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Korte samenvatting
Het menselijk lichaam komt voortdurend in contact met pathogenen
uit de omgeving. Het immuunsysteem omvat een complex netwerk van
gespecialiseerde immuuncellen en andere verdedigingsmechanismen dat
pathogenen onschadelijk kan maken. Dit systeem werkt echter niet altijd perfect. In sommige gevallen reageert het immuunsysteem overdreven sterk op ongevaarlijke partikels met inflammatie tot gevolg. De
onderliggende aanleg voor overdreven immuunreacties wordt atopie genoemd en uit zich in een aantal ziektebeelden. Allergische rihinitis,
atopische dermatitis en asthma zijn drie belangrijke chronische en atopische aandoeningen. Samen staan ze gekend als de atopische triade.
Het cytokine Thymic Stromal Lymphopoietin (TSLP) werd recent geïdentificeerd als een hoofdrolspeler in de ontwikkeling van atopische aandoeningen. Daarnaast zou het ook betrokkken zijn bij chronisch obstructieve longziekten en bepaalde vormen van kanker. TSLP vormt
een complex samen met de cognate TSLP receptor en de interleukine-7
receptor alpha keten, wat resulteert in intracellulaire signalisatie met ingrijpende effecten op het immuunsysteem. In deze thesis onderzoeken we
het dynamische gedrag van TSLP en nemen we verschillende interessante
structuurelementen onder de loep via moleculaire dynamica methoden.
Verder wordt er gebruik gemaakt van in silico methoden om de eerste
kleine moleculen te identificeren die TSLP signalisatie kunnen verhinderen. Tenslotte worden de effecten van TSLP op kanker onderzocht

via data mining van publiek beschikbare gegevens over TSLP expressie
en overlevingskansen. Onze bevindingen dragen bij tot een beter begrip
van de structuur, dynamische eigenschappen en inhibitie van TSLP.

Summary
The human body is under a constant state of attack by bacteria and
other environmental pathogens. Our immune system encompasses a
plethora of intricate and synergistic defence mechanisms, which can destroy these pathogens or render them harmless. However, this system
is not perfect. In some patients, the immune system can mount a response to harmless particles, resulting in inflammation and associated
symptoms. This underlying predisposition has been termed atopy and
can manifest in a number of ways. Three important chronic conditions
have been linked to atopy: atopic rhinitis, asthma and atopic dermatitis.
These three conditions are collectively known the atopic triad.
In recent years, the pro-inflammatory cytokine Thymic Stromal Lymphopoietin (TSLP) has emerged as a key regulator in the development
of atopic disease. It has likewise been implicated in chronic obstructive
pulmonary disorder and cancer. It engages in a complex with its cognate
TSLP receptor and the interleukin-7 receptor alpha chain to elicit intracellular signalling, exerting far-reaching effects on the immune system.
In this work, we investigate the dynamic behaviour of TSLP and probe
several interesting structural features using a molecular dynamics approach. In silico techniques are used to identify the first small molecule
inhibitors of TSLP signalling. Finally, the effects of TSLP in cancer are
investigated by mining publicly available data for associations between
patient survival and TSLP expression. Taken together, our findings con-

tribute to an improved understanding of TSLP structure, dynamics and
inhibition.

Contents
1 Introduction
1.1

1

Immune biology . . . . . . . . . . . . . . . . . . . . . . . .

2

1.1.1

The immune system . . . . . . . . . . . . . . . . .

2

1.1.2

Atopic disease

. . . . . . . . . . . . . . . . . . . .

5

1.1.3

Treatment of atopic disease . . . . . . . . . . . . .

7

1.1.4

TSLP signalling . . . . . . . . . . . . . . . . . . .

9

1.1.5

TSLP inhibition . . . . . . . . . . . . . . . . . . . 10

1.2

Structural biology of TSLP/TSLPR . . . . . . . . . . . . 11

1.3

Proteins in motion . . . . . . . . . . . . . . . . . . . . . . 19
1.3.1

Molecular dynamics . . . . . . . . . . . . . . . . . 19

1.3.2

Protein motions

. . . . . . . . . . . . . . . . . . . 24

1.4

Software statement . . . . . . . . . . . . . . . . . . . . . . 26

1.5

Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

1.6

Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2 Dynamics of TSLP, TSLPR and the complex

41

2.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.2

System setup . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.3

Computational efficiency . . . . . . . . . . . . . . . . . . . 45

2.4

A dynamic view of TSLP . . . . . . . . . . . . . . . . . . 47

2.5

Water and the π-helix . . . . . . . . . . . . . . . . . . . . 53

2.6

Conclusion

. . . . . . . . . . . . . . . . . . . . . . . . . . 57

3 TSLP core water
3.1 Introduction . . . . . . . . . . . . . . . . . .
3.2 Molecular dynamics resolvation simulations
3.3 Free energy simulations . . . . . . . . . . .
3.4 Conclusion . . . . . . . . . . . . . . . . . .

.
.
.
.

.
.
.
.

4 Development of TSLP:TSLPR inhibitors
4.1 Introduction . . . . . . . . . . . . . . . . . . . .
4.2 Characterization of the TSLP:TSLPR interface
4.3 Hotspot identification . . . . . . . . . . . . . .
4.4 Docking of fragments to TSLPR . . . . . . . .
4.5 Biochemical evaluation . . . . . . . . . . . . . .
4.6 Similarity searching . . . . . . . . . . . . . . .
4.7 Synthesis of analogues . . . . . . . . . . . . . .
4.8 Screening of analogues . . . . . . . . . . . . . .
4.9 Identification of the binding pathway . . . . . .
4.10 Conclusion . . . . . . . . . . . . . . . . . . . .
5 The
5.1
5.2
5.3

5.4

role of TSLP in cancer
Introduction . . . . . . . .
Survival analysis . . . . .
Results . . . . . . . . . . .
5.3.1 Breast cancer . . .
5.3.2 Cervical cancer . .
5.3.3 Lung cancer . . . .
5.3.4 Colon cancer . . .
5.3.5 Skin cancer . . . .
5.3.6 Pancreatic cancer .
5.3.7 Gastric cancer . .
Conclusion . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

63
64
66
67
76

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

83
84
86
87
88
92
97
100
103
103
111

.
.
.
.
.
.
.
.
.
.
.

123
. 124
. 126
. 129
. 129
. 130
. 131
. 131
. 132
. 132
. 133
. 133

.
.
.
.

6 Conclusion
145
6.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.2
6.3

Future perspectives . . . . . . . . . . . . . . . . . . . . . . 148
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

A Experimental appendix
A.1 Protocols for biochemical evaluation . . . . . . . . . . .
A.1.1 AP assay . . . . . . . . . . . . . . . . . . . . . .
A.1.2 BLI assay . . . . . . . . . . . . . . . . . . . . . .
A.2 Compounds purchased . . . . . . . . . . . . . . . . . . .
A.3 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . .
A.3.1 General procedure Buchwald-Hartwig amination
A.3.2 Synthesis of compound 3* . . . . . . . . . . . . .
A.3.3 Synthesis of compound 66 . . . . . . . . . . . . .
A.3.4 Synthesis of compound 67 . . . . . . . . . . . . .
A.3.5 Synthesis of compound 68 . . . . . . . . . . . . .
A.3.6 Synthesis of compound 69 . . . . . . . . . . . . .
A.3.7 Synthesis of compound 70 . . . . . . . . . . . . .

151
. 152
. 152
. 152
. 154
. 160
. 160
. 160
. 161
. 161
. 162
. 163
. 163

B Computational appendix
165
B.1 Markov state modelling . . . . . . . . . . . . . . . . . . . 166
B.2 Cancer survival analysis . . . . . . . . . . . . . . . . . . . 168
B.3 Comparison of expression levels . . . . . . . . . . . . . . . 170

Chapter 1

Introduction
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CHAPTER 1. INTRODUCTION

1.1 Immune biology
1.1.1 The immune system
Ever since the beginning of life on earth, competition between organisms has been ubiquitous. It can be observed in many shapes and forms,
ranging from the single-celled amoeba that simply engulfs its prey, to
the complex arms race between modern-day parasites and their hosts.
Indeed, competition between organisms is the driving force behind evolution, a concept known as survival of the fittest. Over the course of
millions of years, organisms have developed intricate self-defence mechanisms to deter or kill potential attackers. For instance, some bacteria
use restriction endonucleases to destroy foreign DNA while protecting
their own DNA through methylation. Insects have specialized cells and
an array of antimicrobial peptides to defend against bacterial infection.
Mammalia have evolved complex multi-layered systems to defend against
environmental pathogens. These systems can be divided into the innate
and the adaptive immune system.
The innate immune system, which can be found in some form in all animals and plants, consists of both cellular and non-cellular components.
This system provides an immediate defence against potential pathogens.
One component of the human innate immune system is the physical barrier formed by the skin, mucosa and cornea. The epithelial cells secrete
antimicrobial peptides to ward off infections. A number of immune
cells are also present in the skin, including macrophages, dendritic cells
(DCs) and natural killer cells. Macrophages specialize in phagocytosis,
ingesting and breaking down bacteria, foreign particles, and dead or diseased cells. DCs also engage in phagocytosis, but their main purpose is
processing antigens originating from potential pathogens and presenting
these antigens via the major histocompatibility complex (MHC) surface
protein to the adaptive immune system. Macrophages may also assist
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in the presentation of antigens.
Leukocytes or white blood cells form another part of the innate immune system, Five main types may be differentiated: lymphocytes, neutrophils, eosinophils, basophils, and monocytes. Lymphocytes pertain to
the adaptive immune system and will be discussed later on. Monocytes
and neutrophils are both phagocytes. Monocytes also have cytoplasmic
vesicles known as granules which contain antimicrobial proteins and peptides. These may be released in a process known as degranulation to help
combat microbes. Basophils have granules containing pro-inflammatory
mediators, the anticoagulant heparine, and histamine. Mast cells are
similar to basophils in function and appearance, but originate from a
distinct lineage and reside in tissue. Eosinophils contain granules with
cytotoxic proteins and are responsible for combating parasites. Next
to these cellular components, several non-cellular components are also
involved in immune responses. The complement system is a set of circulating proteins primarily synthesized in the liver, which can assist other
components of the immune system by triggering phagocytosis, causing
inflammation and rupturing the cell walls of bacteria.1,2
The adaptive immune system is constituted by T and B cells, also known
as T and B lymphocytes. These cells underpin the ability of the immune
system to adapt to various pathogens. T and B cells express a T cell
receptor (TCR) and a B cell receptor (BCR), respectively. The number of fragments that could potentially be generated from pathogens
is vast. TCRs and BCRs are ideally able to recognize all pathogenic
antigens, necessitating an enormous diversity in their antigen binding
domain. This is achieved by V(D)J recombination during lymphocyte
maturation. Variable, joining and in some cases diversity gene segments
are rearranged in a semi-random manner to generate a repertoire of
astronomical diversity.
The BCR recognizes antigens in circulation, both soluble and expressed
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on pathogen surfaces. When a non-protein antigen is recognized by a
B cell, in combination with additional stimuli such as toll-like receptor
stimulation, the B cell will be activated and will proliferate in a process
known as clonal expansion. They then differentiate into plasma cells,
which will secrete proteins capable of recognizing antigens known as
antibodies. These antibodies also constitute a large part of the BCR.
A similar process is initiated when a protein antigen is recognized by
the B cell, with the exception of the additional stimuli which must be
provided by T cells activated by that same antigen. After elimination
of the pathogen, the majority of these B cells are eliminated. Memory
B cells will persist and provide a long-lasting defense against pathogens,
enabling a rapid and powerful immune response subsequent to a new
infection by the same pathogen. Some types of antibodies will also
remain in circulation for a long time, conferring a lasting protection
against that pathogen. This antibody mediated form of immunity is
known as humoural immunity.
The TCR recognizes fragments of potential pathogens bound to the
MHC of antigen-presenting cells. When a co-stimulatory signal originating from the APC is present, this results in activation of the T cell.
When no co-stimulatory signal is present, TCR activation results in inactivation of the T cell. Activated T cells rapidly proliferate to mount
an immune response in a process known as clonal expansion. After elimination of the pathogen, the majority of these T cells are deleted. The
memory T cell subtype will persist for a long period of time, allowing for
a quicker and more powerful immune response following the next infection with that pathogen. T cells may be further divided into a number of
types based on their function and expression of surface molecules known
as cluster of differentiation (CD) markers. Cytotoxic T cells, also known
as CD8+ T cells owing to their expression of the CD8 surface protein, can
destroy virus-infected and malignant cells. Regulatory T cells (Tregs)
will regulate the immune system, preventing autoimmunity. T helper
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cells, also known as CD4+ T cells owing to their expression of the CD4
surface protein, assist other immune cells in their function by secreting
messenger proteins known as cytokines, which influence the actions of
neighbouring cells. These T helper cells may be further divided into
several subtypes, the most important of which are the type I (Th1),
type 2 T helper (Th2) and type 17 T helper (Th17) subtypes. Broadly
speaking, the Th1 subtype is responsible for defence against intracellular
pathogens and protozoa. Th1 immunity is predominantly cell-mediated.
The Th2 subtype is responsible for defence against extracellular parasites and helminths. Th2 immunity is primarily humoural. The Th17
subtype is primarily responsible for defence against extracellular bacteria and fungi. Each of these subtypes is associated with their own set of
cytokines, through which they can manipulate the actions of other parts
of the immune system. The immune system is a complex web of cellular
interactions and signalling molecules and an in-depth description of the
immune system is beyond the scope of this thesis. The preceding text
is not a comprehensive review of the immune system. It rather aims to
provide a bird’s eye view of the immune system and introduce some key
players in immunity in the context of this thesis.

1.1.2

Atopic disease

While the immune system usually works well, it is not perfect. In some
cases, the immune system may overreact to harmless stimuli. A wellknown example of this is hay fever, where the immune system reacts to
pollen by releasing inflammatory mediators, causing a runny nose and
sneezing.3 On a molecular level, the allergen is recognized by type E
immunoglobulins (IgE) bound to IgE receptors on mast cells, triggering crosslinking of these IgE receptors. This in turn causes the release
of cytoplasmic granules containing pro-inflammatory mediators such as
histamine and cysteinyl leukotrienes, producing symptoms such as rhinorrhea, nasal obstruction, sneezing and itching. Furthermore, dendritic
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cells in the skin present these allergens to Th2 cells, activating them and
inducing the promotion of Th2 type inflammation through the release
of cytokines and chemokines. This results in an influx of inflammatory
cells and renders the mucosa prone to further irritation.3

Hay fever, also known as allergic rhinitis, is one of three diseases collectively referred to as atopic disease. The remaining two are asthma, an
inflammatory condition of the airways characterized by airway hyperresponsiveness and airflow restriction, and atopic dermatitis or atopic
eczema, an inflammatory condition of the skin characterized by itchy
and cracked skin. Atopic dermatitis in children has been recognized
as a risk factor for the later development of asthma and allergic rhinitis.4 The term atopic march describes the typical sequence of events
where a young child initially presents with atopic dermatitis and goes
on to develop asthma and/or allergic rhinitis. The underlying cause of
these three diseases is atopy, a propensity for mounting IgE-mediated
responses to environmental triggers.5

These diseases pose a global healthcare challenge. Indeed, the global
prevalence of doctor diagnosed asthma in individuals between 18 and
45 years of age was found to be 4.3% in a survey conducted by the
WHO.6 Moreover, the prevalence of asthma is still increasing across
many regions of the world.7 Allergic rhinoconjunctivitis affects about
20% of the western population. While symptoms are most commonly
seasonal, a quarter of all subjects report year-round symptoms.8 Finally,
atopic dermatitis affects up to 3% of adults. Figures among children are
even more striking than those in the general population. The ISAAC
study surveyed 1 200 000 children globally and reported a prevalence of
14.1% for asthma, 14.6% for rhinoconjunctivitis and 7.3% for eczema in
the 13-14 year age group. In the 6-7 year age group, the prevalences
were 11.7%, 8.5% and 7.9%, respectively.9
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1.1.3

Treatment of atopic disease

The treatment of atopic disease is primarily focused on achieving symptomatic control. Atopic dermatitis is typically treated with emollients
and topical corticosteroids to reduce itching and help repair the skin
barrier. Topical calcineurin inhibitors, which inhibit T cell responses,
and polidocanol, a local anaesthetic and antipruritic, may also be used.
Another possibility is treatment with UV light. In treatment-resistant
cases a variety of therapeutic options may be evaluated, such as systemic
immunosuppressants, the UV-sensitizing agent psoralen or the retinoic
acid antagonist alitretinoin.10
Allergic rhinitis is typically treated with antihistamines, which counteract the vasodilatory effects of histamine, cromoglicic acid, which stabilizes mast cells to block histamine release, leukotriene antagonists
(LTRA), which inhibit the formation of pro-inflammatory leukotrienes,
or nasal corticosteroids, which reduce nasal inflammation by binding to
the glucocorticoid receptor.11,12 Allergen-specific immunotherapy, where
the body is gradually habituated to allergens by repeated exposure to
low doses of the allergen, has been gaining traction as an alternative
treatment for allergic rhinitis. Administration of the allergen can be performed subcutaneously or, more recently, sublingually through tablets
or drops.13
The treatment options for asthma can be divided into two pillars. The
first pillar is reliever medication, typically a short-acting beta agonist
(SABA) which is used during an asthma attack to counteract bronchoconstriction. The second pillar is controller medication, which aims
to control inflammation in the lungs, hereby reducing airway hyperresponsiveness and the need for reliever medication. The treatment protocol for asthma is dictated by the frequency of asthma attacks (or the
need for reliever medication) of the patient. When the patient experiences fewer than two attacks of short duration (or the need for reliever
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medication) per month in absence of any risk factors such as low lung
function, the global initiative for asthma (GINA) recommends the use of
SABA as needed. If this is insufficient for symptom control, a low dose
of inhaled corticosteroids (ICS) is added. The next step in treatment
entails the combination of ICS with a long-acting beta agonist (LABA)
as controller medication with SABA as reliever, or the combination of
ICS with LABA as both reliever and controller medication. A number
of other medications may be used in the care of asthma, such as the
long-acting muscarinic antagonist tiotropium, oral corticosteroids and
anti-IgE, anti-IL5R or anti-IL5 antibodies.14
Corticosteroids are a cornerstone of the treatment of atopic diseases.
Due to their extensive breakdown by the liver after absorption into the
bloodstream, modern-day topical corticosteroids will mainly act on the
site of administration. Their safety profile is therefore vastly superior
to that of oral corticosteroids, which may have a host of adverse effects
including depression, type II diabetes, cataracts, metabolic changes and
hypertension. Nevertheless, inhaled corticosteroids used in the treatment of asthma have been associated with systemic side effects such
as adrenal suppression, an increased risk of diabetes type II, and reduced height and growth velocity in children, most notably when used
in medium to high dosages.15 Intranasal corticosteroids used in the treatment of allergic rhinitis rarely result in systemic side effects.11,16 Likewise, systemic side effects associated with corticosteroid use in atopic
dermatitis are relatively rare and mostly occur in patients treated with
very strong corticosteroids.10,17
The response to corticosteroid treatment differs between patients. A
minority of asthma patients may not achieve sufficient disease control
due to corticosteroid resistance.14,18 This has also been reported in allergic rhinitis11,19 and in atopic dermatitis.10,20 These conditions severely
impact the quality of life, highlighting the urgent unmet need for novel
treatments for atopic disease.
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1.1.4

TSLP signalling

Thymic Stromal Lymphopoietin (TSLP) was first identified in 1994 by
Friend et al. in the conditioned medium of a murine thymic stromal cell
line as a factor capable of supporting B-cell differentiation.21 Murine
TSLP was found not to affect human cells, limiting the exploration of
TSLP to murine systems until the identification of human TSLP in
2001 by Quentmeier et al.22 TSLP is produced by skin keratinocytes
and epithelial cells of the lung and gut in response to pathogenic stimuli. Its normal function is the maintenance of Th2 immunity at barrier
surfaces.23 TSLP signalling causes dimerization of the cognate TSLP receptor (TSLPR) and the interleukin-7-receptor subunit alpha (IL-7Rα)
at the cell surface. TSLP is initially captured at the cell surface by a
high affinity interaction with TSLPR (dissociation constant KD = 32
nM). Thereafter, IL-7Rα is recruited to the TSLP:TSLPR complex in
a high affinity manner (KD = 29 nM) to elicit further intracellular signalling.24–26 This then drives the development of immature dendritic
cells, eosinophils, basophils, mast cells, and lymphocytes into a type
2 polarizing phenotype,27,28 which in turn regulates immunity at these
barrier surfaces. The manner in which TSLP signalling occurs is still a
matter of debate. TSLP may activate several transducer and activator
of transcription (STAT) proteins29 The STAT5 pathway seems to be
critical for the response of DCs to TSLP.30
Abnormal TSLP signalling has been implicated in a number of diseases,
most prominently in the development of atopic disease. By skewing the
balance of the immune system towards a Th2 response, TSLP fosters an
ideal climate for the development of atopic disease. Indeed, TSLP has
been described as a ”master switch for allergic inflammation”.31 TSLP
was highly expressed in lesions of patients with atopic dermatitis, but
undetectable in healthy skin.32 It furthermore acts directly on sensory
neurons to induce itching, one of the hallmarks of atopic dermatitis, in a
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histamine-independent manner.33 It has also been shown to be crucial for
the development of corticosteroid resistance in airway inflammation.34
Increased levels of TSLP have also been found in bronchoalveolar lavage
samples of patients with asthma and patients with chronic obstructive
pulmonary disorder (COPD).35 TSLP has also been linked to cancer.
Some studies have shown TSLP to promote the development of cancer by steering the immune system towards a chronic type-2 inflammation response.36–38 In contrast, a number of other studies point towards
no TSLP involvement in cancer39 or even a possible tumour-protective
role.40 Its overall role in cancer is therefore still contested.
Recent findings describe a second isoform of TSLP dubbed short form
TSLP (sfTSLP), consisting of 63 amino acids and approximately encompassing the C-terminal half of TSLP. Its structure has not yet been
elucidated. The short form has been proposed to act as an antimicrobial peptide at barrier surfaces.41,42 It has also been proposed to
exert an anti-inflammatory function43,44 and to modulate immune responses.43,45,46

1.1.5 TSLP inhibition
Taking into account the central position of TSLP in the development of
atopic disease, an inhibitor of TSLP signalling may prove to be a very
interesting therapeutic tool. Thus far, biologicals have been the main
paradigm in inhibition of TSLP signaling and in inhibition of proteinprotein interfaces in general. One of the most prominent achievements
in the field has been Amgen’s development of an anti-TSLP monoclonal
antibody Tezepelumab, also known as AMG157. Currently in phase III
clinical trials, it has been shown to be a useful tool for the management of
moderate-to-severe asthma, highlighting the relevance of TSLP signaling
as a therapeutic target. A fusion protein consisting of the ectodomains of
TSLPR and IL-7Rα, also known as a TSLP-trap, has been developed by
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Verstraete et al.26 and was shown to inhibit TSLP-driven activation of
dendritic cells. Furthermore, a recent study by Park and coworkers has
explored the potential of peptide-derived inhibitors, resulting in three
peptides capable of TSLP inhibition at submillimolar concentrations.47
However, biologicals generally present with a number of challenges: they
have low tissue penetration, are not orally active and are expensive to
produce. The development of a small molecule inhibitor would therefore
be a useful parallel avenue to explore.

1.2

Structural biology of TSLP/TSLPR

We will briefly introduce some key concepts in protein structure, before
discussing the structural biology of TSLP, TSLPR and IL-7Rα. Proteins
are polymeric biomolecules which are responsible for many key functionalities in living organisms. The monomeric unit of a protein is the amino
acid. The standard genetic code uses twenty different amino acids,
though some organisms can directly incorporate two additional amino
acids during protein synthesis48 and a great deal of post-translational
modifications have been described.49 The structure of a protein is defined at four levels. The primary structure of a protein is given by the
sequence of its constituent amino acids. At the secondary structure level
two main regular structures can be differentiated defined by hydrogen
bonding patterns. The first pattern is the beta sheet, which consists of
anti-parallel extended strands of amino acids. Each strand engages in
lateral hydrogen bonding with the adjacent strand. The second pattern
is the alpha helix, which consists of amino acids coiled into a helical
structure with the NH group of an amino acid engaging in a hydrogen
bond with the carbonyl moiety of an amino acid four residues earlier
(i + 4 → i hydrogen bonding). The alpha helix is not the only helical
pattern found in proteins, however. The second most prevalent helical
pattern is the tightly wound 310 helix, characterized by a i + 3 → i hy-
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drogen bonding pattern. Finally, the slightly more extended π-helix is
characterized by i + 5 → i hydrogen bonding. The tertiary level of protein structure is defined by the three-dimensional structure of proteins.
The quaternary structure of a protein is the arrangement of multiple
protein subunits into a large complex.
The crystal structures of murine and human TSLP were elucidated in a
pair of high-profile publications by Verstraete et al. in 2014 and 2017, respectively (see Figure 1.1).26,50 On the whole, their structures are highly
similar. Both murine and human TSLP consist of four alpha-helical
bundles arranged in an up-up-down-down topology connected through
long overhand loops. Their core structures are highly atypical in the
cytokine world: they both feature an extensive void volume and a central water molecule coordinated by three hydrogen bonds in the centre
of the cytokine (see Figure 1.2). The functionality of this unusual core
arrangement has not yet been elucidated. They both have a π-helical
turn in the A helix, which engages in contacts with the IL-7Rα. The
structures of TSLPR and IL-7Rα also appear to be highly similar at
first glance (see Figure 1.1). TSLPR and IL-7Rα each consist of two
fibronectin-III type domains with a typical beta-sandwich fold composed
of anti-parallel beta sheets.51 TSLP engages in extensive contacts with
the TSLPR through site I, burying 19 nm2 in the human and 13.5 nm2
in the murine complex, and with IL-7Rα through site II, burying 11.2
nm2 in the human and 12.5 nm2 in the murine complex. The two cytokine receptors contact each other near the membrane through site III,
burying 7.8 nm2 in the human and 9 nm2 in the murine complex.26,50
However, these superficial similarities of the human and murine systems
mask a notably diverged amino acid sequence. The sequence identities
are 42% between the TSLP orthologs, 34% between TSLPR orthologs
and 64% identity between the IL-7Rα orthologs. As such, while the
general architecture of the complex is similar, the specific features of the
interface sites are rather different. The human TSLP:TSLPR interface
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Figure 1.1: Overlay of the human and murine TSLP:TSLPR:IL-7Rα complex.
The human complex (PDB 5J11) is shown in yellow, while the murine (PDB
4NN5) is shown in blue. The central water molecule is shown as a red sphere.
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Figure 1.2: Central water molecule in human and murine TSLP. Human TSLP
(PDB 5J11) is shown in blue, while murine TSLP (PDB 4NN5) is shown in
yellow. Water-coordinating residues are annotated with their residue numbers.
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Figure 1.3: Comparison of site I in the human (PDB 5J11) and murine (PDB
4NN7) TSLP:TSLPR:IL-7Rα complex. The binding partners are alternatingly
shown in cartoon representation and in surface representation, with the surface
coloured according to Coulomb electrostatics.

displays a pronounced electrostatic complimentarity. TSLP presents a
positively charged patch, dominated by three arginine residues to the
negative TSLPR site. Mutation of any of these three arginines resulted
in a loss of affinity ranging from one to three orders of magnitude. By
contrast, the murine site I interface does not present such a pronounced
overall electrostatic complementarity. Rather, it is dominated by polar
interactions (Figure 1.3).26 The interactions in site I are thus poorly
conserved, explaining the lack of cross-reactivity between the human
and murine TSLP cytokines.52
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As shown in Figure 1.4, the interactions of site II are primarily hydrophobic in nature, both in murine and in human TSLP. Hydrophobic interactions are generally less specific than polar interactions such
as those found in site I.53 A prime example of this is the common
gamma chain (γc), which acts as a co-receptor for six different cytokine signalling pathways. The hydrophobic character of site II in the
TSLP:TSLPR:IL-7Rα complex is therefore consistent with its function
as a degenerate binding platform for two distinct signalling pathways:
on the one hand, IL-7Rα is a co-receptor for TSLP signalling through
the TSLP:TSLPR:IL-7Rα complex, on the other hand, it is the primary
receptor for interleukin-7 (IL-7) signalling through the IL-7:IL-7Rα:γc
complex. The π-helical turn occupies a central position in both human
and murine complexes. It possesses remarkable flexibility in simulations
of murine TSLP, though this flexibility is lost in the complex. Moreover, mutation of isoleucin 37, located on the pi-helical turn, into a
glutamate abolished STAT5 signalling. Taken together, these findings
position the pi-helical turn as a key contact in murine TSLP signalling
which has been hypothesized to function as a switch that actuates TSLP
for a high-affinity interaction with IL-7Rα.50 In human TSLP however,
mutation of Thr46, which is similarly located on the pi-helical turn of
human TSLP, to glutamate or lysine had no apparent effect. The double
mutant S45K/T46Q displayed significantly increased EC50 values (EC50
= 5.3 pM) compared to wild-type TSLP (EC50 = 0.11 pM).26,50
The interactions in site III are primarily mediated through polar interactions as shown in Figure 1.5. While single residue mutations did
not affect STAT5 signalling, TSLPR double mutant D157A/E159A and
the pair of TSLPR triple mutants F156A/D157A/E159A and D176A/
E178A/K179A diminished STAT5 activity in human TSLP. These findings show that the membrane-proximal domains are also important for
signalling. Indeed, human TSLPR and IL-7Rα can engage in a lowaffinity interaction (KD = 20 µM). Thus far, only single site mutants

16

1.2. STRUCTURAL BIOLOGY OF TSLP/TSLPR

Figure 1.4: Comparison of site II in the human (PDB 5J11) and murine (PDB
4NN7) TSLP:TSLPR:IL-7Rα complex. The binding partners are alternatingly
shown in cartoon representation and in surface representation, with the surface
coloured according to Coulomb electrostatics.
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Figure 1.5: Comparison of site III in the human (PDB 5J11) and murine (PDB
4NN7) TSLP:TSLPR:IL-7Rα complex. The binding partners are alternatingly
shown in cartoon representation and in surface representation, with the surface
coloured according to Coulomb electrostatics.

have been produced for murine site III, which did not affect signalling.
In contrast to the situation in the human complex, no binding could be
observed between murine TSLPR and IL-7Rα.26,50
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Figure 1.6: Number of structures deposited in the RCSB Protein Data Bank.

1.3

Proteins in motion

1.3.1

Molecular dynamics

The link between biomolecular structure and function has been of great
interest to biologists ever since the elucidation of the structure of myoglobin by Kendrew et al. in 1958.54 Advances in crystallographic techniques have enabled an exponential growth of structural information as
shown in Figure 1.6.55 The basic principle behind this technique, however, has remained unchanged: a crystal of the protein in question is
produced and bombarded with X-rays, which diffract in various directions depending on the structure of the crystal. This diffraction pattern
is then phased to yield an electron density map, which corresponds to
the electron cloud of the protein. This map is finally converted into a
3D model of the protein by fitting atomic positions to the density.
These crystal structures, while an invaluable tool for research, only provide us with a static image of biomolecular structure - a single snapshot.
This is a far cry from the reality of protein structure: proteins are in a
constant state of motion and can adapt to a variety of conditions. Molecular dynamics simulation (MD) is a highly complimentary tool for the
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investigation of biological and molecular phenomena. In a nutshell, this
in silico method uses Newtonian physics to simulate the movement of
atoms. Starting from a stationary structure of the system, often derived
from a crystal or NMR structure, parameters governing their dynamic
behaviour are assigned to all atoms. The bonded interactions are given
by the following equations:

Vbond =

Vangle =

Vdihedral =

∑1
2

∑1

∑

Vimproper =

2

Kb (b − b0 )2

KΘ (Θ − Θ0 )2

Kϕ (1 + cos(nϕ − δ)
∑

KΨ (Ψ − Ψ0 )2

The first term of the additive force field form corresponds to the twobody stretching of covalent bonds, while the second term defines the
three-body bending of bond angles. The third term is a proper dihedral,
which corresponds to the four-body interaction of the covalently bound
atoms A-B-C-D defined as the angle between the plane ABC and the
plane BCD. The fourth term is the improper dihedral term, which is
again a four-body interaction between the planes ABC and BCD. Here,
the four atoms are not arranged in a linear fashion as is the case for
the proper dihedral. This potential is often used to describe planar and
chiral systems. The final two terms in the forcefield are the non-bonded
interactions.

VCoulomb =

20

∑ qi qj
4πϵrij
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VLennard−Jones =

∑ C12
C6
ϵ 12 − ϵ 6
rij
rij

The first non-bonded term is the Coulomb potential, describing the interaction between all charged particles. The second is the Lennard-Jones
potential, which is a computationally efficient model that models the van
der Waals interactions. These non-bonded interactions will typically account for the majority of computation required in molecular dynamics
simulations, as each particle in the system theoretically interacts with
every other particle in the system. It is standard practice to truncate
the interactions between particles at a certain distance to limit computational expense. Lennard-Jones terms will decline quickly and are
generally negligible at the distance of the cutoff. Coulomb forces on the
other hand are not negligible at commonly employed cutoff distances.
The particle mesh Ewald (PME) method, which will be elaborated on
in the following paragraph, may be used to account for artefacts caused
by this truncation of forces.
The process of assigning parameters is relatively simple for typical, unmodified proteins, as all proteins are comprised of combinations of the
same twenty amino acids, for which all parameters are contained in modern force fields. These parameters are obtained by fitting to the results
of QM calculations, to NMR measurements or other experimental data.
Over the years a multitude of force fields have been developed, each
with their own use cases and method of parametrisation. In this work,
the amber99sb-ildn forcefield56 will primarily be used, which typically
scores well in forcefield testing studies57,58 and has also been used in
earlier simulations of murine TSLP.50 Parameters for small molecules
are more difficult to obtain due to the diversity of chemical space. The
general amber force field (GAFF) and the antechamber suite have been
developed to meet this need.59,60 Parameters for small molecules are
assigned using a combination of quantum mechanical calculations and
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a database containing parameters for similar molecules. Similar methods exist for other forcefields. Once parameters have been assigned for
the system of interest, it is placed inside a simulation box. This box is
then filled with water molecules to provide a realistic environment for
the protein and an appropriate number of sodium or chloride ions to
achieve an overall neutral system. Molecular dynamics simulations use
a scheme known as periodic boundary conditions to circumvent artefacts
arising from interaction with the walls of the system. Briefly, the original system, known as a unit cell, is surrounded by an infinite number of
identical copies of itself known as images. Should a part of the system
cross the side of the unit cell, it is instead shifted to the opposing side
of the unit cell. The PME method may be used to accurately calculate
electrostatic energies for periodic systems. The Coulomb force is then
split into two parts; a short-range part which is calculated in normal
space and a long-range part which is calculated in reciprocal space using
PME.61 The charges are first interpolated on a grid, after which the
periodic potential is summed in reciprocal space and mapped back to
the particles to yield accurate long-range electrostatics.
This use of a periodic system necessitates the use of a sufficiently large
layer of solvent isolating the solute molecule in order to prevent it from
interacting with itself. The size of this layer is dictated by the cutoff employed and will generally be around twice the length of the cutoff.
The two most commonly used box shapes are the rhombic dodecahedron
and the rectangular box. The rhombic dodecahedron is frequently used
in molecular dynamics of homogeneous systems, because it is a spacefilling polyhedron that approximates a sphere, resulting in a 29% smaller
volume (requiring less solvent to fill and in turn, fewer non-interesting
interactions involving water molecules to calculate) compared to the
equivalent cube for a given minimum distance to the nearest image. The
rectangular box is conceptually simple and is frequently used in simulations of heterogeneous systems such as membranes, which are generally
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fixed in a plane.
Once the system has been set up, MD simulations are initialised by generating velocities for each atom drawn from a Boltzmann distribution.
The actual dynamics consist of an iterative process. The total potential
energy for any atom is calculated as the sum of all separate potentials
described above. The total potential V can then be used to calculate
the force acting upon the atom in position r.

F =

δV
δr

These forces are subsequently used to update the positions of the atoms
using Newton’s equations of motion. One such step generally covers 1
femtosecond in a standard dynamics setup. Algorithms have been developed to allow the use of larger timesteps, reducing the runtime of
simulations. The general idea of these algorithms is to eliminate the
fastest motions of the system. A very common choice is to constrain the
bond lengths of bonds involving hydrogen atoms, to eliminate these vibrations and allow for the use of a 2 fs timestep. Moreover, it has been
argued that a constant length is a better approximation of bonds involving hydrogen atoms than the harmonic oscillator. In Gromacs these
constraints are implemented by the LINCS algorithm.62 An increase
of the timestep to 4-5 fs may be obtained by replacing the hydrogen
atoms with virtual interaction sites, whose positions are solely defined
by the heavy atoms to which they are bound.63 Coarse-grained simulations forego atomistic representation of proteins and solvent to achieve
a dramatic increase in computational efficiency and timestep. For instance, the Martini forcefield represents on average four heavy atoms
with their associated heavy atoms as one interaction center. Not only
does this reduce the number of interactions to be calculated, but coarsegrained simulations are also routinely performed with timesteps of 20-40
fs, at the cost of a drastic reduction in resolution.64
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1.3.2 Protein motions

The issue of timescales is one of the main issues within the field of
molecular dynamics. Biologically relevant phenomena only tend to occur starting from the nanosecond timescale, requiring upwards of 107
steps to simulate.65 Figure 1.7 provides an illustration of timescales for
biological events.66 Taking into account that even relatively simply protein systems consist of tens of thousands of atoms, each of these atoms
interacting with the rest of the system, meaningful simulations of proteins seems like a Herculean task. Highly efficient algorithms combined
with powerful computing clusters have pushed the boundaries of what
is possible. For instance, a millisecond-timescale simulation of a protein
was published in 2009 by DE Shaw Research.67 The advent of Graphical Processing Unit (GPU) acceleration has enabled significant speed
increases in a cost-effective manner. Simulations of several hundred
nanoseconds are currently considered routine.
In recent years, the field has started to move away from running a single long simulation in favour of running an ensemble of medium-length
simulations. One advantage is that many simulations may be started
concurrently, allowing for a more efficient sampling. Another advantage
lies in the interpretation of the data: observing a single event in a long
simulation does not reveal much about the underlying probability of the
event. There is no way of knowing whether the simulation was representative or not. On the other hand, an ensemble of simulations enables
the use of statistical analyses, enhancing confidence in results obtained
by MD simulations. Moreover, strategies such as Markov state modelling may be used to decipher complicated molecular dynamics data
and provide actionable insights.68
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Figure 1.7: Timescales for protein motions. Adapted from ”Molecular dynamics: survey of methods for simulating the activity of proteins” by S.A. Adcock
and J.A. McCammon, Chem Rev 2006.
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1.4 Software statement
MarvinSketch was used for drawing chemical structures and reactions.69
All plots shown in this thesis were made with the R70 package ggplot271
in the RStudio environment72 unless specified otherwise. All molecular
graphics were designed using PyMOL73 unless specified otherwise.

1.5 Objectives
The objective of this thesis is to conduct a multi-faceted examination
of the TSLP cytokine. The recurring theme throughout this thesis is
advancing our understanding of TSLP and its interactions. This work
was not performed in isolation, however. The multidisciplinary nature
of modern science necessitates diverse areas of expertise and encourages
collaboration between scientists of different backgrounds. During this
project, we collaborate extensively with Prof. Dr. Savvas N. Savvides
and Dr. Kenneth Verstraete of the Laboratory for Protein Biochemistry
and Biomolecular Engineering (L-ProBE) at UGent and VIB-UGent
Center for Inflammation Research, and Prof. Dr. Frank Peelman at
the VIB-UGent Center for Medical Biotechnology. The overarching aim
of this project is to identify potential inhibitors for the TSLP:TSLPR:IL7Rα interaction and to thoroughly characterize the complex and its individual binding partners. Prof. Dr. Savvas N. Savvides and Dr. Kenneth
Verstraete combine structural investigations with molecular interaction
studies to uncover the principles governing immunity, inflammation and
cancer. Their crystal structures of the TSLP complex are invaluable for
our computational analyses and they furthermore analyse the binding
of potential ligands to the TSLP complex. Prof. Dr. Frank Peelman
specializes in the investigation of protein-protein interactions through
biochemical and cellular studies, leveraging this expertise to characterize the binding of our ligands to the TSLP complex.
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The emphasis of this thesis lies on our contributions to this project,
specifically our molecular modelling efforts and chemical synthesis work.
All modelling experiments and chemical synthesis work presented here
was performed by the candidate. Extensive molecular dynamics simulations are used to produce atomistic insight into TSLP, with specific
attention for the underlying structural biology. These insights are leveraged to develop the first small molecule inhibitors of the TSLP:TSLPR
interaction. This is not only be a useful proof-of-principle for the utility of small molecules in the modulation of TSLP signalling, but these
molecules may also be useful starting points for the further development
of TSLP:TSLPR inhibitors. Finally, in a standalone project motivated
by a knowledge gap in existing research, we investigate the role of TSLP
in cancer using publicly available datasets.

1.6

Outline

This thesis is structured as follows.
• Chapter 1: Introduction. This chapter provides a general outline
of atopic disease and the role of TSLP therein. It furthermore introduces molecular dynamics simulations, which will be frequently
used in this work.
• Chapter 2: A dynamic view of TSLP, TSLPR and the complex.
This chapter explores the flexibility of TSLP, TSLPR and the binary complex, as well as the conformational changes in TSLP precipitated by the binding to TSLPR, giving rise to the high-affinity
interaction with IL-7Rα.
• Chapter 3: TSLP core water. This chapter examines the central
water molecule present in the TSLP through extensive molecular
dynamics simulations and free energy simulations.
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• Chapter 4: Development of TSLP:TSLPR inhibitors. This chapter
looks at the TSLP:TSLPR interface through a drug discovery lens.
Possible binding sites for small molecules are identified. Molecular
docking and biological assays are combined to identify the first
small molecule inhibitors of the TSLP:TSLPR interaction.
• Chapter 5: The role of TSLP in cancer. This chapter delves into
the role of TSLP in cancer. Patient-level transcriptomics and survival data are analysed to uncover possible clinically relevant associations.
• Chapter 6: Conclusion. This chapter discusses the findings presented in the previous chapters and the future perspectives for this
line of research in a broader context.
The research presented in this thesis has also resulted in a number of
publications. The work presented in chapter 2 and part of the work presented in chapter 3 has been published in a joint publication with our
collaborators under the title Structure and antagonism of the receptor
complex mediated by human TSLP in allergy and asthma. Verstraete K,
Peelman F, Braun H, Lopez J, Van Rompaey D, Dansercoer A, Vandenberghe I, Pauwels K, Tavernier J, Hammad H, De Winter H, Beyaert
R, Lippens G, Savvides SN. Nat. Commun. 8 (2017), 14937.
The work presented in chapter 4 has been published as Virtual screening
for inhibitors of the human TSLP:TSLPR interaction. Van Rompaey
D, Verstraete K, Peelman F, Savvides SN, Augustyns K, Van Der Veken
P, De Winter H. Sci. Rep. 7.1 (2017), 17211.
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The molecular dynamics simulations presented in this chapter have been
published as a part of the paper Structure and antagonism of the receptor complex mediated by human TSLP in allergy and asthma. Verstraete
K, Peelman F, Braun H, Lopez J, Van Rompaey D, Dansercoer A, Vandenberghe I, Pauwels K, Tavernier J, Hammad H, De Winter H, Beyaert
R, Lippens G, Savvides SN. Nat. Commun. 8 (2017), 14937.

2.1 Introduction
The crystal structure of the human TSLP:TSLPR:IL-7Rα has recently
been solved, revealing several intriguing structural features. In this
chapter, we go beyond the static representation of protein structure provided by crystal structures and utilize molecular dynamics to improve
our understanding of the TSLP: TSLPR system. The mechanistic characteristics of the TSLP:TSLPR:IL-7Rα complex are investigated and
the conformational flexibilities of the TSLP:TSLPR system and its constituent parts are compared. Finally, an interesting solvation pattern is
investigated.

2.2 System setup
The first step in simulating a system is assigning parameters to the
system. A critical requirement for this step is a complete structure
of the protein. Structures for TSLP and the TSLP:TSLPR complex
were taken from an early version of the TSLP:TSLPR:IL-7Rα complex
deposited in the protein data bank under identifier 5J11.1 This crystal
structure employs a TSLP mutant where a part of the long overhand CD
loop was truncated to reduce heterogeneity and facilitate crystallisation.
This section is comprised of a basic cassette ranging from residues 127131 with the sequence RRKRK. Furthermore, no density was observed
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Figure 2.1: Snapshot taken from a molecular dynamics simulation of TSLP.
The locations of important structural elements of TSLP are annotated.
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for residues 115-126 and 132, owing to the highly flexible character of
the loop. Modeller 9.142 was used to reconstruct the complete wildtype protein. Fifty TSLP models were constructed, differing in their
loop conformation. Five models were subsequently selected for molecular
dynamics simulations through visual inspection of the long overhand CD
loop, maximizing coverage of the conformational space of the CD loop
to account for its structural heterogeneity. A snapshot taken from one
molecular dynamics simulation is shown in Figure 2.1 with the structural
features of TSLP annotated on the figure.
The apo-TSLP structures and TSLP:TSLPR complex structures were
prepared separately. Five 250 ns molecular dynamics simulations, each
with a different TSLP starting model, were performed for TSLP, TSLPR
and TSLP:TSLPR (fifteen runs in total). All measurements discussed
below were obtained by averaging the results over five simulations. All
simulations were performed using Gromacs 5.1.13 with the Amber99sbildn force field4 and the solvent was treated with the rigid three-site
TIP3P5 water model. Van der Waals and short-range Coulomb forces
were truncated at 1.0 nm. The particle mesh Ewald method was used
to compensate for the truncation of Coulombic interactions.6,7
Bonds involving hydrogen atoms were constrained to their equilibrium
lengths with the parallel LINCS algorithm.8 This eliminates the most
rapid motions in the system (the H-bond stretch), allowing for the use of
a slightly longer time step of 2 fs. The crystal structure was relaxed using a steepest descent energy minimization algorithm until the maximum
force exerted on any atom was lower than 1000 kJmol−1 . The system
was then equilibrated to a temperature of 300 K and a pressure of 1
bar in two steps. During both steps, protein heavy atoms were harmonically restrained to their initial positions with a force constant of 1000
kJmol−1 nm−1 . The first step is to equilibrate the temperature in an
NVT simulation, keeping the number of particles N and system volume
V fixed while controlling the temperature T. The system was initialized
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at 30 K and the temperature was increased to 300 K over the course of
200 ps. Temperature control was achieved through two Bussi–Parinello9
thermostats, one coupled to protein and one to solvent and ions, each
with a coupling time of 0.1 ps. Following NVT equilibration, the system
was coupled to a Berendsen barostat with a reference pressure of 1 bar
and a coupling time of 0.5 ps for 500 ps of NPT equilibration, keeping
the number of particles N fixed and controlling the system pressure P
and temperature T. After the equilibration of the system, production
simulations can be initiated. A pair of Nose–Hoover10,11 thermostats
with coupling times of 1 ps and reference temperatures of 300 K was
used for temperature control and pressure control was achieved through
a Parinello-Rahman barostat12 with a reference pressure of 1 bar and a
coupling time of 2 ps. Snapshots of the structure were saved every 100
ps.

2.3

Computational efficiency

Molecular dynamics simulations demand a tremendous amount of computational power. They need to be of adequate length to sample the
process of interest and moreover, several replicates are needed to provide quantitative insights, raising the computational costs even further.
Over the course of this thesis we were fortunate have access to ample
computational power provided by the Flemish Supercomputer Centre
(VSC). Attacking a simulation problem by simply increasing computational power is seldom effective: once a lot of computing cores come into
play, the coordination of these individual cores tends to become a resource drain. Fortunately, Gromacs has been shown to scale well across
a variety of devices, ranging from single-core personal computers to supercomputers encompassing thousands of cores.3 Table 2.1 summarizes
the time spent on each aspect of the simulation during a typical simulation of TSLP in water. This simulation was performed on two com-
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pute nodes, each with 2 10-core Intel E5-2680v2 Ivy Bridge generation
CPUs connected through a FDR10 InfiniBand network, of the Hopper
cluster at UAntwerpen.13 Of the 40 cores requested, 32 were used for
particle-particle calculation, while 8 were used for particle mesh Ewald
calculations (PME).

The majority of the computing time is spent on calculation of the particleparticle interactions (59.1%) and by PME calculations (13.7%), while
relatively little time is spent on coordination. The simulation setup uses
the available computational power rather efficiently, though a small imbalance in PP/PME work resulted in a run time loss of 2.0%. Further
fine-tuning of the number of PP and PME distribution may slightly improve the performance. Overall, this simulation of 28 876 atoms making
up a solvated TSLP system achieved an average simulation speed of
99.265 ns/day.

Computing
Domain decomp.
DD comm. load
DD comm. bounds
Send X to PME
Neighbor search
Comm. coord.
Force
Wait + Comm. F
PME mesh
PME wait for PP
Wait + Recv. PME F
NB X/F buffer ops.
Write traj.
Update
Constraints
Comm. energies
Rest
Total

Cores
32
32
32
32
32
32
32
32
8

Ranks
1
1
1
1
1
1
1
1
1

Call count
6250000
6249902
6249901
125000001
6250001
118750000
125000001
125000001
125000001

32
32
32
32
32
32

1
1
1
1
1
1

125000001
362500001
2742
125000001
125000001
12500001

Walltime(s)
5593.212
28.978
162.217
231.301
17256.387
3952.172
160699.792
6735.350
149181.913
68416.694
944.113
3096.213
1.171
4860.095
11961.611
911.218
1164.786
217598.616

Giga-Cycles
499928.328
2590.127
14499.182
20674.002
1542397.597
353250.150
14363549.963
602014.064
3333516.874
1528792.594
84386.025
276743.437
104.659
434401.455
1069143.846
81445.806
104110.018
24311548.325

%
2.1
0.0
0.1
0.1
6.3
1.5
59.1
2.5
13.7
6.3
0.3
1.1
0.0
1.8
4.4
0.3
0.4
100.0

Table 2.1: Performance statistics for a typical molecular dynamics run
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2.4

A dynamic view of TSLP

Proteins are in a constant state of motion. This often correlates with certain structural elements within proteins: alpha-helices and beta sheets
engage in extensive intra-chain hydrogen bonding and tend to be more
stable. Loop regions do not have this well-defined secondary structures
and tend to be more disordered and flexible. Various other cytokines
have been shown to exhibit significant flexibility. For instance, the related cytokine IL-2, for which several small molecule inhibitors have been
developed, lacks surface pockets amenable to ligand binding in its apocrystal structure. Molecular dynamics simulations were able to uncover
the ligand binding sites, highlighting the importance of protein flexibility.14,15 Flexibility of a system in molecular dynamics is often quantified
by the root-mean-square-fluctuation (rmsf), which may be understood as
the standard deviation of the atomic positions after fitting to a reference
for each atom.
Figure 2.2 shows one snapshot each for TSLP, TSLPR and their complex TSLP:TSLPR, with the color and width of the loops corresponding
to the average rmsf calculated over five 250 ns simulations of TSLP,
TSLPR and TSLP:TSLPR, respectively. Evidently, the four main helices of TSLP are very stable, similar to the situation in the crystal
structure. In contrast, the long overhand CD loop is highly flexible,
consistent with the lack of observable density for this loop in the crystal
structure. Furthermore, the AB loop and C-terminal tail, both involved
in the TSLP:TSLPR interface, are highly disordered. Our findings are
consistent with protein NMR measurements conducted on TSLP, which
showed a similar pattern of rigid helices contrasted by highly flexible
AB and CD loops.1
Figure 2.3 illustrates the kinetics of the TSLP:TSLPR:IL-7Rα complex.
These kinetics were assessed using biometric layer interferometry (BLI),
a technique that monitors changes in interference patterns to detect
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Figure 2.2: Flexibility of TSLP, TSLPR and the TSLP:TSLPR complex. Their
respective structures are shown in putty representation, with the loop width
and color varying according to the root-mean-square fluctuations of the atomic
positions. Thin blue loops indicating stable regions, while thick red loops
indicating flexible regions.
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binding. White light is sent through an optical fibre sensor tip upon
which a protein was previously immobilized, which is then dipped into
a solution containing the analyte of interest. Any binding of molecules
to the protein on the tip will change the interference pattern of the
reflected light, allowing for the monitoring of binding in real-time. In
our setup, biotinylated TSLP is immobilized onto a sensor tip to quantify
its interactions with its binding partners. TSLP was found to engage
in a high-affinity interaction with TSLPR (KD = 32 nM). The resulting
TSLP:TSLPR complex then interacts with IL-7Rα in an interaction with
similar affinity (KD = 29 nM). By contrast, no binding could be detected
between TSLP by itself and IL-7Rα. These findings indicate that the
binding of TSLPR to TSLP elicits some structural change in TSLP,
which results in an increased affinity for IL-7Rα.1 This then prompts
the question of the mechanism responsible for the priming of TSLP for
binding to IL-7Rα.
As shown in Figure 2.2 and 2.4, the AB loop loses a remarkable amount
of flexibility, as quantified by the rmsf of TSLP by itself and in the
complex. As shown in Figure 2.5, this loop connects the TSLP:TSLPR
interface site I, which is primarily composed of a section of the AB
loop, the α-helix D (αD) and the C-terminus tail extending from αD,
to the α-helix A (αA). This helix is a prominent part of the TSLP:IL7Rα interface site II. The AB loop therefore functions as a physical
link between the site I and site II. We hypothesize that the AB loop
rigidifies when TSLP engages in a complex with TSLPR, connecting the
site I binding event to site II, hereby priming TSLP for interaction with
IL-7Rα. Our findings thus provide support for the concept of the AB
loop as a relay between the TSLP:TSLPR binding event and the priming
of TSLP for IL-7Rα binding.1
A second question that we seek to answer through MD simulations is
the effect of TSLP:TSLPR complex formation on its constituent parts.
A study by Grunberg et al. has examined 34 protein complexes and

49

CHAPTER 2. DYNAMICS OF TSLP, TSLPR AND THE COMPLEX

Figure 2.3: Kinetics of the TSLP:TSLPR:IL-7Rα complex. Formation of the
ternary complex is initiated by the interaction between TSLP and TSLPR,
followed by the recruitment of IL-7Rα. No binding could be observed between
TSLP and IL-7Rα in absence of TSLPR.
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Figure 2.4: Line graph of the rmsf of apo-TSLP and TSLP in complex with
TSLPR, annotated with the locations of the flexible loops.
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Figure 2.5: The AB loop physically connects site I to site II. TSLP is shown
in blue, with the AB loop highlighted in purple, TSLPR is shown in grey and
IL-7Rα in yellow.
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found that flexibility is generally redistributed throughout the protein,
with binding sites rigidifying and other regions becoming more mobile.
The flexibility for the protein as a whole was not affected for the majority of proteins.16 Our simulations of apo-TSLP and the TSLP:TSLPR
complex show that TSLP mainly loses flexibility in the regions contacting TSLPR (see Figure 2.4), most prominently in the AB loop. In the
case of TSLPR, a general reduction in flexibility can be observed. The
complex mostly follows the same pattern as the apo-TSLPR, with a notable exception for the interfacial regions contacting TSLP: while these
regions were relatively flexible in the apo-TSLPR simulations, they display a remarkable structural tightening in the TSLP:TSLPR complex.
Indeed, these regions are some of the most rigid parts of TSLPR in the
TSLP:TSLPR complex (see Figure 2.6). On the whole, the flexibility of
TSLPR in TSLP:TSLPR simulations mirrors the situation in the crystal
structure, with a rigid interfacial region and two flexible interface-distal
regions.

2.5

Water and the π-helix

The prominent kink in helix A (see Figure 2.1), reminiscent of a similar
structure in IL-7, is a structural hallmark of TSLP.1,17 This is a pattern
known as a π-helical turn. Helical motifs in proteins may be categorized
depending on their hydrogen bonding pattern. The alpha helix, where
the NH group of an amino acid engages in a hydrogen bond with the
carbonyl moiety of an amino acid four residues earlier (i + 4 → i hydrogen bonding), is the most common. The π-helix on the other hand
is characterized by i + 5 → i hydrogen bonding. This pattern generally occurs as a short segment, produced by the insertion of a single
amino acid. This insertion destabilizes the protein by 3-6 kcalmol−1
and is often associated with important functionality.18 Indeed, in the
case of TSLP, the π-helix constitutes a major part of the TSLP:IL-7Rα
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Figure 2.6: Line graph of the rmsf of apo-TSLPR and TSLPR in complex with
TSLP, annotated with the locations of the interface with TSLP.
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interface. It is often observed that water molecules can stabilize these
helices in crystal structures.19 The occurrence of such stabilizing water
molecules in apo-TSLP π-helical turn was investigated by measuring the
distances between the oxygen atom of any water molecule on the one
hand and the Tyr43 carbonyl oxygen and the Lys49 amide nitrogen on
the other hand. Water molecules could be observed at a distance of 0.35
nm or less from these TSLP residues in 19% of the snapshots of our
simulations, indicating that a water molecule may compensate for the
lower stability of the π-helix. While the choice of such a distance cut-off
is arbitrary, the 0.35 nm distance chosen herein is the default for many
molecular modelling approaches20 and is generally well accepted in the
field. We also note that the choice of protein and water model may
influence the results of this study. The Amber99sb-ildn forcefield4 used
for the protein in conjunction with the TIP3P water model has been
extensively validated.4,21 Nevertheless, water models such as TIP4P5 or
TIP5P22 provide a more accurate description of water dynamics. This
is accompanied by a significantly higher computational cost, negatively
impacting the sampling that can be performed for a given computational budget. Ultimately, the use of any force field entails a significant
approximation of the real world, and the ultimate proof for many computational methods lies in the comparison to experiment where available.
Our findings were corroborated by the crystal structure of the AMG-157TSLP complex (PDB 5J13) which has been solved by our collaborators,
revealing the presence of a water molecule in this position (see Figure
2.7).1 These findings underscore the key role of water in biomolecular
systems, or as eloquently formulated by Martin Chaplin:23 ”Liquid water
is not a ‘bit player’ in the theatre of life — it’s the headline act.”
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Figure 2.7: The π-helix of TSLP is stabilized by a water molecule. The top
panel shows the inserted water molecule in the crystal structure of the AMG157-TSLP complex, the bottom panel shows the position of an inserted water
molecule in several MD snapshots.
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2.6

Conclusion

Molecular dynamics simulations can be used to gain insight into biological systems and to develop hypotheses. In this chapter, extensive molecular dynamics simulations were used to characterize TSLP, leveraging
this data to generate novel insights into TSLP biology. Previous studies
on a variety of protein complexes have shown that flexibility tends to
be redistributed through different parts of the protein complex. It is
shown that some flexibility is lost upon formation of the TSLP:TSLPR
complex, most notably in the interfacial regions.
A fascinating characteristic of the TSLP:TSLPR:IL-7Rα is the order of
events resulting in the formation of the ternary complex. TSLP initially
binds to TSLPR, followed by recruiting of the IL-7Rα chain. By itself,
TSLP has no discernible affinity for IL-7Rα. The binding of TSLP to
TSLPR therefore seems to be a mechanistic prerequisite for the interaction between TSLP and IL-7Rα. The AB loop is notably more rigid
in the TSLP:TSLPR complex than in simulations of TSLP alone. This
loop physically links the TSLP:TSLPR interaction site to the TSLP:
IL-7Rα interaction site. Our findings thus provide support for the hypothesis that TSLPR primes TSLP for interaction with IL-7Rα through
the AB loop.
Another notable characteristic of TSLP is the π-helix. Such π-helices
have a suboptimal hydrogen bonding pattern compared to the more common alpha helix, resulting in a decreased stability. Water molecules are
frequently observed to stabilize these helices. We show that this phenomenon also occurs in molecular dynamics simulations of TSLP, where
water molecules can be identified during roughly 20% of our simulation.
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The water resolvation simulations presented in this chapter have been
published in Structure and antagonism of the receptor complex mediated
by human TSLP in allergy and asthma. Verstraete K, Peelman F, Braun
H, Lopez J, Van Rompaey D, Dansercoer A, Vandenberghe I, Pauwels K,
Tavernier J, Hammad H, De Winter H, Beyaert R, Lippens G, Savvides
SN. Nat. Commun. 8 (2017), 14937.

3.1 Introduction
TSLP is part of a family known as the short-chain four-helix bundle
cytokines. Other members of this class include IL-2, IL-3, IL-4, IL-5,
IL-7, IL-9, IL-13, IL-15, IL-21 and GM-CSF. These cytokines all share
a similar protein fold composed of four alpha-helices, which are 10-20
amino acids in length. In contrast, the family of long-chain four-helix
bundle cytokines is composed of helices ranging from 20 to 30 amino
acids in length. Many of these cytokines function as immune signalization molecules. From a mechanistic point of view, TSLP is captured at
the cell surface by the cognate TSLP receptor, followed by recruitment
of the interleukin-7 receptor subunit alpha (IL-7Rα) to form a ternary
complex, which then gives rise to further intracellular signalling.1 Crystal structures of the murine and human ternary complexes have revealed
an unusual arrangement in the TSLP core where a water molecule is
present at the centre coordinated by two threonine residues and a tryptophan residue in both cytokines (Figure 3.1).1,2 Taking into account
that the sequence identity between murine TSLP and human TSLP is a
mere 42%, the conservation of this feature is remarkable. A multiple sequence alignment of selected TSLP orthologs has been performed, showing that the tryptophan-threonine-threonine motif is preserved across
various species.1
To the best of our knowledge, this structural arrangement is unique
to TSLP within the class of short-chain four-helix bundle cytokines, as
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Figure 3.1: The water molecule at the core of TSLP is coordinated by three
hydrogen-bonded residues in its crystal structure (PDB structure 5J11).1
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other cytokines pertaining to this class generally feature a hydrophobic
core devoid of water. It would be interesting to investigate this core
packing in detail to gain an understanding of its structural and energetic
relevance to the overall structure of TSLP.
A molecular dynamics simulation is conceived to study the stability of
TSLP without a central water. Free energy simulations based on molecular dynamics are used to determine the thermodynamic contribution
of this water molecule to the stability of TSLP.

3.2 Molecular dynamics resolvation simulations
In an effort to examine the role of this water molecule for the stability
of TSLP, molecular dynamics simulations of TSLP were performed in
absence of the central water molecule in order to study whether it can
adapt to a non-hydrated cavity.
Three seperate simulations were conducted, starting from one of the
TSLP structures constructed in section 2.2. All simulations were performed using Gromacs 5.1.1.3 Each system was relaxed using a steepest
descent energy minimization algorithm until the maximum force exerted
on any atom was lower than 1000 kJmol−1 . The system was initialized
at 30 K and the temperature was increased to 300 K over the course of
200 ps of NVT simulation. Temperature control was achieved through
two Bussi–Parinello4 thermostats, one coupled to protein and one to
solvent and ions, each with a coupling time of 0.1 ps. Following NVT
equilibration, the system was coupled to a Berendsen5 barostat with
a reference pressure of 1 bar and a coupling time of 0.5 ps for 500 ps
of NPT equilibration. Protein heavy atoms were restrained to their
starting positions using a harmonic force of 1000 kJmol−1 nm−1 . Production simulations were performed in the NPT ensemble, using a pair
of Nose–Hoover6,7 thermostats with coupling times of 1 ps and reference
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temperatures of 300 K for temperature control. Pressure control was
achieved through a Parinello-Rahman barostat8 with a reference pressure of 1 bar and a coupling time of 2 ps. Snapshots of the structure were
saved every 100 ps. Bonds involving hydrogen atoms were constrained
to their equilibrium lengths with the parallel LINCS algorithm.9 The
system was simulated for 125 000 000 steps of 2 fs each, resulting in a
simulation length of 250 ns.
In each of the three simulations, one or more water molecules could
be observed to enter the TSLP core and engage in hydrogen bonds to
the residues after 15-125 ns of simulation time. These water molecules
entered into the TSLP core through a channel between helices B and
C (Figure 3.2). Subsequent exchange of the inserted water molecule
with bulk solvent was observed in one simulation. No such exchange
was observed in simulations starting from solvated TSLP. These results
indicate that the central water molecule may be an essential part of the
TSLP fold, but they do not provide us with direct information about its
energetic relevance.

3.3

Free energy simulations

Free energy simulations offer a theoretically rigorous method of calculating energy differences between two states. These simulations require
sufficient phase-space overlap between each pair of simulations, which
is not generally the case for most systems. This may be remedied by
using a non-physical pathway, where additional states are introduced in
which the simulations are performed with a non-physical intermediate
between the two original states. In this work, following the double decoupling method of Hamelberg and McCammon,10 the van der Waals
and electrostatic interactions of the water molecule with the protein are
turned off in a process known as decoupling, followed by the decoupling
of an identical water molecule from bulk solvent. Figure 3.3 illustrates
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Figure 3.2: Resolvation occurs through a channel between the B and C helices.
A molecular dynamics trajectory of a single water molecule migrating through
the channel to resolvate the TSLP core is shown.
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the thermodynamic cycle used here. As the two non-interacting water molecules are identical in energy, the binding energy of the water
molecule can be calculated as the difference between ∆Gprotein
elec+vdw and
water
∆Gelec+vdw . However, as decoupling of the water molecule progresses,
the water molecule will explore an ever larger phase space, hindering
convergence of the simulations. To avoid this problem, a set of six orientational restraints were applied as proposed by Boresch et al.11 This
consists of a distance restraint, two angular restraints and three dihedral
restraints, the effects of which can be accounted for analytically using
the following equation.
(
∆Gprotein
= RT ln
restr

1

(Kr KΘA KΘB KΦA KΦB KΦC ) 2
8π 2 V 0
2
(2πkT )3
r0 sin ΘA sin ΘB

)

Boresch’ equation for the removal of orientational restraints.11

Kr , KΘ and KΦ are used to denote the force constants for distance,
angles and dihedrals, respectively. The angles ΘA and ΘB denote the
reference angles, r0 is the reference distance and V 0 is the standard
state volume. A critical advantage of this approach is that it eliminates
the need for an additional set of simulations that calculate the energy
of imposing restraints on the decoupled particle, saving considerable
computational expense.
Free energy simulations, while theoretically rigorous, are technically demanding and wrought with pitfalls that can impede successful deployment in practice. Klimovich et al. have published a set of guidelines
and tools implementing these for the usage of such simulations.12 One
of their recommendations is to compare the results afforded by different analysis techniques: a significant disagreement between the results
obtained by thermodynamic integration (TI) and Bennet’s acception ratio (BAR) is often symptomatic of insufficient sampling or of inadequate
state overlap. TI uses the derivative of the potential energy with respect
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Figure 3.3: Thermodynamic cycle used in free energy simulations. Molecules
shown completely in white are in a non-interacting, decoupled state. The grey
chain links denote molecules that have been restrained. Counter-clockwise
starting from the top left: the water molecule is decoupled from a waterbox.
Restraints are then imposed. The restrained, decoupled water molecule is identical in energy to the restrained and decoupled water molecule in the TSLP
core. The TSLP water molecule is recoupled and the restraints are removed.
This then yields the total binding energy ∆Gbind .
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to λ. Integrating dU
dλ yields the free energy difference between states. An
important consideration for the accuracy of this method is the shape of
dU
dλ : when the curvature is large, the discrete λ states can introduce
meaningful bias. BAR calculates free energy differences by evaluating
the energy of each configuration in both states. Too dissimilar states
will result in a breakdown of this method. Figure 3.4 shows an example
of a TSLP-water free energy simulation, showing that TI- and BARbased methods agree well. Another recommendation is making use of
an overlap matrix, a square matrix plotting the probability of observing
a sample from state i in simulations of state j. This matrix should ideally
be at least tridiagonal, i.e. each simulation should sample at least from
its neighbour states. Figure 3.5 shows the overlap matrix for one of the
TSLP-water simulations. Another important aspect of free energy simulations is that sampling from states should be performed at equilibrium.
This can be graphically inspected by plotting the free energy results for
both the forward and reverse timeseries as a function of the simulation
time. Forward and reverse timeseries of converged simulations should
agree within the margin of error. Figure 3.6 shows that our estimate
is generally consistent over time. Finally, it is a good idea to conduct
several simulations and use these to calculate the average and standard
error of the free energy difference. The built-in error estimates of most
analysis methods tend to severely underestimate the error.
The reference values for the restraints were taken from a 250 ns long
trajectory with a fully interacting water molecule. The restraints were
applied using three atoms for the protein and three atoms for the water
molecule. For the protein, the CA atoms of Trp120, Thr74 and Thr55
were chosen. These will be referred to as A, B and C, respectively. For
the water molecule, the oxygen atom and the two hydrogen atoms were
chosen, hereafter referred to as D, E and F. The reference values for
the restraints are shown in Table 3.1. These restraints were applied in
eleven lambda states [0.0, 0.01, 0.025, 0.05, 0.075, 0.1, 0.2, 0.35, 0.5, 0.75,
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Figure 3.4: The estimates obtained by TI-based methods and BAR-based methods show good agreement.

1.0], after which electrostatic interactions were removed in eight lambda
states [0.0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1.0], concluded
by removing the Lennard-Jones interactions with the environment in
fifteen lambda states [0.0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.65, 0.7,
0.75, 0.8, 0.85, 0.9, 0.95, 1.0]. All energy values are summarized in
Table 3.2. The water molecule was decoupled from a water box using an
identical setup, with the exception of the restraining step, which was not
performed. The python tool alchemical-analysis.py was used to calculate
free energy differences and to assess convergence for the simulations.12
An appropriate equilibration period was discarded as determined by
assessment of the forward and backward convergence plots, ranging from
1 ns for all bulk water simulations to 5-7 ns for the protein simulations.
In order to account for the effect of limited sampling, this simulation
was performed three times and averaged to yield ∆Gprotein
elec+vdw+restr . In
order to obtain the energy cost of moving the central water molecule
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Figure 3.5: The overlap matrix shows satisfactory overlap between adjacent
states.
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Figure 3.6: Forward and reverse estimates of the free energy generally agree
well.

from the TSLP core to bulk solvent, a second set of three simulations
was performed where a water molecule was decoupled from bulk solvent
to yield ∆Gwater
elec+vdw . The total energy contribution of the central water
molecule to TSLP stability can then be calculated as follows:
protein
water
∆Gsolv = ∆Gprotein
restr + ∆Gelec+vdw − ∆Gelec+vdw+restr

The TSLP structure and all settings unless mentioned otherwise are
identical to those used in section 2.2. The TSLP system was solvated
in a 378.8 nm3 dodecahedron with eleven chloride ions added to achieve
a neutral system, while the water box simulations were performed in
a 15.01 nm3 dodecahedron. A 1 fs timestep was adopted for all simulations. The systems were equilibrated in the NVT ensemble for 10
ps, after which a 100 ps NPT equilibration was performed. Production simulations were performed in the NPT ensemble for a duration
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restraint
distance AD
angle BAD
angle ADE
dihedral BADE
dihedral ADEF
dihedral CBAD

TSLP
0.758 nm
24.6◦
121.3◦
−27.0◦
−12.5◦
152.5◦

Table 3.1: Reference values for the set of restraints for TSLP.

of 5 ns for the bulk solvent simulations and 10 ns for the simulations
in protein. Temperature control was achieved by using stochastic dynamics with a reference temperature of 300K and a time constant of 1
ps. For the NPT simulations a Parinello-Rahman barostat with a reference pressure of 1 bar and a coupling time of 2 ps is used.8 Water
molecules were constrained with the SETTLE algorithm,13 with the exception of the perturbed water molecule, which was kept rigid with the
P-LINCS algorithm due to algorithmic constraints.9 All bonds involving hydrogen atoms were constrained to their equilibrium lengths using
P-LINCS. During the course of the simulations, water molecules were
occasionally observed to enter the TSLP core. Simulations in which
this occurred were discarded and reinitialized. Non-bonded interactions
were truncated at 1.0 nm. Long-range interactions were calculated using the particle-mesh Ewald (PME) method with a pme-order of 6, an
Ewald-rtol of 1e−6 and a Fourier spacing of 0.10. All simulations were
performed with Gromacs 2016.3.3
We have simulated the decoupling of a water molecule from the TSLP
core and found that the central water molecule confers a stabilization
energy of -3.6 ± 0.3 kcal mol−1 to TSLP. In light of this substantial energetic contribution, combined with our simulations showing that
TSLP can acquire water molecules from bulk solvent, the central water
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Energy component
∆Gprotein
elec+vdw+restr
∆Gprotein
restr
∆Gwater
elec+vdw
∆Gsolv

TSLP
14.2 ± 0.3kcal
4.60 kcal
6.0 ± 0.1kcal
−3.6 ± 0.3kcal

mol−1
mol−1
mol−1
mol−1

Table 3.2: Energy values for each of the separate components.
molecule should be considered as an integral part of the TSLP structure. Our result is similar to energy values obtained in other studies
of crystallographically observed waters. For instance, Hamelberg and
McCammon calculated the energy of a water molecule in a trypsin/benzamidine complex and a HIV-1 protease/KNI-272 complex to be -1.9
kcal mol−1 and -3.1 kcal mol−1 , respectively.10 Knight et al. have calculated the contributions of water molecules to Protein Kinase A to
range from -0.4 kcal mol−1 to -5.1 kcal mol−1 .14

3.4 Conclusion
Typical short-chain four-helix bundle cytokines have a core region composed of hydrophobic residues. In contrast, the crystal structure of
TSLP features an unusual core packing consisting of a water molecule
coordinated through hydrogen bonding to two threonine residues and
one tryptophan residue. The aim of our research was to further characterise this intriguing feature. Three sets of molecular dynamics simulations initiated from TSLP without a central water molecule were
conducted. In each of these simulations, a water molecule was observed
to enter into TSLP and insert itself in the central cavity. Furthermore,
the energetic stabilisation conferred by the central water molecule to the
core was investigated using free energy perturbation simulations. The
energetic contribution of the central water molecule was found to be
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∆Gsolv =-3.6 ± 0.3 kcal mol−1 . In light of this substantial effect on the
stability of TSLP, we propose this water molecule should be considered
an essential part of the protein fold. In conclusion, our findings provide
novel insights into the structural and energetic relevance of the TSLP
core water.
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CHAPTER 4. DEVELOPMENT OF TSLP:TSLPR INHIBITORS

The work presented in this chapter has been published as Virtual screening for inhibitors of the human TSLP:TSLPR interaction. Van Rompaey
D, Verstraete K, Peelman F, Savvides SN, Augustyns K, Van Der Veken
P, De Winter H. Sci. Rep. 7.1 (2017), 17211. Our contribution to
this work entails writing of the manuscript with inputs from all authors,
virtual screening experiments, organic synthesis and markov state modelling.

4.1 Introduction
The involvement of TSLP in a variety of disease processes renders it an
attractive drug target. Not only is dysregulation of the system known
to result in the development of atopic disease,1 but TSLP has also been
implicated in a number of other pathophysiologies, such as chronic obstructive pulmonary disorder and corticosteroid resistance.2,3 The potential role of TSLP in cancer is currently unclear and is still a topic of
ongoing investigation. While some studies have provided evidence for
a tumour-promoting role,4,5 others have found no significant effect for
TSLP in tumour progression.6,7 An extensive analysis and discussion on
the potential role for TSLP in cancer can be found in Chapter 5.
TSLP’s disease profile has resulted in several programs aimed at developing antagonists. Moreover, its relevance as a therapeutic target
has been established in a clinical trial conducted by Amgen, where administration of the TSLP blocking antibody Tezepelumab resulted in
a decrease of baseline variables for airway inflammation and a reduced
sensitivity to various allergens.8,9 TSLP traps, which are constructed
by fusing the TSLPR and IL-7Rα extracellular regions together, have
also demonstrated promising results in a mouse model.10 Furthermore,
Park and coworkers have developed peptide inhibitors based on the sequences at the TSLP:TSLPR interface, resulting in three peptides capable of TSLP inhibition at sub-millimolar concentrations.11 Biologicals
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Figure 4.1: Cartoon representation of the human TSLP:TSLPR:IL-7Rα crystal structure. The inset shows a close-up of the TSLP:TSLPR interface, with
TSLPR shown in surface representation, coloured according to Coulomb electrostatics to illustrate the binding cleft. Figure based on Protein Data Bank
entry 5J11.

typically share a number of drawbacks: they suffer from limited tissue
penetration, a lack of oral bioavailability and high production costs.12
Furthermore, they often present with complicated intellectual property
situations.13 We therefore feel a small molecule approach would provide
a useful parallel form of targeting.
From a historical perspective, drug discovery has focused on a limited
number of protein targets. Indeed, four target families account for 97%
of all small-molecule drugs: kinases, ion channels, nuclear receptors and
G-protein coupled receptors (GPCR).14 While our current drug repertoire has allowed modern-day medicine to transform the face of healthcare and improve patient outcomes, many challenges still remain. It
may therefore be necessary for drug discovery to move beyond the classic paradigm of enzyme and GPCR inhibitors. Protein-protein interac-
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tions constitute a large part of the proteome and have hitherto remained
elusive to drug discovery efforts.15,16 They have generally been regarded
as difficult or impossible targets for the development of small molecule
inhibitors due to the often-times flat and extensive nature of their interfaces which would require very large molecules to completely cover. However, it appears that not all residues contribute equally: a limited number of residues is often responsible for the majority of binding energy.17
Residues accounting for more than 2 kcal mol−1 of the binding energy
are known as hotspots. Bogan et al. found that tyrosine, tryptophan
and arginine residues are over-represented in hotspots.18 The discovery
of hotspots has been of critical importance for the field of small molecule
protein-protein inhibitors and as such, inhibitors for various targets have
been developed in recent years, such as for instance Amgen’s MDM2p53 inhibitor AMG232,19 Sunesis Pharmaceuticals’ IL-2:IL-2R inhibitor
SP420620 or AbbVie’s ABT-199,21 which targets B-cell lymphoma-2
(BCL2). In order to provide sufficient binding energy to compete with
the native protein-protein interaction, protein-protein inhibitors tend to
span several small pockets, making them larger than conventional drug
molecules.22 Here, an analysis of the TSLP:TSLPR:IL-7Rα complex is
conducted (see Figure 4.1) with an emphasis on the druggability, subsequently leveraging this information in order to identify a fragment
capable of disrupting the formation of the complex through a combined
virtual screening-in vitro screening cascade.

4.2 Characterization of the TSLP:TSLPR interface
The crystal structure of the human TSLP:TSLPR:IL-7Rα complex has
recently been elucidated through X-ray crystallography by Verstraete
and coworkers (PDB code 5J11).10 The TSLPR-binding epitope of TSLP
consists of the TSLP helix D, the C-terminus and a large section of the
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TSLP AB loop. TSLP and the TSLPR ectodomain demonstrate a pronounced electrostatic complementarity, with TSLP presenting a positively charged surface patch to the negatively charged TSLPR interdomain elbow. We elected to target the TSLP:TSLPR interface for three
important reasons. Firstly, the binding of TSLP to TSLPR is a mechanistic prerequisite for the formation of the cooperative ternary complex.
In absence of TSLPR, IL-7Rα does not have any measurable affinity for
TSLP. Secondly, through targeting TSLPR, we hoped to avoid any offtarget effects on the IL-7 pathway. Thirdly, the TSLP:TSLPR interface
appears to be more tractable than the TSLP:IL-7Rα interface from a
drug-design context, due to the presence of a well-defined binding cleft
and the polar character of the interface. The interface is shown in the
Figure 4.1 inset.

4.3

Hotspot identification

Established in silico methods were used to examine the TSLP:TSLPR
binding site and evaluate possible hotspots. Possible hotspots in the
TSLP:TSLPR complex were examined with PredHS, a machine learning
web-based tool which predicts residues that account for the majority of
binding energy based on structural neighborhood properties to identify
hotspots in the TSLP:TSLPR complex.23 The PredHS support vector
machine method predicts TSLP residues TSLP-Arg149, TSLP-Arg150
and TSLP-Arg153 to be essential for the binding process as shown in
Figure 4.2A. This has been corroborated by in vitro mutagenesis results, where mutation of these residues has been shown to result in an
increase in EC50. Moreover, mutation of the contacting TSLPR residues
TSLPR-Asp92 and TSLPR-Trp112 into alanine resulted in a thousand
fold increase in EC50. The three essential TSLP arginine residues bind
to TSLPR in the binding cleft in which TSLPR-Asp92 and TSLPRTrp112 are located, which is a promising result for the development
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of small molecule inhibitors. As an orthogonal technique, computational solvent mapping was performed on TSLPR with FTMap using
the protein-protein interaction mode. The complex partners of TSLPR
were deleted and the default FTMap probe set consisting of acetamide,
acetonitrile, acetone, acetaldehyde, methylamine, benzaldehyde, benzene, isobutanol, cyclohexane, N,N-dimethylformamide, dimethyl ether,
ethanol, ethane, phenol, isopropanol and urea was used. FTMap uses
these computational solvent probes to scan the surface of TSLPR, identifying favourable positions for each of the solvent molecules. A clustering
procedure then identifies sites that are prone to binding several different
probes, a property which has been shown to correspond to possible binding sites for small molecules.24 Two sites were identified near the TSLP
binding cleft as displayed in Figure 4.2B. The first site corresponds to
the binding site of TSLP-Arg153, while the second site corresponds to
the binding site of TSLP-Leu156. The agreement between these two
techniques is an encouraging result for the development of TSLPR inhibitors.

4.4 Docking of fragments to TSLPR
Having established that the TSLP:TSLPR presents an interesting opportunity for the development of small molecule inhibitors, a docking
experiment was conducted to identify small molecules which may bind
to TSLPR at the interface. Docking is a structure-based method that
aims to predict a binding mode and affinity for a given protein and small
molecule. In order to perform a docking experiment, a putative binding
site for the ligand must first be defined. The docking algorithm then
places the ligand in this site through a stochastic process. The conformation and orientation of a ligand within the site is collectively known
as a pose. The algorithm then assesses the interactions between ligand
and protein for a given pose to calculate a docking score. The initial
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Figure 4.2: Hotspot analysis of human TSLP:TSLPR (PDB 5J11). Panel A
shows the results of the PredHS hotspot analysis. TSLP is shown in yellow
cartoon representation, TSLPR in grey. Key protein residues are shown in
ball-and-stick. Panel B shows FTMap probes in yellow ball-and-stick representation on the TSLPR surface. The two clusters are composed of the probes
isobutanol, cyclohexane, dimethyl ether, ethanol, phenol, isopropanol, acetonitrile, methylamine, N,N- dimethylformamide, acetaldehyde, acetamide, ethane,
acetone, urea and benzene.
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pose is then refined using an optimisation algorithm, maximising the
docking score. This process is restarted with a new initial pose, until
a given number of calculations have been performed. Finally, the bestscoring poses are returned along with their docking scores. There are
two main applications of docking. The first is the elucidation of binding
mode: given a certain protein and a ligand, the objective is to identify
the manner in which the ligand binds. This information may then be
used to guide medicinal chemistry efforts towards the further development of this ligand. The second application is virtual screening, where
a large virtual library of ligands is docked to a target protein with the
aim of identifying possible binders. This is more challenging than the
former application, as the docking algorithm not only has to predict a
suitable binding mode, but it also has to estimate the interaction energy between the ligand and protein. This is further complicated by
the diversity present in the libraries: it is very challenging to correctly
quantify the binding for molecules which may be very different in terms
of size and composition. In spite of these challenges, virtual screening
has become an established technique in pharmaceutical companies and
academy alike. It is a very attractive technique due to its low cost and
high throughput capacity.
The libraries used for our docking experiments, the Enamine Gold Fragment library (1000 compounds) and the Maybridge rule-of-three diversity library (2500 compounds) consist of molecules which are smaller
than the typical molecules used in high-throughput screens. These small
molecules are known as fragments. While there is no formal definition for
what constitutes a fragment, the Astex rule-of-three is an often-cited set
of guidelines:25 a molecular weight under 300 Da, no more than three
hydrogen bond donors, no more than three hydrogen bond acceptors
and a calculated log P (ClogP) of no more than 3. The advantages of
a fragment-based approach have been well documented over the years.
One important advantage is their ability to cover chemical space. Typi-
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cal lead-sized molecules contain around 30 heavy atoms, resulting in an
astronomical 1063 possible molecules.26 By contrast, fragments typically
contain no more than 17 atoms, giving rise to around 166 billion possible
combinations.27 While either number is orders of magnitude larger than
the amount of molecules included in a typical screen, it is clear that a
fragment-based approach can cover larger parts of chemical space. A
second advantage lies in the concept of molecular complexity. Complex, large molecules will engage in a large number of interactions with
a protein. However, not all interactions are beneficial to the affinity parts of the ligand may for instance clash with the protein or may interrupt hydrogen bonding. As a general rule, fragments are rather simple
molecules and it is therefore less likely that they will have unfavourable
interactions.28 A corollary to the lower number of interactions is the
lower affinity of fragments. Fragments will typically have affinities in
the millimolar to high micromolar range, necessitating the use of sensitive biophysical techniques.29
The libraries were downloaded from their respective vendor sites. The
compound structure files were imported into the MOE molecular modelling suite30 and processed through the database wash protocol. This
protocol assigns relevant protonation states and generates 3D coordinates for each ligand. These were then converted to the PDBQT format
used by the docking program Autodock Vina 1.1.2.31 The docking was
then performed using the default settings in Autodock Vina. The top
five poses of each ligand were rescored using DSX 0.88, a program which
uses potentials derived from statistical analysis of protein-ligand structures to assign scores to poses.32 The top scoring ligands, judged by
raw scores as well as normalized scores, were inspected manually with
specific attention to their conformations and the interactions with the
pocket. Sixty fragments were selected for in vitro analysis and therefore purchased from their respective vendors (See appendix A.2 for a
complete list of fragments 1-60 with their respective scores).
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4.5 Biochemical evaluation
Biochemical evaluation of the fragments was performed by our collaborators at the Laboratory for Protein Biochemistry and Biomolecular Engineering (L-ProBE) at UGent and the VIB-UGent Center for Inflammation Research, and our collaborators at the VIB-UGent Center for
Medical Biotechnology. A two-stage biological screening was used to assess the in vitro activity of the fragments on the TSLP:TSLPR interface.
Two different assays were performed to measure their inhibitory activity
on the TSLP:TSLPR interface. The first assay was based on a TSLPalkaline phosphatase fusion protein (TSLP-AP). TSLP-AP consists of
the entire TSLP protein fused to alkaline phosphatase, an enzyme whose
activity can be easily measured in a luminescence assay. TSLP:AP binds
to TSLPR in the same manner as TSLP.10 TSLPR was incubated with
TSLP-AP and the fragment at a concentration of 2.5 mM, followed by
a washing step. Fragments that inhibit the TSLP:TSLPR interaction
would result in less TSLP-AP bound to the plate after the washing
step. The TSLP-AP can then be quantified by measuring the phosphatase activity of the fusion protein through a luminescent assay. This
AP activity is a measure for TSLP:TSLPR binding, where reduction
of AP activity indicates reduced TSLP:TSLPR complexation. Eighteen
fragments displayed less than 75% residual activity in the AP-based
assay. The second assay employs bio-layer interferometry (BLI),33 a
technique which measures binding by analysing interference patterns.
Briefly, white light is sent through an optical fibre sensor tip upon which
a protein was previously immobilized, which is then dipped into a solution containing the analyte of interest. Any binding of molecules to
the protein on the tip will change the interference pattern of the reflected light, allowing for the monitoring of binding in real-time. In our
setup, TSLP is immobilized onto a sensor tip and dipped into a solution containing TSLPR and a fragment at 2.5 mM. The assay results
for BLI and AP are shown in Figure 4.3. Assay results for the BLI or
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AP assays are omitted for compounds with solubility issues under assay
conditions. BLI results are furthermore omitted for compounds that resulted in aberrant traces. Detailed protocols are provided in section A.1
in the appendix.
Four fragments reduced the TSLP:TSLPR binding to less than 75% in
both assays. Their structures are shown in Figure 4.4. Only those compounds that displayed sufficient inhibition in both assays were pursued,
as activity in two or more orthogonal assays is indicative of well-behaved
fragments. Interestingly, while only 56% of purchased fragments are positively charged, all four of the top fragments have a net positive charge
complementary to the negatively charged binding cleft of TSLPR. Fragment 3 was selected for further investigation, as it is easily accessible
through an amine coupling and its two constituent moieties, as well as
analogues with varying substitution patterns, are readily available from
commercial vendors. We sought to resynthesize fragment 3 to confirm
our initial results indicating that fragment 3 is a possible inhibitor of
the TSLP:TSLPR interaction.
Various approaches towards the synthesis of fragment 3 were tested.
Our initial efforts focused on nucleophilic aromatic substitution reactions. This reaction occurs between a nucleophile and an aromatic
system with a suitable leaving group and low electronic density, also
known as a deactivated aromatic system. Typical substrates for nucleophilic aromatic substitution are highly deactivated systems such as
pyrimidines, triazines or nitrobenzenes. The 4-chloropyridine substrate
used here has a relatively higher electron density and is thus less reactive
towards nucleophiles. The general procedure is as follows: 1 equivalent
of 4-chloropyridine, 1 equivalent of cyclopentylamine and 1.3 equivalents
of base are dissolved in a polar solvent and heated to reflux. A variety of
reaction conditions were tested, varying the base between DIPEA and
potassium carbonate and varying the solvent between water, acetonitrile and DMSO. A solvent-free setup using only cyclopentylamine was
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Figure 4.3: Assay inhibition data. The AP assay is shown in blue and the
BLI assay is shown in red. The percentages for each assay refer to the residual
TSLP:TSLPR complex formation in presence of 2.5mM compound. Strong
inhibition of the complex is reflected in a low residual percentage.
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Figure 4.4: Four compounds reduced TSLP:TSLPR binding to less than 75%
in both assays at a concentration of 2.5mM.

also investigated, both with and without an additional base. On the
whole, these reactions were found to require extensive reaction times often exceeding several days and high reaction temperatures, resulting in
breakdown of reagents and products. We were unable to identify a suitable nucleophilic aromatic substitution procedure affording the target
compound in satisfactory yields and reaction times.
The palladium-catalyzed Buchwald-Hartwig coupling is an interesting
alternative to nucleophilic substitution. This methodology revolutionized C-N bond formation upon publication of the seminal research conducted separately by Buchwald34 and Hartwig.35 It remains one of the
most popular methods in medicinal chemistry.36 The mechanism of this
reaction is shown in Figure 4.5. The first step in the reaction is the oxidative addition of the palladium catalyst between the aromatic ring. The
amine then binds to the resulting complex and is subsequently deprotonated by the base, removing the halide. Finally, the target product
is released in the reductive elimination step, regenerating the original
palladium complex.
The functional palladium catalyst typically consists of a dialkylbiaryl
phosphine ligand in complex with palladium. These are often introduced separately into the reaction mixture, to form the active palla-
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Figure 4.5: The catalytic cycle of the Buchwald-Hartig amination. Figure
reproduced from Feyrer and Breher.37 Copyright 2017 by the Royal Society of
Chemistry.

dium catalyst in situ. We used a procedure originally described by
Yin et al.38 Briefly, as shown in Figure 4.6A, the reaction substrate 4chloropyridine hydrochloride, the base NaOTBu and the palladium ligand XanthPhos are placed in an argon-flushed high pressure tube and
suspended in dioxane which was previously degassed with argon. The
palladium source Tris(dibenzylideneacetone) dipalladium(0) and reaction substrate cyclopentylamine were added, followed by degassing with
argon. The tube was then sealed and the reaction was stirred at 90◦ C
overnight. This Buchwald-Hartwig procedure proved to be an efficient
way of producing the target compound. Experimental details are provided in appendix A.3.2. A general procedure for the Buchwald-Hartwig
amination is provided in appendix A.3.1. The resynthesized compound
will be denoted as fragment 3*. A second BLI screening was then performed in duplicate for the top four compounds and the resynthesized
compound, confirming that fragment 3* exhibits similar inhibition to
the original fragment 3 (Figure 4.6B). One representative BLI trace is
shown for each of the fragments in Figures 4.6C-4.6G. Having identified
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an initial set of fragments that inhibit the TSLP:TSLPR interaction,
the aim of this study was to further refine these fragments by developing analogues with improved potency.

4.6

Similarity searching

In the initial search for inhibitors, structure-based screening was used,
leveraging the crystal structure to identify possible inhibitors de novo.
Having identified several possible inhibitors, ligand-based screening may
be used to further explore the chemical space around these compounds.
The complete Maybridge, Thermo-Fischer and Enamine databases were
searched for compounds similar in structure to the initial hit fragments
in an approach occasionally referred to as SAR-by-catalogue. The similarity between different compounds may be quantified by comparing
their molecular fingerprints. Molecular fingerprints are vectors which
typically encode the presence or absence of a certain molecular feature.
In this work, the RDKit fingerprints were used.39 The underlying hypothesis of this approach is that molecules with similar structure can
be expected to have a similar biological activity. Both substructure
searches, which typically identify larger molecules of which the query
molecule constitutes a smaller part, and similarity searches for compounds with a Tanimoto similarity score of 0.7 or higher, which identifies similar compounds. The Tanimoto similarity S40 is calculated as
S = c/(a + b − c), where c is the sum of of bits set to one in both the
reference and database fingerprint, while a and b are respectively the
bits set to one in reference and database fingerprint. Five compounds
were selected for purchase as shown in Figure 4.7.
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Figure 4.6: Synthesis and confirmatory BLI screening. Panel A shows the
synthesis of fragment 3*. Panel B displays the average relative response of
an in duplo BLI assay measuring the residual TSLP:TSLPR complexation for
each of the fragments. Panels C-G show one representative BLI trace for each
fragment.
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Figure 4.7: Five potential analogues were identified through similarity searching.
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Figure 4.8: Five analogues of fragments 1 and 3 were synthesized

4.7 Synthesis of analogues
A number of analogues of fragments 1 and 3 were synthesized as shown
in Figure 4.8. Experimental details for all compounds and procedures
can be found in the appendix A.3. Compounds 66 and 67 are analogues
of fragment 3 and were synthesized using general procedure A.3.1. Compounds 68, 69 and 70 are analogues of fragment 1. As shown in the reaction scheme (Figure 4.9), compound 68 was synthesized starting from
aniline, which was guanidylated using N,N’-bis-tert-butyloxycarbonyl-1guanylpyrazole. Deprotection using trifluoroacetic acid in dichloromethane yielded 1-phenylguanidine as a trifluoroacetate salt. This was subsequently dissolved in tetrahydrofurane and deprotonated with potassium carbonate, after which benzylbromide was added to afford the target compound in a 23% yield.
Compounds 69 and 70 were synthesized using a phase-transfer catalysed
procedure as shown in Figure 4.10.41 The phase transfer catalyst tetrabutylammoniumiodide, tri-tert-butyloxycarbonyl guanidine and potas-
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Figure 4.9: Synthetic route for compound 68
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Figure 4.10: Synthetic route for compounds 69 and 70. Compound 69 has two
benzyl moieties, while compound 70 has two methylpyrimidine moieties.

sium hydroxide were dissolved in a biphasic water:dichloromethane system. The acidic proton of the tert-butyloxycarbonyl-protected (BOCprotected) guanidine is abstracted by potassium hydroxide in the water
phase, at which point the phase-transfer catalyst complexes with the
negatively charged compound to transfer it to the organic phase where
it reacts with benzyl bromide or 4-bromomethylpyridine. This process
is repeated to yield a BOC-protected intermediate. This was then purified through flash chromatography, after which the protecting group
was removed using trifluoroacetic acid in dichloromethane to yield the
target compound. In our hands, yields for this procedure ranged from
24% to 38%.

102

4.8. SCREENING OF ANALOGUES

4.8

Screening of analogues

In total, ten analogues were purchased or synthesized. As the previous
series, these were screened using a BLI assay and an AP assay by our collaborators at VIB and UGent. The inhibition could not be determined
by BLI for compound 64 due to aberrant traces, indicative of possible
non-specific binding to the sensor tips. While at first glance compound
70 appeared to dramatically inhibit the interaction, subsequent testing
revealed that addition of this compound to the buffered system resulted
in a drastic reduction of the pH, disrupting the TSLP:TSLPR complex
in the assay. We hypothesize that this pH drop is caused by residual
TFA from the work-up. The remainder of the analogues examined here
were similar in activity to the original hit compounds and the potency
was thus not significantly improved. Improving the understanding of
the binding mode of these compounds may allow for the development of
more potent inhibitors. Docking is difficult for fragments of this size, as
they have few specific interactions which complicates the assessment of
the binding mode. Molecular dynamics simulations offer a more finelygrained view of the system and will allow us to simulate the binding
process of the fragment to TSLPR.

4.9

Identification of the binding pathway

The simulation setup consisted of one copy of TSLPR solvated in a water
box, along with a randomly placed copy of fragment 3. All molecular dynamics simulations were performed with Gromacs 5.1.2.42 TSLPR was
parametrised using the Amber99sb-ildn forcefield,43 while General Amber Force Field (GAFF)44 parameters were assigned to the ligand using
FESetup.45 Water molecules were treated with the TIP3P water model.
No assumptions were made regarding the mode of binding: the ligand
was placed in a random position and it was allowed to diffuse freely
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Figure 4.11: Activity of the second series of analogues

without any biasing potentials. A total of 150 molecular dynamics simulations of 250 nanoseconds each were performed using Gromacs,42 for
an aggregate sampling time of 37.5 microseconds. This wealth of data is
difficult to interpret manually and computational techniques will thus
be used to transform this data into a more understandable form. A lot of
the information in a molecular dynamics trajectory consists of very fast
motions which are not relevant to our system, such as for instance bond
stretching motions or solvent-solvent interactions. Slow, large-scale motions such as the opening and closing of proteins or ligand binding are
typically the most interesting events. Markov state modelling is a technique which allows us to extract slow processes from the data. The basic
concept behind a Markov state model is describing molecular dynamics
data as a process that visits different states.46
Starting from the raw molecular dynamics simulation trajectories, each
frame is assigned to a certain state. The state transitions between time
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t and time t + τ are then counted, where τ is the lag time chosen
in accordance with the kinetics of the system. These transitions are
then counted and normalized to yield a transition probability matrix.
The matrix obtained in this manner describes underlying molecular dynamics process by which the states are visited and can be further analysed. The Markov state model (MSM) presented here was constructed
as follows, using the HTMD47 package. The script used to generate the
Markov model is provided in the appendix B.1 to facilitate reproduction of these results. All frames of the trajectory were centered on the
protein backbone atoms and aligned to a common reference frame. In
order to reduce the dimensionality of the simulation, contacts between
the alpha carbons of the protein and the heavy atoms of the ligand
will be used rather than atomic coordinates for all atoms in the system.
Atom pairs in closer proximity than 0.8 nm were assigned a value of 1.
These features were transformed using time-structure based independent
components analysis (TICA)48 with a lag time of 10 ns, retaining three
dimensions. TICA is a dimensionality reduction method which identifies
and retains the slow degrees of freedom. In the context of molecular dynamics, this means that fast motions such as very transient contacts are
discarded, while slow motions are retained. The resulting features were
then clustered into approximately 500 microstates with the general clustering technique MiniBatchKMeans, merging clusters containing fewer
than five points. At this point, the noisy molecular dynamics trajectory
composed of the coordinates of all atoms over time has been transformed
into a time series of discrete microstates. The final step of the analysis
is the estimation of a Markov state model.
This requires the choice of an appropriate lag time τ , which is the
timestep between which state transitions are counted. This parameters may be derived from the implied timescale (ITS) plot (see Figure
4.12). In the construction of this plot, several Markov state models are
estimated at various lag times. The implied timescale of each transition
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between states is then plotted as a function of the lag time τ at which
the Markov model was estimated. As a general rule, the final Markov
model should be estimated at the lowest lag time for which the implied
timescales have started to converge. Longer lag times will reduce the
number of transitions between states that can be observed, increasing
the uncertainty of the model. In the grey area in the plot, the lag time is
higher than the observed timescale and estimation of the Markov model
becomes unreliable. The slowest implied timescale, shown in dark blue,
starts to flatten off and converge to an equilibrium value around a lag
time of 15 ns. The Markov state model will therefore be estimated at
lag time τ = 15 ns. At this lag time, a distinct time gap can be observed between the third state transition, shown in green and the fourth
state transition shown in teal. The top three transitions constitute the
slow processes in the system, while the rest are fast processes. The microstates were therefore lumped together into four kinetically distinct
macrostates: the bulk state, two metastable states and the bound state
as shown in Figure 4.13. A single structure originating from the most
representative microstate is shown for each macrostate for clarity. Figure 4.14 shows twenty samples taken from each macrostate.
The bulk state is defined by the ligand not interacting with the protein
or with transient, unstable contacts. In the first metastable state, the
ligand binds to a distal site of TSLPR, with occasional hydrogen bonding
of the linker nitrogen to the Ile32 backbone carbonyl. In the second
metastable state, the ligand binds near the TSLP binding site, with
hydrogen binding of the linker nitrogen to the Asn38 backbone carbonyl.
Inspection of the most representative microstate of the proposed bound
state reveals several key interactions as shown in Figure 4.15. The positively charged pyridine nitrogen engages in a hydrogen bond interaction with Asp145, while the pyridine interacts with Tyr194 through
a pi-stacking interaction. The cyclopentanyl moiety interacts with a
lipophilic pocket formed by Tyr36, Leu39, Trp112 and Val114. An in-
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Figure 4.12: Implied timescales plot.

teresting conformational change can be observed in the macrostate: compared to the TSLP:TSLPR:IL-7Rα crystal structure, the loop containing
Asp92 opens up slightly in a lid-like manner, positioning Asp92 outwards
as illustrated in the Figure 4.15 inset. This conformation can also be
observed in previous simulations of apo-TSLPR in water, prompting
us to hypothesize that this may be more representative of the native
TSLPR state than the conformation of Asp92 as observed in the crystal
structure. Furthermore, the cyclopentyl moiety of fragment 3 binds in a
cavity which is partially occluded by Asp92 in the TSLP:TSLRP structure, indicating that the flip of the loop may thus be required for it to
bind. This observation also has profound implications for docking studies targeting TSLPR, as the conformational change of Asp92 strongly
affects the electrostatics of the binding site.
The MSM can elucidate the path followed by the ligand from the unbound bulk state to the bound state. In this case, the large majority of
binding events occur through direct diffusion from bulk solvent (98.8%).
Binding events where the ligand passes through the intermediate states
were rare: 0.3% of binding events occur through the first metastable
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Figure 4.13: Four macrostates in a Markov state model for the binding of
fragment 3 to human TSLPR. A single structure originating from the most
representative microstate is shown for each macrostate. Binding energies predicted by the MSM are shown for each macrostate. The bulk state is shown in
pink, the first metastable state in blue, the second metastable state in orange
and the bound state is shown in green.

108

4.9. IDENTIFICATION OF THE BINDING PATHWAY

Figure 4.14: Four macrostates in a Markov state model for the binding of compound 3 to human TSLPR. Twenty samples originating from each macrostate
are shown. The bulk state is shown in pink, the first metastable state in blue,
the second metastable state in orange and the bound state is shown in green.
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Figure 4.15: Proposed binding mode of fragment 3 as predicted by the MSM.
The fragment is shown in green ball-and-stick representation. TSLPR is shown
in grey cartoon with key residues shown in ball-and-stick. The inset shows an
overlay of the TSLPR structure from our Markov state model (in grey) with
the crystal structure (in violet), illustrating the lid-like opening of the loop
containing Asp92.
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state, while the second metastable state accounts for 0.8% of binding
events. Finally, the MSM can be used to estimate thermodynamics of
binding. The dissociation constant KD and the binding energy ∆G were
calculated to be 1.9±0.3 mM and −3.61±0.06 kcal mol−1 , respectively,
indicative of a relatively weak affinity fragment. This is consistent with
our biochemical assays, in which high concentrations of ligand were required to elicit a reduction in TSLP:TSLPR complex formation. Perhaps
more important than the overall affinity of a fragment, however, is the
efficiency with which it binds its target. The concept of ligand efficiency
has been proposed as a useful metric. It is defined as LE = ∆G/N ,
where N is the number of heavy atoms. The recommended range for the
LE is 0.3 kcal mol−1 HA−1 or higher.49 The simulated binding energy
for fragment three is 3.61 kcal mol−1 , for a total of 12 heavy atoms
resulting in a simulated LE of approximately 0.3kcal mol−1 HA−1 . The
simulated LE of fragment three is therefore favourable for further development. Furthermore, the structural information obtained herein may
be used to guide further development of this fragment into a lead-sized
inhibitor. For instance, the pocket currently occupied by the cyclopentyl
moiety appears to be amenable to a slightly bulkier group. Further elaboration of the molecule may also be achieved by building further on the
aromatic ring.

4.10

Conclusion

Biologicals have been the main paradigm in inhibition of TSLP signaling
and in inhibition of protein-protein interfaces in general. Amgen’s antiTSLP monoclonal antibody Tezepelumab, also known as AMG157, is
currently in phase III clinical trials. It has been shown to be a useful tool
for the management of moderate-to-severe asthma, highlighting the relevance of TSLP signaling as a therapeutic target. Verstraete et al. have
developed a TSLP trap, a fusion protein consisting of the ectodomains of
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TSLPR and IL-7Rα. This trap has been shown to inhibit TSLP-driven
activation of dendritic cells. Furthermore, a recent study by Park and
coworkers has explored the potential of peptide-derived inhibitors, resulting in three peptides capable of TSLP inhibition at submillimolar
concentrations.11 However, biologicals generally present with a number
of challenges: they have low tissue penetration, are not orally active
and are expensive to produce. We feel it would be useful to investigate
the utility of small molecules as potential inhibitors as TSLP:TSLPR
interaction inhibitors.
In this chapter, the results of a proof-of-principle fragment-based screening campaign with the aim of identifying fragments capable of disrupting
the TSLP:TSLPR complex are presented. The interactions leading to
this binary complex are a mechanistic prerequisite for the recruitment
of the shared receptor IL-7Rα to establish the pro-inflammatory signaling assembly mediated by TSLP in allergy and asthma. Following
an in silico characterization of the TSLP:TSLPR interface, a docking
experiment was performed to identify inhibitors. A set of sixty fragments was purchased in order to validate our results in vitro, of which
four fragments were shown to reduce TSLP:TSLPR to less than 75%
in two different assays. A limitation of the assay setup is that both
assays measure TSLP:TSLPR interaction, rather than directly quantifying the binding of the fragment to TSLPR. One fragment was selected
for further examination due to its favourable structure and synthetic
accessibility. Molecular dynamics were performed in order to develop a
Markov state model, which was used to explore the binding pathway and
mode of binding. Our model indicates that the fragment binds at the
TSLP binding site and that the TSLPR site undergoes a conformational
change of the TSLPR site that may be required for fragment binding.
A number of analogues of the initial hit fragments were purchased from
commercial catalogues or synthesized. These analogues generally have
similar efficacy compared to the original fragments.
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Going forward, the main challenge will be further expanding the fragments identified in this work into more potent lead molecules. Such
inhibitors could further help elucidate the potential role of TSLP in
various pathophysiologies and could also be a starting point for the development of drugs targeting this pathway. Three main strategies for
the elaboration of fragments have been used in literature: linking fragments that bind to different sites together chemically, merging fragments
with existing scaffolds and growing fragments.50 Fragment growing is the
most commonly employed technique and the logical choice for further
development of these fragments, as their binding sites are not yet known,
hindering the use of fragment linking, and no scaffolds for TSLPR inhibition have been described thus far, complicating fragment merging.
Crystallography of a fragment in complex TSLPR would be invaluable
for fragment growing. Indeed, structural information about the complex
under the form of crystal structures or NMR structures is regarded as
indispensable for fragment optimization in some organizations. However, modelling techniques such as the MSM presented herein can also
be used to guide the synthetic effort. In conclusion, we have successfully used a combined virtual - in vitro screening approach to identify
the first fragments to inhibit the TSLP:TSLPR interaction, providing a
proof-of-principle for the use of fragments in the modulation of TSLP
signalling.
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The work presented in this chapter is currently unpublished.

5.1 Introduction
Cancer is one of the defining diseases of our era. The GLOBOCAN
study estimated that 14.1 million people globally were diagnosed with
cancer, with this number expected to rise by 70% over the following two
decades. Cancer has resulted in 8.2 million deaths in 2012, accounting
for one in six deaths globally.1,2 Cancer is an umbrella term for a large
and heterogeneous group of diseases, both in terms of presentation and
in treatment. It is defined as an abnormal growth of cells with the
potential for invading neighbouring tissue or to spread systemically, a
process known as metastasis. This invasiveness separates malignant,
cancerous tumours from benign tumours, the latter of which are noninvasive growths which are generally associated with a better prognosis.
Furthermore, malignant tumours typically exhibit a set of ten characteristics known as the hallmarks of cancer as defined by Hanahan and
Weinberg.3,4 These hallmarks, shown in Figure 5.1, underpin the ability
of cancer to grow and disseminate throughout the body. These characteristics include resisting cell death, evading growth suppression and destruction by the immune system, promoting angiogenesis, invasiveness,
altered cellular energetics, replicative immunity and sustaining proliferative signalling. The hallmarks furthermore include two enabling characteristics, genomic instability and tumour-promoting chronic inflammation, which facilitate the acquisition and development of the other
eight hallmarks.
Interest in the effect of immunological factors on the development and
progression of cancer has risen tremendously in recent years. While solid
tumours are typically infiltrated by immune cells, the immune system is
a double-edged sword in the context of cancer. On the one hand, it is
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Figure 5.1: The ten hallmarks of cancer. Figure modified from Hanahan and
Weinberg4

generally accepted that inflammation plays a key role in tumorigenesis
by inducing DNA damage, promoting angiogenesis and providing growth
factors.5,6 On the other hand, immune cells can also engage in tumor
killing. Moreover, the concept of activating the immune system to target
and destroy cancer cells has resulted in a number of new treatments
which have shown great promise in the clinic.7
The role of TSLP in cancer is controversial. Some studies have shown
TSLP to promote the development of cancer by steering the immune system towards a chronic type-2 inflammation response,8–10 in line with the
tumour-promoting inflammation cancer hallmark. Figure 5.2 illustrates
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the potential mechanisms for promotion of cancer. However, other studies point towards no TSLP involvement in cancer11 or even a tumourprotective role.12 In an attempt to shed further light on this debate,
we examine the effect of TSLP expression on overall survival of cancer
patients.

5.2 Survival analysis
Cancer databases such as The Cancer Genome Atlas (TCGA)13 contain
a wealth of information: TCGA patients are characterized at several
levels, including the clinical, genomics and transcriptomics level. This
allows researchers to correlate clinical outcomes with gene mutations
or expression levels of certain proteins, delivering patient-level insights
about the roles of genes in cancer. The database encompasses thirtythree cancers, among which ten rare cancers. A literature search reveals
that the TSLP signalling pathway has predominantly been implicated
in breast, pancreatic, colon, cervical, lung, gastric, and skin cancer.14
For each of these, we discuss the literature available and examine the
effect of TSLP expression on overall survival.
An approach often used in studies examining the effect of gene expression on cancer survival is the division of the dataset into two sets, one
expressing a gene at a high level and one expressing a gene at a low level.
The survival of these two groups can then be compared using a log-rank
test. Guillot-Delost et al. have for instance used such an approach to
study the impact of TSLP expression in head and neck cancers.15 While
this generates attractive plots, this brute-force dichotomization introduces significant bias based on the choice of cut-off, discards all relative
expression information in the data and has been shown to result in both
false positives and negatives.16–18 Here, Cox regression analysis is used.
This method requires no arbitrary dichotomization and preserves the
relative expression in the data.
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Figure 5.2: Role of TSLP in cancer. Schematic diagram of TSLP-regulated
responses in tumours. (1) Tumour or tumour-associated stromal cells produce
TSLP, which promotes the maturation of resident DCs through up regulation
of co-stimulatory molecules, including OX40L. (2) DCs drive the differentiation of Th2 cells through OX40–OX40L interactions. Th2 cells secrete IL-4 and
IL-13, leading to the recruitment and activation of myeloid-derived suppressor
cells (MDSCs) and tumour-associated macrophages (TAMs) (3), both of which
are capable of effector T cell responses against the tumour (4). TAMs also
produce factors that promote angiogenesis and matrix remodeling (5), whereas
the tumour and associated stromal cells produce chemotactic and survival factors for the TAMs (6). Dashed line: proposed differentiation path. Reprinted
from ”Thymic stromal lymphopoietin and cancer” by E. Kuan and S. Ziegler,
J. Immunology 2014. Copyright 2014 by The American Association of Immunologists, Inc.
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Our methodology for survival analysis is as follows. All data processing
and analysis was performed in R19 using the RStudio20 environment.
In order to facilitate replication of our analysis, all scripts used here
are provided in the appendix. Clinical and gene expression data was
downloaded from the Genomic Data Commons archive21 with the TCGABiolinks22 package by querying the appropriate TCGA dataset. Only
primary tumour samples were retained. Patients with non-strictly positive times to follow-up or death were removed, as were deceased patients
with unknown death dates. Expression levels were logarithmically transformed after adding a pseudocount of one as follows: y = log2 (x + 1).
This transformation accounts for the large range in expression levels,
while the pseudocount allows for samples with no TSLP expression to
be transformed.23 We then performed Cox proportional hazard modelling, analysing the effect of TSLP expression levels on overall survival
with the R package survival.24 The effects of sex and age on survival were
included as covariates. The code for the survival analysis is provided as
script B.2 in the appendix. The expression levels for healthy cells and tumour cells were compared using script B.3 as provided in the appendix.
The Cox proportional hazard model estimates the hazard function H(t)
for a certain event: H(t) = H0 (t)exp(β1 x1 ). The hazard function may
be understood as the probability of a person experiencing the event at
a time t. The Cox model consists of two parts: a baseline hazard H0 (t)
and one or more covariates that effect the total hazard.25 β is a coefficient of the covariate and x denotes the level of the covariate. In the case
that the covariates have no effect (β = 0), the hazard function reduces
to the baseline hazard. The hazard ratio (HR) is a popular measure for
the effect of a covariate on survival. It essentially represents the relative
risk for two levels of a covariate, which may be obtained by taking the
ratio of two hazard functions whose x differs by a certain amount. For
instance, the HR for an increase of one unit in the covariate is then given
by HR = exp(β(x+1)−βx) = exp(1∗β). Here, 95% confidence intervals
for the HR were calculated as [exp(β−1.96∗SEM )−exp(β+1.96∗SEM )]
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with SEM indicating the standard error of the mean HR. The 95%confidence interval denotes a range of values for the population HR, for which
the difference between the population HR and the observed HR is not
statistically significant at the 5% level. A p-value for the Cox model is
also determined, which is the probability of observing data as extreme
or more extreme than our observation, assuming the null hypothesis of
no effect of our variable on the survival. P-values lower than 0.05 will
lead us to reject the null hypothesis.

5.3
5.3.1

Results
Breast cancer

Breast cancer is the most common cancer in women and the second most
common cancer overall, eliciting a great deal of interest from researchers.
Several studies have examined the link between TSLP and breast cancer. Pedroza-Gonzalez et al. found that breast cancer cells produce
TSLP, inducing OX40L expression in dendritic cells resulting in inflammation. Administration of anti-TSLP antibodies inhibited tumour
growth.8 TSLP was furthermore found to promote tumour escape and
metastasis.9 In contrast, Ghirelli et al. found that TSLP expression was
not an important factor in breast cancer, with expression of TSLP lower
in breast cancer tissue compared to regular breast tissue. Moreover, no
TSLPR expression was found in the cancer micro-environment.11 Demehri et al. found that TSLP can manifest protective effects in the
early stages of breast cancer.12
The TCGA breast cancer dataset (TCGA-BRCA) contains 1215 patients, among which 113 healthy controls. After processing as outlined
above 1090 primary tumours with sufficient data were retained. A Cox
proportional hazard regression was performed. TSLP expression was
found to be significantly correlated with patient survival (p = 0.0158,
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HR = 0.8994, 95% CI 0.8252 - 0.9803).
These findings suggest that higher TSLP expression correlates with improved survival in breast cancer. Our observations do not permit us to
assign causality. On the one hand, this may reflect a protective role of
TSLP in breast cancer. On the other hand, taking into account that
TSLP expression is generally higher in healthy breast tissue as previously noted by Ghirelli et al.11 (see Figure 5.3), breast cancer cells which
produce higher TSLP may simply resemble healthy breast tissue more
closely, which may in turn be linked to an improved prognosis. In summary, our analysis of TCGA breast cancer data links TSLP expression
to improved prognosis, providing further evidence against TSLP as a
cancer-promoting factor in breast cancer.

5.3.2 Cervical cancer

Xie et al. have found that cervical cancer cells can promote angiogenesis through TSLP signalling.26 In a follow-up study they found that
hypoxic conditions in the tumour simulated TSLP release, resulting in
the accumulation of eosinophils. TSLP furthermore induced eosinophil
proliferation and enabled them to promote tumour growth.27 Finally,
they found that TSLP or TSLPR inhibiting antibodies could suppress
angiogenesis in their in vitro assay.28
We have investigated the effect of TSLP expression on the survival of
cervical squamous cell carcinoma and endocervical adenocarcinoma patients included in TCGA. The TCGA-CESC dataset contains 309 patients. After filtering, 304 patients were retained. Cox regression was
not able to identify a correlation between TSLP expression and overall
survival (p = 0.7956, HR = 1.013, 95% CI 0.9188 - 1.117).
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5.3.3

Lung cancer

Li et al. have found that tumour TSLP expression is correlated with the
number of regulatory T-cells in lung cancer. These regulatory T cells
have been proposed to play an important role in tumour progression and
metastasis.29 TCGA has characterized two distinct forms of lung cancer,
both of which are important types of non-small cell lung cancer. The
first type is lung adenocarcinoma, which is the most prevalent form of
cancer both in smokers and non-smokers.30,31 The TCGA-LUAD dataset
contains 576 patients, resulting in 506 data points after processing. Cox
regression identified a significant correlation between overall survival and
TSLP expression (p = 0.00254, HR = 0.8705, 95% CI 0.7955 - 0.9525).
The second type of lung cancer present in TCGA is lung squamous cell
carcinoma (TCGA-LUSC). This dataset contains 553 patients, resulting
in 496 tumour samples after filtering. No correlation was identified between overall survival and TSLP expression (p= 0.2506, HR = 0.9618,
95% CI 0.8999 - 1.028). Strikingly, when comparing the differences between healthy and cancer tissue in adenocarcinoma and in squamous cell
carcinoma, it is apparent that TSLP expression differs between healthy
and cancer tissue in adenocarcinoma, but not in squamous cell carcinoma (see Figure 5.3).

5.3.4

Colon cancer

Yue et al. found reduced levels of TSLP in colon tumour tissue compared to surrounding tissue. A negative correlation was found between
TSLP expression and clinical tumour stage. Moreover, TSLP administration in a mouse xenograft model was found to reduce tumor growth,
accompanied by an extensive apoptotic response.32
Colon cancer is represented by TCGA-COAD, consisting of 283 colon
adenocarcinoma patients. Cox analysis revealed no significant correla-
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tion between TSLP expression and overall survival (p = 0.280, HR =
1.099, 95% CI 0.9261 - 1.304).

5.3.5 Skin cancer
Demehri et al. found a protective effect of TSLP over-expression in
the skin against carcinogenesis, both in a Notch-deficient mouse model
and in wild-type mice.33 These findings were augmented by experiments
showing that ablation of TSLPR promoted tumour growth in a mouse
model.34 Cipolat et al. used a mouse model in which three proteins
involved in the formation of outer skin envelope are removed, resulting
in an impaired skin barrier and skin T-cell populations, reminiscent of
atopic dermatitis. These mice were found to be resistant to carcinogenesis and this resistance could be abolished by TSLP inhibition.35
TCGA provides 470 cases of skin cutaneous melanoma (TCGA-SKCM).
In contrast to other types of cancer, the primary tumour is rarely identified in melanoma, and these are thus under-represented in the database.
For the sake of homogeneity, our analysis will therefore be restricted to
metastasised tumours. No significant correlation between overall survival and TSLP expression was found (p = 0.0775, HR = 0.9371, 95%
CI 0.8719 - 1.007).

5.3.6 Pancreatic cancer
De Monte et al. identified a link between Th2-dominant inflammation
and poor prognosis in pancreatic cancer. Moreover, they showed that
cancer-associated fibroblasts secreted TSLP, priming dendritic cells to
promote Th2-type inflammation.36
The TCGA-PAAD dataset contains 576 pancreatic adenocarcinoma patients, resulting in 506 primary tumour data points after processing. No
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significant correlation between overall survival and TSLP expression was
found (p = 0.0778, HR = 1.1413, 95% CI 0.9854 - 1.322).

5.3.7

Gastric cancer

Barooei et al. showed that TSLP overexpression was associated with
metastasis in gastric cancer.37 A pivotal factor in the development of
gastric cancer, the Helicobacter pylori bacterium, was found to trigger TSLP release, resulting in a Th2-type inflammatory response.38,39
Watanabe et al. found that TSLP expression in gastric cancer tissue
was associated with tumour progression. Moreover, they found that
high serum TSLP was predictive of a poor prognosis.40
The TCGA-STAD stomach adenocarcinoma dataset contains 450 patients, resulting in 407 primary tumour data points after processing. No
significant correlation between overall survival and TSLP expression was
found (p = 0.05315, HR = 1.103, 95% 0.9987 - 1.219).

5.4

Conclusion

A great deal has already been written about the role of TSLP in cancer,
but it remains unclear to what extent TSLP is associated with cancer.
To the best of our knowledge, no thorough examination of publicly available data has been performed. Here, TSLP expression and survival data
in TCGA datasets corresponding to cancers for which a link with TSLP
has been proposed in the literature was examined. Cox proportional
hazard modelling was used to estimate the hazard ratios for TSLP level,
correcting for sex and age of the patients. The hazard ratio quantifies
the risk of death at any given time, for an increase of one unit of the
TSLP covariate. Taking into account that this was transformed according to y = log2(x + 1), an increase of one unit roughly corresponds to
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Figure 5.3: Expression of TSLP in healthy tissue and tumour tissue. The plot
is annotated with the p-value of a T-test comparing the mean between healthy
and tumour tissue.
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Figure 5.4: 95% confidence intervals for the hazard ratio of TSLP in cancer.
Cancers where TSLP had a significant effect are shown in blue, whereas cancers
where no effect was found are shown in red.
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a twofold increase of TSLP expression. Our results are summarized in
Figure 5.4.
A favourable association between TSLP expression and overall survival
was observed in breast cancer. Due to the observational nature of our
study, our findings do not allow us to differentiate between cause and
effect. One explanation for these observations is a potential protective
effect of TSLP. Another possibility is that tumours with higher TSLP
expression may simply be more similar to healthy tissue, in turn resulting in an improved prognosis. Higher counts of TSLP were also
associated with better prognosis in lung adenocarcinoma. TSLP expression was higher in healthy tissue compared to cancer tissue (see Figure
5.3). In contrast, no significant association was identified between TSLP
expression and lung squamous cell carcinoma. No significant difference
in TSLP expression was observed in normal tissue compared to tumour
tissue. The effects of TSLP expression seem to differ not only between
tumour sites, but also between different cell types. Taken together, these
findings provide new insights into the interplay of TSLP and cancer progression.
For the remainder of cancers examined, no significant correlation between TSLP expression and overall survival was found, often in spite
of several studies identifying mechanistic links. It should also be noted
that the lack of a significant effect does not prove that no such effect
exists: a larger sample size may allow for the identification of smaller
effects and may indeed find significant correlations between TSLP expression and overall survival. Our findings may also serve to illustrate
the gap between in vitro experiments and highly complex in vivo systems such as tumours and their associated immune responses. While it
is very difficult - or even impossible from a philosophical point of view to exclude the contribution of a factor in disease, our findings emphasize
the need for further research to fully understand the effects of TSLP on
cancer.
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In summary, we have examined the link between TSLP expression and
overall survival for a variety of cancers. Protective associations for lung
adenocarcinoma and breast invasive carcinoma were identified. No statistically significant associations could be identified for other cancers.
Our findings provide another piece of the puzzle for the complex interplay between tumour and immune system, and stress the need for
further research into TSLP signalling in cancer.
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6.1 Results
Asthma, atopic rhinitis and atopic dermatitis generate a tremendous
healthcare cost and result in a reduced quality of life in patients. These
three chronic illnesses are collectively referred to as atopic diseases. Corticosteroids are a cornerstone of the treatment for atopic disease. High
dosages of corticosteroids are associated with systemic side effects and
resistance against corticosteroids has been reported. There is thus an
urgent and unmet need for new approaches for the management of atopic
disease. In recent years, the pro-inflammatory cytokine thymic stromal
lymphopoietin (TSLP) has emerged as a key player in the development
of atopic diseases. TSLP has also been implicated in other pathologies
such as chronic obstructive pulmonary disorder and cancer. Advances
in our understanding of TSLP structural biology may facilitate deeper
insights into the development of atopic disease. Moreover, its broad
pathology profile renders TSLP an attractive target for the development
of antagonists. Here, a multifaceted investigation into various aspects
of TSLP is presented. We will briefly highlight the key findings of our
research.
In the first chapter, the state of the art in research on TSLP was summarized and some key techniques used in the course of this research were
introduced.
In the second chapter, we have investigated the dynamics of the TSLP:TSLPR system, going beyond a static representation of the system.
Our simulations provide support for the hypothesis that TSLPR primes
TSLP for high-affinity binding to IL-7Rα through the AB loop which
connects the two binding sites of TSLP. Molecular dynamics simulations
were also leveraged to investigate the π-helical turn, where the stabilization of the π-helical turn by dynamic insertion of water molecules was
observed. These findings shed light on some interesting aspects of TSLP
structural biology.
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In the third chapter, the central water molecule in the TSLP core was
probed. When conducting molecular dynamics simulations with the central water molecule removed, the TSLP core was found to spontaneously
reacquire a water molecule from bulk solvent. Furthermore, free energy
simulations found this water molecule to stabilise the core by 3.6 ± 0.3
kcalmol−1 .
In the fourth chapter, we report our efforts towards the development of
inhibitors of the TSLP:TSLPR interaction. An extensive evaluation of
possible binding sites for small molecules was conducted, followed by a
molecular docking experiment to identify possible fragments that inhibit
this interaction. Four fragments were found to reduce TSLP:TSLPR to
less than 75%. One compound was resynthesized and its binding was
characterized through a high-throughput molecular dynamics experiment comprising 150 separate simulations of 250 ns. A Markov state
model was used to coarse-grain this copious amount of data into an easily interpretable model, revealing an unexpected conformational change
in TSLPR with implications for further docking studies. The first-inclass fragments identified here function as a proof of concept for the
use of fragments in TSLP:TSLPR inhibition and may prove to be useful starting points for further inhibitor development. Our own efforts
towards the development of more potent inhibitors did not significantly
increase potency. Going forward, the main challenge will be expanding
the fragments into more potent inhibitors.
In the fifth chapter we examine the role of TSLP in cancer. Using
patient-level transcriptomics and survival data obtained from The Cancer Genome Atlas (TCGA), the role of TSLP was found to vary between
different cancers for which a link with TSLP has been described in the literature. A significant beneficial correlation was identified between TSLP
expression and survival in breast cancer and lung adenocarcinoma. For
the remaining cancers investigated here, no significant correlation could
be observed between TSLP expression and survival. It should be noted,
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however, that this does not necessarily refute a role of TSLP in cancer.
Our findings highlight the need for further research into the role of TSLP
in cancer.
This work has laid out a proof of concept for the development of small
molecule inhibitors of the TSLP:TSLPR interaction. Future research
may lead to the development of more potent inhibitors of the TLSP
interaction. Our insights into conformational changes of TSLPR may
help guide these drug development efforts. We have furthermore shed
new light on the effect of TSLP on cancer, revealing differing effects
across cancer types. Further research into the role of TSLP on cancer
is required to improve our understanding of the interplay between the
immune system and tumours.

6.2 Future perspectives
In research, one is rarely finished. There are always new avenues to
explore, new experiments to conduct, and this thesis is no exception.
In chapter four, the Markov state model was only constructed for one of
the fragments found to inhibit the TSLP:TSLPR interaction due to computational constraints. It would be interesting to develop these models
for a more diverse selection of potentially inhibitory compounds, both
binders and non-binders, in order to assess binding mode differences
and the discriminatory power of the model. It would furthermore also
prove interesting to further develop the compounds presented in chapter
four into more lead-sized molecules, guided by the Markov state model
or by a crystal structure. The elucidation of a crystal structure of an
inhibitor bound to TSLPR would be a noteworthy contribution to the
field by itself.
In chapter five the effect on TSLP expression on cancer survival was
investigated, showing that TSLP expression is associated with an im-
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proved prognosis in some cancer types. Different databases may be used
to investigate whether these associations can also be identified in other
patients populations. While out of scope for this line of research, it
would be useful to collect longitudinal data on TSLP expression and
correlate this to tumour progression or regression to gain further insight
into the role of TSLP as a possible cancer driver or inhibitor.

6.3

Summary

We have identified four first-in-class fragments capable of interrupting
the TSLP:TSLPR interaction using a virtual screening approach, validated through two in vitro screening methods. Extensive molecular
dynamics simulations were conducted to simulate the binding of this
fragment to TSLPR, culminating in the development of a Markov state
model. Molecular dynamics simulations were used to generate novel
insights into the structural biology of TSLP. Moreover, the energetic
relevance of the central TSLP water molecule was established. Finally,
the role of TSLP across various cancer types was investigated, revealing
a variable association between TSLP and cancer survival. These findings
contribute to our understanding of TSLP signalling in human biology
and may be useful for its therapeutic modulation.
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A.1 Protocols for biochemical evaluation
A.1.1 AP assay
Black 96-well Maxisorp plates (Nunc) were coated with 0.25 µg/ml antipenta-His antibody (Qiagen) in 50 mM sodium carbonate/bicarbonate
buffer pH 10.6., followed by a 2 hour blocking with 1% bovine serum
albumin in Dulbecco’s phosphate buffered saline (Gibco). Wells were
washed three times with TBS-T buffer (0.1% Tween, 25 mM Tris, 148
mM NaCl, 2 mM KCl, pH 7.4). Wells were incubated for 2 hours with 1
µg/ml recombinant his-tagged ectodomain of the human TSLP receptor
in TBS-T buffer and subsequently washed three times with TBS-T. Wells
were incubated for 4h with TBS-T containing 2.5 mM fragments, 2.5%
DMSO and 1/60 diluted cell culture supernatant containing recombinant
hTSLP-alkaline phosphatase fusion protein. Wells were washed three
times with TBS-T buffer, and bound alkaline phosphatase activity was
determined using the PhosphaLight kit (Tropix) and an Envision chemiluminescence counter (PerkinElmer). Luminescence signals of samples
containing fragments were compared with luminescence of samples containing hTSLP fusion protein and 2.5% DMSO without fragment.

A.1.2 BLI assay
BLI experiments were performed in PBS-buffer supplemented with 0.01%
(w/v) BSA, 0.002% (v/v) Tween 20 and 2.5% DMSO, with an Octet
RED96 instrument (ForteBio), operating at 25 C. Streptavidin-coated
sensor tips were functionalized with mammalian-derived biotinylated human TSLPR127A/R130S (NP_149024.1; residue 1-159) carrying a Cterminal AVITAG at its C-terminus and quenched with a 10 µg ml-1
biotin solution. The human TSLPR ectodomain (NP_071431.2; residue
1-221) was produced from stable transfected HEK293S-TetR MGAT1-/cells was used as analyte at a concentration of 100 nM. Compounds were
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included in the TSLPR containing wells to give a final concentration of
2.5 mM. The data was analyzed using ForteBio Data Analysis 9.0.0.4.
For all measurements a column of non-functionalized sensors was used
to enable parallel reference subtraction. Sixty compounds were tested
in the first BLI-screen using one column of sensor tips functionalized
with 1 nm of biotinylated hTSLP and one column of reference tips. By
using eleven serial cycles of a 200 s association phase followed by a 700
s dissociation phase a single sensor tip was used to measure multiple
compounds. The relative response for each measurement was calculated
as the response at the end of the association phase divided by the average response of control samples (100 nM TSLPR without compound).
In the second BLI-screen five compounds were tested using one column
of sensor tips functionalized with 1 nm of biotinylated hTSLP and one
column of reference tips. Each tip was used for 22 serial cycles consisting of a 100 s equilibration phase, a 100 s association phase, a 20 s
dissociation phase and a 3 x 5 s regeneration cycle in 0.5 M H2SO4. The
relative response (%) was calculated as the response at the end of the
association phase divided by the average response of a 100 nM TSLPR
measured in the cycles directly preceding and following each control (100
nM TSLPR) or sample (100 nM TSLPR + compound). Each compound
was measured in duplicate.
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A.2 Compounds purchased
Number

Structure

1

Vina score

DSX score

-5.4

-48.5170

-5.4

-67.181

-4.4

-48.1270

-5.7

-60.1760

-4.6

-65.744

-4.5

-59.683

-4.6

-66.685

-5.7

-66.018

-4.2

-32.325

-5.8

-72.043

!
2
!
3
!
4

!
5
!
6

!
7

!
8
!
9
!
10

!

154

11

-5.1

-73.477

-4.3

-58.016

-5.6

-64.205

-5.4

-68.318

-5.1

-60.707

-4.8

-57.013

-4.5

-38.382

-5.4

-64.399

-6.2

-62.093

-5.8

-72.021

!
12
!
13
!
14
!
15
!
16
!
17
!
18
!
19

!
20

!

21

-5.8

-66.632

-5.7

-58.017

-5.8

-71.217

-4.7

-61.036

-5.0

-59.937

-5.0

-54.385

-4.7

-53.959

-5.7

-56.068

-3.2

-40.036

-5.9

-66.952

!
22
!
23
!
24
!
25

!
26
!
27
!
28
!
29
!
30
!

31

-5.4

-66.480

-5.4

-62.650

-3.5

-37.169

-4.5

-66.419

-4.4

-62.812

-5.7

-60.978

-5.1

-61.004

-5.3

-57.305

-4.1

-37.365

-4.3

-51.111

!
32

!
33
!
34
!
35
!
36
!
37

!
38
!
39
!
40
!

41

-5.5

-64.356

-5.8

-58.842

-3.7

-46.464

-5.5

-59.578

-4.6

-67.115

-5.7

-60.897

-5.3

-63.798

-4.2

-40.334

-6.0

-79.822

-6.0

-71.311

!
42
!
43
!
44
!
45
!
46
!
47
!
48
!
49

!
50
!

51

-4.3

-49.343

-3.4

-38.240

-5.3

-67.440

-5.7

-66.007

-5.9

-64.901

-4.5

-54.215

-5.4

-60.635

-5.5

-66.799

-4.3

-48.414

-4.7

-51.076

!
52
!
53
!
54
!
55
!
56
!
57
!
58

!
59
!
60
!
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A.3 Synthesis
A.3.1 General procedure Buchwald-Hartwig amination
4-chloropyridine hydrochloride (100 mg, 0.667 mmol), sodium 2-methylpropan-2-olate (250 mg, 2.60 mmol) and 9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene (17.36 mg, 0.030 mmol) are placed in an argon
flushed high pressure tube and suspended in dioxane (5 ml) which was
previously degassed by bubbling with argon. This suspension is degassed
by bubbling with argon. Tris(dibenzylideneacetone) dipalladium(0) (18.31
mg, 0.020 mmol) is added, after which the suspension is again degassed
by bubbling with argon. An amine (0.667 mmol) is added and the suspension is degassed by bubbling with argon for 10 minutes. The tube
is sealed and the reaction is stirred at 90◦ C overnight. The resulting
suspension is filtered through celite and washed with methanol. Purification is performed through reverse-phase chromatography using a
methanol-water gradient.

A.3.2 Synthesis of compound 3*
Dioxane was degassed by bubbling with argon. 4-chloropyridine hydrochloride (100 mg, 0.667 mmol), sodium 2-methylpropan-2-olate (250
mg, 2.60 mmol) and 9,9-Dimethyl-4,5-bis(diphenylphosphino)xanthene
(17.36 mg, 0.030 mmol) were placed in an argon flushed high pressure
tube and suspended in dioxane (Volume: 5 ml). This suspension was degassed by bubbling with argon. Tris(dibenzylideneacetone)dipalladium(0)
(18.31 mg, 0.020 mmol) was added, after which the suspension was again
degassed by bubbling with argon. Cyclopentylamine (0.667 mmol) was
added and the suspension was degassed by bubbling with argon for 10
minutes. Reverse phase chromatography yields the target compound Ncyclopentylpyridin-4-amine (67,4 mg, 0.413 mmol, 62% yield). 1H NMR
(300MHz, DMSO) δ 1.42 (2H, m), 1.55 (2H, m), 1.65 (2H, m) 1.91 (2H,
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m), 3.72 (1H, dd), 6.44 (2H, dd), 6.47 (1H, d), 7.98 (2H, dd). UPLC
100% (UV)

A.3.3

Synthesis of compound 66

Dioxane was degassed by bubbling with argon. 4-chloropyridine hydrochloride (100 mg, 0.667 mmol), sodium 2-methylpropan-2-olate (250
mg, 2.60 mmol) and 9,9-Dimethyl-4,5-bis(diphenylphosphino)xanthene
(17.36 mg, 0.030 mmol) were placed in an argon flushed high pressure
tube and suspended in dioxane (Volume: 5 ml). This suspension was degassed by bubbling with argon. Tris(dibenzylideneacetone)dipalladium(0)
(18.31 mg, 0.020 mmol) was added, after which the suspension was
again degassed by bubbling with argon.Adamantylamine (0.667 mmol)
was added and the suspension was degassed by bubbling with argon
for 10 minutes. The tube was sealed and the reaction was stirred at
90 °C overnight. Suspension was filtered through celite and washed
with methanol. Filtrate was evaporated with celite and isolera in reversed phase (MeOH:Water gradient) yielded N-(bicyclo[2.2.1]heptan-2yl)pyridin-4-amine (99 mg, 0.526 mmol, 79 % yield). 1H NMR (300MHz,
DMSO) δ 1.15 (2H,m), 1.25 (1H,m), 1.28 (1H, d), 1.42 (3H,m), 1.71 (1H,
m), 2.12 (1H, s), 2.25 (1H,s), 3.2 (1H, t), 6.25 (3H, d), 9.0 (2H, d). UPLC
100% (UV)

A.3.4

Synthesis of compound 67

Dioxane was degassed by bubbling with argon. 4-chloropyridine hydrochloride (100 mg, 0.667 mmol), sodium 2-methylpropan-2-olate (250
mg, 2.60 mmol) and 9,9-Dimethyl-4,5-bis(diphenylphosphino)xanthene
(17.36 mg, 0.030 mmol) were placed in an argon flushed high pressure
tube and suspended in Dioxane (Volume: 5 ml). This suspension was degassed by bubbling with argon. Tris(dibenzylideneacetone)dipalladium(0)
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(18.31 mg, 0.020 mmol) was added, after which the suspension was
again degassed by bubbling with argon. Aniline (62.1 mg, 0.667 mmol)
was added and the suspension was degassed by bubbling with argon
for 10 minutes. The tube was sealed and the reaction was stirred at
90 °C overnight. Suspension was filtered through celite and washed
with methanol. Filtrate was evaporated with celite and reverse-phase
flash chromatography (MeOH:Water gradient) yielded N-phenylpyridin4-amine (77 mg, 0.452 mmol, 67.9 % yield). 1H NMR (300MHz, DMSO)
δ 6.8 (2H, d), 7.02 (1H, t), 7.22 (2H, d), 7.55 (2H, t), 8.18 (2H, d), 8.70
(1H, s). UPLC 97% (UV).

A.3.5 Synthesis of compound 68

To a solution of Aniline (0.978 ml, 10.74 mmol) and N,N-Di-iso-propylethylamine (2.66 ml, 16.11 mmol) in dichloromethane (100 ml), N,N’-bisBoc-1-guanylpyrazole (4.00 g, 12.89 mmol) was added at room temperature. After stirring overnight the solvent was evaporated. Compound
was purified using flash chromatography (10% EtOAC in heptane to
90% EtOAc in heptane). The resulting intermediate was dissolved in 5
ml dichloromethane. 5 ml trifluoroaceticacid was added and stirred at
room temperature. Solvent was removed via coevaporation with toluene
(x3) and methanol (x1). The resulting product 1-phenylguanidine 2,2,2trifluoroacetate (200 mg, 0.803 mmol) and potassium carbonate (111
mg, 0.803 mmol) were suspended in THF and heated to reflux for 1h.
Benzylbromide (137 mg, 0.803 mmol) was then added. The resulting
suspension was refluxed for 20 hours. Reverse-phase flash chromatography (MeOH:Water gradient) yielded the target compound (50 mg, 0.19
mmol, 23% yield). UPLC 100% (UV).
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A.3.6

Synthesis of compound 69

A biphasic solution of tetrabutylammoniumiodide (0.037 g, 0.100 mmol),
N,N’,N”-Tri-boc-guanidine (0.180 g, 0.501 mmol) and Potassiumhydroxide (0.112 g, 2.003 mmol) in dichloromethane/water (5 ml:5 ml) was
treated with Benzylbromide (0.149 ml, 1.252 mmol). The reaction was
stirred at room temperature for 4h. The reaction was poured into water (50 ml) and extracted with 3x20 ml dichloromethane. the combined
organic phases were washed with brine, dried over Na2SO4 and concentrated in vacuo. The intermediate was purified through flash chromatography. The intermediate was then dissolved in 2 ml dichloromethane. 2
ml trifluoroaceticacid was added and stirred at room temperature. The
reaction proceeded to completion in 90 minutes. Solvent was removed
via coevaporation with toluene (3x). Lyophylisation was then attempted
but failed due to residual solvent (mild yellow colour). Ether was added
to wash away the residual solvents and obtain the product as a TFA
salt(42 mg, 0.12 mmol, 24% yield). 1H NMR (300MHz, MeOD) δ 4.45
(4H, s), 7.16 - 7.49 (10H, m). UPLC 100% (UV)

A.3.7

Synthesis of compound 70

A biphasic solution of tetrabutylammoniumiodide (0.037 g, 0.100 mmol),
N,N’,N”-Tri-boc-guanidine (0.180 g, 0.501 mmol) and potassium hydroxide (0.112 g, 2.003 mmol) in dichloromethane/water (5 ml:5 ml)
was treated with 4-bromomethyl pyridine hydrobromide (1.252 mmol).
The reaction was stirred at room temperature for 4h. The reaction was
poured into water (50 ml) and extracted with 3x20 ml dichloromethane.
the combined organic phases were washed with brine, dried over Na2SO4
and concentrated in vacuo. The intermediate was purified through
flash chromatography. The intermediate was then dissolved in 2 ml
dichloromethane. 2 ml trifluoroaceticacid was added and stirred at room
temperature. The reaction proceeded to completion in 90 minutes. Sol-
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vent was removed via coevaporation with toluene (3x). Precipitation
from ether was attempted but was unsuccessful; solid product obtained
through evaporation of solvent (46 mg, 0.19 mmol, 38% yield). UPLC
97% (UV).
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B.1 Markov state modelling
#import r e q u i r e d t o o l s
get_ipython ( ) . magic ( ’ pylab ␣ i n l i n e ’ )
from htmd import ∗
import os
from s t a t i s t i c s import mean , s t d e v
#l o a d i n s i m u l a t i o n s
os . c h d i r ( ’ / Users / dvr / S i m u l a t i o n s / ’ )
s e t s = g l o b ( ’ datasets_TSLPR/∗ ’ )
sims = [ ]
for s in s e t s :
f s i m s = s i m l i s t ( g l o b ( s ) , ’ datasets_TSLPR/md0 . pdb ’ )
sims = simmerge ( sims , f s i m s )
#c r e a t e a p r o j e c t i o n o f t h e s i m u l a t i o n by
metr = Metric ( sims )
metr . p r o j e c t i o n ( M e t r i c D i s t a n c e ( ’ p r o t e i n ␣and␣name␣CA ’ ,
’ resname ␣LIG␣and␣noh ’ , m e t r i c= ’ c o n t a c t s ’ ) )
data = metr . p r o j e c t ( )
#s e t s t e p s i z e
data . f s t e p = 0 . 1
data . dropTraj ( )
data . p l o t T r a j S i z e s ( )
#l a g t i m e f o r TICA ( i n ns )
t i c a = TICA( data , 10 , u n i t s= ’ ns ’ )
#number o f t i c a c o o r d i n a t e s t o use
dataTica = t i c a . p r o j e c t ( 3 )
dataTica . c l u s t e r ( MiniBatchKMeans
( n _ c l u s t e r s =500 , random_state =5) , mergesmall =5)
model = Model ( dataTica )
#p l o t a range o f p o s s i b l e l a g t i m e s
model . p l o t T i m e s c a l e s ( l a g s=
[1 ,5 ,10 ,12 ,15 ,18 ,20 ,25 ,30 ,35 ,40] ,
n i t s =10, u n i t s= ’ ns ’ )
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#c r e a t e a Markov model w i t h 15 ns l a g t i m e
#4 m a c r o s t a t e s
model . markovModel ( 1 5 , 4 , u n i t s= ’ ns ’ )
#perform ck−t e s t
ck = model .msm. c k t e s t ( model . macronum )
from pyemma . p l o t s import p l o t _ c k t e s t
p l o t _ c k t e s t ( ck )
#p l o t a s i n g l e most r e p r e s e n t a t i v e s t a t e
macrostate = 0
while macrostate< 4 :
microsofmacro = np . where (
model .msm. metastable_assignments == macrostate ) [ 0 ]
i d x = np . argmax ( model .msm. m e t a s t a b l e _ d i s t r i b u t i o n s
[ macrostate , microsofmacro ] )
mol = model . v i e w S t a t e s ( [ microsofmacro [ id x ] ] ,
s t a t e t y p e= ’ micro ’ , l i g a n d= ’ resname ␣LIG ’ , numsamples=1)
macrostate +=1
#c a l c u l a t e k i n e t i c s
kin = K i n e t i c s ( model , temperature =298 , c o n c e n t r a t i o n =0.00267)
kin . getRates ( )
#p l o t f l u x
kin . plotFluxPathways ( )
# Use b o o t s t r a p p i n g t o o b t a i n e r r o r e s t i m a t e s
bootstrapresults = [ ]
t i c a = TICA( data , 10 , u n i t s= ’ ns ’ )
#number o f t i c a c o o r d i n a t e s t o use
dataTica = t i c a . p r o j e c t ( 3 )
dataTica . c l u s t e r ( MiniBatchKMeans ( n _ c l u s t e r s =500 ,
random_state =5) , mergesmall =5)

for i in range ( 0 , 1 0 0 ) :
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dataBoot = dataTica . b o o t s t r a p ( 0 . 8 )
dataBoot . c l u s t e r ( MiniBatchKMeans ( n _ c l u s t e r s =500 , random_state =5) ,
mergesmall =5)
model = Model ( dataBoot )
model . markovModel ( 1 5 , 4 , u n i t s= ’ ns ’ )
kin = K i n e t i c s ( model , temperature =298 , c o n c e n t r a t i o n =0.00267 ,
s i n k = 3)
r = kin . getR a tes ( )
b o o t s t r a p r e s u l t s . append ( r )

k i n e t i c p a r a m e t e r s = {}
#k i n e t i c p a r a m e t e r s i s a d i c t c o n t a i n i n g d i c t s
#format { parameter : [ avg , s t d e v ] }
b o o t s t r a p k e y s = ( vars ( b o o t s t r a p r e s u l t s [ 0 ] ) . keys ( ) )
for keyvalue in b o o t s t r a p k e y s :
print ( keyvalue , ” { : . 2 E}” .
format (mean ( getattr ( b o o t s t r a p r e s u l t , keyvalue )
for b o o t s t r a p r e s u l t in b o o t s t r a p r e s u l t s ) ) ,
” { : . 2 E}” . format ( s t d e v ( getattr ( b o o t s t r a p r e s u l t , keyvalue )
for b o o t s t r a p r e s u l t in b o o t s t r a p r e s u l t s ) ) )

B.2 Cancer survival analysis
library ( SummarizedExperiment )
library ( TCGAbiolinks )
library ( s u r v i v a l )
library ( t i d y v e r s e )
#s e l e c t TCGA d a t a s e t
p r o j e c t <− ”TCGA−LUAD”
#c o n s t r u c t a query
query <− GDCquery( p r o j e c t = p r o j e c t ,
data . category = ”Gene␣ e x p r e s s i o n ” ,
data . type = ”Gene␣ e x p r e s s i o n ␣ q u a n t i f i c a t i o n ” ,
e x p e r i m e n t a l . s t r a t e g y = ”RNA−Seq ” ,
p l a t f o r m = ” I l l u m i n a ␣ HiSeq ” ,
f i l e . type = ” r e s u l t s ” ,
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B.2. CANCER SURVIVAL ANALYSIS
l e g a c y = TRUE)
# Download
GDCdownload( query )
#Prepare resem e x p r e s s i o n matrix
#geneID i n t h e rows and samples i n t h e columns
dataSet <− GDCprepare ( query )
dataNorm <− TCGAanalyze_N o r m a l i z a t i o n (
tabDF = dataSet , g e n e I n f o = g e n e I n f o )
#make dataframe f o r s t o r i n g v a r i a b l e s
TSLPdata <− data . frame ( dataNorm [ ”TSLP” , ] )
colnames ( TSLPdata ) <− ” TSLPexpression ”
#copy v a r i a b l e s t o dataframe i n t i d y format
for ( var i n c ( ” s h o r t L e t t e r C o d e ” ,
” days_to_l a s t_f o l l o w_up” , ” days_to_death ” ,
” v i t a l_s t a t u s ” , ” gender ” , ” days_to_b i r t h ” ,
” age_at_d i a g n o s i s ” ) ) {
col <− ( var )
TSLPdata [ [ var ] ] <− dataSet [ [ var ] ]
}
#do some f i l t e r i n g
TSLPtidy <− TSLPdata %>%
f i l t e r ( s h o r t L e t t e r C o d e == ”TP” ) %>%
f i l t e r ( ! ( i s . na( days_to_death ) &
v i t a l_status == ” dead ” ) ) %>%
mutate ( days = pmax( days_to_death ,
days_to_l a s t_f o l l o w_up , na .rm=TRUE) ) %>%
f i l t e r ( ! i s . na( days ) ) %>%
mutate ( age = −days_to_b i r t h /365) %>%
f i l t e r ( days>=0) %>%
mutate ( status = v i t a l_status == ” dead ” ) %>%
mutate (TSLP_l o g t r a n s f o r m e d = log2 (
TSLPexpression + 1 ) )
#perform Cox PH m o d e l l i n g
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APPENDIX B. COMPUTATIONAL APPENDIX
#gender c o v a r i a b l e i s removed f o r c e r v i c a l cancer
f i t <− coxph ( Surv ( days , status ) ~
TSLP_l o g t r a n s f o r m e d + gender + age , data=TSLPtidy )
summary( f i t )

B.3 Comparison of expression levels
library ( SummarizedExperiment )
library ( TCGAbiolinks )
library ( t i d y v e r s e )
#make l i s t o f TCGA d a t a s e t s
p r o j e c t s <− c ( ”TCGA−CESC” , ”TCGA−PAAD” , ’TCGA−COAD’ ,
”TCGA−BRCA” , ”TCGA−LUAD” , ”TCGA−LUSC” , ”TCGA−STAD” )
#l o o p o ver l i s t , query GDC f o r each p r o j e c t
for ( i i n c ( 1 , 2 , 3 , 4 , 5 , 6 , 7 ) )
{
project = projects [ i ]
query <− GDCquery( p r o j e c t = p r o j e c t ,
data . category = ”Gene␣ e x p r e s s i o n ” ,
data . type = ”Gene␣ e x p r e s s i o n ␣ q u a n t i f i c a t i o n ” ,
e x p e r i m e n t a l . s t r a t e g y = ”RNA−Seq ” ,
p l a t f o r m = ” I l l u m i n a ␣ HiSeq ” ,
f i l e . type = ” r e s u l t s ” ,
l e g a c y = TRUE)
# Download
GDCdownload( query )
#Prepare resm n o r ma li z ed e x p r e s s i o n matrix
#geneID i n t h e rows and samples i n t h e columns
dataSet <− GDCprepare ( query )
dataNorm <− TCGAanalyze_N o r m a l i z a t i o n (
tabDF = dataSet , g e n e I n f o = g e n e I n f o )
#make t i d y dataframe h o l d i n g v a r i a b l e s o f i n t e r e s t
#append t h i s dataframe t o a l i s t
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B.3. COMPARISON OF EXPRESSION LEVELS
TSLPdata <− data . frame ( dataNorm [ ”TSLP” , ] )
colnames ( TSLPdata ) <− ” TSLPexpression ”
TSLPdata$ s h o r t L e t t e r C o d e <− dataSet $ s h o r t L e t t e r C o d e
TSLPlist [ [ p r o j e c t ] ] <− TSLPdata
}
#b i n d a l l t h e s e dataframes i n t o one l a r g e t i b b l e
a l l t c g a <− as . data . frame ( data . table : : r b i n d l i s t (
TSLPlist , i d c o l = TRUE) )
a l l t c g a $TSLPexpression <− log2 ( a l l t c g a $TSLPexpression+1)
#p l o t t h e e x p r e s s i o n f o r normal t i s s u e v s tumor
#f o r each cancer t y p e
e x p r e s s i o n l e v e l s <− g g p l o t ( f i l t e r ( a l l t c g a ,
s h o r t L e t t e r C o d e == ”NT” | s h o r t L e t t e r C o d e == ”TP” ) ,
a e s ( x = shortLetterCode , y = TSLPexpression ,
f i l l =s h o r t L e t t e r C o d e ))+
geom_boxplot ( ) +
theme_bw()+
scale_x_d i s c r e t e ( la b els=c ( ”Normal␣ t i s s u e ” ,
” Primary ␣tumour” ))+
f a c e t_wrap ( ~ . i d ) +
theme ( axis . t i t l e . x=element_blank ( ) ,
legend . p o s i t i o n=” none ” ) +
stat_compare_means ( method = ” t . t e s t ” ,
l a b e l . x . npc = 0 . 4 7 , l a b e l . y . npc = 0 . 9 ,
a e s ( l a b e l = p a s t e 0 ( ”p␣=␣” , . . p . format . . ) ) )
#show p l o t
expressionlevels
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