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Abstract

Nuclear NF-xB ("NF-xBn") is a transcription factor responsible for regulating many
genes that play important roles in inter- and intra-cellular signaling, cellular stress re-
sponses, cell growth, survival and apoptosis. Defective levels of NF-xBn has been as-
sociated with cancer, inflammatory, and autoimmune diseases. Therefore, it is important to
identify species in the NF-xB pathway that if inhibited/ targeted by added drugs normalize
the levels of NF-xBn. Also, since there is a limit to how effective single drug targets are in
complicated diseases, identification of combinations of targets is very important. Existing
experimental and computational work are disease specific, not comprehensive as they only
analyze specific drug targets, and rarely analyze combinations of targets. In this thesis,
we computationally modify a healthy model of the pathway to reflect what is defective in
different classes of diseases. Then for each of the healthy and disease models, we score in-
dividual targets based on how much change in concentration of NF-xBn they induce when
inhibited with an added inhibitor. Furthermore, we explain (1) why certain species score
better than others, (2) why the inhibition profile of the output (NF-xBn) is not linear, and
(3) why some isoforms of the same species score better than others. We also classify pairs
of targets based on whether they are synergistic, additive, or antagonistic and obtain gen-
eral trends for synergism of target combinations. Finally, we provide a comparison of the
identified best targets with previously identified ones. One of our main findings is that very
few species are effective at low levels of inhibition but many are effective at extremely
high levels of inhibition. We also find that the scores of the species greatly depend on their
steady state concentrations, the relative reaction parameters such as nuclear import/export
rates and synthesis rates, and the relative concentrations of IKK and NF-«B. Furthermore,
we find that all species that have some effect on the output are synergistic with one an-
other. In departure from other approaches we have computationally targeted both individ-
ual proteins and protein complexes, rather than just individual proteins. Although protein
complexes score better they are more difficult to inhibit physically.
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Chapter 1

Introduction

1.1 Background and Motivation

Nuclear NF-xB (NF-xBn) is a transcription factor that is responsible for regulating
many genes that play important roles in inter- and intra-cellular signaling, cellular stress
responses, cell growth, survival and apoptosis [1]. Studies have found that many diseases
are associated with a defective level of NF-xBn such as chronic inflammatory and autoim-
mune diseases (eg.asthma, COPD, and Celiac disease) [2, 3].

Inhibiting the NF-kxB pathway by inhibiting its species (proteins/ protein complexes)
would normalize the output of NF-xBn. However, inhibition of the various species in
the pathway do not all have the same level of effect on NF-xBn’s output level. A few
species might greatly increase/ decrease NF-xBn’s output when inhibited by an added drug
(inhibitor), while other species might have negligible effects. Therefore, identification of
the best individual species (drug targets) to target is very important.

Furthermore, in many complex diseases like cancer there is a limit to how effective
a single drug target is in normalizing the output either because of drug resistance or due
to narrow therapeutic windows. Combination therapy, in which two or more drug targets
are inhibited simultaneously, has emerged as a potential way to circumvent some of these
shortcomings. The drug combinations may be additive, synergistic, or antagonistic. An
additive pairs is one in which a linear combination of the two drug concentrations leads

to the same overall effect on the output. A synergistic pair is one in which the addition
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of one of the drugs reduces the amount required of the second drug to obtain an equal
overall output effect compared to a linear combination of the two, requiring an overall
lower amount of total drug intake. An antagonistic pair is one where we need a greater
total amount of drug to have the same effect on the output than if only one of the drugs was
given. Therefore, classification of target combinations in terms of synergism is another very
important objective as we would like to simultaneously target species that are synergistic
with one another and not antagonistic.

Screening drug targets in labs is expensive and time-consuming, thus comprehensively
screening all the species in the pathway is extremely costly and technically infeasible.
Computational comprehensive identification of drug targets, using computational models
of the pathway, is faster, less expensive and provides a holistic view of the pathway. Thus

this thesis takes a computational approach.

1.2 Previous Work

There have been great work towards the goal of identifying drug targets in the NF-xB
pathway. Experimental work by Luron et al. [4], Trepicchio et al. [5], and Gohda et al. [6]
focus on identifying drugs(s) for only a specific target and/ or analyzing if an existing
drug that treats another disease would treat a disease associated with NF-xB pathway and
then identifying the point of inhibition. Other more comprehensive experimental work like
Miller et al.’s [ 7], start with many clinically approved drugs and screen them to identify the
ones that inhibit the NF-xB signalling and then identify the points of inhibition.

As computational modeling can provide strong quantitative predictions, there have been
computational work that also have the goal of identifying drug targets in the NF-xB path-
way. Zhou et al. [8] analyzed the inhibition effects of four existing drugs and their targets
individually and in combinations using a NF-xB pathway model with parameters obtained
from cells with multiple myeloma.

These excellent works use cell lines or models that are disease specific. They are also
not comprehensive and are limited to the analyses of previously identified drugs and their

targets missing out on other potentially good targets. While there have been comprehensive
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analyses of the NF-xB pathway such as the work of Kell et al. [9], they usually have the
goal of analysing cellular signalling interactions by identifying the parameters that have
the most control on the oscillatory output of NF-xBn which is different than the goal of

identifying drug targets.

1.3 Objectives

There are five main objectives to this thesis. The first is to identify the points of defects
in the pathway that are the cause for disease and modify the healthy model to reflect that
in order to allow for a more robust way of discovering drug targets for different diseases.
The second is to obtain the best individual drug targets in the healthy and disease models.
The third is to categorize the target combinations as additive, synergistic, or antagonistic.
The fourth is to provide explanations to why certain targets score better than others and
explanations to key observations. The two key observations are (1) Why does the output,
NF-+Bn, not have a linear profile? (2) Why are alpha isoforms better drug targets than the
beta and epsilon isoforms? The fifth is to provide a comparison of the identified best targets

with previously identified ones.

1.4 Organization

This thesis consists of six main chapters. In Chapter 2, we describe the healthy and
disease models of NF-<B. In Chapter 3, we describe the methodology used for scoring
individual species and the categorization of combinations of species. In Chapter 4, we show
how the output changes with the different disease models and determine if the objective is
to increase or decrease the output. In Chapter 5, we present the scoring results of the
individual species for the different models. In Chapter 6, we present the categorization
results of the combinations of species. In Chapter 7, we provide explanations to the results

obtained and compare the identified targets to previously identified ones.
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Chapter 2

Models

2.1 Healthy Model

2.1.1 The System

The deterministic NF-xB pathway model by Kell et al [9] is periodic and contains
species in both the nucleus and the cytoplasm. It contains 26 species (including the source
which represents DNA and the sink which represents degradation) (table A.1 in Appendix
A) and 64 mass actions reactions modeled by ordinary differential equations (table A.2 in
Appendix A). There are 3 negative regulators for NF-xB: IxBa, 1B/, and IxBe; and one
kinase (IKK) that phosphorylates the inhibitors for degradation. All the IxBs are similar in
structure but have different binding preferences. In general, NF-xB can either be p65/p50
or p50/p50. The p65/p50 leads to the transcription of a variety of genes, and the p50/p50
homodimer inhibits transcription [10]. The NF-«B that is in the model is the p65/p50 [9].

There are approximately seven surface receptors that are upstream of the NF-«<B path-
way and they are: BCR, TCR, TLRs, IL-1R, TNFR, GF-Rs, and (LTBR, CD40, BR3) [1 1].
In the model used, the pathway is activated by TNF-a. The activation of TNF-a leads to ac-
tivation of IKK, which in turn phosphorylates the inhibitor-NF-xB complex (IxB-NF-«<B),
which leads to ubiquitination of the inhibitors and release of NF-xB, which then enters the
nucleus and transcribes proteins including its inhibitors.

The model includes only the core of the NF-xB pathway and does not include the
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surface receptors mentioned above. However, the stimulation of IKK by the TNF-a surface
receptor and other means is captured by having the concentration of IKK to be initially
at 0.1 M and then having it gradually decrease (as the stimulation goes away). A very
simplified version of the pathway is shown in figure 2-1. A more detailed pathway is found

in figure B-1 in Appendix B.

\ }"“—‘-}— Outpuat

Figure 2-1: A simplistic overview of the NF-xB pathway. Source Kell et al. [9]

2.1.2 System’s Behavior
The System at the Beginning and After Reaching Steady State

The system starts off with [xBx, [kBxn, NF-xB, NF-xBn, 1xBx-NF-xB, [xBxn-NF-
xBn, IKK, and IxBx-t where x refers to all three isophorms alpha, beta, and epsilon.
All complexes with IKK start off with zero concentration. The species that get de-
graded are IKK, IxBx, IxBx-t. IxBx-t gets produced continuously, IxBa-t at a rate of
1.54 * 107 uM—ts~1, 1xkBS3-t at a rate of 1.78 x 10~ "M ~'s~!, and IxBe-t at a rate of
1.27 10~ puM~1ts71,
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After running the system to steady state, most of the species have a steady state con-
centration approximately the same as the starting concentrations except IKK which gets
completely degraded. Complexes with NF-<B and NF-xBn have a steady state concentra-
tion slightly higher than the initial starting concentration. The output of concern, NF-xBn,
reaches steady state after many oscillations. The area under the curve is 24.1600 M with

peak amplitude of 0.0002 ;M and steady state concentration of 2.4 x 10~*uM.

2.2 Diseases Associated with Defective NF-xB Output

2.2.1 Associated Diseases

IKK is composed of 3 subunits: IKK1(IKKa), IKK2(IKK5), and NEMO(IKK~). IKK1
and IKK2 are catalytic subunits, whereas NEMO is a regulatory subunit. When ligands bind
to the surface receptors, after a cascade of signals, NEMO either get activated or inhibited
by different upstream species [ 10].

Diseases associated with NF-xB are caused by alterations to "healthy’ resulting from
defects in (1) NF-«B itself, (2) species that directly regulate NF-<B but are not in our
model, (3) IxBs, (4) IKK (especially NEMO), or (5) species upstream of IKK [12]. We
only consider diseases caused by the last three types (3, 4, 5) of modification.

An example of a disease caused by modifications in IxBs is HL. (common B-cell lym-
phoma). In this disease, the 1xBs lose their function thereby leading to a constitutively
active NF-xB [12].

Our model does not include species upstream of IKK and furthermore treats IKK1
(IKKa), IKK2 (IKK/), and NEMO (IKK~) as one species - IKK. Thus we can collapse
the alterations (4) and (5) into ones with inactive IKK and ones with a constitutively active
IKK. The first category (ones with inactive IKK) causes a decrease in NF-xB activation
and the second category (ones with constitutively active IKK) causes an increase in NF-xB
activation.

Examples of diseases that belong to the first category are incontinentia pigmenti (IP)

[13], a genetic disease that causes altered pigmentation and developmental abnormalities,
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and anhidrotic ectodermal dysplasia with immunodeficiency (EDA-ID) [12], a group of
conditions characterized by abnormal development of ectodermal tissues including the
skin, hair, teeth, and sweat glands. An example of a disease that belongs to the second
category is Multiple Myeloma, cancer that forms in plasma cells [14]. It is important to
note that there are extremely rare diseases that are caused by IxkBa not getting phosphory-
lated by IKK such as EDA-ID(t), but they are not considered as they are very rare [12].

To summarize, the three disease models we will study are: (1) Model 1: Loss of [kBs

function, (2) Model 2: inactive IKK, (3) Model 3: constitutively active IKK.

2.2.2 Disease Model 1: Loss of 1xBs Function

HL (common B-cell lymphoma) is disease caused by modifications in IxBs such that
they lose their functionality. In the original healthy model, we start off with initial amounts
of IkBs that gets degraded and consumed by reactions but gets replenished at a constant
rate. In order to alter the model to have it represent the disease state with dysfunctional
IxBs, we change the concentrations of the three IxBs to be constant at zero. This is to
show that even though IxBs are being produced, only dysfunctional ones are. Changing
the concentration of transcriptional IxBs to be constant at zero produces the exact same
results as when we modified the concentrations of IxBs. We will use the model in which

the concentrations of the three transcriptional 1xBs are set constant at zero.

2.2.3 Disease Model 2: Inactive IKK

Incontinentia pigmenti (IP) is a disease caused by an inactive IKK component NEMO.
In the healthy model we have an initial amount of 0.1 M of IKK which is consumed and
degraded over time. In order to alter the model to have it represent the disease state with

an inactive IKK, we make IKK be a constant input at 0 M.

2.2.4 Disease Model 3: Constitutively Active IKK

Multiple Myeloma is a disease caused by having a constitutively active IKK. The initial

amount of IKK (0.1 uM) gets consumed and degraded over time. In order to alter the model
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to have it represent the disease state with a constitutively active IKK, we make IKK be a

constant input at 0.1 pM.
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Chapter 3

Methodology

Our methods are based on Nirmala’s methodology [ ! 5] to target individual and pairs of

species, score individual species, and categorize pairs of targets.

3.1 Targeting and Scoring of Individual Species

One of our main objectives is to exhaustively identify the best individual drug targets
that either decrease the output in diseases that have an increased output or increase it in
diseases that have a decreased output. In order to achieve that objective and identify the
best individual targets, we systematically add a constant amount of reversible inhibitor
to each species with an association rate constant of 107340 ~1s~! and a dissociation rate
constant of 10765~ (inhibitor constant of 10~2u M) at 100 different logarithmically spaced
concentrations between 10~% and 10?,4)/. We maintain the inhibitor at a constant value to
simulate having a large amount of drug in the system.

To quantify the effect of the inhibition on the output we obtain the target effect (TE)
and output effect (OE) for each of the 100 different inhibitor concentrations after allowing
the system to equilibrate with the inhibitor and reach steady state to get rid of transient
fluctuations that are a result of initial concentrations. The target effect is the fraction of
available target that is bound by inhibitors, which is inactive and cannot participate in
reactions. The output effect is the percentage change in output from the unperturbed state;

It is the percent decrease in diseases with a higher than normal output and a percent increase
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in diseases with a lower than normal output. We then plot the 100 OE and TE pairs. There
are three possible outcomes for the OE versus TE curves. One is that it is linear, where in
order to have a 50 % OE we need to inhibit the species by 50 %. The second is a sublinear
response, where in order to have an OE of 50 % we need to inhibit the species by more
than 50 %. The third is superlinear, where inhibiting the species by less than 50 % would
lead to an OE of 50 %.

To compare between species, we choose three TE values: 52%, 91%, and 100% and
rank the OE for all the species. The reason we look at different degrees of inhibition of
each species and not just when it is 100% inhibited is because it might be better to target
a species that results in a higher OE at low levels of inhibition than to target a drug that
results in a much higher OE but only when it is inhibited at very high levels. This is because

in practice high doses of drug are likely to be toxic.

3.2 Targeting Pairs of Species and Categorizing Them

To identify which pairs of targets works well, we systematically inhibited each of the
two species of the pair at 100 different logarithmically spaced concentrations between 10~4
and 102, M with a total of 10* different combinations of concentrations. Similar to the tar-
geting of individual species, we maintain a constant amount of the two reversible inhibitors
introduced and allow the system to reach steady state with them before simulating the sys-
tem and obtaining the OEs for all the combinations of the two drug levels.

We then looked at how pairs of drug targets effect the output compared to when each
one of the drugs were given alone at equivalent concentrations. To that end, we plotted
the first species’ TEs, second species’ TEs, and OEs for all the 10* combinations in a heat
plot and categorized the pairs as additive, synergistic, or antagonistic for seven contours of
output effect levels of 30%, 50%, 70%, 90%, 99.0%, 99.99%, and 99.999%.

An additive pair means that the two drugs have a linear effect on the output. Graphi-
cally, these are the pairs where the overall OE is constant along lines where the total drug
concentration is fixed. A synergistic pair is one in which the addition of one of the drugs

reduces the amount required of the second drug to obtain an equal overall output effect
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compared to a linear combination of the two, requiring an overall lower amount of total
drug intake. Graphically, these are the pairs these are the pairs where a higher overall
output effect is achieved at some combinations of drugs along some constant drug concen-
tration curves. An antagonistic pair is one where we need a greater total amount of drug
to have the same effect on the output than if only one of the drugs was given. Graphically,
these are the pairs where a lower overall output effect is achieved at some combinations of

drugs along some constant drug concentration curves.

3.3 Features

We scored the species based on the in integral of output concentration over time. This is
because we saw that the change in amplitude is the same as the change in integral of output
concentration over time as the species reached non-periodic steady state. We do not look
at other features such as the number of peaks and the average frequency of oscillations as
initial work showed that they highly rank species that do not make biological sense. For
example, the highly scored negative regulators of NF-xB and inhibiting a negative regulator
would lead to an increase in NF-xB and not a decrease in it which we want. Furthermore,
the results using the number of peaks and average frequency of oscillations features are not
consistent with the results obtained from the integral of output concentration over time and

amplitude features which make biological sense.
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Chapter 4

Model Results

4.1 Disease Model 1: Loss of IxBs Function

In diseases that are represented by this model, there are modifications in [xBs such that
they lose their functionality. In the original healthy model, we start off with initial amounts
of IxBs that are degraded and consumed by reactions but are also replenished at a constant
rate. In order to alter the model to have it represent the disease state with dysfunctional
IxBs, we change the concentrations of the three IxBs to be constant at zero. This is to
show that even though [xBs are being produced, only dysfunctional ones are. Changing
the concentration of transcriptional 1xBs to be constant at zero produces the exact same
results as when we modified the concentrations of 1xBs. We will use the model in which

the concentrations of the three transcriptional 1xBs are set constant at zero uM.

To know what the effect of this modification of the model on the output nuclear NF-xB
(NF-xBn) is, we obtained the area under the curve after running the system for 10° secs and
saw a 41200 % increase in NF-xBn output, 24.16 uM to 9991.12 M. This makes sense
because we are disrupting the outputas inhibitor. For this disease model, the objective is to

find drugs that decrease the output of NF-xBn.
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4.2 Disease Model 2: Inactive IKK

In diseases that are represented by this model, NEMO, a component of IKK, is inactive.
In the healthy model we have an initial amount of 0.1 ;M of IKK which gets consumed
and degraded over time. In order to alter the model to have it represent the disease state
with an inactive IKK, we make IKK be a constant input at O M.

To know what the effect of this modification of the model on the output NF-xBn is, we
obtained the area under the curve after running the system for 10° secs and saw no change in
the output levels; In both the healthy model and this altered model the integral of the output
is 24.1600 M. This makes sense because at steady state, IKK and any species complex
containing IKK have been completely consumed by degradation or reactions with other
species so making them inactive and setting the concentration to zero makes no difference
on the output.

There are two possible reasons to why we are not able to capture diseases with an
inactive IKK: 1) the model used might not be accurate enough because it might need to
represent components of IKK separately or it is not correctly modeling the concentration
profile of IKK. 2) NEMO or IKK might be involved in another pathway and the disruption

in the other pathway might be the cause of disease.

4.3 Disease Model 3: Constitutively Active IKK

In diseases represented by this model, IKK is constitutively active. In the healthy model
we have an initial amount of 0.1 uM of IKK which gets used up and degraded over time.
In order to alter the model to have it represent the disease state with a constitutively active
IKK, we make IKK be a constant input at 0.1 pM.

To know what the effect of this modification of the model on the output NF-xBn is, we
obtained the area under the curve after running the system for 10° secs and saw a 24000
% increase in the output (from 24.1600 pM in the healthy model to 5936.06 pM in this
disease model).This makes sense biologically as having a constant input of the inhibitor to

the inhibitors of NF-<B (IxBxs) is equivalent to activating NF-xB. For this disease model
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the objective is to find drugs that decrease the output of NF-xBn.

4.4 Disease Models Used in Identifying Targets

Since only disease model 1 (Loss of IxBs function) and disease model 3 (Constitutively
active IKK) have any effect on the output NF-<xBn, we will identify individual and pair
targets only for them and not disease model 2 (Inactive IKK). Also, since both disease
model 1 and disease model 3 lead to an increase in output, we will identify targets that

decrease the output.
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Chapter 5

Single Target Results

5.1 Single Drug Targets in the Healthy Model

5.1.1 Output Effect - Inhibition Level Profiles for Each Target

The OE vs TE profiles for all species in the healthy model can be found in section B.2

in Appendix B. The species categorization can be seen in figure 5-1.
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12: IKKIKBb_NF KB ) 14 [KKIBe NF_kB

Figure 5-1: Classification of species in the healthy model based on their OE vs TE profiles.
Species in dark blue circles have super-linear or linear profiles. Species in light blue circles
have sub-linear profiles. Species in grey circles have no effect on the output. Species in
black circles get degraded.

5.1.2 Optimal Target and TE level

Figure 5-2 shows the OE for various TEs for all species for the healthy model. The

species that achieve an OE > 40

TE > 30 %: IBa-NF-B (species 3)

TE > 75 %: 1B3-NF-B (species 5)

TE > 80 %: IBe-NF-B: (species 7)

TE < 95 %: IBan-NF-Bn (species 17)

TE > 99 %: NF-B (species 2), NF-Bn (species 15), IBAn-NF-Bn (species 19) , and

IBen-NF-Bn (species 21)
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Figure 5-2: OE for various TEs for all species for the original healthy model. The size
and color vary according to the OE. Top ﬁg%rle shows all TEs and the bottom figure shows
TEs> 90 %.



5.1.3 Optimal Target

The species that achieve and OE level > 40 % with TE <= 80 are:
e [Ba-NF-B (species 3)
e [B3-NF-B (species 5)

e [Be-NF-B: (species 7)
5.1.4 TE Level Threshold

There is no level threshold that produces OE level > 40 % that works for all species.

5.2 Single Drug Targets in Disease Model 1

5.2.1 Output Effect - Inhibition Level Profiles for Each Target

The OE vs TE profiles for all species in disease model 1 can be found in section B.3 in

Appendix B. The species categorization can be seen in figure 5-3.
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Figure 5-3: Classification of species in disease model 1 based on their OE vs TE profiles.
Species in dark blue circles have super-linear or linear profiles. Species in light blue circles
have sub-linear profiles. Species in grey circles have no effect on the output. Species in
black circles get degraded.

5.2.2 Optimal Target and TE level

Figure 5-4 shows the OE for various TEs for all species for the healthy model. The

species that achieve an OE > 40 % are:

e TE > 40 %: NF-Bn (species 15)

e TE very close to 100 %: NF-B (species 2)
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5.2.3 Optimal Target

The species that achieve and OE level > 40 % with TE <= 80:

o NF-Bn (species 15)

5.2.4 TE level Threshold

There is no level threshold that produces OE level > 40 that works for all species

5.3 Single Drug Targets in Disease Model 3

5.3.1 Output Effect - Inhibition Level profiles for each Target

The OE vs TE profiles for all species in the healthy model can be found in section B.4

in Appendix B. The species categorization can be seen in figure 5-5.
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5.3.2 Optimal Target and TE level

Figure 5-6 shows the OE for various TEs for all species for the disease model 3. The

species that achieve an OE > 40 % are:

e TE > 50 %

TE > 90 %

TE > 94 %

TE > 99 %

: NF-Bn (species 15)
: IBa-NF-B (species 3) and IKKIBa-NF-B (species 9)
: IBan-NF-Bn (species 17)

: NF-B (species 2)

Requires close to 100 % TE: IB/3-NF-B (species 5), IBe-NF-B (species 7), IKKIB3-
NF-B (species 12), IKKIBe-NF-B (species 14), IBn-NF-Bn (species 19), and IBen-
NF-Bn (species 21)
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5.3.3 Optimal Target

The species that achieve and OE level > 40 % with TE <= 80:

o NF-Bn (species 15)

5.3.4 TE Level Threshold

There is no level threshold that produces OE level > 40 that works for all species

5.4 Comparison of Single drug targets across models

Figure 5-7 shows the OE for each target across models. Species that reach > 90 % OE
regardless of how much inhibition is required that work for at least two of the three models
(health model (0), disease 1 model (1), and disease 3 model (3)) are: NF-kB (species 2),
IBa-NF-kB (species 3), IB5-NF-kB (species 5), IBe-NF-kB (species 7), NF-kBn (species
15), IBan-NF-kBn (species 17), IBSn-NF-kBn (species 19), and IBen-NF-kBn (species
21).
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Chapter 6

Paired Target Synergy Results

We looked at synergy of pairs at seven different OE levels: 30%, 50%, 70%, 90%,
99.0%, 99.99%, and 99.999% for each of the models.

6.1 Paired Drug Targets in the Healthy Model

Figure 6-1 shows the level of synergy between synergistic pairs at various OE levels.
Figure B-5 in Appendix B.5 shows whether each combination of species is synergistic,
additive, or antagonistic for the various OE levels. The pairs of species that are synergistic
for at least one OE level are all pair combinations of the following species: NF-«B (2),
IkBa-NF-£B (3), IskBB-NF-£B (5), IkBe-NF-£B (7), NF-£Bn (15), IxkBan-NF-xBn (17),
IkBfn-NF-£Bn (19), and IxBen-NF-xBn (21).
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Figure 6-1: Synergy levels for various levels of OE for synergistic pairs of species for
the healthy model. The size of the circles varies according to the OE level (but scaled to
fit the grids) and the color varies according to the amount of synergism. To give a sense
of scale, the pair (7,17) has the following levels of synergism for the seven OE levels:
0.0013,0.0020, 0.0026,6.616 * 10~4,4.017 x 10~*, —1.772 * 10> (not shown), NaN (not
shown).

6.2 Paired Drug Targets in Disease Model 1

Figure 6-2 shows the level of synergy between synergistic pairs at various OE levels.
Figure B-6 in Appendix B.5 shows whether each combination of species is synergistic,
additive, or antagonistic for the various OE levels. The pairs of species that are synergistic

for at least one OE level is only (NF-«B (2), NF-xBn (15)).
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Figure 6-2: Synergy levels for various levels of OE for synergistic pairs of species for the
disease model 1. The size of the circles varies according to the OE level and the color
varies according to the amount of synergism.

6.3 Paired Drug Targets in Disease Model 3

Figure 6-3 shows the level of synergy between synergistic pairs at various OE levels.
Figure B-7 in Appendix B.5 shows whether each combination of species is synergistic,
additive, or antagonistic for the various OE levels. The pairs of species that are synergistic
for at least one OE level are all pair combinations of NF-xB (2), IkBa-NF-xB (3), IkBj3-
NF-xB (5), IkBe-NF-£B (7), IKKIcBa-NF-xB (9), IKKIxBS-NF-xB(12), IKKIxBe-NF-
xkB(14), NF-£Bn (15), [IkBan-NF-xBn (17), IxBn-NF-xBn (19),and IxBen-NF-xBn (21).
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Figure 6-3: Synergy levels for various levels of OE for synergistic pairs of species for the
disease model 3. The size of the circles varies according to the OE level and the color
varies according to the amount of synergism.

6.4 Paired Drug Targets Across Models

The pairs of species that are synergetic along at least one OE level for at least two of
the model are all pair combinations of the following species: NF-xB (2), IkBa-NF-«B (3),
IkBS-NF-£B (5), 1kBe-NF-kB (7), NF-£Bn (15), IxBan-NF-xBn (17), IxBSn-NF-xBn
(19), and IxBen-NF-xBn (21).
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Chapter 7

Discussion

7.1 Explanation of Top Scoring Single Targets

In the healthy model, at steady state, all the species are active except for species with
IKK. This is because at steady state, all complexes with IKK are completely consumed/
degraded. Among the still active species, [kBx-t, [xBx, IxBxn have no effect on the output
because no matter how much of it is inhibited, there is a constant amount of them being
transcribed, thus there is no overall decrease in their amounts in the system when inhibited
and thus do not induce any change in NF-xBn’s output.

In this model, we see that IkBx-NF-xBs are the top scoring species and score much
higher than their nuclear counterparts IxBxn-NF-xBns. This may be because there is only
nuclear export of IxkBxn-NF-xBns and no nuclear import resulting in a greater steady state
concentration of IxkBx-NF-xBs than of IxBxn-NF-xBns. To confirm, we added a nuclear
import reaction of [xkBa-NF-xB with equal reaction rate as the export. This addition re-
sulted in IkBan-NF-xBn having similar effectiveness as I[kBa-NF-xB as can be seen in
figure 7-1.

Also, in this model, NF-xB and NF-xBn are not as effective as I«kBx-NF-xB and IxBxn-
NF-+Bn as can be seen in figure 7-2. This may be because cytoplasmic and nuclear NF-xB
are limited in amount and most of them form complexes with [kBx and IxBxn. NF-xB gets
consumed by [xB/3 in reaction # 3, IxBb-NF-xB-association. NF-xBn gets consumed by

IxBfn in reaction # 23, IxkBb-NF-xB-nuclear-association. In both reactions, the forward
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Figure 7-1: OE vs TE profiles for cytoplasmic and nuclear [kBa-NF-xB in the healthy
model and model with added nuclear import. Adding nuclear import reaction with equal
reaction rate as the export causes the nuclear complex to have similar effectiveness as its
cytoplasmic counterpart.

reaction rate is greater than the reverse rate. Decreasing the forward rates to be equal to
the reverse rates by altering the rate parameters decreases the effectiveness of [xB(5-NF-xB
and kB /n-NF-xBn as can be seen in figure 7-3.

In disease model 1, where IxBs are dysfunctional, the only two species that have any
effect on the output are NF-xBn (species 15) and NF-<B (species 2). This is because all
the other species are complexes with either IKK or IxkBxs or both which are both non ac-
tive/dysfunctional at steady state. Among the two active species, NF-xBn scores much
higher than NF-xB, even though this is essentially a two-species linear pathway. The dif-

ference in scores is also the case in the other models. The reason for this is because the
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Figure 7-2: OE vs TE for cytoplasmic and nuclear NF-xB and cytoplasmic and nuclear
IxB[-NF-£B in the healthy model.

nuclear import rate of NF-xB is 9 x 1072s~! and the nuclear export rate of NF-xBn is
8x107°s~ ! resulting in NF-xBn having a much greater steady state concentration than NF-
xB thus having a greater effect when inhibited. Making the import and export rates equal

results in NF-xB and NF-xBn having equal effectiveness as can be seen in figure 7-4.

In disease model 3, where IKKs are constitutively active, all the species have some
effect on the output except for [kBx, 1xBxn, IxBx-t, IKK, and IKKIxBx. This is because

there is a constant input of IKK and IxkBx-t (which goes on to become 1xBx and IxBxn).

In this model, IxkBx-NF-xBs do not score as highly as they did in the healthy model.
This is because most of the [xBxs are used up in forming IKKIxBxs with IKK instead of
forming IkBx-NF-xB with NF-xB as the latter is limited by the amount of NF-<B and at
steady state there is a lot more IKK than NF-<B. To confirm that the decrease in effec-

tiveness of the IxBs between the healthy model and disease model 3 is due to having the
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Figure 7-3: OE vs TE profiles for cytoplasmic and nuclear NF-xB and 1xB/3-NF-xB in the
model with equal forward and reverse rates for IxB3-NF-xB-association and 1xB/3-NF-
xB-nuclear-association.

steady state concentration of IKK being much greater than that of NF-xB, we altered the
model to have IKK be at a constant concentration of 0.0002 M roughly equal to the initial
concentration of NF-xB. Decreasing the concentration of IKK results in great increase in

OEs of 1xkBx-NF-xBs (figure 7-5) confirming our hypothesis.

Also, in this model the OE of NF-xB is a lot greater than its effect in the healthy
model. This could also be attributed to the same cause as before, namely, more of the
IxkBxs are forming complexes with IKK instead of with NF-<B. This causes there to be
more free NF-xB/NF-xBn in the system to be inhibited. The same alteration of decreasing
the concentration of IKK results in a large decrease in the OE of NF-«<B as can be seen in

figure 7-6.

Overall, we can say that only species that are limited in production have any effect on
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Figure 7-4: OE vs TE profiles of cytoplasmic and nuclear NF-xB in disease model 1 and
in a model with equal nuclear import and export rates of NF-xB. Modifying the import and
export rates to be equal causes the profiles of the cytoplasmic and nuclear NF-xB to be
similar.

the output and any species that are constantly being produced have no effect. Also, among
the species that are limited in production, the ones with greater steady state concentration

have a greater effect.
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Figure 7-5: 1xBa-NF-xB profile in the healthy model, disease model 3, and model with
decreased IKK concentration. IxkBa-NF-xB is less effective in disease model 3 than in the
healthy model. Decreasing the concentration of IKK increases effectiveness of IxkBa-NF-

KkB.
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Figure 7-6: NF-xBn profiles in the healthy model, disease model 3, and and model with de-
creased IKK concentration. The effectiveness of NF-xBn is greater in disease model 3 than
it is in the healthy model. Decreasing the concentration of IKK decreases the effectiveness
of NF-xBn
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7.2 Why does the output, NF-xBn, not have a linear pro-
file?

One key observation we see is that the OE vs TE profile for the output, nuclear NF-<B
(NF-xBn, species # 15), is not linear. We expect a linear profile for the output because we
are inhibiting and measuring the change for the same species. Understanding the reactions
and the species NF-xBn is directly involved in led us to come up with three possible expla-
nations to to this observation. These are: (1) there are competing reactions with the added
inhibitor, (2) NF-xBn is involved in the synthesis of one of its inhibitors, [kBa, (3) there is
a limitless amount of its inhibitors in the system and only a limited amount of NF-xBn.

NF-xBn is directly involved in the following sets of reactions: (1) NF-xB-nuclear-
import/export (k; = 1.125 x 10%), (2) IxBx-NF-xB nuclear-association/dissociation (k; =
1%1073u M), (3) IkBa-Inducible-mRNA-synthesis (k = 0.0165M ~'s~1). The inhibition
constant that we used was 10731, M . The smaller the dissociation constant the stronger the
reaction is and the less free NF-xBn there is. The inhibition constant we used is greater or
equal in strength to its competitors. To truly confirm whether competition is the reason for
this observation, we used a stronger inhibitor with an inhibition constant of 1050 and
saw that using a much stronger inhibitor did not make the NF-xBn OE vs TE profile any
more linear. Thus, it is not competition that caused this non-linearity.

To see if the reason for this non-linearity is because NF-xBn is involved in the synthesis
of IxkBa (one of its inhibitors)via reaction # 28 (NF-xBn + NF-xBn -> IxBa-t + NF-xBn
+ NF-xBn), we removed the reaction from the model. This did not make the profile linear.

The last possible explanation for why the output itself has a nonlinear profile is that
there is a limitless amount of its inhibitors (IxBa, IkBf3, and 1xBe) but only a limited
amount of NF-xBn. To test this hypothesis, we modified the system and removed the
constant input of inhibitor by setting the source to zero. In this modification the output did
have a linear profile. Therefore, the constant amount of IxBs is the reason for the non-
linearity. This reasoning is reinforced by the fact that in disease model 1, where the 1xBs
are dysfunctional, result in a linear profile, whereas in the healthy model and disease model

3 do not result in a linear profile. Figure 7-7 shows the OE vs TE profile for the output in
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disease model 1 and the healthy model.
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Figure 7-7: OE vs TE profile for the output NF-+B in the healthy model and disease model
1. The profile is sub-linear in the healthy model and linear in disease model 1.

7.3 Why are alpha isoforms better drug targets than the

beta and epsilon isoforms?

Another key observation we see is that alpha isoforms are better drug targets than the
beta and epsilon isoforms. This is true in both the healthy model and disease model 3, and
is not applicable to disease model 1 because the [xBs are dysfunctional causing all species
with IkBs to be dysfunctional. The biggest differences in scores can be observed in the
IkBx-NF-xB species.

Figures 7-8 and 7-9 show the OE vs TE profiles for the three isoforms in the healthy
model and disease model 3 respectively. In the healthy model, IskBa-NF-xB (species 3)
only requires a TE of about 30 % to achieve an OE level of 40 %; 1xB3-NF-xB (species 5)
and IkBe-NF-xB (species 7) require TEs greater than 75 % to achieve the same OE level.
Similarly, in disease model 3, IxBa-NF-xB can achieve an OE level of 40 % with a TE of
90 %, whereas both IxB3-NF-xB and [kBe-NF-xB require a TE close to 100 % to achieve

the same OE level.
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Figure 7-8: OE vs TE profiles for [xkBa-NF-xB, 1xBS-NF-xB, and 1xBe-NF-xB using the
original healthy model.
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Figure 7-9: OE vs TE profiles for IxkBa-NF-xB, IxB5-NF-xB, and [xBe-NF-xB using
disease model 3.

There are two major differences between the alpha and the beta/epsilon isoforms in
the pathway. The first is that the alpha isoform of IxBx-t is the only isoform that gets
synthesized inducibly by NF-xBn (reaction # 28). The second is that IxBa-t is synthesized
at a greater rate than either IxBS-t or [kBe-t. In order to know which of the two explains
the gap in scores the best, we made two alterations to the healthy model. In the first,
we eliminated the [kBa inducible mRNA synthesis reaction. In the second, we altered
the model so that all the isoforms are synthesized at the same rate. We chose a rate of
1.54 x 107%uM~1s™! as the synthesis rate of all three isoforms (the same as the original

syntheses rate of [kBa-t).

Eliminating the IxBa inducible mRNA synthesis reaction does not reduce the gap be-
tween the three different isoforms and hence is not the reason for the differences in scoring.

This makes sense because the majority of [kBa-t is synthesized constituitively via the "con-
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stitutive IxkBa- mRNA synthesis" reaction and not from the inducible synthesis NF-xBn +
NF-£Bn -> [kBa — t + NF—kBn + NF-£Bn as the latter depends on the amount of NF-
xBn, which is limited, while there is constant input of IxBa-t from the source. Also, it
would not have explained why beta isoforms score better than the epsilon ones.
Modifying the synthesis rates of IkBa-t, [kB3-t, and IxBe-t to be the same completely
eliminated the gap between the three isoforms of [kBx-NF-xB as can be seen in figure 7-
10. This confirms the hypothesis that the difference in synthesis rates of the three isoforms

is the main reason for the differences in their scores.
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0 90 99 99.9 99.99 99.999
|E with TE labels

(c) IkBe-NF-kB

Figure 7-10: OE vs TE profiles for [kBa-NF-xB, 1kB3-NF-xB, and 1xBe-NF-xB using
model with equal transcription rates of IxkBa-t, IkBS-t, and IxBe-t .

The varying rates of transcription could be attributed to the sizes of the proteins. The
molecular weight of the alpha, beta, and epsilon isoforms of IxBx are 35,609 Da, 37,771
Da, and 52,864 Da [16], respectively. The synthesis rates of these three proteins decrease

with the increase in molecular weight. 1xBe, the heaviest, is the slowest to get transcribed
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and IkBa, the lightest, is the fastest to get transcribed.

Having the synthesis rates of all three isoforms equal made all three IkBx-NF-xB iso-
forms have the same effect on the output, however, at the same time it greatly decreased
the impact of IkBa-NF-«<B (the TE required to achieve an OE of 40% increased from ~
30% to ~ 60%). A possible way of looking at the pathway which will explain the de-
crease in [kBa-NF-xB’s efficacy is looking at it as having three parallel paths with each
path’s capacity being proportional to the transcription rate of that isoform. This simplified

explanatory model is illustrated in figure 7-11.

Figure 7-11: A simplified view of the NF-xB pathway where there are three parallel paths
corresponding to the three isoforms each with its own capacity.

To confirm that this view of the pathway is reasonable, we asserted that the model
exhibits the following two behaviors: (1)increasing the capacity of the other paths would
decrease the effectiveness of the path in question, (2) decreasing the number of parallel
paths would increase the effectiveness of the path in question.

We already saw when comparing figures 7-8 and 7-10 that increasing the transcription
rate (the "capacity") of the beta, and epsilon isoforms of IxBx, decreases the effectiveness
of IkBa. To confirm that the number of parallel paths effects the impact of the path being
examined, we altered the pathway such that the epsilon path is removed and we only have
the alpha and beta paths with the same capacity (by having the synthesis rates equal). If our
hypothesis is true we would expect to see an increase in the effectiveness of both the alpha
and beta targets. Figure 7-12 shows the OE vs TE of both IxBa-NF-xB and 1xB3-NF-xB
with the alterations specified and we indeed see an increase in effectiveness.

Having confirmed that the view of parallel paths is a reasonable one, we can now see
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Figure 7-12: OE vs TE profiles for [kBa-NF-xB and 1xB3-NF-xB using model with equal
transcription rates of IxBa-t and kB -t but without IxBe-t.

that the reason the impact of IkBa-NF-xB decreased when we increased the transcription
rate of IkBf-t and 1xBe-t is because even though we are restricting the « path the same
percentage as before there is now more capacity in the /5 and € paths to compensate for that

requiring a greater restriction to achieve the same OE.

7.4 Combination of Targets Classification

We classified all combinations of targets as additive, synergistic, or antagonistic. An
additive pair is one in which a linear combination of the two drug concentrations leads to the
same overall effect on the output. A synergistic pair is one in which the addition of one of
the drugs reduces the amount required of the second drug to obtain an equal overall output
effect compared to a linear combination of the two, requiring an overall lower amount of
total drug intake. An antagonistic pair is one where we need a greater total amount of drug
to have the same effect on the output than if only one of the drugs was given. Figures 6-1,
6-2, and 6-3 in section 6.1 show only the synergistic pairs in the healthy model, disease
model 1, and disease model 3 respectively. Figures B-5, B-6, and B-7 in section B.5 show
the classification of all pairs.

The combination of targets that are categorized as synergistic are combinations of tar-
gets that individually have some effect on the output when inhibited. Furthermore, all ef-

fective targets (super-linear, linear, and sub-linear) are synergistic with each other for most
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of the OE contours. This is regardless of whether the two targets are isoforms of the same
species such as [kBa-NF-xB and 1xB3-NF-xB, or different species such as [xBa-NF-xB
and IKKIxBa-NF-xB. Furthermore, there does not seem to be a trend in the level of syn-
ergy between targets. Targets that are isoforms of the same species are no more synergistic
than other pairs and combinations of targets that are both super-linear or linear are no more
synergistic than pairs between super-linear/linear and sub-linear targets or sub-linear and
sub-linear targets. Also, the level of synergism does not seem to depend on the OE contour

levels.

The combinations of pairs that are categorized as antagonistic and additive are the com-
binations of targets with one of them having some effect on the output and the other having
no effect. The ones that are categorized as antagonistic are the ones in which the first target
has some effect on the output when inhibited but the second has no effect. An example
of an antagonistic pair is NF-xB and 1xBe-NF-£Bn (in disease model 1). NF-xB has sub-
linear effect on the output but IxBe-NF-xBn has no effect. The ones that are categorized
as additive are ones in which the first target has no effect on the output and the second has
some effect, very similar to pairs categorized as antagonistic but reversed. An example of

an additive pair is IxkBa and NF-£B (in disease model 1).

The remaining combinations of targets that do not fall into any of the three categories
are the ones with both species not having any effect on the output. An example is the pair

IKKIxBa and IKKIxBe-NF-£B (in the healthy model).

In the thesis work of Nirmala Paudel [15], she had categorized combinations of targets
in the EGFR pathway and found a general trend for the synergistic combinations, which
is that synergism happens between binding partners. Our finding that synergism happens
when both species have some effect on the output includes binding partners but also include
non-binding partners. The thesis work also found a general trend for antagonistic pairs.
Namely, she found that generally antagonism occurs between one of the binding partners
and the downstream complex it forms. Our findings do not support this trend as we found
that if the downstream complex and one of the binding partners both have some effect on
the output then they are synergistic. The difference in the trends found may be because

they are pathway/model dependent.
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7.5 Comparison of Identified Drug Targets to Existing

Ones

Overall, we can categorize the species in the pathway as either having some effect on
the output (nuclear NF-xB or "NF-xBn") or not having any. Specifically, any species that
is not constantly being produced and is active at steady state has an effect on the output.

In disease model 1, where [xBs are dysfunctional, only two species are effective targets:
cytoplasmic NF-xB, or "NF-xB", and nuclear NF-«B, or "NF-xBn". The effective targets
in the healthy model include the two effective species in disease model 1 but also include
cytoplasmic IkBs complexes with cytoplasmic NF-xB (IxkBa-NF-xB, 1xBS-NF-xB, and
IkBe-NF-xB) and nuclear 1xBs with nuclear NF-xB (IkBan-NF-xBn, 1xBAn-NF-xBn,
and IxBen-NF-xBn). The effective targets in disease model 3, where IKK is constitu-
tively active, include all the effective targets in the healthy model in addition to complexes
of IkB-NF-xB with IKK (IKKIxBan-NF-xBn, IKKI«B/An-NF-xBn, and IKKIxBen-NF-
xBn). The optimal drug targets depend on the model used. For the healthy model, we
found it to be IxkBa-NF-xB, 1xkB3-NF-xB, and 1xBe-NF-xB; for disease model 1 and 3 it
is NF-xBn.

There have been many species and reactions in the NF-xB pathway that have been
identified as NF-«B inhibitors. Most of them are upstream of IKK and NF-xB and are not
included in our model. Examples of such targets are TNF-Receptors [6], TRAF6 binding
[17], activation of NF-xB [18], etc. Among the ones identified and are included in our
model are IxkBa [19], IkBS [5], IKK [4], and NF-xB [20]. Specifically, it has been found
that upregulation of IxBa and kB /3 and the downregulation of IKK and NF-xB by added
drugs lead to the inhibition of NF-xBn.

NF-xB being an effective drug target is consistent with our findings where in all the
models inhibiting cytoplasmic NF-xB leads to the inhibition of nuclear NF-xB. However,
our findings are not consistent with previous ones for [xkBa, IkBf, and IKK. Specifically,
we have found that IxkBa, IxBfS, and IKK have no effect on the output NF-xBn. This
inconsistency is because in our models whenever a species gets transcribed, as in the case

of IxBar and IxBg, it is modeled as having an infinite supply where in reality it doesn’t. In
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the case of IKK, in the healthy model and disease model 1, it is modeled as only having
an initial amount that dies out when in reality it might be produced at other times. And
in disease model 3, it is modeled as having a constant value and in reality that might not
always be the case.

There are targets that we found to be effective but have not been previously identi-
fied. These include IxBa-NF-«B, 1kB3-NF-xB, IkBe-NF-xB, IkBan-NF-xBn, 1xB/n-
NF-xBn, and IxBen-NF-xBn; and specifically in disease model 3, IKKIxBan-NF-xBn,
IKKIxB/n-NF-£Bn, and IKKIxBen-NF-xBn. One reason they might not have been ex-
perimentally identified is because protein complexes are harder to physically inhibit than

individual ones.
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Chapter 8

Conclusion

In this thesis, we altered the healthy NF-kB model by Kell et al. [9] to reflect what
happens in three different disease states. We restricted the alterations to species/reactions
that are included in the model used and gave examples of diseases represented by each of
the disease models. The different disease models were ones with loss of IkBs function,
inactive IKK, and constitutively active IKK.

For the disease models that increased or decreased the amount of nuclear NF-xB (NF-
xBn) relative to what is produced in the healthy model, we exhaustively scored the species
based on how much change in the amount of NF-kBn produced they caused when inhibited.
We performed the same analysis on the healthy model in order to get an overall picture of
which species have control over the amount of NF-xBn produced. We found that in all the
models analysed, all the species either decreased the output when inhibited or had no effect.
We also found that very few species are effective at low levels of inhibition but many are
effective at extremely high levels of inhibition. The exception is in the model with loss of
IkBs function in which we found that only one species other than the output, NF-xBn, had
any effect and that is the cytoplasmic NF-xB. The species that are effective at low levels
of inhibition in the healthy model are the three cytoplasmic IxB-NF-xB complexes; and in
disease model 1 and 3 it is the nuclear NF-+<B.

We then provided explanations to why certain species score better than others and ex-
planations to two key observations: 1) why does the output, NF-kBn, not have a linear

profile? 2) why are alpha isoforms better drug targets than the beta and epsilon isoforms?
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We also categorized all combinations of targets as synergistic, antagonistic, or additive
and found that all species that have some effect on the output are synergistic with one
another. Antagonistic pairs were found to be ones where one of the targets is effective and
the other target has no effect when inhibited individually.

Finally, we compared the targets we found to be effective to previously identified drug
targets. We found that existing drug targets are restricted to individual proteins and not
complexes, though we found that complexes generally scored better than others. The in-
consistency is because we only considered signal propagation and not structural limitations
when scoring species.

Also, our model only includes the interactions between the species most downstream of
the pathway and does not include upstream species and reactions starting with the surface
receptors. Expanding the model to include upstream species and their interactions would
allow one to model many other different diseases that are caused by alterations in those

upstream species and reactions.
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Appendix A

Tables

A.1 Healthy NF-xB Model Species and Their Initial Con-

centrations.
Species index | Species name Initial concentration (uM)
1 IkBa 0.189664
2 NF-xB 0.000251
3 IxkBa-NF-xB 0.083333
4 1kBS 0.021635
5 1kBS-NF-xB 0.008305
6 1xBe 0.015436
7 1xBe-NF-xB 0.005925
8 IKKIxBa 0
9 IKKIkBa-NF-xB | 0
10 IKK 0.1
11 IKKIxBj3 0
12 IKKIxBS-NF-B | 0
13 IKKIxBe 0
14 IKKIxBe-NF-£B | 0
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15 NF-xBn 0.000217
16 IkBan 1.89E-01
17 IxBan-NF-xBn 1.43E-03
18 IkB/fn 1.65E-02
19 kB /n-NF-xBn 0.000314
20 IkBen 1.18E-02
21 IkBen-NF-xBn 0.000224
22 source 1

23 IkBa-t 0.005503
24 sink 0

25 IkB-t 0.000636
26 [kBe-t 0.000454
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Appendix B

Figures

B.1 NF-xB Model

/

Figure B-1: NF-xB model. Species encircled in darker boundaries get degraded
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B.2 OE vs TE Species Profiles for the Healthy Model

o
o
i (;) 7: WI;Bi_N: EBM
| (i)wfohijK; )

og

qgm
w

- j

“ N . %% 90.990

1E weh TE labels

(b) 2: NF-xB

m

“ 99 . %% 90.990

1E weh TE labels

(e) 5: IkB3-NF-xB

® °« 999 999
1€ wtn TE oels

8
§

“ = >0 w00 %9900

(k) 11: IKKIxBS3

“ K >0 00 %9900

(m) 13: IKKIxBe

(n) 14: IKKIxBe-NF-xB

72

8

3 8

3 3 8 8 8 8

“ 99 ° %% 90.990
v TE b

(c) 3: IkBa-NF-xB

“ 99 ad %% 90.990
v TE o

(f) 6: IxkBe

® °* 999 999
1€ wtn TE ol

8
§

(i) 9: IKKIxBa-NF-xB

100,
)
)

8 sl
201,

“ % >0 w00 %9900

(1) 12: IKKIxBS-NF-~B

= 0 00 %9900

(0) 15: NF-xBn



oe
3 s 8 8 8
e
o 3 B 8 5 8 8 38 8 8
8
8

8

% » 99 %990 .90
1€ wth TE lbels.

(p) 16: IxBan

QE

8

o % % %9 %090 %0900
1€ wth TE lbels

(s) 19: 1xBSn-NF-xBn

) g EX) 50000
1E weh TE labels

(v) 22: Source

o % o %90 %0900
1€ wth TE lbels.

(q) 17: IxkBan-NF-x£Bn

% % %0 %90 %0900
1EwthTE!

(t) 20: IxBen

e
3 & 8 8 8

]

£ D %090 %0900
1E wih TE labels

(w) 23: IkBa-t

of
8

EJ %9 %90 %990
1E weh TE labels

(y) 25: IkBf-t

% %09 0999 00900
EWih TE lbels

(z) 26: 1xBe-t

o % » %9 %990 %000
€ it TE e

(r) 18: IkBfn

o % % %0 %90 %0900
1Ewth TE!

(u) 21: IkBen-NF-xBn

% 500 EX) "5 000
1E weh TE labels

(x) 24: Sink



B.3

e
; | (d:;;i@ng -
.

o€
q‘m

% EJ % il 1

i TE bl

o€
8 N . g g

% EJ %9 i 1

v TE b

(e) 5: IkB3-NF-xB

% il T T
v TE b

(h) 8: IKKIkBor

8
H

% EJ %9 L 1]

(k) 11: IKKI<B3

%0 % %9 i 1

(m) 13: IKKI«Be

(n) 14: IKKIxBe-NF-1B

74

OE vs TE Species Profiles for Disease Model 1

o€
8 N . g g

%0 E) %9 . 1
1E weh TE labels

(c) 3: IxBa-NF-xB

% EJ %9 i 1
v TE b

(f) 6: IBe

% il T T
v TE b

8
§

(i) 9: IKKIxBa-NF-xB

100
®
®
8 4op
o

% EJ %9 L 1]

(1) 12: TKKIxB-NF-xB

100,
0
Ed
70+
ool
sof
0
Ed
20/}
10
% EJ g il ]
T

(0) 15: NF-xBn



% % %o £ 00
€ i TE e

(p) 16: IxBan

8

% » %9 %090 %0900
TElabets

(s) 19: 1xBSn-NF-xBn

e
3 & 8 8 8
e

3 8 8 58 8 8 3 8 8 8

tlw

]

£ %9 %90 %0900
1E weh TE labels

(v) 22: Source

E

EJ %00 EX) 000
1E weh TE labels

(y) 25: IkBf-t

o€

e
3 5 8 8 8

8

% % £Q £ %00
€ i TE e

(q) 17: IxkBan-NF-x£Bn

8

% % %0 %90 %0900
1EwthTE!

(t) 20: IxBen

% g EX) S 000
1E wih TE labels

(w) 23: IkBa-t

% £ 500 000
EWih TE lbels

(z) 26: 1xBe-t

o % » %9 %990 %000
€ it TE e

(r) 18: IkBfn

]
o % EJ D £ 50000

(u) 21: IkBen-NF-xBn

% 500 EX) "5 000
1E weh TE labels

(x) 24: Sink



B.4 OE vs TE Species Profiles for Disease Model 3
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B.S Synergism Classifications

Plots of synergism classification of each combination of pairs at various OE levels for
various model. Circle size varies according to OE levels and circle colors correspond to
different classes. Red circles are synergistic, green circles are additive, and blue circles are
antagonistic. The pairs that do not have any associated circles do not achieve any of the

following seven OE levels: 30 %, 50 %, 70 %, 90 %, 99.0 %, 99.99 %, and 99.999 %.

P V. N . -
QO OO QOO0
O%% %@%O O @ g@%@
NN 4P PSS PR PN PN PN
\/%%\J’%NJ%&J N %\J%NJ
f\%%ﬁ%%ﬁ\%ﬁ\ £ %ﬁ%&#
&J%%%J%KJ%&J h 2 %\J
§15 e o L e PN
£ R W
P o | R | R
5 R | e |
& mom [ om [ =
oL A | o | =
mom [ om [ =
R | e |
%%ﬁ\%ﬁ%&#
%%K#%k#
5 PN VN d
‘%J}é%‘&#
%MJ
%\.J
el
00 5 10 15 20 25

Species1 Index

Figure B-5: Synergism classification for all combinations of species in the healthy model.
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Figure B-6: Synergism classification for all combinations of species in disease model 1.
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Figure B-7: Synergism classification for all combinations of species in disease model 3.
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