is 

considered as an activator. The set of parameters assigned to a biological entity determine 

the dynamics of a BRN which is defined as:

^  (Q  = {^a, Rya ^ {0, . . .n j  \ y a ^  Qa^dE X}

Kq, Rya gives the level towards which a evolves.

Let y  and K E Z>ô  the asynchronous evolution operator f is given as:
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y ] K  =

y - ^ l i f y < K  
y- l i f y > K  
y i f y  = K

2.1.4 State Graph

If yx is the level of an entity x in state s s  S, Ihe state graph of a BRN with 

Transition relation T x S  such that

s —> s ’ ETiff:
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Figure 2.2 State table and state graph of x and y BRN respectively
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• There is a unique a e X  such that s a ^ s ’a and

*5’ O ~ <̂0 T

and

s ’b =  SbVb EX\(a}-

A State graph differs from its successor state by one component only, so if a state 

s has n elements to be evolved then it will have n successor states.

The discrete modeling formalism can be easily understood by a toy example 

(Figure 2.1). It consists of two genes x and y (represented by x and y nodes), where y act 

as an activator of x while y favors its own production and is inhibited by x. The state 

table (Figure 2.2) shows transition of states from a given state and the state graph shown 

in figure 2.2 configures the behavior of the BRN by cycle (0, 0), (0, 1), (1, 1), (1, 0) and 

Stable Steady State (1 ,2 ).

2.2 Discrete modeling of the NF-kB associated Biological 

Regulatory Network in case of HIV-1 attack

After having extensive literature survey, discrete modeling formalism of Rene 

Thomas was applied on following abstracted BRN of HIV-1 activated NF-kB network.

Viral protein glycoprotein 120 (gpl20) is essential for HIV-1 viral entry by using 

the interaction with surface receptors CD4+ (Cluster of differentiation 4) and CXCR4 

(CXC Chemokine receptor 4) or CCR5 Co-receptor (Chemokine Receptor 5) (Figure 

2.3).
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UNINFECTED Mij)
□  n n O n M a A  n a A Production

ofTNF

HIV-1 Infection

Production
OfTNF

CC T  -r- CO T -  CM 
<  CL 6.  ̂ d.^  H ^  ^

HIV-1 LTR

m oj

“■ S
TNF Promoter

Figure 2.3 HIV signaling and activation of Immune system in Macrophages (MO). HIV 
proteins modify the signaling pathways in both affected and unaffected cells 
by activating the transcription factors like NF-kB and AP-1. NF-kB has 
binding sites for both HIV LTR (long terminal repeat) as well as for TNF-a 
promoter
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The transcription factor NF-kB is involved in both innate and adaptive immune 

responses as well as in inflammation. When unstimulated (in the absence of foreign 

particle/antigen) NF-kB dimers are retained in the cytoplasm through the inhibitory 

action of the inhibitor of kappa B (IkB) molecules (Ghosh and Karin, 2002). The pro- 

inflammatory cytokines TNF-a and InterLeukin-lb (IL-ip) induce the activation of the 

NF-kB pathway (Ghosh et al., 1998). Degradation of the inhibitor of Kappa B-alpha 

(iKB-a) releases NF-kB dimers to the nucleus, where they activate transcription. 

Production of cytokines (e.g. TNF-a) induced by viral proteins, involve activation of the 

NF-kB pathway accompanied by rapid degradation of IkB-q in Tat treated cells (Ghosh et 

ah, 1998; Ghosh and Karin, 2002; Sui etal ,  2007).

Overexpression of IkB-u can block Tat-induced TNF-a synthesis in macrophages, 

being resistant to proteasomal degradation, shovdng the dependency on NF-kB for Tat- 

induced TNF-a synthesis (Sui et al, 2007). Rel A comprises the classical dimer of NF- 

kB that is involved in apoptotic gene transcription causing inflammation. To reduce 

transcription activating complexes of NF-kB, Rel A must be rendered inactive (Ruben et 

al, 1992). These interactions were presented in the abstract BRN depicted in figure 2.4, 

showing only the key biological entities involved in the regulation of the immune system.

2.2.1 Discrete modeling of Extended Biological Regulatory Network

The BRN of NF-kB has been extended by including two very important regulators 

of inflammation, i.e., Rel B and RIP, where Rel B acts to regulate the activity of Rel A by 

forming inactive complexes with Rel A and receptor interacting protein (RIP) is crucial to 

initiate the phosphorylation of IKK complexes bound to NF-kB subunits in the cytoplasm. 

The GENOTECH model of the extended system was shown in figure 2.5.
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Figure 2.4 BRN of NF-kB responsible for the cytokine production and regulation

Figure 2.5 BRN of NF-kB Rel Homolgy Domain containing Rel A and Rel B (inhibitor 

of Rel A)
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Table 2.1 Logical parameters o f  the BRN

Protein A ctivator Inhib itor Logical param eters

HIV N F -K B /R elA TNF-A K hiv,{ } =  0

K hIV, { TNF-A 1 

K HIV , { NF-KB /RelA 1 

K HIV, { TNF-A, NF-KB /RelA } = 1

TNF-A N F -K B /IiE lA ,

fflV

K TNF-A, { } =  0 

K TNF-A, {HIV } “  1 

K  TNF-A , {NF-KB /RelA 1 

K TNF-A , { HIV, NF-KB /RelA} "  1

N F -K B /R elA TNF-A,

ff lV

K  NF-KB/RelA, { } 0 

K m -̂kb /RelA, {m v } 2 

K NF-KB /RelA, {TNF-A } =  2 

K nf-KB/RelA, {HIV , TNF-A } = 2
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Table 2.2 Logical parameters of the extended BRN

Protein Activator Inhibitor Parameters

Tat NF-KB /RelA TNF-A K ( tat , {}) ^  0

K ( tat , { NF-KB /RELA } ) ^  1 

K (TAT, {TNFA, NF-KB/RELA} )=  1

TNF-A NF-KB /RelA NF-KB /RelB K (TNFA,{ }) ^  0 

K ( tNFA , { NF-KB /RELA } ) ^  1 

K ( tnFA,{TAT})^ 1 

K (TNFA,{NF-KB/RELA,NF-KB/RELB})= 1 

K ( tNFA , { TAT, NF-KB /RELB } ) = 1 

K (TNFA, { TAT, NF-KB /RELA }) “  ^

( TNFA, {TAT Ĵ F-KB/RELÂ -KB/RELB} ) = 1

RIP TNF-A K(RIP,{}) = 0

(RIP, { TNFA}) = 1

NF-KB/RelA TAT NF-KB/RelB K (NF-KB /RELA, { } ) ^  ^

K (NF-KB/RELA, {RIP}) ^  1 

K (NF-KB /RELA, { TAT. RIP } ) = 1 

K. (NF-KB /RELA. { RIP, NF-KB/RELB }) "" ^

K (NF-KB /RELA , { TAT, RIP, NF-KB /RELB } ) ^  1

NF-KB/RelB K (NF-KB /RELB, { } ) ^  0 

K (NF-KB /RELB, {RIP} )= 1
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After defining the BRN, the discrete formalism has been applied to derive its 

qualitative model. For this purpose only qualitative data of the network was required, i.e., 

sign of interactions (+ or threshold order and weights for each interaction. In cases 

when the thresholds were weakly estimated the logical approach could be an alternative 

(Thieffiy and Thomas, 1998). In a feedback circuit only the key players are included and 

the logical formalism can be applied to observe the behaviors like multistationarity and 

homeostasis (Gouze et al,  1998).

2.3 Logical parameters of the Biological Regulatory Networks

To observe the dynamical behavior of the BRN, GENOTECH tool was used for 

generating steady states (Ahmad, 2009). This tool facilitates the discrete modeling of a 

BRN. The discrete modeling formalism has been implemented in this tool. Apart from 

the discrete modeling, this tool also facilitate in the analysis of steady state behaviors 

(cycles and stable states). BRNs presented in the figures 2.1 and 2.4 contains both 

positive and negative feedback loops, where positive loops are the necessary conditions 

for stable states and negative loops are the necessary conditions for homeostasis. The 

stable steady state behavior was observed for the set of parameters derived in tables 2.1 

and 2.2, after performing several experiments.

2.4 Hybrid Modeling

After obtaining the right set of parameters, the 2”“* step of Dynamical Modeling

was applied, i.e.. Hybrid Modeling.

Hybrid systems bring together both discrete and continuous components normally 
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controllers having interaction with the physical environment. In Hybrid modeling both 

discrete and continuous features were employed to study diverse biological properties 

and to explore several biological properties in detail (Ahmad et al,  2009).

For Hybrid systems specification analysis and verification methods are required 

as there is a growing mass of embedded applications particularly in safety critical areas, 

e.g., avionics or automotive electronics. For automatic verification for specific 

subclasses. Hybrid automata have been designed entailing discrete as well as continuous 

specification method (Uller and Stauner, 1996).

In order to handle with temporal issues in a biological phenomenon that is a 

continuous non-linear process in contrast with discrete data. Hybrid modeling has been 

used. In this modeling formalism the sigmoid-curve is no longer discretised, rather a 

piece-wise linear curve would be developed. Here the delays required for gene evolution 

are represented in terms of time intervals and clocks (Ahmad et al, 2009). Hybrid 

systems are generally known as timed automaton formalism (Alur and Dill, 1994).

2.4.1 Clock

A clock is a vector of continuous variable. A clock is associated with each gene, 

i.e., synchronous rate of evolution with respect to time for each gene will be recorded. At 

each transition these clocks record the rate of evolution such that whenever the system 

passes from one location to the other, clocks will be reset to 0 (Ahmad et al,  2009). In 

case of Linear Hybrid Automata (LHA) time period is also applied in terms of clock 

(Henzinger and Ho, 1995). The current value of a clock represents the time elapsed in the 

discrete space to cover up the latest transition.

Chapter No. 2 __________________________________________________________________Methodoloff)>
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2.4.2 Linear Hybrid Automaton

A Linear Hybrid Automata is a subclass of Hybrid Automata, having full 

automation. A Hybrid Automata X is linear when all the constant and initial conditions 

are convex linear predicates over A, all the flow conditions are convex over A and all the 

skip conditions are convex over A U A’ , where A’ = { a i a n ’}. In case a predicate is 

an inequality having rational coefficients, over variables in a set Q is linear. If a predicate 

is a finite set of linear predicates then it is a convex linear predicate. This definition 

shows that a linear differential equation cannot be inevitably translated into a linear flow 

condition as there are distinctive concepts of differential equations and hybrid automata 

(Uller and Stauner, 1996).

In HYTECH, model checking algorithm is implemented to analyze a property 

such that whether it is violated or not in any state. It sorts out the set of states of Linear 

Hybrid Automaton by repeatedly applying the time and transition steps, which are 

approachable from the set of initial states. It can also execute backward accessibility 

analysis by using time and transition steps, of such a path from where the final path is 

reachable. The algorithm applied in HYTECH may not necessarily be completed as it is 

semi-decidable process (Uller and Stauner, 1996). HYTECH is used to analyze the 

models with pre-defined parameters (parameters defined in GENOTECH Model, Table 

2.1).

2.4.3 Period

The results obtained from HYTECH analysis requires the definition of full period 

(denoted by n  (p)). It is the sum of all the delays (once at each expression level) that any

Chapter No. 2______________________________________________________________________ Methodology
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gene goes through sequentially. The gene’s original round can be greater than the full 

time period as there can be lazy phases in gene expression (with no increase or decrease) 

(Ahmad, 2009). The results obtained from HYTECH were expressed as constraints, 

showing the nature of the cycle.

2,4.4 Invariance Kernel

A set in which all the points starting the trajectory keep the points within the set is 

called invariant set and the largest of this set is called invariance kernel. Invariance kernel 

gives information about the behavior of the cycle. It is a set of states which generate a 

trajectory by primordial permissible command and then remain in it by satisfying the 

constraints forever.

In a BRN, let all the temporal state space is given by a subset K. When xg AT, then 

set of K  is immutable it says that every trajectory or pathway starting in x is feasible and 

executable in K, The largest unalterable subset of K  is known as invariance kernel.

If the system comes outside the kernel then it will move in divergence trajectories 

leading to stable steady states.
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3. RESULTS

The lack of quantitative data to study the behavior of gene regulatory networks is 

covered by the qualitative characteristics of biological systems using Rene Thomas 

logical formalism (Thomas, 1973), To capture the real dynamics of the BRNs 

“Multivalued levels” of expression was developed from the initial Boolean idealization 

(Thomas, 1991). Having a finite set of states, the level of precision obtained in resulting 

dynamics, matches well with the observations that appear mostly qualitative and 

articulated in natural language. More precise and accurate results were achieved after 

applying the discrete logical formalism as a first step in model checking.

The results generated by the HYTECH tool have been shown in the form of a 

discretisation map, representing the main dynamical features o f . the system. This 

discretisation of kinetic parameters corresponding to the logical parameters reveals 

valuable information about the characteristics of the BRN as discussed below with 

respect to the NF-kB BRN in case of HIV infection.

3.1 State Table

The parameter optimization leads the model to generate a state table as depicted 

in table 2.1 and 2.2. The state tables illustrated in tables 3.1 and 3.4 in addition to Input 

and their respective Output states (transition states), also contains Weight (w) and K 

values, w represents weight of the input state while k shows maximum activation level of 

a protein, after applying the weight (w). The initial state is given violet colour and the 

epigenetic state (Deadlock state) was coloured Red in state table (Table 3.1). A state 

generally has (n-1) output states where ‘n’ is the number of elements (proteins involved)
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Table 3.1 State Transition table

Proteins /Genes Weights " K parameters Transition

States
fflV TNF-ANF-KB WHIV WTNF-A WNF-kB KHIV KTNF-A KNF-kB

0 0 0 {TNF-A} {} {} 1 0 0 [[1,0,0]]

0 0 1 {TNF-A,

NF-KB)

{} {} 1 0 0 [[i,0,l],

[0.0,0]]

0 0 2 {TNF-A,

NF-KB)

{NF-KB) {} 1 1 0 [[1,0,2],

[0,1,2],

[0,0,1]]

0 1 0 0 {} (TNF-A) 0 0 2 [[0,0,0],

[0,1,1]]

0 1 1 {NF-KB} (} (TNF-A) 1 0 2 [[M,l],

[0,0,1],

[0,1,2]]

0 1 2 {NF-KB) (NF-KB) (TNF-A) 1 1 2 [ [ l ,U ]]

1 0 0 (TNF-A) {HIV) {HIV) 1 1 2 [[1,1,0],

[1,0,1]]

1 0 1 (TNF-A,

NF-KB)

{HIV} {HIV} 1 1 2 [[1,1,1],

[1,0,2]]

1 0 2 {TNF-A,NF-KB (HIV, NF-KB) {HIV} 1 1 2 [[1,1,2]]

1 1 0 {} (EflV) HIV,TNF-A) 0 1 2 [[0,1,0],

[1,1,1]]

1 1 1 (NF-KB) (HIV) {HIV,TNF-A 1 1 2 [[1,1,2]]

1 1 2 (NF-KB) (HIV, NF-KB) [HIV,TNF-A) 1 1 2 [ ]
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in the system.

In the BRN abstracted over here, initial state was taken to be (1,0,0) where the 

immune system gets activated after being attacked by a foreign invader (HIV-1). This 

leads to the stimulation of transcriptional machinery NF-kB to produce cytokines (TNF- 

a) and it also assists HIV-1 virus to replicate in affected cells. The state (1,0,0) gave two 

possible outcomes (1,0,1) and (1,1,0), where (1,0,1) has more chances to take the system 

towards complete destruction, i.e., (1,1,2). The state (1,1,2) causes hyperactivation of NF- 

kB that is detrimental and results in the occurrence of AIDS.

3.2 state graph

A state graph gives a straight forward visualization of all states of a system 

towards subsequent states. By using the parameters given in table 2 .1 'applied on the 

qualitative model of NF-kB activation, a state graph was obtained as shown in figure 3.1. 

In this figure order of proteins was given according to the setting of parameters, 

highlighted at the top-left comer. The Stable Steady State can be easily identified 

(coloured in red) having no outgoing while the two cycles were also evident in this state 

graph. The stable steady state represents diseased condition where no remedy works as in 

case of AIDS. The cyclic states however maintain some level of viability of patient’s 

existence even after getting affected of HTV-l virus. In fact, these cyclic states show the 

periods of clinical latency, the period when virus stimulates the immune system to 

produce antibodies against HIV-1.

Dynamical Modeling o f  the Biological Regulatory Network o f  NF-kB Activation in case o f  HIV-1 39



Chapter No. 3 Results

Figure 3.1 States showing all possible paths of NF-KB/RelA and TNF-a and HTV, the 

deadlock state is represented by the stable steady state (1,1,2)
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3.3 Homeostasis and stable steady state of the Biological 

Regulatory Network

The BRN of T cell activation under the influence of HIV-1 induced activity 

shows two homeostatic cycles where the HIV-1 infection at early stage is regulated by 

the production of TNF-a. When the NF-kB Rel A domain is activated by Tat then the 

uncontrolled production of inflammatory cytokines leads to the vicious cycle. The 

homeostatic and stable steady state behaviors were shown in figures 3.1, 3.2 and 3.3. 

Figure 3.1 is the complete discrete model of the BRN while figures 3.2 and 3.3 show only 

the cyclic behaviors. In these figures, each state defines the discrete concentration of 

HFV-l, TNF-a and NF^kB respectively.

The oscillating behavior of HIV-1 and TNF-a can be observed, as represented in 

figure 2.4. It depicts that once HIV-1 enters the cell it starts producing inflammatory 

cytokine TNF-a (level 1) which is able to kill the virus infected cell or block its entrance 

into the cell by reducing cell surface receptors CXCR4 and CCR5 (essential for viral 

entry). It shows the characteristic importance of TNF-a in suppressing viral infection.

The cycle shown in figure 3.3 illustrates that the viral entry into the immune cells 

is regulated by the subsequent production of inflammatory cytokine TNF-a due to NF-kB 

activation and makes the cells resistant to further infection of nearby T cells by 

decreasing the expression of CD4 receptors on T-cells and macrophages. The 

transcriptional machinery is exploited by the viral RNA for replication which is observed 

as a stable steady state (1,1, 2) (figure 3.4).

In the absence of virus or obstruction of viral entry by TNF-a results in regulation 
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Figure 3.2 Cycle 1 showing oscillating behavior of HIV-1 and TNF-a

Figure 3.3 Cycle 2 showing Oscillating behavior of HIV-1 and TNF-a

Figure 3.4 Diversion of cyclic behavior (from state (1,1,0)) towards stable steady state 

(M.2)
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of immune response which were shown by the cycles in figure 3.2 and 3,3. This response 

can be generally seen during early periods of HIV-1 entry, this time period is generally 

required by the virus to infect and kill majority of the immune cells.

The stable steady state (1,1,2) in figure 3.1 depicts that after HIV-1 gets into the 

macrophage/monocyte, it resides there and uses the host cells as a reservoir and then 

employs transcription factor NF-kB for replication. The coproduction of TNF-a can 

deplete the T cells from body and thus any virus can easily invade the immune system 

which causes death of the patient due to less or no immune response.

From these findings the behavioral pattern of immune system in response to 

specific antigen like HIV-1 can be easily assessed. Although strong immune response 

was shown by cyclic behaviors but HIV-1 also overrides the host defense mechanism 

which is the fimdamental aim of HIV by gradual depletion of T cells.

3.4 Pathway leading towards Stable Steady State

A number of pathways lead towards stable steady state (Deadlock state) causing 

the onset of AIDS, given in table 3.2. These pathways include states emerging from 

initial state towards the dead end. The cyclic states (those occurring in cycles) were 

represented in green color and bold red state represents deadlock state. The most fatal 

pathways include those without cyclic states, i.e., path number 2 and 3 in table 3.2. All 

other paths have equal chances of entering the homeostatic cycle via the state (1,1,0) and 

diversion towards stable steady state in case of violation of the conditions (given in Table 

3.4) required to be in the cycle has been discussed in HYBRID modeling section in 

detail.
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Figure 3.5 Graphical representation of Stable steady states(0,0,0,0,l and 1,1,1,1,0) of NF- 

kB with Rel A and Rel B distinct activation (Graphiz model)
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Figure 3.6 Stable steady states of NF-kB with Rel A and Rel B distinctly activated.
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3.5 State graph and state table of the Extended Model

The state graph of extended model was given in figure 3.5. The set of transitions 

that emerge from an initial state and lead towards the deadlock condition were given in 

figure 3.6. This model has (1,0,1,0,0) as the initial state with Tat (viral protein) and RIP 

as inducers of immune activation in activated form. It comprises of two stable steady 

states (0,0,0,0,1) and (1,1,1,1,0) without the existence of any cyclic state, where 

(0,0,0,0,1) represents normal stable steady state and (1,1,1,1,0) as diseased stable steady 

state. The state table for the extended model of the BRN has been given in table 3.3, 

containing the weights for each of the interaction.

3.5.1 Protein Knockout Studies

In order to determine the set of states that are generated by silencing a specific 

protein (or gene) knock out files have been generated. To knock out Rel B its interactions 

have been removed, that leads towards three stable steady states (0,0,0,0,0), (1,1,1,1,0) 

and (1,1,0,1,0). The diseased condition involved inflammatory state of (1,1,1,1,0) with 

Rel A as inducer of inflammation. It showed that once Rel A gets activated via the RIP it 

activates the subsequent path of RIP stimulation for IKK phosphorylation which moves 

NF-KB/RelA subimit into the nucleus to start transcription.

3.5.1.1 Rel B Knock Out Model

To check the inactivation or absence of any gene or protein, knockout files were 

made. First, Rel B was made inactive by removing all its activation interactions towards 

other elements of the BRN (Figure 3.7) (if exists). Its state graph both in GENOTECH 

and Graphiz have been given in figures 3.8 and 3.9 respectively. It confirmed the results
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Table 3.2 List of Pathways leading to Stable steady state

1. 100^110-^11W 112

2. 10 0 ^1 0 1 ^1 0 2 ^1 1 2

3. 100->-101^111->^112

4. 100-^ 1 10^  010-> 0 1 1 ^  11W  112

5. 1 0 0 ^ 1 10->010^011^001-^10 W 1 11^112

6. 1 0 0 ^  1 10^  010-v 011->^012^112
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Table 3.3 State Transition table of Extented biological Regulatory Network

Proteins /Genes Weights K Parameters Transition

States
TAT TNF-A RIP RELA RELB WTAT W TN F - A WRIP WRELA WRELB K T AT K T N F - A  KRIP  

KRELA KRELB

0  0  0  0  0 { T N F - A ) , { ) , { R I P ) , ( R F T . B ) , { R I P ) 0  1 [ [0 ,0 , 0 ,0 , 1] ]

0  0  0  0  1 { T N F - A } ,  { } ,  {RI P} ,  { } ,  ( R I P ) 0  0  1 [ ]

0  0  0  I 0 { TNF-AJ{ELA},{RELAK{RiP}. {RELB }, {RIP} 1 \  1 [ [1 ,0 , 0,1 , 0] ,  

[ 0,1 , 0,1 , 0] ,  

[0,0,0 ,1 ,11]

0  0  0  1 1 {TNF-A,RELA},{RELA},{RIP}, {} , {RIP} 1 1  0  1 [ [ 1 A 0 , 1 , 1 ] ,  

[0 ,1 , 0 ,1 , 1] ,  

[0 ,0 , 0 ,0 , 1] ]

0  0  1 0  0 { T N F - A } , { ) , { } , { R I P ^ F 7 B ) , { R I P } 0  0  1 1 [ [0 ,0 , 0,0 , 0] ,  

[0 ,0 ,1 ,1 ,0] ,  

[ 0 ,0 , 1 ,0 , 1] ]

0  0  1 0  1 ( T N F - A } , { } , { } , { R I P } , { R I P } 0  0  1 1 [ [ 0,0 , 0,0 , 1] ,  

[ 0 ,0 , 1 ,1 , 1] ]

0  0  1 1 0 {TNF-A,RF1 A  K{RFT A }  {},{RTP^RFl.R}JRTP} 1 1 0  1 1 [ [ 1,0 , 1,1 , 0] ,  

[0 ,1 , 1 ,1 , 0] ,  

[0 ,0 , 0 ,1 , 0] ,  

[ 0 ,0 , 1 ,1 , 1] ]

0  0  1 1 1 {TNF-A,RELA},{RELA}, (} , {RIP},{RIP} 1 1 0  1 1 [[1 ,0 ,1 ,1 ,1] ,  

[0 ,1 , 1 ,1 , 1] ,
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[0,0,0,1,11]

0 0 1 0  0 {T N F - A } , { } , { } , {R I P ,R E L B } , { } 0 0 1 0 [[0,0,1,0,0], 

[0,0,1,1,0]]

0 0 1 0  1 {T N F - A } , { } , { } , {R 1 P } , { } 0 0 1 0 [[0,0,1,0,1], 

[0,0,1,1,1], 

[0,0,1,0,0]]

0 0 1 1 0 {TNF-A,RELA}, {RELA}, { }, {RIP.RELB},{} 1 1 0  1 0 [[1,0,1,1,0], 

[0,1,1,1,01, 

[0,0,1,1,011

0 0 1 1 1 {TNF-A,RELA),{RELA},{},{RIP},0 I 1 0 1 0 [[1,0,1,1,11,

[0,1,1,1,11,

[0,0,1,1,11,

[0,0,1,1,011

iO 1 0 0 0 { } , { } , {T N F-A ,R IP } ,{R E L B } ,{R IP } 0 0 1 [[0,0,0,0,01,

[0,1,0,0,111

0 1 0  0 1 { } , { } , {T N F-A ,R IP } ,{ } , {R IP } 0 0 0 1 [[0,0,0,0,11]

0 1 0  1 0 {RELA},{RELA},{TNF-A,RIP},{RELB},{RIP} : 1 1 1 [[1,1,0,1,01,

[0,1,0,1,111

0 1 0  1 1 {RELA},{RELA},{TNF-A,RIP},{},{R1P} 1 1  0 1 [[1,1,0,1,11,

[0,1,0,0,111

0 1 1 0  0 { } , { } , {T N F -A } , {R IP ,R E L B } , {R IP } 0 0 1 1 1 [[0,0,1,0,0], 

[0,1,1,0,01, 

[0,1,1,1,01, 

[0,1,1,0,11]
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0  1 1 0  1 { } , { } , { T N F - A } , { R I P } , { R I P } 0 0 1 1 1 {[0,0,1 ,0 ,1] ,  

[ 0,1 ,1 ,0 ,1] ,  

[ 0,1 ,1 ,1 ,1] ]

0  1 1 1 0 {RELA}, {RELA}, {TNF-A}, {RIP,RELB}, {RIP} 1 1 1 1 1 [ [1 ,1 ,1 ,1 ,0] ,  

[0 ,1 ,1 ,1 ,0] ,  

[0 ,1 , 1,1 , 1] ]

0 1 1 1 1 {RELA},{RELA},{TNF-A) , {RIP) , {RIP} 1 1 1 I 1 [ [ 1 ,1 , 1,1,1],  

[ 0 ,1 , 1,1 , 1] ]

0 1 1 0  0 { } , { } , { T N F - A } , { R I P , R E L B } , { } 0 0  1 1 0 [[0 ,0 ,1 ,0 ,0] ,  

[ 0 ,1,1,1 ,0] ]

0 1 1 0  1 { } , { } , { T N F - A } , { R I P } , { } 0 0  1 1 0 [[0 ,0 ,1 ,0 ,1] ,  

[0,1,1,1,11,  

[0,1 ,1 ,0 ,0] ]

0 1 1 1 0 { R E L A } , { R E L A } , { T N F -  

A } , { R I P , R E L B } , { }

1 1 1 1 0 [[1 ,1 , 1,1 , 0] ]

0 1 1 1 1 {RELA},{RELA},{TNF-A}, {RIP}, {> 1 1 1 1 0 [[1 ,1 ,1 ,1 ,1] ,  

[0,1 ,1 ,1 ,0] ]

1 0  0  0 0 {TNF-A}, {TAT},{R1P}, {RELB},{RIP) 1 1 [{1,1,0 ,0 ,0] ,  

[ 1 ,0,0,0 ,1] ]

1 0  0  0 1 { T N F - A } , { T A T } , { R I P } , { } , { R I P } 1 0 1 [ [1 ,1 , 0,0 , 1] ]

1 0  0  1 0 {TNF-A,RELA}, {TAT.RELA}, {RIP}, {RELB}, 

{RIP}
1 1 1 [ [1,1,0 ,1,0] ,  

[1,0 ,0 ,1 ,1] ]

1 0  0  1 1 {TNF-A,RELA},  {TAT,RELA},  {RIP},  {},  

{RIP}

1 1  0 1 [ [1 ,1 ,0 ,1 ,1] ,  

[1,0,0,0,11]
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1 0  1 0  0 { T N F -

A } , { T A T } , { } ,  { R I P , R E L B }, {RI P}

1 0  1 1 [[1 ,1 ,1 ,0 ,0] ,  

[1 ,0 ,0 ,0 ,0] ,  

[1,0 ,1 ,1 , 0] ,  

[1 ,0 , 1,0 , 1] ]

1 0  1 0  1 { T N F - A } , { T A T } , { } ,  { R I P } , {RIP} 1 0  1 1 [[1 .1 ,1 ,0 ,1] ,  

[1 ,0 ,0 ,0 ,1] ,  

[ 1,0 ,1 ,1 ,1] ]

1 0  1 1 0 { T N F - A ,  R E L A } ,  

{ T A T , R E L A } , { } ,  { R I P , R EL B },

{RIP}

1 1 0  1 1  j [ ( 1,1 , 1,1 , 0] ,  

[1,0,0,1,01,  

[1 ,0 ,1 ,1,1] ]

1 0  1 1 1 {TNF-

A,RELA},{TAT,RELA},{} , {RIP},{RIP}

1 1 0  1 1 [[1,1,1,1,11,

[1,0,0,1,11]

1 0  1 0  0 { T N F - A } , { T A T } , { } , { R I P , R E L B } , { } 1 0  1 0 [[1,1,1,0,01,

[1,0,1,0,01,

[1,0,1,1,011

1 0  1 0  1 { T N F - A } , { T A T } , { } , { R I P } , { } 1 0  1 0 [ [1,1,1,0,11,

[1,0,1,0,11,

[1,0,1,1,11,

[1,0,1,0,011

1 0  1 I 0 {TNF-A,RELA},{TAT,RELA},{},{RIP,RELB},{} 1 1 0  1 0

i

[ [1,1,1,1,01,

[1,0,1,1,011

1 0  1 1 1 {TNF-A,RELA},{TAT,RELA},{} , {RIP},{} 1 1 0  1 0 [ [1,1,1,1,11,

[1,0,1,1,11,

[1,0,1,1,011

i'
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1 1 0  0 0 0,{TAT},{TNF-

A,RIP},{RFI.R),{RIP}

0 1 1 [[0,1,0,0,0], 

[1,1,0,0,1]]

1 1 0  0 1 {},{TAT},(TNF-A,RIP},(},{RIP) 0 1 0 1 [[0,1,0,0,1]]

1 1 0  1 0 (REL A}, {TAT,RELA), {TNF- 

A,RIP},{RELB},(RIP}

I 1 1 [[1,1,0,1,1]]

1 1 0  1 1 {RELA},{TAT,RELA},{TNF-

A,RIP},{},{RIP}

1 1  0 1 [[1,1,0,0,1]]

1 1 1 0  0 {},{TAT},{TNF-

A},(RIP.RELB},(RIP}

0 1 1 1 1 [[0,1,1,0,0], 

[1,1,1,0,0], 

[1,1,1,1,0], 

[1,1,1,0,1]]

1 1 1 0  1 {},{TAT),{TNF-A},{RIP},{RIP} 0 1 1 1 1 [[0,1,1,0,1], 

[1,1,1,0,1], 

[1,1,1,1,1]]

1 1 1 1 0 {RELA}, (TAT,RELA}, (TNF-A}, 

{RIP,RFTB},{RIP}

1 1 1 1 I [[l,l,l,l,0], 

[1,1,1,1,1]]

1 1 1 1 1 {RELA},{TAT,RELA},{TNF-A},{RIP},{RIP} 1 1 1 1 1 [[1,1,1,1,1]]

1 1 1 0  0 {},{TAT},{TNF-A},{RIP,RELB},{} 0 1 1 1 0 [[0,1,1,0,01, 

[1,1,1,1,0]]

1 1 1 0 I {}. {TAT}, {TNF-A}, {RIP}, {) 0 1 1 1 0 [[0,1,1,0,1], 

[ I ,I ,1,1,1], 

[1,1,1,0,0]]

I 1 1 1 0 {RELA},{TATJ^LA},{TNF-A},{RIP^LB},{} I 1 1 1 0 []

1 1 1 1 1 {RELA},{TAT,RELA},{TNF-A),{RIP},{: 1 1 1 1 0 [[1,1,1,1,0]]
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obtained from initial complete model, the absence of Rel B takes the system towards 

diseased condition (severe inflammation).

10100- ^ 11100^11110
I

10000-^11000-^01000^00000

3.5,1.2 Rel A knock out Mode!

Similarly, the absence of Rel A was also confirmed by making it inactive (Figure 

3.10). The state graph of Rel A inactivated model in GENOTECH (figure 3.11) and 

Graphiz (Figure 3.12) represents the whole set of transitions among all the elements of 

theBRN.

10101-^10001->1 lOOWOlOOl-^00001

3.6 HYTECH Modeling

The modeling process generated all the possible discrete states and their 

transitions which give further insights of the steady state behaviors. These steady states 

(cycles and stable states) are in agreement with the general hypothesis of wet lab 

experiments. After applying the discrete model of the BRN for NF-kB activation in HIV-

1, Hybrid modeling was done.

 ̂ The BRN can be finther extended by adding new biological entities and their

interactions. This would lead to analyze the model with new set of logical parameters. 

Hybrid Modeling is done to analyze the BRN. This would help in computing the 

necessary and sufficient conditions for the existence of different behaviors. By varying 

time delays, the speed of concentrations of the entities can help to accurately observe the
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Figure 3.7 GENOTECH Model of Knockout Rel B in extended BRN of NF-kB

Figure 3.8 State graph of Rel B knockout Model in GENOTECH
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Figure 3.10 GENOTECH Model of Knockout Rel A in extended BRN of NF-kB

Figure 3.11 State graph of Rel A knockout Model in GENOTECH
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Figure 3.12 State graph of Rel A Knock out of extended BRN (in Graphiz)
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system dynamics. This new model was then analyzed by linear hybrid model checking 

tool HYTECH (Henzinger et aL, 1997).

3.6.1 Time delays of Paths leading towards Stable Steady State

The time constraints of each state towards its output state were (stable steady 

state) given in table 3.4. The conditions for states colored in green (cyclic states) are 

essential for the system to be in homeostasis and any violation of these conditions would 

result in taking the system towards dead end. Not all the states were enlisted here as some 

of the states were neither involved in the path of cycle nor in the path leading towards 

deadlock state as traverse from the one initial state. The delays were given in the form of 

equations in which sigma {d) represents change of, + or -  sign represent activation and 

degradation respectively and base value of S  represents the element and its location from 

where it starts evolving.

3.6.2 Real time Modeling results of HIV-1 associated BRN

The BRN generated two cycles in HYTECH model. Both these cycles overlap 

each other. The presence of equality or inequality determined the instability or stability of 

the cycle respectfully.

 ̂ The invariance kernels obtained were given as follows:

Cycle No. 1:

0 0 0 ^ 1 0 0 ^ 1 10->010^01 l^OOWOOO

dpNFKBOlO + dnHIVllO = dpHIVOOO + dnNFKBOOl + 2dnTNF-A Oil & 

dpTNF-A 100 + dnHIVl 10 <= dpHIVOOO + dnTNF-A 011 & dpHIVOOO + dnNFKBOOl 

+ 2dnTNF-A 011 <= dnHIVl 10 + dpNFKBl 10 & dpHIVOlO >= 0 & dnTNF^A 010

Chapter No, 3 Results
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Table 3.4 List of Pathways with Time delays leading towards Stable steady state

1. dpTNFlCO < -  dpNFKBlOC* cpNFKBOlO < -  dnHIVllO <taKFKBlll<=dp^'711 
100--------------------------------^110---------------------------------J i l l -------------------------- ^112

2. dpNFKBlOD JpTNFAlOO dsNFKBlOl ^-dpTNFAlDl dx'm?jU.D2 <=dpfCTCff101
100---------------------------------M l --------------------------------->102^---------------^-------- A l l

3. dpNFKBlOO < = dplNFAlDO dpNTKBlOO < = dpTNFAliK) dpNKBlll<= IpEIVmi 
100-^^----------------------------- ^101-^^----------------------------- >111^---------------^------^112

4. dpTNFlOO^- dpNTKBlOO «tnHTVll« dpNFKBOlO
100--------------------^---------- ^110---------------------------^

dpHrKHinu <= d m u v iu  dpm vun<=  {fora^iuiuii & dpKivin >= d n m i'u ii
010-1---------------------------->011— ---------------1---------------- --------------------------->

dvNtm i i<=dpisvm 1 
111-^---------------1------^112

5. dpiriFiuu <= dpf)irKifiuu dxtmviio <= d^Mviufuiu dpNMUtuu* <= dnMViiu 
100------------------------------- >\ 10------------------------------ >010— --------------------------- >

 ̂dpNFKElOl <= dpTNFAlM) & dpHIVCll <= dnTNFflll

dpNFKBlGO <=dpTNFA100 dpNFKBlOO <=dpTNFAlDO dflNFXBlll<=ipEIVmi 
001--------------------------------->101--------------------------------->111------------------------->112

6. dpTftFlUU <= dpN^KItlUU doMlVllO <= dpNhKUUIU dpNl'KKtllL* <= dnhJVllU
1 0 0 - -----------------1---------- >110------------------ 1---------->010— --------------------------- >

dpNFKBOll >=dnTHF011 & dpHIVQll <= dpNFKEOll IpEIVmZ <=dpKFKB01L 
011-^^---------------------------------------------------- ----------- .012-^------------- 1-------->112
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<= 0 & dnTNF-A 011<= 0 & dpHIVOl 1 + dnTNF-A 011 >= 0 & dnTNF-A 011 + 

dpNFKBOl 1 >= 0 & dpHIVOOl + dnNFKBOOl + 2dnTNF-A 011 >= 0 & dpTNF-A 

001 + dnNFKBOOl + dnTNF-A Oil >= 0 & dpHIVOOO + dnNFKBOOl + 2dnTNF-A 

011 <= dpNFKBOOO & dpHIVOOO + dnTNF-A 011 <= dpTNF-A 000 & dnNFKBOOl 

+ dnTNF-A 011<= 0 & dpHIVOOO + dnNFKBOOl + 2dnTNF-A Oil >= 0 & dnHIVlOO 

+ dpTNF-A 100 <= dpHIVOOO + dnTNF-A Oil & dnNFKBOOl + dnTNF-A Oil + 

dpTNF-A 100 <= dpNFKBlOO & dpHIVOOO + dnTNF-A 011<= dpTNF-A 100

dpNFKBO 10 + dnHIV 110 = dpHIVOOO + dnNFKBOO 1 + 2dnTNF-A Oil & dpTNF-A 

100 + dnHIVllO <= dpHIVOOO + dnTNF-A Oil & dpHIVOOO + dnNFKBOOl + 

2dnTNF-A Oil <= dnfflVllO + dpNFKBllO & & dpHIVOOO + dnNFKBOOl + 

2dnTNF-A 011 <= dpNFKBOOO & dpHIVOOO + dnTNF-A 011 <= dpTNF-A 000 & & 

dnHIV 100 + dpTNF-A 100 <= dpHIVOOO + dnTNF-A Oil & dnNFKBOO 1 + dnTNF-A 

011+ dpTNF-A 100 <= dpNFKBlOO & dpHIVOOO + dnTNF-A 011<= dpTNF-A 100

Cycle No. 2:

000-> 1 0 0 ^  110^010-»000

dpHIVOlO + dnTNF-A 010 >= 0 & dpHIVOOO + dnTNF-A 010 <= dpTNF-A 000 & 

dpHIVOOO + dnTNF-A 010 >=0 & dnTNF-A 010 <= 0 & dnHIVlOO + dpTNF-A 100 

,<= dpHIVOOO + dnTNF-A 010 & dpTNF-A 100 + dnHIVl 10 <= dpHIVOOO + dnTNF- 

A 010 & dpHIVOOO <= dnHIVl 10 + dpNFKBl 10 & 2dpHIV000 <= dpNFKBOOO + 

dnHIVllO &2dpHIV000 + dpNFKB010<= dpNFKBOOO+ dnfflVl 10 & dpHIVOOO 

+ dpNFKBOlO <= dnHIVllO + dpNFKBllO & 2dpHFV000 + dnHIVlOO <= 

dpNFKBOOO + 2dnHIV 110 & dpHIVOOO + dnHIV 100 <= 2dnHIV 110 + dpNFKB 110 

& 2dpHIV000 + dnHIVlOO <= dpNFKBlOO + IdnHIVllO & 2dpHIV000 <=
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dpNFKBlOO + dnHIVllO & dpHTVOOO + dnTNF-A 010 <= dpTNF-A 100 & 

2dpHrV000 + dpNFKBOlO <= dpNFKBlOO + dnHIVl 10

After removing the non-trivial invariance kernels and by re-arranging following 

constraints were obtained:

Cycle No. 1 ODD-* 100-> 110-»010 ^ 0 1 1-»001->-000

1. dpNFKBO 10 + dnHIV 110 = dpHIVOOO + dnNFKBOO 1 + 2dnTNF-A 011

2. dpTNF-A 100 + dnHIVl 10 <= dpHlVOOO + dnTNF-A 011

3. dpHIVOOO + dnNFKBOOl + 2dnTNF-A 011 <= dnHIVl 10 + dpNFKBl 10

4. dpHIVOOO + dnNFKBOOl + 2dnTNF-A 011 <= dpNFKBOOO

5. dpHIVOOO + dnTNF-A 011<= dpTNF-A 000

6. dnHIV 100 + dpTNF-A 100 <= dpHIVOOO + dnTNF-A 011

7. dnNFKBOOl + dnTNF-A Oil + dpTNF-A 100 <= dpNFKBlOO

8. dpHIVOOO + dnTNF-A 011<= dpTNF-A 100

Invariance kernel no. 1 and 3 contained quiet similar variables with similar state 

spaces except those for NF-kB, as discussed below;

1. dpHIVOOO + [dnHIVl 10|= dpNF-KBOlO + |dnNF-KB001|+|2dnTNF-A 011|

I
by ignoring the TNF-a, the equation became,

7r(HIV) >=7t (NF- kB)

Then by removing NF-kB, the following condition appeared, 

n (HIV) >= n (TNF-a)
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This constraint captured the general trend of HIV infection and immune 

stimulation. It showed that sum of positive and negative time delay of HIV is greater than 

the time delay of TNF-a and NF-kB respectively, as shown graphically in figure 3.13.

2. dpTNF-A 100 + |dn~ TNF-A 011| >= dpHIVOOO + | dn~ HIVl 10|

It was graphically shown in figure 3.14. The time delay required for the activation 

and inhibition (or degradation) of TNF-a at the position 100 and 011 is greater than the 

activation and inhibition time delay of HIV at position 000 and Oil. This condition 

occurs before the onset of disease in the body.

3. dpHIVOOO + I dn“  HIVl 10| >= dpNF-KBl 10 + | dn“  NF-KBOOl] + |2dn~ TNF- 

AOllI

The time delay of HIV (positive delay at location 000 and negative delay at 110) is 

greater than that of positive and negative delay of NF-kB (positive delay at 110 and 

negative delay at 001) and double negative of TNF-a at location Oil, shown in figure 

3.15. This constraint is an important candidate for keeping the cycle in homeostatic state.

4. dpHIVOOO + 2dnTNF-A 011 >= dpNF-KBOOO + | dn“  NF-KB001|

The graph given in figure 3.16 depicted that the activation time period (positive 

time delay) of HIV at position 000 and double negative time delay or degradation delay 

of TNF-a at Oil is greater than the period of NF-kB at state space 000 and 001.

5. dpHIVOOO >= dpTNF-AOOO + |dn“  TNF-A 011|

The graph given in figure 3.17 showed that the activation delay of HIV at location

000 takes more time than that of complete period of TNF-a at location 000 and Oil. It 

showed that once HIV gets into the immune system, it propagated the replication 
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machinery (NF-kB) in order to produce its replicas, the immune system quickly 

responded to the presence of foreign invader by the production of cytokines (TNF-a ). 

As the time period of HIV is greater than TNF-a, it showed that HIV requires more time 

to activate and degrade while TNF-a has faster cycle of activation and degradation in 

this location.

6, dpTNF-A 100 + | dn“  TNF-A 011| >= dpHIVOOO + | dn“  HrV100|

The graph given in figure 3.18 demonstrates that production rate of HIV at location

000 is faster than that of TNF-a at location 100. It showed that once HIV gets into the 

immune system, it boosts the replication of HIV and at the same time the system 

defenders, i.e., the cytokines (TNF-a in BRN here) are also produced to defeat the 

foreign invaders (HIV here). The time period taken by TNF-a reaches the threshold after 

the period of HIV. Similarly the degradation time period of TNF-a at position 011 is 

more than that of HIV at position 100, i.e., TNF-a takes more time to reaches its 

destination as compared to HIV in order to activate or enhance the immune system 

stimulation.

7. dnTNF-A 011 + dpTNF-A 100 >= dpNF-KBlOO + |dnNF-KB001|

This equation states that the time period of NF-kB at location 100 and 001 is faster 

than TNF-a at position 100 and Oil,  given in figure 3,19. The activation of NF-kB is 

achieved both by HIV and TNF-a, so the functioning of NF-kB should be tuned in a way 

that utilizes the positive role of NF-kB and evading its role in HIV replication. It could 

bring an important breakthrough in drug designing.
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Figure 3.13 Graphical representation of HIV time delay relative to NF-kB and TNF-a 

(1st Invariance kernel when n  HIV is greater than both NF-kB and TNF-a)
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Figure 3.14 Graphical representation of time delay of TNF-a relative to HIV (2 

Inv^ance kernel)

nd

Figure 3.15 Graphical representation of time delay of HIV w.r.t TNF-a and NF-kB (3”̂  

Invariance kernel)
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Figure 3 .16 Graphical representation of time delay of HIV w.r.t TNF-a and NF-kB (4 

Invariance kernel)

th

Figure 3.17 Graphical representation of time delay of HIV w .rt TNF-a (5*̂  Invariance 

kernel)
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8. dpHIVOOO >= dpTNF-A 100 + | dn" TNF-A 0111

This condition was similar to the constraint no. 5. It showed that the activation 

delay of HIV at location 000 takes more time than that of complete period of TNF-a at 

location 100 and Oil, shown in figure 3.20. Both these invariance kernels will be helpful 

in drawing important predictions.

Cycle No. 2 000-^ 1 00^  110^010-^000

1. dpfflVOOO + dnTNF-A 010 <= dpTNF-A 000

2. dnHIVlOO + dpTNF-A 100 < - dpHIVOOO + dnTNF-A 010

3. dpTNF-A 100 + dnHIVl 10 <= dpHIVOOO + dnTNF-A 010

4. dpHIVOOO <= dnHIVl 10 + dpNF-KBl 10

5. 2dpHIV000<=dpNF-KB000 +dnHIVl 10

6. 2dpHIV000 + dpNF-KBOlO <= dpNF-KBOOO + dnHIVl 10

7. dpHIVOOO + dpNF-KBO 10 <= dnHIV 110 + dpNF-KB 110

8. 2dpHIV000 + dnHIVlOO '<= dpNF-KBOOO + 2dnHIVl 10

9. dpHIVOOO + dnHIVlOO <= 2dnHIVl 10 + dpNF-KBl 10 

10.2dpHIV000 + dnHIVlOO <= dpNF-KBlOO + 2dnHIVl 10

11. 2dpHIV000 <= dpNF-KBlOO + dnHIVllO

12. dpHIVOOO + dnTNF-A 010 <= dpTNF-A 100

13. 2dpHIV000 + dpNF-KBOlO <= dpNF-KBlOO + dnHIVl 10

14. 2dpHIV000 + dnHFVlOO <= dpNF-KBlOO + 2dnfflVl 10
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15. 2dpHIVOOO <= dpNF-KBlOO + dnHIVl 10

16. dpHIVOOO + dnTNF-A 010 <= dpTNF-A 100

17. 2dpHIV000 + dpNF-KBOlO <= dpNF-KBlOO + dnHIVl 10

After re-arranging the conditions for cycle 2 following equations were made:

1. dpHIVOOO >= dpTNF-A 000 + |dn“TNF-A 010|

The graph given in figiire 3.21 showed that time period of HIV activation at 

location 000 is slower than that of complete period of TNF-a at location 000 and 010. It 

showed that once HIV gets into the immune system, it propagates the replication 

machinery (NF-kB) in order to make replication of HIV, the immune system quickly 

responds to the presence of foreign by the production of cytokines (TNF-a in our BRN) 

to defeat the foreign invaders.

The time period of HIV is greater than TNF-a, showing that HIV requires more 

time to activate and degrade while TNF-a has faster cycle of activation and degradation. 

This time delays is important from the prospective of delaying disease progression.

2. dpTNF-A 100 + IdnlTNF-A 010| >= dpHIVOOO + |dn“ HIV 100|

This graph given in Figure 3.22 showed that production rate of HIV at location

000 is faster than that of TNF-a at location 100. It showed that once HIV gets into the 

immune system, it boosts the replication of HIV and at the same time the immune system 

defenders, i.e., the cytokines (TNF-a in BRN here) are also produced to defeat the 

foreign invaders (HIV here). The time period taken by TNF-a reaches the threshold after 

the period of HIV. The time period of degradation of TNF-a at position 010 is less than
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that of HIV at position 010, i.e., TNF-a reaches its destination earlier as compared to HIV 

in order to activate or enhance the immune system activation.

3. dpTNF-A 100 + |dn“TNF-A 010| >= dpHIVOOO + |dn“ HIVl 10|

This graph given in figure 3.23 showed that activation of HIV is greater than that 

of TNF-a at location 100. It shov̂ êd that once HIV gets into the immune system, it boosts 

the replication of HIV and at the same time the system defenders, i.e., the cytokines 

(TNF-a in BRN here) are also produced to defeat the foreign invaders (HIV here). The 

time period taken by TNF-a reaches the threshold after the period of HIV. The time 

period of degradation of TNF-a at position 010 is greater than that of HIV at position 

110, i.e., at this location TNF-a reaches its destination following HIV in order to activate 

the immune system stimulation.

4. dpHIVOOO + |dn“ HIV 110| >= dpNF-KB 110

The time period for HIV activation and inhibition or degradation rate and 

activation time of NF-kB is compared. The graph given in figure 3.24 depicts that time 

period taken by NF-kB in order to get activated at location 110 is less than that of 

production and degradation rate of HIV at location 000 and 110.

5. 2dpHIV000 + |dn“ HIV110|>=dpNF-KB000

The time period for HFV activation and inhibition or degradation rate and 

activation time of NF-kB is compared vdth respect to activation position. The time period 

taken by NF-kB in order to get activated at location 000 is less than that of production 

and degradation rate of HIV at location 000 and 110 (figure 3.25).
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Figure 3.18 Graphical representation of Figure 3.19 Graphical representation of time

time delay of TNF-a w.r.t 

HTV (6* InvaTiance kernel)

delay of TNF-a w.r.t NF-kB (7̂  ̂

Invariance kernel)

Figure 3.20 Graphical representation 
of time delay of TNF-a 
w.r.t HIV (8̂  ̂Invariance 
kernel)

Figure 3.21 Time period of HIV activation at 
location 000 (f* Invariance kernel 
of cycle 2)
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6. 2dpHIV000 + |dn“ HIV 1101 + dpNF-KBO 10 >= dpNF-KBOOO

In graph given in figure 3.26 showed that the period for HIV activation and 

degradation along with NF-kB activation has shown to be greater the time period 

required for NF-kB acitvation. As the constraint tells us that production or activation rate 

of HTV at position 000, its inhibition or degradation at position 110 and activation of NF-

kB at location 010 takes more time to reach its threshold than NF-kB at location 000.

7. dpHIVOOO + dpNF-KBOlO + |dnfflVl 10| >= dpNF-KBllO

This equation resembles the 6^ constraint (cycle 2), showing that the period for 

HIV activation and degradation along with NF-kB activation is greater the time period 

required of NF-kB activation, as depicted in figure 3.27. This equation reflects that 

production or activation rate of HIV at position 000, its inhibition or degradation at 

position 110 and activation of NF-kB at location 010 takes more time to reach its 

threshold than NF-kB at location 110.

8. 2dpHIVOOO + dnHIVlOO + |2dn"HFV^l 10| >= dpNF-KBOOO

This equation is the representation of strong immune response agains t̂ HIV, where 

the period of HIV activation at position 000, degradation at position 100 and double 

degradation at 110 is exceeding the growth rate of NF-kB at state 000 (figure 3.28). The 

constraints from 8-10 are similar having a difference in the state of NF-kB activation.

9. dpmVOOO + dnHFVlOO + |2dnHIVl 10| >= dpNF-KBl 10

It showed a strong immune response shown by the T-cells against HIV, where the 

period of HIV activation at position 000, degradation at position 100, and double degra-
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Figure 3.22 Time period of HIV at location 
000 is faster than that of TNF- 
a  at location 100 iT ^  
invariance kernel of cycle 2)

Figure 3.23 Time period of HTV at location 
000 is faster than that of TNF-a 
at location 100 (3*̂  invariance 
kernel of cycle 2)

Figure 3.24 Time period of production and 
degradation rate of HIV at 
location 000 and 110 w.r.t NF- 
kB (4^ invariance kernel of 
cycle 2)

Figure 3.25 Time period of production and 
degradation rate of HIV at 
location 000 and 110 w.r.t NF- 
kB (5*̂  invariance kernel of 
cycle 2)
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dation at 110 is exceeding the growth rate of NF-kB at state 110 (figure 3.29).

10. 2dpHIV000 + dnHIVlOO + |2dn"HIVl 10| >= dpNF-KBlOO

Another condition for strong immune response shown by the T-cells against HIV 

was shown in this graph, in which the time period of HIV activation at position 000, 

degradation at position 100, and double degradation at 110 is exceeding the growth rate 

of NF-kB at state 100 (figure 3.30).

11. 2dpHIVOOO + |dn” HIVl 10| >= dpNF-KBlOO

The cycle is able to maintain the Homeostatic behavior by keeping the period of 

HIV activation (replication) and degradation (inhibition) at state 000 and 110 respectively 

greater than the production rate (activation) of NF-kB at position 100 (figure 3.31). It 

showed that HIV needs more time to complete its whole cycle of activity while NF-kB 

responds fastly.

12. dpHIVOOO >= dpTNF-A 100 + dnTNF-A 010

In this graphical representation the mode of action of TNF-a at location 100 and 

010 has been compared to that of HIV at location 000 (figure 3.32). Here the time delay 

of HIV is yet again going beyond the time delay required for TNF-a activation and 

degradation.

13. 2dpHIV000 + |dn“ HFVl 10| + dpNF-KBOlO >= dpNF-KBlOO

In this graph the period for HIV activation and degradation along with NF-kB 

activation is greater than the time period required for NF-kB acitvation. This constraint 

illustrates that the time delay of HIV for its production at position 000, rate of inhibition
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Figure 3.26 Time period of activation and Figure 3.27 Time period of production and
degradation of HIV along with 
NF-kB activation has shown to 
be greater the time period 
required for NF-kB acitvation 
(6 invariance kernel of cycle 2)

degradation rate of HTV at 
location 000 and 110 w.r.t NF- 
kB (7^ invariance kernel of 
cycle 2)

Figure 3.28 Time period of HIV activation Figure 3.29 Time period of HTV activation
at position 000, degradation at 
position 100 w.r.t NF-kB (8* 
invariance kernel of cycle 2)

at position 000, degradation at 
position 100 w.r.t NF-kB (9*̂  
invariance kernel of cycle 2)
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Figure 3.30 Time period of HTV activation 
at position 000, degradation at 
position 100 w.r.tNF-KB (10* 
invariance kernel of cycle 2)

Figure 3.31 Time period of HIV activation 
at position 000, degradation at 
position 110 w.r.t NF-kB (11* 
invariance kernel o f cycle 2)

d + ^ 71- -> d-
Figure 3,32 Time period of HIV activation 

w.r.t TNF-a (12* invariance 
kernel of cycle 2)

Figure 3.33 Time period of HIV activation 
w.r.t NF-kB (13* invariance 
kernel of cycle 2)
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or degradation at position 110 along with the activation of NF-kB at the location 010 is 

greater than the time delay of NF-kB at location 000 to reach its threshold (figure 3.33).

14. 2dpHIV000 + dnHIVlOO + |2dnHIV110| >= dpNF-KBlOO

This equation is similar to the equation no. 10 where a strong immune response 

was shown by the T-cells against HIV, in which the time period of HIV activation at 

position 000, degradation at position 100, and double degradation at 110 is exceeding the 

period required for NF-kB activation at state 100 (figure 3.34).

15. 2dpHIV000 + IdnHIVl 10| >= dpNF-KBlOO

The time delay of NF-kB at position 100 for its activation is less than the period 

of HIV at position 000 and 110 in its activation and inhibition respectively (figure 3.35).

M 6. dpHIVOOO >= dpTNF-A 100 + |dnTNF-A 010|

The mode of action of TNF-a at location 100 and 010 has been compared to that 

of HIV at location 000 as were shown in the equation No. 12. The graphical 

representation of this equation (figure 3.36) showed that the time delay of HIV is greater 

than that of TNF-a for both activation and degradation.

17. 2dpHIV000 + IdnHIVl 10| + dpNF-KBOlO >= dpNF-KBlOO

It resembles constraint no. 13 except the position for NF-kB activation. In this
♦

graph (figure 3.37) the period for HIV activation and degradation is greater than the time 

period required for NF-kB activation. According to this invariance kernel, positive and 

negative time delay of HIV at position 000 and 110 respectively along with activation of 

NF-kB at location 010 is greater than the time delay of NF-kB at location 100 to reach its 

threshold.
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Figure 3.34 Time period of HTV activation 
w.r.t NF-kB (14* invariance 
kernel of cycle 2)

Figure 3 .35 Time period of HTV activation 
w.r.t NF-kB (15* invariance 
kernel of cycle 2)

Figure 3.36 Time period of HTV activation 
w.r.t NF-kB (16* invariance 
kernel of cycle 2)

Figure 3.37 Time period of HTV
activation w.r.t NF-kB (17* 
invariance kernel of cycle 2)
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4. DISCUSSION

Two important relations were derived from the set of constraints (extracted from 

cycle No. 1, chapter 3) and are stated as follows:

n  (HIV) >= n  (NF-kB)

n  (HIV) >= n  (TNF-a)

It shows that period of HIV invasion/infection should be greater than TNF-a and 

NF-kB in order to maintain the homeostasis of Biological Regulatory Network in case of 

HIV-1 infection. These relations depict an important behavior among HIV and TNF-a. 

As the infection of HIV is very slow in comparison to immime attack, the virus normally 

takes much longer time to infect and override the whole immune system of the infected 

individual. Production of cytokines by immune system’s elementary element NF-kB is 

rapid and frequent while there is a considerably slow replication and invasion of HIV in 

the body after entering the cell. This showed frequently oscillating behavior of NF-kB 

and relatively stable behavior of HIV in comparison to NF-kB and TNF-a. But once this 

system is violated it could lead towards dead lock state, i.e.. Stable Steady State, where 

no chances of survival exist. So it is inferred that if the system stays in such a state where 

the period of HIV is greater than NF-kB and TNF-a, survival time of patient can be 

increased. At initial stage of HIV infection, high-levels of CD8+ T cell frequencies have 

been seen to be correlated with the control of viral replication (Wilson et al, 2000). From 

this, it can be concluded that while designing drugs against HIV-1, time delay of HIV-1 

must be kept greater than those of NF-kB and TNF-a.

When the time period for HIV’s activation is smaller, indicating that the system is 
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attainting the stage of viral setpoint. At this stage TNF-a decrease in T lymphocytes 

occurs and this can be seen by the shifting of the initial steady state of TNF-a (cytokines) 

to a new equilibrium value. This new equilibrium value is lower than the preinfection 

value (Fauci, 1993). This is a stage of exponential viral increase, reaching a peak and 

finally declining to the steady state level also called viral setpoint (Kaufmann et al., 1998; 

Lindback et al., 2000). HTV setpoint is a predicator of AIDS and it gets stabilizes after a 

period of acute HIV infection (Burg et al., 2009).

In vitro studies have shown that HIV-infected CD4+ T cells are lysed by HIV 

and by mathematical modeling the primary HIV infection kinetics, it has been revealed 

that the viral-induced cytopathicity and susceptible T cells (also called the ‘target-cell- 

limited model’) controls the infection (Somasundaran and Robinson, 1987; Phillips, 

1996).

By observing the behavioral patterns of HIV, TNF-a and NF-kB with respect to 

time, it can be seen that it depends upon the time delays taken by these key players to 

incite or repress a specific response. The constraints followed in the cycle No. 2 varies in 

conditions with respect to locations. The Î * constraint shows that the time period required 

for activation or production of HIV at location 000 is greater than TNF-a at location 000 

and 010. This condition locates an important position for HIV inhibition, i.e., TNF-a 

tends to be faster than HIV to complete its period at this location (specified in the 

constraint). By following this constraint one can limit or inhibit period of HIV. Similarly 

the 2"*̂  constraint shows that the period of TNF-a could exceed HIV at location 100 and 

010 for TNF-a and 000 and 100 for HTV. At this point the disease can lead towards AIDS 

as the time period of HIV becomes faster than the immune defense system. It normally
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happens during the later stages of HIV infection, so should be controlled earlier in 

infection. The cyclic conditions 5 and 8 of cycle No. 1 represent conditions to enhance 

the immune activation by fastly producing the cytokines.

The cycle is able to maintain the Homeostatic behviour by keeping the period of 

HIV activation (replication) and degradation (inhibition) at state 000 and 110 respectively 

greater than the production rate (activation) of NF-kB at position 100 (observed in 11^ 

constraint of cycle No. 2). In this condition it renders the T-cells resistant to fight the 

foreign invader to achieve viral load by keeping the time period greater for HIV 

activation and degradation. In this way the immune cells can suppress the viral infected 

cells or kill these by speeding up the production of cytokines, chemokines and several 

other growth factors essential for immune stimulation. Another cyclic condition shown in 

constraint 12 (chapter 3) represents the homeostatic behavior of T-cells after HIV 

infection, where the time delay of TNF-a activation and degradation at state 100 and 010 

respectively is smaller than that of HIV activation period.

The extended model of HIV-1 infection of immune system is currently under 

investigation and is being tuned on the bases of recent findings. The involvement of Rel 

Homology domain with discriminatory domains (specially Rel A and Rel B) having 

contrasting functions make NF-kB a very interesting candidate for drug designing. The 

contrasting role of Rel B in anti-inflammation as compared to Rel A (causing 

inflammation) revealed astonishing results in initial findings. Its GENOTECH model 

showed that suppression of Rel A domain by introducing Rel B externally (or making it 

active by other means) tends to slow down the disease progression in the body and helps 

to inhibit inflammation caused by Rel A.
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By adding more entities in the models discussed in this study, in future exact 

therapeutic targets will be found by docking and simulation studies of the interacting 

proteins. These findings lead us towards drug designing. On the basis of modeling 

techniques, a computer aided tool for rapid immunological analysis can also be 

developed. Real time modeling and its applications can help in predicting the preventive 

medicines, which will give the advancement in medicine developed for the treatment of 

AIDS.
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ANNEXURE

—  Fichier Hyfilel 

var
hHIV,hTNFA,hNFKB :analog; 
k,n: discrete;
dpHIVOOO,dpTNFAOOO,dpNFKBOOO, dpHIVOOl, dpTNFAOOl, dnNFKBOOl, 
dpHIV002, dpTNFA002,dnNFKB002, dpHIVOlO,
dnTNFA010,dpNFKB010,dpHIV011, dnTNFAOll,dpNFKBOll, dpHIV012, 
dnHIVlOO, dpTNFAl00,dpNFKB100, dpTNFAlOl, dpNFKBlOl, dpTNFA102, 
dnHIVllO, dnTNFAllO, dpNFKBllO, dpNFKBlll,dpHIV, dnHIV, dpTNFA, 
dnTNFA, dpNFKB, dnNFKB:parameter; 
automaton auto 
synclabs: ;
—  gene n®0 = HIV
—  gene n ° l  = TNFA 
-- gene n°2 = NFKB 
initially loc_000;
—  pour la configuration 0,0,0
loc loc_000: while hHIV <= dpHIVOOO & hTNFA <= dpTNFAOOO & hNFKB
<= dpNFKBOOO wait {dhHIV=l,dhTNFA=l,dhNFKB=l}
when hHIV=dpHIVOOO do {hHIV'=0, k'=k+l} goto loc_100;
--when hTNFA=dpTNFAOOO do {hTNFA'=0, k'=k+l} goto loc_010;
--when hNFKB-dpNFKBOOO do {hNFKB'=0, k'=k+l} goto loc_001;

—  pour la configuration 0,0,1
loc loc_001: while hHIV <= dpHIVOOl & hTNFA <= dpTNFAOOl & hNFKB
>= dnNFKBOOl wait {dhHIV=l,dhTNFA=l,dhNFKB=-l}
when hHIV=dpHIV001 do {hHIV =0, k'=k+l} goto loc_101;
— when hTNFA=dpTNFA001 do {hTNFA' =0, k'=k+l) goto loc_011; 
when hNFKB=dnNFKB001 do {hNFKB' =0, k'=k+l} goto loc_000;

—  pour la configuration 0,0,2
loc loc_002: while hHIV <= dpHIV002 & hTNFA <= dpTNFA002 & hNFKB
>= dnNFKB002 wait {dhHIV=l,dhTNFA=l,dhNFKB=-l}
when hHIV=dpHIV002 do{hHIV'=0, k'=k+l} goto loc_102;
when hTNFA=dpTNFA002 do {hTNFA' =0, k'=k+l} goto loc_012;
when hNFKB=dnNFKB002 do {hNFKB' =0, k'=k+l} goto loc 001;

—  pour la configuration 0,1,0
loc loc_010: while hHIV <= dpHIVOlO & hTNFA >= dnTNFAOlO & hNFKB 
>= dpNFKBOlO wait {dhHIV=l,dhTNFA=-l,dhNFKB=l}
— when hHIV=dpHIV010 do{hHIV'-0, k’=k+l} goto loc_110; 
when hTNFA=dnTNFA010 do {hTNFA' =0, k'=k+l} goto loc_000;
--when hNFKB=dpNFKB010 do {hNFKB' =0, k'=k+l} goto loc_011;

—  pour la configuration 0,1,1

Dynamical Modeling o f  the Biological Regulatory Network ofNF-kB Activation in case o f HIV-1 96



Annexure

loc loc_011: while hHIV <= dpHIVOll & hTNFA >= dnTNFAOll & hNFKB
<= dpNFKBOll wait {dhHIV=l,dhTNFA=-l,dhNFKB=l}
when hHIV=dpHIV011 do{hHIV’=0, k’=k+l} goto loc_lll;
when hTNFA=dnTNFA011 do {hTNFA’ =0, k'=k+l} goto loc_001;
when hNFKB=dpNFKB011 do {hNFKB* =0, k'=k+l} goto loc_012;

—  pour la configuration 0,1,2
loc loc_012: while hHIV <= dpHIV012 wait 
{dhHIV=l,dhTNFA=0,dhNFKB=0}
when hHIV=dpHIV012 do {hHIV’ =0, k'=k+l} goto loc_112;

—  pour la configuration 1,0,0
loc loc_100: while hHIV >= dnHIVlOO & hTNFA <= dpTNFAlOO & hNFKB 
<= dpNFKBlOO wait {dhHIV=-l,dhTNFA==l,dhNFKB=l}
— when hHIV=dnHIV100 do {hHIV =0, k’=k+l} goto loc_000; 
when hTNFA=dpTNFA100 do {hTNFA' =0, k'=k+l} goto loc_110; 
when hNFKB=dpNFKBlOO do {hNFKB* =0, k'-k+l} goto loc_101;

—  pour la configuration 1,0,1
loc loc_101: while hTNFA <= dpTNFAlOl & hNFKB <= dpNFKBlOl wait 
{dhHIV=0,dhTNFA=l,dhNFKB=l}
when hTNFA=dpTNFAl01 do {hTNFA’ =0, k'=k+l} goto loc_lll; 
when hNFKB=dpNFKBl01 do {hNFKB' =0, k'=k+l} goto loc_102;

—  .pour la configuration 1,0,2
loc loc_102: while hTNFA <= dpTNFA102 wait 
{dhHIV=0,dhTNFA=l,dhNFKB=0}
when hTNFA=dpTNFA102 do {hTNFA'=0, k'=k+l} goto loc_112;

—  pour la configuration 1,1,0
loc loc_110; while hHIV >= dnHIVllO & hNFKB <= dpNFKBllO wait 
{dhHIV=-1,dhTNFA=0,dhNFKB=l}
when hHIV=dnHIVllO do {hHIV =0, k'=k+l} goto loc_010; 
when hNFKB=dpNFKBllO do {hNFKB' =0, k’=k+l} goto loc_lll;

—  pour la configuration 1,1,1
loc loc_lll: while hNFKB <= dpNFKBlll wait 
{dhHIV=0,dhTNFA=0,dhNFKB=l}
when hNFKB=dpNFKBlll do {hNFKB' =0, k'=k+l} goto loc_112;

-- pour la configuration 1,1,2
loc loc_112: while True wait {dhHIV-0,dhTNFA=0,dhNFKB=0}

end
var

init_reg, acces,
portrait,fstate,nes_cyc_length,pln_cyc_length,fixpoint,r_ini,r_ol 
d,r_new,r_acc: region;

— var
—  init_reg, acces : region;
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init_reg := loc[auto] = loc_100 & hTNFA>=0 & hNFKB>=0 & hTNFA <= 
dpTNFAlOO & hNFKB <= dpNFKBlOO;

•Les variables-

—  Analysis commands
r_ini:= loc[auto] = loc_100 & hTNFA>=0 & hNFKB>=0 & hTNFA <= 
dpTNFAlOO & hNFKB <= dpNFKBlOO;
— r_ini:= loc[auto] = loc_100 & hMDM2>=0 & hMDM2 <= dpMDM2100;
—  hP53>=0 & hMDM2>=0 & hP53 <= dpP53100 & hMDM2 <= dpMDM2100; 
r_new:=hide k,n in hull (post(r_ini & k=n) & '-k=n) endhide; 
r_old:=r_ini & ^r_ini;

while not empty(r_new) and empty(r_new & r_ini) do 
r_old:=r_new;
r_new:=hide k,n in hull(post(r_new & k=n) & -k=n) endhide; 
endwhile;
—  To verify that the initial zone is accessible from itself 
if not empty (r_new & r_ini) then
—  if accessible
r_acc:=hide k,n in hull(post(r_new & k=n) &~k=n) endhide; 
r_old:=r_ini & '-r_ini; — empty region initialization 
while not empty(r_acc) and not r_new<=r_old do 
r_old:=r_new;
while not empty(r_acc) and empty(r_acc & r_ini) do 
r_acc:= hide k,n in hull(post(r_acc & k=n) &-k=n) endhide; 
endwhile;
r_acc:=hull(r_acc & r_ini); 
r_new:=hull(r_acc & r_new);
r_acc:=hide k,n in hull(post(r_new & k=n) & ~k=n) endhide; 
endwhile;
if not empty(r_new) then 
prints
" = = = = = =  = = = = = = := = = = = = = =  = = =  = = =  = = = = : =  = = = ^ = = = = = = = = = = = =  =  =  = = = = =  = = = =  =  — = 'f  -

f

prints "Constrained region of the Invariance Kernel in the 
zone:";
— print hide h in r_new endhide; 
prints
n ___________________________________________________________________________________M ,

f

prints

prints "Delay constraintes:";
print hide hHIV,hTNFA,hNFKB, dpTNFAOOO, dpTNFAOOl, dpTNFA002, 
dnTNFA010,dnTNFA011, dpTNFAlOO, dpTNFAlOl, dpTNFA102, dnTNFAllO, 
dpTNFA, dnTNFA in r_new endhide; 
prints
n ________________________________________________________________________________________________________ II .f
else
prints "Invariance kernel does not exist from the initial
region";
endif;
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else
—  if not accessible
prints "The initial region is not accessible from itself hence"; 
prints "there is no initial condition that leads to an invariance 
kernel."; 
endif;

—  Fichier Hyfilel 

var
hHIV,hTNFA,hNFKB :analog; 
k,n: discrete;
dpHIVOOO,dpTNFAOOO,dpNFKBOOO, dpHIVOOl, dpTNFAOOl, dnNFKBOOl, 
dpHIV002, dpTNFA002,dnNFKB002, dpHIVOlO,
dnTNFA010,dpNFKB010,dpHIV011, dnTNFAOll,dpNFKBOll, dpHIV012, 
dnHIVlOO, dpTNFA100,dpNFKB100, dpTNFAlOl, dpNFKBlOl, dpTNFA102, 
dnHIVllO, dnTNFAllO, dpNFKBllO, dpNFKBlll,dpHIV, dnHIV, dpTNFA, 
dnTNFA, dpNFKB, dnNFKB:parameter; 
automaton auto 
synclabs: ;
—  gene n®0 = HIV
—  gene n®l = TNFA
—  gene n”2 = NFKB 
initially loc_000;
— pour la configuration 0,0,0
loc loc_000: while hHIV <= dpHIVOOO & hTNFA <= dpTNFAOOO & hNFKB
<= dpNFKBOOO wait {dhHIV=l,dhTNFA=l,dhNFKB=l}
when hHIV=dpHIVOOO do {hHIV'=0, k'=k+l} goto loc_100;
--when hTNFA=dpTNFAOOO do {hTNFA'=0, k'=k+l} goto loc_010;
— when hNFKB=dpNFKB000 do {hNFKB'=0, k'=k+l} goto loc_001;

—  pour la configuration 0,0,1
loc loc_001; while hHIV <= dpHIVOOl & hTNFA <= dpTNFAOOl & hNFKB
>= dnNFKBOOl wait {dhHIV=l,dhTNFA=l,dhNFKB=-l}
when hHIV=dpHIV001 do {hHIV =0, k’=k+l} goto loc_101;
— when hTNFA=dpTNFA001 do {hTNFA' =0, k'=k+l} goto loc_011; 
when hNFKB=dnNFKB001 do {hNFKB' =0, k'=k+l} goto loc_000;

—  pour la configuration 0,0,2
loc loc_002: while hHIV <= dpHIV002 & hTNFA <= dpTNFA002 & hNFKB
>= dnNFKB002 wait {dhHIV=l,dhTNFA=l,dhNFKB=-l}
when hHIV=dpHIV002 do{hHIV'=0, k’=k+l} goto loc_102;
when hTNFA=dpTNFA002 do {hTNFA’ =0, k'=k+l} goto loc_012;
when hNFKB=dnNFKB002 do {hNFKB' =0, k'=k+l} goto loc_001;

—  pour la configuration 0,1,0
loc loc_010: while hHIV <= dpHIVOlO & hTNFA >= dnTNFAOlO & hNFKB 
>= dpNFKBOlO wait {dhHIV=l,dhTNFA=-l,dhNFKB=l}
— when hHIV=dpHIV010 do {hHIV =0, k'=k+l} goto loc_110; 
when hTNFA=dnTNFA010 do {hTNFA’ =0, k'=k+l} goto loc 000;
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--when hNFKB=dpNFKB010 do {hNFKB* =0, k*=k+l} goto loc_011;

—  pour la configuration 0,1,1
loc loc_011: while hHIV <= dpHIVOll & hTNFA >= dnTNFAOll & hNFKB
<= dpNFKBOll wait {dhHIV=l,dhTNFA=-l,dhNFKB=l}
when hHIV=dpHIV011 do{hHIV'=0, k'=k+l} goto loc_lll;
when hTNFA=dnTNFA011 do {hTNFA' =0, k'=k+l} goto loc_001;
when hNFKB=dpNFKB011 do {hNFKB* =0, k’=k+l} goto loc_012;

—  pour la configuration 0,1,2
loc loc_012: while hHIV <= dpHIV012 wait 
{dhHIV=1,dhTNFA=0,dhNFKB=0}
when hHIV=dpHIV012 do {hHIV -0, k'=k+l} goto loc_112;

—  pour la configuration 1,0,0
loc loc_100: while hHIV >= dnHIVlOO & hTNFA <= dpTNFAlOO & hNFKB 
<= dpNFKBlOO wait {dhHIV=-l,dhTNFA=l,dhNFKB=l}
— when hHIV=dnHIV100 do {hHIV’ =0, k'=k+l} goto loc_000; 
when hTNFA=dpTNFA100 do {hTNFA' =0, k'=k+l} goto loc_110; 
when hNFKB=dpNFKB100 do {hNFKB' =0, k'=k+l} goto loc_101;

—  pour la configuration 1,0,1
loc loc_101: while hTNFA <= dpTNFAlOl & hNFKB <= dpNFKBlOl wait 
{dhHIV=0,dhTNFA=l,dhNFKB=l}
when hTNFA=dpTNFA101 do {hTNFA' =0, k'=k+l} goto loc_lll; 
when hNFKB=dpNFKB101 do {hNFKB' =0, k'=k+l} goto loc_102;

—  pour la configuration 1,0,2
loc loc_102: while hTNFA <= dpTNFA102 wait 
{dhHIV=0,dhTNFA=l,dhNFKB=0}
when hTNFA=dpTNFA102 do {hTNFA'=0, k'=k+l) goto loc_112;

—  pour la configuration 1,1,0
loc loc_110: while hHIV >= dnHIVllO & hNFKB <= dpNFKBllO wait 
{dhHIV=-l,dhTNFA=0,dhNFKB=l}
when hHIV=dnHIV110 do {hHIV =0, k'=k+l} goto loc_010; 
when hNFKB=dpNFKB110 do {hNFKB' =0, k'=k+l} goto loc_lll;

—  pour la configuration 1,1,1
loc loc_lll: while hNFKB <= dpNFKBlll wait 
{dhHIV=0,dhTNFA=0,dhNFKB=l}
when hNFKB=dpNFKBlll do {hNFKB' =0, k'=k+l} goto loc_112;

—  pour la configuration 1,1,2
loc loc_112: while True wait {dhHIV=0,dhTNFA=0,dhNFKB=0}

end
var

init_reg, acces,
portrait,fstate,nes_cyc_length,pln_cyc_length,fixpoint,r_ini,r_ol 
d,r_new,r_acc: region;
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— var
—  init_reg, acces : region; 

init_reg := loc[auto] = loc_100 & hTNFA>=0 & hNFKB>-0 & hTNFA <= 
dpTNFAlOO & hNFKB <= dpNFKBlOO;

'Les variables-

—  Analysis commands
r_ini:= loc[auto] = loc_100 & hTNFA>=0 & hNFKB>=0 & hTNFA <= 
dpTNFAlOO & hNFKB <= dpNFKBlOO;
— r_ini:= loc[auto] = loc_100 & hMDM2>=0 & hMDM2 <= dpMDM2100;
—  hP53>=0 & hMDM2>=0 & hP53 <= dpP53100 & hMDM2 <= dpMDM2100; 
r_new:=hide k,n in hull (post(r_ini & k=n) & ~k=n) endhide; 
r_old:=r_ini & -r_ini;

while not empty(r_new) and empty{r_new & r_ini) do 
r_old:=r_new;
r_new:=hide k,n in hull(post(r_new & k=n) & -k=n) endhide; 
endwhile;
—  To verify that the initial zone is accessible from itself 
if not empty (r_new & r_ini} then
—  if accessible
r_acc:=hide k,n in hull{post(r_new & k=n) &~k=n) endhide; 
r_old:=r_ini & ^r_ini; — empty region initialization 
while not empty{r_acc) and not r_new<=r_old do 
r_old:=r_new;
while not empty(r_acc) and empty(r_acc & r_ini) do 
r_acc:= hide k,n in hull{post(r_acc & k=n) &-k=n) endhide; 
endwhile;
r_acc:=hull(r_acc & r_ini); 
r_new:=hull(r_acc & r_new);
r_acc:=hide k,n in hull (post (r__new & k=n) & '-k=n) endhide; 
endwhile;
if not empty(r_new) then 
prints
I I _______________________________________________________________________________________________________________________________________________________________________________ H •--------------- — ------------------------------------------------------------— ----------- ------------------------------------------- --------------- ^  ,  /

prints "Constrained region of the Invariance Kernel in the 
zone:";
— print hide h in r_new endhide; 
prints
I I _______________________________________________________________________________________________________________________________________________________________________________ IT .^ --------------- — — — — ------------ ------ ----------------------------------------- ^  ------- " ^  f
prints
I I _______________________________________________________________________________________________________________________________________________________________________________ n  .----- ------------------------------------------------ ^  /
prints "Delay constraintes:";
print hide hHIV,hTNFA,hNFKB, dpTNFAOOO, dpTNFAOOl, dpTNFA002, 
dnTNFA010,dnTNFA011, dpTNFAlOO, dpTNFAlOl, dpTNFA102, dnTNFAllO, 
dpTNFA, dnTNFA in r_new endhide; 
prints
I I ________________________________________________________________________________________________________________________________________________________________________________M ,-------------- —-----------------------------— ^ /
else
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prints "Invariance kernel does not exist from the initial 
region"; 
endif; 
else
—  if not accessible
prints "The initial region is not accessible from itself hence"; 
prints "there is no initial condition that leads to an invariance 
kernel."; 
endif;

—  Fichier 

var
hHIV,hTNFA,hNFKB :analog; 
k,n: discrete;
dpHIVOOO,dpTNFAOOO,dpNFKBOOO, dpHIVOOl, dpTNFAOOl, dnNFKBOOl, 
dpHIV002, dpTNFA002,dnNFKB002, dpHIVOlO,
dnTNFA010,dpNFKB010,dpHIV011, dnTNFAOll,dpNFKBOll, dpHIV012, 
dnHIVlOO, dpTNFAlOO,dpNFKBlOO, dpTNFAlOl, dpNFKBlOl, dpNFKB102, 
dnHIVllO, dnTNFAllO, dpNFKBllO, dpNFKBlll,dpHIV, dnHIV, dpTNFA, 
dnTNFA, dpNFKB, dnNFKB:parameter; 
automaton auto 
synclabs: ;
—  gA"ne nA®0 = HIV 
-- gA"ne nA'̂ l = TNFA
—  gA”ne nA°2 = NFKB 
initially loc_000;
—  pour la configuration 0,0,0
loc loc_000: while hHIV <= dpHIVOOO & hTNFA <= dpTNFAOOO & hNFKB
<= dpNFKBOOO wait {dhHIV=l,dhTNFA=l,dhNFKB=l}
when hHIV=dpHIVOOO do {hHIV'=0, k'=k+l} goto loc_100;
when hTNFA=dpTNFA000 do {hTNFA'=0, k’=k+l} goto loc_010;
when hNFKB=dpNFKB000 do {hNFKB*=0, k'=k+l} goto loc_001;

—  pour la configuration 0,0,1
loc loc_001: while hHIV <= dpHIVOOl & hTNFA <= dpTNFAOOl & hNFKB
>= dnNFKBOOl wait {dhHIV=l,dhTNFA=l,dhNFKB=-l}
when hHIV=dpHIV001 do {hHIV* =0, k'=k+l} goto loc_101;
when hTNFA=dpTNFA001 do (hTNFA' =0, k'=k+l} goto loc_011;
when hNFKB=dnNFKB001 do {hNFKB’ =0, k'=k+l} goto loc 000; 

i  ~

—  pour la configuration 0,0,2
loc loc_002: while hHIV <= dpHIV002 & hTNFA <= dpTNFA002 & hNFKB
>= dnNFKB002 wait {dhHIV=l,dhTNFA=l,dhNFKB=-l}
when hHIV=dpHIV002 do{hHIV'=0, k'=k+l} goto loc_102;
when hTNFA=dpTNFA002 do {hTNFA' =0, k'=k+l} goto loc_012;
when hNFKB=dnNFKB002 do {hNFKB' =0, k'=k+l} goto loc_001;

—  pour la configuration 0,1,0
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loc loc_010: while hHIV <= dpHIVOlO & hTNFA >= dnTNFAOlO & hNFKB
>= dpNFKBOlO wait {dhHIV=l,dhTNFA=-l,dhNFKB=l}
when hHIV=dpHIV010 do{hHIV'=0, k’=k+l} goto loc_110;
when hTNFA=dnTNFA010 do {hTNFA' =0, k'=k+l} goto loc_000;
when hNFKB=dpNFKB010 do {hNFKB' =0, k'=k+l} goto loc_011;

—  pour la configuration 0,1,1
loc loc_011: while hHIV <= dpHIVOll & hTNFA >= dnTNFAOll & hNFKB
<= dpNFKBOll wait {dhHIV=l,dhTNFA=-l,dhNFKB=l}
when hHIV=dpHIV011 do{hHIV'=0, k'=k+l} goto loc_lll;
when hTNFA=dnTNFA011 do {hTNFA' =0, k'=k+l} goto loc_001;
when hNFKB=dpNFKB011 do {hNFKB' =0, k'=k+l} goto loc_012;

—  pour la configuration 0,1,2
loc loc_012: while hHIV <= dpHIV012 wait 
{dhHIV=1,dhTN FA= 0,dhN FKB= 0}
when hHIV=dpHIV012 do {hHIV =0, k'=k+l} goto loc_112;

—  pour la configuration 1,0,0
loc loc_100: while hHIV >= dnHIVlOO & hTNFA <= dpTNFAlOO & hNFKB
<= dpNFKBlOO wait {dhHIV=-l,dhTNFA=l,dhNFKB=l}
when hHIV=dnHIV100 do {hHIV =0, k’=k+l} goto loc_000;
when hTNFA=dpTNFA100 do {hTNFA' =0, k'=k+l} goto loc_110;
when hNFKB=dpNFKB100 do {hNFKB' =0, k'=k+l} goto loc_101;

—  pour la configuration 1,0,1
loc loc_101: while hTNFA <= dpTNFAlOl & hNFKB <= dpNFKBlOl wait 
{dhHIV=0,dhTNFA=l,dhNFKB=l}
when hTNFA=dpTNFA101 do {hTNFA' =0, k'=k+l} goto loc_lll; 
when hNFKB=dpNFKBl01 do {hNFKB' =0, k'=k+l} goto loc_102;

—  pour la configuration 1,0,2
loc loc_102: while hNFKB <= dpNFKBl02 wait 
{dhHIV=0,dhTNFA=l,dhNFKB=0}
when hNFKB=dpNFKB102 do {hNFKB'=0, k'=k+l} goto loc_112;

—  pour la configuration 1,1,0
loc loc_110; while hHIV >= dnHIVllO & hNFKB <= dpNFKBllO wait 
{dhHIV=-1,dhTNFA=0,dhNFKB^l}
when hHIV=dnHIV110 do {hHIV =0, k'=k+l} goto loc_010; 
when hNFKB=dpNFKB110 do {hNFKB' =0, k'=k+l} goto loc_lll;
I

—  pour la configuration 1,1,1
loc loc_lll: while hNFKB <= dpNFKBlll wait 
{dhHIV=0,dhTNFA=0,dhNFKB=l}
when hNFKB=dpNFKBlll do {hNFKB' =0, k'=k+l} goto loc_112;

—  pour la configuration 1,1,2
loc loc_112: while True wait {dhHIV=0,dhTNFA=0,dhNFKB=0} 
end
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var
init_reg, acces,

portrait,fstate,nes_cyc_length,pln_cyc_length,fixpoint,r_ini,r_ol 
d,r_new,r_acc: region;

--var
—  init_reg, acces : region; 

init_reg := loc[auto] = loc_100 & hTNFA>=0 & hNFKB>=0 & hTNFA <= 
dpTNFAlOO & hNFKB <= dpNFKBlOO;

■Les variables-

acces:= hide k, n in post(post(post(post(init_reg & k=n) & 
~k=n))) endhide;

print hide hHIV,hTNFA,hNFKB in acces endhide;

— init_reg:=hull(acces) & init_reg;

accespost(post(post(init_reg })) ; 
init_reg:=hull(acces) & init_reg; 
prints "Etats accessibles";
print hide hHIV,hTNFA,hNFKB in init_reg endhide;

acces:= post(post(post(init_reg ))) ; 
init_reg:=hull(acces) & init_reg; 
prints "Etats accessibles";
print hide hHIV,hTNFA,hNFKB in init reg endhide;
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