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1 Kurzzusammenfassung 

Das Immunsystem fungiert als wirksame Barriere gegen die Tumorentwicklung. Maligne 

Zellen können sich jedoch der Eliminierung durch das Immunsystem entziehen, indem sie das 

Immunsystem in der Tumormikroumgebung (TME) verändern. Unter anderem können 

Krebszellen Immuntoleranz durch die Expression des immunsuppressiven Enzyms Indolamin-

2,3-dioxygenase 1 (IDO1) induzieren. IDO1 katalysiert den Abbau der essenziellen 

Aminosäure Tryptophan (Trp) zu Kynureninen (Kyn) über den Kyn-Stoffwechselweg. Die 

Modulation des Kyn-Stoffwechsels hat sich in der Vergangenheit als attraktives 

therapeutisches Ziel in der Immunonkologie erwiesen. 

In dieser Arbeit wurden anhand eins zellbasierten Screenings zwei Substanzklassen entdeckt, 

die den Kyn-Spiegel in Krebszellen bei Stimulation mit dem Zytokin Interferon-γ (IFN-γ) auf 

unterschiedliche Weise senken. Die Apoxidole sind Indol-Tetrahydropyridin-

Pseudonaturstoffe (PNPs) und hemmen IDO1 direkt, indem sie apo-IDO1 in vitro und in Zellen 

binden und stabilisieren. Durch die Verdrängung des IDO1-Cofaktors Häm wird das Enzym 

katalytisch inaktiviert und der Kyn-Spiegel gesenkt. Apo-IDO1-Inhibitoren wie Apoxidole 

imitieren eine irreversible Hemmung und weisen eine hohe Selektivität für IDO1 gegenüber 

den beiden anderen Trp-abbauenden Enzymen Tryptophan-2,3-dioxygenase (TDO) und 

IDO2 auf, was sie zu nützlichen Instrumenten für Studien der Relevanz von IDO1 im Vergleich 

zu TDO und IDO2 macht. 

Die zweite Stoffklasse N-substituierter Indole, auch Epoxykynine genannt, modulieren den 

Kyn-Stoffwechsel auf eine alternative Weise, da sie keine direkten Inhibitoren von IDO1 sind. 

Stattdessen hemmen Epoxykynine die katalytische Aktivität der C-terminalen 

Fettsäurehydrolase-Domäne der löslichen Epoxidhydrolase (sEH-H). Als Teil der 

Arachidonsäure (AA)-Kaskade spielt das hochaktive Enzym sEH-H eine wichtige Rolle bei der 

Hydrolyse von CYP-Epoxygenase-abgeleiteten Fettsäureepoxiden. Dadurch trägt es zur 

Regulierung der bioverfügbaren Epoxide bei und steuert eine Vielzahl biologischer Prozesse 

wie Entzündung, Vasodilatation, Angiogenese, neuropsychiatrischen Erkrankungen und 

Schmerz. Die in dieser Arbeit erzielten Ergebnisse decken eine funktionelle Verbindung 

zwischen sEH-H und dem Kyn-Signalweg auf. 

Die Entdeckung neuer Hemmstoffe für den Kyn-Signalweg ist von großer Bedeutung, da der 

bestentwickelte holo-IDO1-Inhibitor Epacadostat kürzlich in klinischen Studien gescheitert ist. 

Darüber hinaus hat die Entdeckung der Epoxykynine das Verständnis der Interaktion des Kyn-

Signalwegs und des AA-Stoffwechsels vertieft. Diese Erkenntnisse könnten neue Strategien 

für die Entwicklung von Immuntherapien ermöglichen und das Immunsystem stärken, um die 

krebsbedingte Immuntoleranz zu überwinden. 
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2 Abstract 

The immune system functions as an effective barrier against tumor development. However, 

malignant cells can avoid elimination by the immune system by acquiring certain 

characteristics that alters the immune system in the tumor microenvironment (TME). For 

instance, cancer cells can actively induce immune tolerance by expression of the immuno-

suppressive enzyme indoleamine 2,3-dioxygenase 1 (IDO1). IDO1 expression results in 

degradation of the essential amino acid tryptophan (Trp) and production of kynurenines (Kyn) 

via the Kyn pathway. Targeting the Kyn pathway has emerged to be an attractive target in 

immuno-oncology. 

In this thesis, two compound classes were discovered through a cell-based screening that 

reduce Kyn levels in cancer cells upon stimulation with the cytokine interferon-γ (IFN-γ) by two 

distinct mechanisms. The indole-tetrahydropyridine pseudo-natural products (PNPs) called 

apoxidoles inhibit IDO1 directly by binding and stabilizing apo-IDO1 in vitro and in cells. The 

displacement of the IDO1 cofactor heme catalytically inactivates the enzyme and thereby 

decreases Kyn levels. Apo-IDO1 inhibitors like apoxidoles mimic irreversible inhibition and 

have a high selectivity for IDO1 over the two other Trp-catabolizing enzymes tryptophan 2,3-

dioxygenase (TDO) and IDO2, thus, being useful tools for the investigation of IDO1’s 

relevance in comparison to TDO and IDO2. 

The small molecule class of N-substituted indoles called epoxykynins represents an 

alternative approach to modulate the Kyn pathway by not directly targeting IDO1. Instead, 

epoxykynin inhibits the catalytic activity of the C-terminal fatty acid hydrolase domain of the 

soluble epoxide hydrolase (sEH-H). As part of the arachidonic acid (AA) cascade, the highly 

active enzyme sEH-H plays an important role in the hydrolysis of CYP epoxygenase-derived 

fatty acid epoxides. Thereby, it contributes to the regulation of bioavailable epoxides and 

controls a variety of biological processes, such as inflammation, vasodilation, angiogenesis, 

neuropsychiatries and pain. The results obtained throughout this thesis uncover a functional 

link between sEH-H and the Kyn pathway. 

The discovery of new Kyn pathway inhibitors is in high demand, since the most advanced 

holo-IDO1 inhibitor epacadostat has recently failed in clinical trials. Additionally, the discovery 

of epoxykynins has deepened the understanding of the cross-talk between the Kyn pathway 

and the AA metabolism. These findings might enable novel strategies to design 

immunotherapies and enhance the host’s immune system to overcome cancer-induced 

immune tolerance. 
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3 Introduction 

Cancer is one of the most fatal diseases of recent times and is the second leading cause of 

death globally1. Annually, approximately 20 million people are diagnosed with cancer, leading 

to approximately 10 million deaths every year2. The term cancer refers to abnormal cell growth 

with the potential to invade other tissues as a result of genetic mutations3. As a heterogenous 

group of different disease types, cancer can start in almost every organ or tissue of the human 

body. Due to the demographic change, the cancer burden continues to grow globally. 

Especially in recent years, the coronavirus disease 2019 (COVID-19) caused delays in the 

diagnosis and treatment of cancer. 

Even though the estimated age-standardized incidence rate (ASR) for Germany has remained 

the same over the past 25 years (with an ASR of 313.2 per 100,000 citizens in 2020), the 

annual mortality rate has decreased by approximately 30%1. As a country with a strong 

healthcare system, early detection and quality treatment are available, which significantly 

improves the survival rates of cancer patients. Additionally, new therapy strategies have been 

developed, including cancer immunotherapy as a major breakthrough for a number of 

cancers4. 

3.1 The Immune System and Cancer 

The concept that the immune system functions as effective primary barrier to tumorigenesis 

and tumor progression has been first proposed in 1909 by Paul Ehrlich5. However, at that time 

it was challenging to experimentally prove this hypothesis because only little was known about 

the basis of anti-cancer immunity. It took around half a century of controversy to validate and 

establish this crucial paradigm for immuno-oncology6-9. In 1970, the term ‘immunological 

surveillance’ was introduced by Sir Macfarlane Burnet8 and 41 years later, avoiding immune 

destruction has been recognized as one of the hallmarks of cancer10. 

3.1.1 Immune Surveillance and Cancer Immunoediting 

The immune system has three roles in the prevention of tumors. First, elimination of viral 

infections to avoid virus-induced tumorigenesis; second, rapid clearance of pathogens and 

thereby, timely resolution of inflammation that can promote cancer development; third, the 

identification and elimination of malignant cells by tumor-specific antigens11. The latter process 

refers to immune surveillance. 

The immune system consists of innate and adaptive immunity, of which both are involved in 

the elimination of cancer cells12. Key mediators for the clearance of malignant cells are natural 

killer (NK) cells that belong to the innate immune system and CD8+ cells or cytotoxic T 

lymphocytes (CTLs), belonging to the adaptive immunity. The T cell-mediated immune 

surveillance is a cyclic process representing an interplay between the innate and adaptive 
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immune compartments, also known as cancer-immunity cycle13. It consists of seven steps that 

can be divided into a priming (step i-iv) and effector phase (step v-vii). Steps associated with 

the priming phase are heavily dependent on the innate immune system, comprising i) tumor-

specific antigen uptake by antigen-presenting cells (APCs) in the tumor, ii) cross-presentation 

of tumor antigens to T cells by APCs in tumor-draining lymph nodes, iii) priming and activation 

of naïve T cells by the APCs and iv) trafficking of the activated T cells to the tumor via the 

blood stream. The effector phase is occurring in the tumor, including v) T cell infiltration into 

the tumor, vi) recognition and vii) elimination of cancer cells by the activated T cells. 

Despite this very effective barrier for tumor development, cancers occur in immuno-competent 

individuals. In addition to immune surveillance, the immune system can also promote 

carcinogenesis. The immune selection pressure can shape cancer cells to be less immuno-

genic, to then eventually evade immune surveillance. This refined the immune surveillance 

hypothesis into ‘cancer immunoediting’14, 15. 

 

Figure 1: The three Es of cancer immunoediting. In the elimination phase, NK cells and CTLs identify 
and eliminate malignant cells. In the second equilibrium phase, mutations accumulate that make tumor 
cells resistant to the immune attack, facilitated by tumor-promoting selective immune pressure. Finally, 
the tumor can escape the immune surveillance and additional tumor cell variants develop. The figure 
was created with BioRender.com. Stars represent the cytoxic activity of immune cells. IL-12: interleukin-
12, IFN-γ: interferon-γ, Treg: T regulatory cell, MDSC: myeloid-derived suppressor cell. 

The concept of cancer immunoediting emphasizes the duality of the immune system in light 

of tumorigenesis. It comprises three phases, also known as the three Es of cancer 

immunoediting (Figure 1)14. While the first phase, the so-called elimination phase, represents 

the classical immune surveillance mainly mediated by NK and cytotoxic T cells, the second 

and third steps describe the adaption and evasion of malignant cells from the immune system. 

During the second phase, the immune response within the tumor is remodeled by a positive 

feedback loop. Tumor-infiltrating macrophages secrete interleukin 12 (IL-12) that stimulates 

NK cell-mediated production of interferon-γ (IFN-γ), which in turn activates macrophages to 
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produce more IL-12 creating a positive feedback14. At the same time, IL-12 initiates the 

differentiation of naïve CD4+ T cells into T helper cells (Th1)16, 17 which provide help to cytotoxic 

T cells18 and secrete IFN-γ19. The release of IFN-γ can trigger a range of IFN-γ-dependent 

processes, including both tumoricidal and tumorigenic effects19. As a result, a proportion of 

the malignant cells is eliminated, while simultaneously less immunogenic cancer-cell variants 

arise that avoid immune destruction. During tumor progression, genetic instability and 

heterogeneity, as well as immune selection facilitate the escape of cancer cells from the 

immune system in the third phase. Tumor cells can evade the killing by two intrinsic 

mechanisms, namely avoiding the recognition by immune cells, e.g. by downregulation of 

tumor-specific antigens, or resisting the immunological killing, e.g. by constitutive activation of 

anti-apoptotic signaling14. The active suppression of cytotoxic immune cells represents a third 

extrinsic mechanism, e.g. by induction of the expansion of suppressive immune cell types, 

such as T regulatory (Treg) cells or myeloid-derived suppressor cells (MDSC) 20, 21. 

3.1.2 The Tumor Microenvironment 

Tumors are imprinted by the immune system in which they develop. At the same time, cancer 

cells shape the so-called tumor microenvironment (TME) to become tolero- and tumorigenic. 

The tumor microenvironment (TME) is composed of diverse cell types, soluble factors, the 

extracellular matrix (ECM) and blood vessels. It constantly evolves, is remarkably adaptable 

and is thereby actively promoting tumor progression. Its components can be separated into 

cancer cells, immune cells, stromal cells and non-cellular components (Figure 2)22. The 

densely-packed TME causes low nutrient levels, high amounts of metabolic byproducts, 

diminished oxygen levels and an acidic pH level in the core of the tumor23. Additionally, a 

multitude of cytokines and growth factors, high levels of ROS and nitric oxide shape the TME23, 

24. This elicits strict regulation of intra-tumoral immune cells. 

Cancer cells recruit stromal cells, such as cancer-associated fibroblasts or endothelial cells, 

to promote angiogenesis, proliferation, invasion, and metastasis25. By remodeling the ECM, 

formation of new blood vessels and production of growth factors and cytokines, stromal cells 

provide the ‘soil’ for tumor growth26, 27. For this reason, a high tumor stroma percentage (TSP) 

has been associated with poor patient survival28. 

The interplay between immune cells and cancer cells in the TME is critical to support cancer 

cell survival. Macrophages and APCs are responsible for tumor-antigen presentation and T 

cell priming, while NK cells and CTLs eliminate malignant cells with the support of Th cells11. 

Unlike other lymphocytes, B cells only rarely infiltrate the TME and remain at the border of the 

tumor22.  
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Figure 2: The tumor microenvironment (TME). The TME is composed of diverse cell types, soluble 
factors, the extracellular matrix and blood vessels and actively supports tumor growth. The dense TME 
is characterized by nutrient, pH and oxygen gradients. The figure was created with BioRender.com. 
APCs: antigen-presenting cells; NK cells: natural killer cells; CTLs: cytotoxic lymphocytes, Th cells: T 
helper cells; Treg cells: T regulatory cells; MDSCs: myeloid-derived suppressor cells; ROS: reactive 
oxygen species. 

Besides immune cells that display or enhance cytolytic activities, Treg cells and MDSCs are 

present in the TME. MDSCs originate from the bone marrow and are able to directly interact 

with different immune cells. They are generally immuno-suppressive and produce high levels 

of reactive oxygen species (ROS) and nitric oxide20. For instance, they inhibit Th cells that are 

a source for NK- and CTL-stimulating cytokines23. Tregs are defined as a sub-population of 

CD4+ cells that is highly responsive to IL-2 and expresses the transcription factor forkhead 

box p3 (FOXP3)29. They induce immune tolerance by secretion of suppressive cytokines, such 

as transforming growth factor-β (TGF-β)30 or IL-1031, induction of apoptosis of effector cells by 

granzyme B32 and ‘reverse signaling’ via nuclear factor-κB (NF-κB)33. 

Since the TME is a miscellaneous and multifaceted interplay of different components, 

therapeutic strategies require specific and efficient targeting of key players of immune 

suppression. Tryptophan catabolism and the enzyme indoleamine 2,3-dioxygenase 1 (IDO1) 

serve as attractive targets for reverting immune tolerance. 

3.1.3 Indoleamine 2,3-dioxygenase 1 and Kynurenine Production 

L-Tryptophan (Trp) is an essential amino acid serving as a building block for the biosynthesis 

of proteins and as a precursor for bioactive molecules34. The majority of Trp is catabolized via 

the kynurenine (Kyn) pathway (Figure 3), while a small amount of Trp is metabolized by Trp 
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hydroxylases35. The first and rate-limiting step along the Kyn pathway can be catalyzed by 

three heme-containing enzymes, namely the two related indoleamine 2,3-dioxynases (IDO) 

IDO1 and IDO2 and the unrelated tryptophan 2,3-dioxygenase (TDO)36. Whereas TDO and 

IDO2 expression is mainly limited to the liver, the kidney and APCs, IDO1 is widely expressed 

throughout the body with high prevalence in immune-privileged tissues36. Expression of the 

IDO1 gene is upregulated by IFN-γ, lipopolysaccharides (LPS), prostaglandin E2 (PGE-2), 

tumor necrosis factor-α (TNF-α), TGF-β and NF-κB. In contrast, IDO1 expression is 

downregulated by IL-4, nitric oxide, IL-6 and the tumor suppressor gene BIN137-40. 

 

Figure 3: The Kyn pathway. KYNU: kynureninase; KAT: Kyn aminotransferase; KMO: Kyn 3-
monooxygenase. 

The Kyn pathway is initiated by the oxidation of Trp to N-formyl-Kyn by IDO1, IDO2 or TDO, 

which is then rapidly hydrolyzed into Kyn by Kyn formamidase. Kyn can be converted into 

anthranilic acid, kynurenic acid or 3-hydroxykynurenine by kynureninase (KYNU), Kyn 

aminotransferase or kynurenine 3-monooxygenase, respectively. KYNU can also act on 3-
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hydroxykynurenine to form 3-hydroxyanthranilic acid, which is a precursor for the biosynthesis 

of nicotinamide adenine dinucleotide41. Several diseases are connected to the dysregulation 

of the Kyn pathway and its catabolites, including neurological disorders42, autoimmune 

conditions43, 44 and tumorigenesis45.  

In 1998, David Munn and Andrew Mellor first suggested that IDO1 expression might lead to 

immune suppression. They proposed that deprivation of the essential amino acid Trp induces 

T cell anergy and mitotic arrest46. Later it was discovered that this process is mediated by 

elevated levels of uncharged tRNAs, which in turn activate the stress-response general control 

nonderepressible 2 (GCN2) kinase pathway47. Furthermore, GCN2 activation contributes to 

the differentiation of naïve CD4+ T cells into Tregs48. However, it is not only the starvation of 

Trp that induces immune tolerance. Additionally, the production of Kyn and downstream 

metabolites suppresses the immune system. Kyn inhibits the IL-2-induced proliferation and 

cytolytic activity of NK cells49 and also promotes the IL-6-induced generation of MDSCs50. 

Moreover, kynurenines act as endogenous agonists of the aryl hydrocarbon receptor (AhR) 

which is a transcriptional regulator of different cellular processes, including immune 

response43. AhR activation induces T reg differentiation51 and also generation of tolerogenic 

IDO+ dendritic cells (DCs)52. Taken together, this leads to IDO1-dependent tolerogenesis in 

the TME by a Kyn- and IFN-γ-based positive feedback loop. 

The phenomon of some proteins having multiple roles within an organism is called 

‘moonlighting’53, 54. Moonlighting proteins include mainly enzymes that perform a secondary 

function different from catalysis, e.g. transcriptional regulation or conformational folding as a 

molecular chaperone54. IDO1 as a moonlighting protein has additional signaling functions in 

DCs independent of IFN-γ and its catalytic activity (Figure 4)55. Stimulation with TGF-β induces 

phosphorylation of two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) T111 and in 

the small, non-catalytic domain of IDO1 by Src family kinases. The phosphorylated ITIMs 

serve as anchors for different Src homology region 2 (SH2) domain-containing proteins56. 

Phosphorylated ITIM1 recruits SH2 domain-containing phosphatases 1 and 2 (SHP1 and 

SHP2) that activate non-canonical NF-κB signaling, resulting in sustained IDO1 and TGFB1 

gene expression and induction of long-term tolerance38, 56. In the presence of the pro-

inflammatory IL-6, the expression of suppressor of cytokine signaling 3 (SOCS3) is 

upregulated which can directly bind to phosphorylated ITIM2 of IDO1 and thereby mark the 

IDO1-SOCS3 complex for ubiquitination via the Elongin-Cullin-SOCS (ECS) E3 ligase 

complex and subsequent canonical proteasomal degradation38-40. Thus, the two ITIMs in IDO1 

have distinct roles, contributing either to tolerance or immunity. 
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Figure 4: The moonlighting protein IDO1. Depending on the TME, IDO1 can take on different roles in 
DCs. IFN-γ stimulation triggers JAK/STAT signaling, promoting IDO1 expression and catalytic activity. 
Additionally, TGF-β mediates the phosphorylation of two immunoreceptor tyrosine-based inhibitory 
motifs (ITIMs) in IDO1. ITIM1 recruits Src homology region 2 domain-containing phosphatases (SHPs) 
to activate IDO1 and TGFB1 gene expression. In contrast, IL-6 induces upregulation of suppressor of 
cytokine signaling 3 (SOCS3) which can bind to phosphorylated ITIM2. The IDO1-SOCS3 complex is 
then ubiquitinated and degraded by the proteasome. The figure was created with BioRender.com. JAK: 
janus kinase; STAT: signal transducers and activators of transcription; Ub: ubiquitin. 

Besides the phosphorylation of the two ITIMs, IDO1 features an N-terminal alanine acetylation 

and three tyrosine nitrations as posttranslational modifications (PTM)57. As for the majority of 

eukaryotic proteins, the N-terminal methionine is cleaved from the nascent amino acid chain 

by methionine aminopeptidases and an acetyl group is transferred to the following alanine 

residue from acetyl-coenzyme A by N-terminal acetyltransferases. This process most likely 

happens co-translationally for 80-90% of all cytosolic proteins58. Depending on the cellular 

context, this widespread modification has an influence on the half-life, folding, interaction and 

localization of the mature protein59. The exact role of the N-terminal acetylation (Ac/N) of IDO1 

remains unknown, but the perhaps most discussed hypothesis is the function of Ac/Ns as 

degrons according to the Ac/N-end rule60. Misfolding or unshielding due to disrupted 

interactions exposes the Ac/N-degron to the solvent and makes it accessible for Ac/N-specific 

E3 ligases. By ubiquitination, the protein is marked for proteasomal degration. In this way, the 

protein quality and stoichiometric protein levels are regulated59, 60. 
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Nitration of residues Tyr15, Tyr345 and Tyr353 reduces IDO1 catalytic activity57. Activated 

macrophages release nitric oxide and superoxide in response to pathogens or cancer cells, 

which leads to the rapid formation of peroxynitrite and subsequent nitration of solvent-exposed 

tyrosines61, 62. Compared to tyrosine, 3-nitrotyrosine has a lower pKa of the hydroxyl group, is 

larger and more hydrophobic63, 64. This PTM alters the electronic and steric properties of 

tyrosine residues, may resulting in conformational and functional perturbations63. 

3.2 Cancer Immunotherapy 

In the year 1868, the surgeon Wilhelm Busch first reported the regression of a tumor in one of 

his patients after infection with Streptococcus bacteria65. 23 years later, the surgical oncologist 

William Coley developed the first prototypical anti-cancer vaccine called ‘Coley’s toxin’ for 

inoperable tumors: He cured around 1,000 patients by injection of heat-inactivated S. 

pyogenes and Serratia marcescens (at that time termed Bacillus prodigiosus) into tumors66, 67. 

Over the next century, the foundation of modern immuno-oncology was laid: Burnet proposed 

the immune surveillance theory8, Jerne, Edelman and Porter contributed to the understanding 

of antibodies68-71, Köhler and Milstein invented the hybridoma technology72 and many more 

pivotal discoveries were made in the field73. Finally, in 1986, IFN-α2 was the first cancer 

immunotherapy to be approved by the US Food and Drug Administration (FDA) for the 

treatment of hairy cell leukemia74. 

Today’s immunotherapies can generally be divided into passive and active strategies based 

on their ability to engage the patient’s immune system. Passive immunotherapies include 

tumor-targeting monoclonal antibodies (mAbs), oncolytic viruses and cell-based therapies, 

while active approaches comprise stimulatory cytokines, cancer vaccines, immune checkpoint 

inhibitors and small molecules75. Among these strategies, especially chimeric antigen receptor 

(CAR) T cell therapies as cell-based approach and immune checkpoint blockade are 

considered as breakthroughs76, 77. 

The CAR T cell approach uses genetically engineered T cells of patients or donors to express 

CARs against tumor-specific antigens. The resulting CAR T cells are then transferred back 

into the patient, where they eliminate malignant cells. Limitations for this strategy are the high 

tumor (antigen) heterogeneity, the suppressive TME and successful trafficking to the tumor78. 

Furthermore, there are frequently occurring severe side effects, such as the cytokine release 

syndrome (CRS, often used interchangeably with cytokine storm) where large amounts of 

leukocytes get activated and release cytokines79. 

To prevent auto-immunity, cells within an organism express co-receptors called immune 

checkpoints on their surface. When immune cells bind to these receptors, they recognize the 

presenting cell as ‘self’ and do not elicit immune response80. Thereby, immune checkpoints 
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act as gatekeepers for the activation of CTLs. Cancer cells can overexpress inhibitory ligands 

for checkpoints to avoid elimination. Hence, blockade of either the immune checkpoint 

receptors on the immune cells or the upregulated ligands on the cancer cells can restore anti-

cancer immunity81. The two most intensively studied checkpoints in relation to cancer are CTL-

associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1). With ipilimumab 

against CTLA-482 and pembrolizumab against PD-183, the first checkpoint-targeting antibodies 

were approved by the FDA in 2011 and 2014, respectively. Despite the broad efficacy of 

checkpoint blockade, this approach encounters similar challenges as CAR T cell therapies. 

Additionally, acquired resistance to immunotherapy is a phenomenon commonly observed in 

immune checkpoint inhibition84. 

While small molecules serve as cutting-edge therapy for targeted cancer treatments, they are 

underrepresented in immuno-oncology85. Yet they offer several advantages compared to 

biologics: Small molecules can potentially be administered orally, target intracellular 

components and easily traffic to the TME86. 

3.2.1 Small Molecule Inhibitors of IDO1 and Kyn Production 

In 2018, IDO1 has emerged as the eighth-most prominent target in immuno-oncology 

alongside 416 other targets85 and its well established enzymology facilitates the development 

of selective inhibitors. Currently, there are eighteen active trials involving the two small 

molecule IDO1 inhibitors epacadostat87 and BMS-98620588 (Figure 5) as well as the dual 

IDO1/TDO inhibitor SHR914689 and the T-win® vaccine IO102-IO103 against IDO1 and PD-

L1 in the clinical trials database90. Furthermore, there are completed studies for indoximod91, 

navoximod92, NLG80293, PF0684000394, LY338191695, M411296 and KHK245597 (Figure 5). 

 

Figure 5: Structures of IDO1 and Kyn pathway inhibitors in clinical trials. The structures of SHR9146, 
M4112 and KHK2455 are not disclosed to public. 

Crystal structure analyses and biochemical assays provide valuable insights into the 

molecular mechanisms of IDO1 inhibitors. Röhrig et al.98 utilized this data to define five 
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inhibitor types of IDO1: Type I inhibitors bind to oxygen-bound holo-IDO1 in a Trp-competitive 

manner, type II competes with oxygen for free ferrous holo-IDO1, type III targets free ferric 

holo-IDO1, type IV binds to apo-IDO1 and type X inhibitors act as redox-cyclers and do not 

target IDO1 directly. Recent molecular docking and mutagenesis studies revealed that there 

might be an additional allosteric inhibitory site in the large, catalytic domain of IDO199. 

Additionally, a first IDO1 proteolysis-targeting chimera (PROTAC) has been developed by 

linking epacadostat to pomalidomide as ligand of the E3 ligase cereblon100. Nevertheless, not 

only inhibitors targeting IDO1 directly are of interest, but also dual inhibitors, such as 

navoximod, or small molecules inhibiting other proteins within the Kyn pathway, e.g. indoximod 

and its prodrug NLG802 (Figure 6). 

 

Figure 6: Targets of the IDO1 and Kyn pathway inhibitors in clinical trials. BMS-986205, KHK2455 and 
LY3381916 target apo-IDO1. Epacadostat and PF06840003 inhibit holo-IDO1, with additional weak 
inhibition of TDO. Navoximod, M4112 and SHR9146 act as dual inhibitors for IDO1 and TDO. Indoximod 
and its prodrug NLG802 weakly reduce IDO2 activity, but more importantly act directly on the Kyn 
pathway by blocking of Trp deprivation-induced downregulation of mTORC1 (mammalian target of 
rapamycin complex 1) and inhibition of Kyn-mediated activation of AhR. The figure was created with 
BioRender.com. 

Preclinical studies have demonstrated that patients benefit from multi-therapy approaches 

over single-agent treatments. Especially combination of immune checkpoint blockade and 

IDO1 inhibition emerged as a promising strategy101. Thus, Incyte launched several phase III 

trials investigating its IDO1 inhibitor epacadostat in combination with pembrolizumab or 

chemotherapy. However, the failure of the ECHO1/KN-252 trial dampened the enthusiasm of 

the community. The study indicated that combination of epacadostat and pembrolizumab did 

not improve the progression-free survival of patients with advanced melanoma compared to 

administration of pembrolizumab alone102. The negative outcome resulted in the halt of other 

ongoing trials involving IDO1 inhibitors. Potential reasons for failure include that the patients 

were not specifically selected for constitutive IDO1 expression in the tumor, compensatory 
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expression of TDO and IDO2 or activation of AhR by epacadostat102-104. The clinical failure of 

epacadostat demonstrated that targeting IDO1 directly might not be sufficient to revert immune 

suppression within the complex TME. Instead, it is vital to study the whole Kyn pathway with 

its numerous pathway members, regulators and interactors as potential targets. Altered 

protein or metabolite levels, modulated posttranslational modifications or reshaped interaction 

networks potentially reduce Kyn production. Additionally, the complex interplay of immune 

cells has to be considered. Thus, the development of alternative approaches to decrease Kyn 

levels by not targeting IDO1 directly are crucial to overcome immune tolerance.  

Taken together, IDO1 and Kyn pathway inhibition remain relevant and appealing targets in 

immuno-oncology. The broad understanding of the molecular mechanisms facilitates the 

discovery of potent inhibitors, as well as the design of adequate research. 

3.3 Identification of Bioactive Small Molecules 

Chemical biology is a highly interdisciplinary and growing field. It applies a chemist’s toolbox 

to answer fundamental biological questions. The value of this discipline has been widely 

acknowledged, as can be seen from the fact that many Nobel prizes in recent years have been 

awarded to perfect examples of chemical biology innovations105, For instance, Jennifer A. 

Doudna and Emmanuelle Charpentier have been awarded with the Nobel prize in Chemistry 

2020 for the discovery of the CRISPR/Cas9 technology106 and Carolyn R. Bertozzi, Morten 

Meldal and K. Barry Sharpless received the Nobel prize in Chemistry 2022 for the 

development of click chemistry and bioorthogonal chemistry107. 

The generation of bioactive small molecules for disease-relevant targets is at the heart of 

chemical biology. Perturbation of biological systems with small molecules has several 

advantages compared to genetic interventions. Chemical compounds represent rapidly acting 

molecular entities that can (reversibly) modulate one function of a (multi-) functional protein in 

a dose-dependent manner. On top of that, they have the potential to disrupt protein-protein 

interactions (PPIs)108. Nevertheless, chemical genetics require bioavailable and selective 

small molecules109. Hence, compounds have to be carefully designed, e.g. with the help of 

structural biology methods or according to certain criteria. 90% of all orally available 

compounds in phase II or late-stage clinical trials follow the Lipinski’s ‘rule of 5’110, 111. These 

parameters outline favorable physicochemical properties for drug-like molecules, namely a 

molecular weight less than 500 Da, an octanol-water partition coefficient logP of less than 5, 

less than five hydrogen-bond donors and less than ten hydrogen-bond acceptors. Over the 

past years, natural products (NPs) have made major contributions to drug discovery112. 

However, NPs are often large and highly steric molecules that are difficult to access 

synthetically. Moreover, NPs or NP-derived compounds only modulate a certain set of their 

initial biological targets. More easily accessible, structurally diverse small molecule libraries 
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provide flexibility for the discovery of novel, maybe even so far undruggable targets113. 

Therefore, methods to overcome these limitation have been developed, such as diversity-

oriented synthesis (DOS)114 or biology-oriented synthesis (BIOS)115. Nonetheless, these 

strategies are NP-guided and thus, resulting molecules are limited in chemical space. To 

address this challenge, the pseudo-NP (PNP) approach combines NP-derived fragments in 

unprecedented ways not found in nature. Thereby, the resulting compounds inherit bioactivity 

and cover the chemical space in between approved drugs and NPs116, 117. Applying this 

synthesis strategy, small-molecule libraries for biological testing can be generated. 

3.3.1 Screening Approaches and Target Identification 

Multiple methododologies have been devised to discover bioactive small molecules. 

Traditional strategies include genetic, target-based and phenotypic screenings118. 

Additionally, computational approaches and target-fishing tools have gained influence over 

the years, as they became more advanced and are often more cost-efficient than wet-lab 

experiments119. 

Between 1999 and 2008, 50 first-in-class small molecules were approved by the FDA, therof 

28 compounds were discovered via phenotypic screenings, while only 17 molecules originated 

from target-centric approaches120. In forward chemical genetics, research begins with 

screening of compound libraries for induction of a phenotypic or physiological change. With 

the active small molecule in hand, the protein target can be elucidated. Reverse chemical 

genetics represents the opposite approach, starting from a target protein-of-interest for which 

binders or modulators are identified in biophysical or biochemical assays. The active 

compounds are then tested for alterations in physiology (Figure 7)118. For target-based 

methods, the protein target must be carefully selected and relevant to the corresponding 

disease phenotype, whereas for phenotype-based experiments, a robust screening 

representing the disease phenotype must be designed. Therefore, the phenotypic ‘rule of 3’ 

has been established, namely utilizing a disease-relevant system, employing a physiological 

stimulus and a downstream readout close to the clinical end point121. 
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Figure 7: Principles of chemical genetics: forward versus reverse chemical genetics. The figure was 
created with BioRender.com. 

In contrast to reverse chemical genetics, where the protein target is known at the earliest 

stage, the molecular target for the phenotypic change has to be determined in forward 

chemical genetics. This often proves to be challenging, but understanding the molecular mode 

of action (MMOA) is essential for clinical translation and safe administration120. However, there 

is no ‘one-size-fits-all’ strategy for target identification (targetID, Figure 8), since MMOAs are 

highly miscellaneous and small molecules cannot only modulate proteins, but also 

carbohydrates, nucleic acids and lipids122. Traditionally, the ‘one drug, one target’ paradigm 

dominated the pharmaceutical industry123. As of now, it is widely accepted that diseases are 

often multi-factorial conditions and thus, the concepts of polypharmacology and drug 

repurposing have emerged124, 125. Polypharmacologic agents modulate more than one target, 

but at the same time do not act promiscuously to induce adverse effects126. Many renowned 

drugs fall under these categories, such as aspirin, sildenafil or imatinib125, 127. Hence, today’s 

drug discovery not only considers the disease-relevant ‘on-target’, but also characterizes ‘off-

targets’. Additionally, multi-targeting ligands are developed by rational target selection and 

combination of different pharmacophores128. 
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Figure 8: Identification of protein targets of small molecules. The figure was created with 
BioRender.com. 

In silico profiling has emerged as powerful tool to computationally identify targets of small 

molecules beyond wet lab approaches. Common technologies include molecular similarity, 

machine learning, protein-structure-based dockings and comparison of bioactivity profiles129. 

As of today, there are numerous web-based target prediction tools readily available. Since 

chemoinformatic techniques are less time- and resource-consuming than experiments, they 

are frequently used to narrow down and expedite drug discovery projects130. Especially with 

the recent improvements in artificial intelligence, computational profiling is becoming 

increasingly valuable for targetID. Experimental data can be used to train and validate 

algorithms, serve as models for molecular dynamics or docking and even provide information 

on the MMOA of a small molecule129. 

CRISPR-Cas9 screens aim to identify the relationship of a gene knockout and a phenotypic 

alteration129. SgRNA libraries are used to target coding regions of genes and create loss-of-

function mutations and complete protein depletion131. In genome-wide or targeted CRISPR 

screens, a small molecule’s target can be identified by positive selection mediated by 

disruption of the target gene and thereby, resistance to compound treatment132. However, in 

some cases genetic alterations do not always translate into chemical pertubations. Particularly 

in proteins with multiple functions only one of them might be inhibited by small molecule 

treatment, while the other functions are not affected. Vice versa, gene editing might not reliably 

discover the target(s) of multi-target drugs129. 

Mass spectrometry-based omics technologies have proven to be a powerful tool to analyze 

biological systems on the gene, transcript, protein, metabolite and lipid level133. Especially 

proteomics gave rise to unprecedented abilities for targetID, since in 2017 856 out of 893 
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targets of FDA-approved drugs were proteins, with many of them being classified as G protein-

coupled receptors, ion channels, kinases, transporters or enzymes134. Proteomics can be 

utilized to study the influence of a compound on protein abundance, modification, localization 

and interaction. Furthermore, it can give insights into small molecule-target interactions by 

means of affinity, activity, stability and folding135. Some of these methods involve application 

of chemical probes, such as affinity-based chemoproteomics or photoaffinity labelling. The 

generation of these functionalized, compound-specific small molecules can be challenging, as 

they often loose affinity to its target compared to the parental compound135. Therefore, 

techniques without any labelling or probes have been developed, such as thermal proteome 

profiling (TPP)136. TPP represents an advanced proteome-wide version of the cellular thermal 

shift assay (CETSA)137 that profiles small molecule-induced alterations in the thermal stability 

of proteins. In conclusion, technological progress enables high-sensitivity and high-throughput 

proteome profiling and investigation of single cells and heterogenous disease-phenotypes. 

Omics methods will become even more effective in the future with the recent advances in 

computational processing and artificial intelligence. 

Profiling by comparison of experimental data to a reference data set represents a 

complementary approach to discover bioactive small molecules by serendipity. Morphological 

profiling in particular has become increasingly relevant in recent years. In contrast to 

phenotypic screenings, morphological profiling allows for a broader identification of 

physiological changes not associated with only one particular disease-phenotype138. The cell 

painting assay (CPA)139, 140 is a widely applicable technology that employs six dyes to stain 

different cellular compartments. By high-content microscopy and automated-image analysis, 

1,716 morphological features can be extracted and used to generate morphological profiles 

or so-called fingerprints141, 142. Clustering of CPA fingerprints and comparison to profiles of 

annotated drugs can provide meaningful target hypotheses122, 143-149. However, many 

important disease-related cellular processes require a specific stimulus and not all small 

molecule-dependent perturbations induce a significant morphological change. 

Following targetID, the target candidate has to be validated in a disease-related context and 

optimally, the underlying MMOA is subsequently elucidated. 

3.3.2 Small Molecule Target Validation 

Small molecules often modulate more than one molecular entity. Therefore, it is pivotal to 

prove that the potential target is associated with alterations in the disease phenotype. Widely 

used strategies for target validation include genetic methods, such as RNA interference, 

knockdown and overexpression of certain genes150, 151 (Figure 9). 
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Figure 9: Validation of protein targets of small molecules. The figure was created with BioRender.com. 

Depletion of a gene or partial downregulation of gene-specific protein expression often 

phenocopies pharmacological inhibition150, whereas overexpression of a small molecule target 

increases resistance151. A disadvantage of genetic approaches is that many genes produce 

more than one protein isoform that can have distinct functions or localizations. Additionally, 

small molecule perturbations can induce alterations in post-translational modification that 

mediate the observed effect152. 

Chemical validation employs annotated reference compounds that are known to modulate the 

target candidate153. If they have the same physiological effect as the substance under 

investigation, the probability that they have the same target is high. Ideally, the known 

modulators are highly selective and provide distinct pharmacophores compared to the studied 

small molecule. In contrast to genetic approaches, chemical validation also includes non-

protein targets. However, a disadvantage of this strategy is the heterogeneity between various 

modulators of one target and the uncertainty whether the observed effects are ‘on-target’ or 

‘off-target’153. 

Another powerful method for target validation are in vivo studies. Animal models that resemble 

the disease phenotype can give rise to highly significant answers to the underlying biological 

question. Additionally, animal models provide information about pharmacokinetics, -dynamics 

and toxicity of the investigated small molecules154. Nevertheless, in vivo validation is generally 

more time-consuming, costly and not always translatable to humans152. 

Taken together, the identification of bioactive small molecules, downstream elucidation of the 

physiological target and MMOA analysis are at heart of chemical biology. It represents an 

interdisciplinary research field, in which chemists explore biologically relevant chemical 

spaces and biologists use the chemical toolbox to address disease-related problems. 
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4 Aim of the Thesis 

Immunotherapy is considered a major breakthrough in the treatment of cancer patients. 

Generally, immunotherapies are well tolerated compared to traditional chemotherapies. For 

passive strategies, immune molecules are administered to the patient, whereas for active 

strategies, the patient’s immune system is stimulated to induce a response. With the first 

immunotherapy approved in 1986, diverse approaches have emerged. However, small 

molecules are heavily underrepresented in the field of immuno-oncology. 

Hence, the aim of this thesis was to discover small molecule modulators of the kynurenine 

pathway. Therefore, a cell-based screening was employed that monitors kynurenine 

production in cancer cells upon stimulation with the cytokine IFN-γ. The kynurenine pathway 

and its key player indoleamine 2,3-dioxygenase 1 induce immune tolerance in the tumor 

microenvironment, thereby actively suppressing immune cells and promoting tumor 

progression. By inhibition of the kynurenine pathway, immune suppression can be reverted 

and the immune system is enhanced to successfully eliminate malignant cells. 

Among several others, the screening assay identified two chemically distinct small molecules 

that potently reduce cellular kynurenine levels. The structure-activity relationship of these two 

hit compounds should be explored and the most potent derivatives should be characterized 

with regard to their molecular mode of action. 

These discoveries might give rise to novel insights into the kynurenine pathway and its 

interaction with other cancer-related pathways. Furthermore, these findings may contribute to 

better understanding of the tumor microenvironment and open up new opportunities for 

cancer-targeting therapies. 
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5 Results 

In order to identify modulators of the Kyn pathway upon stimulation with IFN-γ, 157,332 

compounds were screened by the Compound Management and Screening Center (COMAS) 

in an automated cell-based assay (Figure 10)155. The screening library consisted of 10% in-

house synthesized substances and of 90% commercially available compounds and compound 

libraries. 0.62% of all compounds reduced cellular Kyn levels by 50% at a concentration of 

7.1 µM without affecting the cell viability (25% threshold) or being pan-assay interference 

(PAINS) compounds156-160. Hit compounds that reduced Kyn levels by more than 70% were 

subjected to dose-response measurements to determine half-maximal inhibitory 

concentrations (IC50). 

 

Figure 10: Schematic representation of the automated Kyn screening assay in BxPC-3 cells upon 
treatment with IFN-γ, Trp and compounds for 48 h and detection of Kyn levels with a fluorescence-
based sensor. Treatment of the cells with IFN-γ induces a JAK/STAT signaling cascade, leading to the 
expression of IDO1. The holo-IDO1 protein converts the supplemented Trp to N-formyl-Kyn which is 
rapidly hydrolyzed to Kyn under acidic conditions prior to quantification of Kyn levels with the fluorescent 
Kyn sensor161. Figure was created with BioRender.com. ex: excitation; em: emission. 

For the screening assay, the human pancreatic cancer cell line BxPC-3 was selected. As for 

most of the human cell lines, BxPC-3 cells do not express IDO1, but its expression is highly 

inducible by the cytokine IFN-γ162. Treatment of the cells with IFN-γ and additional Trp over 

48 h leads to the expression of IDO1 via JAK/STAT signaling and the production of Kyn, which 

can be detected by a fluorescent coumarin-based sensor (Kyn sensor)161. Simultaneous 

addition of inhibiting small molecules dose-dependently reduces Kyn levels by various 

mechanisms. With this assay in hand, two compound classes, namely the indole-
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tetrahydropyridine (THP) PNPs apoxidoles and the N-substituted indoles epoxykynins, were 

identified to potently reduce cellular Kyn levels (Figure 11). The hit molecules were further 

optimized by means of a structure-activity relationship (SAR) and characterized by in-depth 

biological analysis. 

 

Figure 11: Chemical structures of the hit compounds of the indole-tetrahydropyridine apoxidoles and 
N-substituted indoles epoxykynins. The IC50 values, inhibition levels (mean ± SD, n≥4) and cell counts 
(mean ± SD, n≥1) were obtained from the initial screening by COMAS. 

The compounds can inhibit cellular Kyn levels via different mechanisms (Figure 12). Small 

molecules can interefere with the stimulus, e.g. blocking the activation of the (IFN-γ) receptor, 

or alter IDO1 gene expression or IDO1 protein expression on both transcriptional or 

translational levels. After protein expression, IDO1 might be maintained in the catalytically  

 

Figure 12: Inhibition of the Kyn pathway. AhR: aryl hydrocarbon receptor; BIN1: bridging integrator 1; 
COX2: cyclooxygenase 2; IL-4: interleukin-4; LPS: lipopolysaccharides; NF-κB: nuclear factor-κB; PGE-
2: prostaglandin E2; TGF-β: transforming growth factor-β; TNF-α: tumor necrosis factor-α; Ub: ubiquitin. 
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inactive apo-form upon compound treatment. Addtionally, the catalytic activity of holo-IDO1 

might be impaired by direct inhibition, redox cycling compounds or limited availability of Trp. 

Compound-induced PTMs might as well inactivate IDO1 or accelerate the turnover of IDO1. 

Lastly, Kyn levels might be reduced by increased consumption of Kyn by downstream 

catabolism. 

The inhibition mechanisms described above are the obvious mechanisms connected to the 

Kyn pathway. It is highly likely that there are additional ways to reduce cellular Kyn levels 

beyond these, e.g. through modulation of previously unknown Kyn pathway proteins. In 

contrast to target-based approaches, a cell-based assay may reveal these unknown inhibitory 

mechanisms and help to uncover novel MMOAs. 

5.1 Apoxidoles as Novel Type IV IDO1 Inhibitors 

5.1.1 Confirmation of Reduced Cellular Kyn Levels 

Hit compound (S,R)-1b reduced cellular Kyn levels in BxPC-3 cells in the automated HTS Kyn 

assay with an IC50 of 616 ± 294 nM (Figure 11). To exclude a false-positive hit, the Kyn 

reduction was tested manually in HeLa and BxPC-3 cells with the Ehrlich reagent (2% p-

dimethylaminobenzaldehyde (p-DMAB) in glacial acetic acid) and HPLC-ESI-MS/MS as 

orthogonal readouts (Figure 13). 

 

Figure 13: Influence of hit compound (S,R)-1b on cellular Kyn levels. A-B) Determination of Kyn levels 
in HeLa (A) and BxPC-3 cells (B) upon treatment with IFN-γ, Trp and (S,R)-1b for 48 h and detection 
of Kyn levels using para-dimethylaminobenzaldehyde (p-DMAB) (mean ± SD, n=3). C) Determination 
of Trp and Kyn levels in BxPC-3 cells upon treatment with IFN-γ, Trp and (S,R)-1b for 48 h and 
quantification of Trp and Kyn levels with HPLC-ESI-MS/MS (mean ± SD, n≥3). 

(S,R)-1b dose-dependently decreased Kyn levels in HeLa and BxPC-3 cells with IC50 values 

of 492.1 ± 97.3 nM and 2.4 ± 0.6 µM, respectively (Figure 13A-B). Furthermore, HPLC-ESI-

MS/MS was used as an orthogonal readout to quantify the levels of Kyn and Trp upon 

compound treatment. (S,R)-1b dose-dependently reduced Kyn levels, while in parallel the 

level of Trp increased (Figure 13C). This result confirmed that (S,R)-1b inhibited the 

conversion of Trp to Kyn and with that validated (S,R)-1b as true positive hit from the Kyn 

screen. 
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5.1.1.1 Comparison to Centrocountins 

The synthesis of apoxidoles was inspired by the tetrahydroindoloquinolizine centrocountins 

(Figure 14A). The most potent derivative centrocountin-1 is a strong inhibitor of mitosis (Figure 

14B). By targeting centrosomal proteins nucleophosmine and Exportin 1, centrocountin-1 

induces mitotic delays, which can already be detected at concentrations of 1.5 µM163. 

PNPs are derived from NP fragments and may induce different phenotypic changes than the 

guiding scaffolds164. Since aberrant mitosis might contribute to cellular Kyn reduction, the 

influence of hit compound (S,R)-1b on microtubules was investigated (Figure 14C). Compared 

to the DMSO control, nocodazole165-treated HeLa cells displayed defects in the tubulin 

polymerization. In contrast, compound (S,R)-1b had no effect on microtubule architecture or 

assembly. Hence, apoxidoles, unlike centrocountins, do not impair mitosis. 

 

Figure 14: Influence of hit compound (S,R)-1b on mitosis. A) Structure of centrocountin-1 and B) 
influence on mitosis. HeLa cells were treated with 25 µM centrocountin-1 for 18 h prior to staining for 
tubulin (green) and DNA (blue). Images are reprinted from Dückert et al. ‘Natural product–inspired 
cascade synthesis yields modulators of centrosome integrity‘163. C) HeLa cells were treated with 1 µM 
nocodazole or 10 µM compound (S,R)-1b for 24 h prior to staining for tubulin (green) and nuclei (blue). 
Images were acquired with the Zeiss Observer Z1 microscope under 63X magnification. Representative 
images are shown (n=2). 

5.1.1.2 Structure-Activity Relationship of Apoxidoles 

Twenty-two chemically diverse derivatives were synthesized by Dr. Caitlin Davies (Max Planck 

Insitute of Molecular Physiology, Department of Chemical Biology) and tested manually for 

their reduction of cellular Kyn levels in HeLa cells (Table 1) to explore the SAR of the 

apoxidoles. 
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Table 1: Structure-activity relationship of the PNP apoxidole compound class (mean ± SD, n=3). 

 

[a] Acquired using (S,S)-Et-BPE, [b] Purified on chiral preparative HPLC, IC column, 
DCM:EtOH(100:2)/iso-hexane = 30/70, flow rate = 3 mL min-1. [c] Enantiomer purified using 
DCM:MeOH(100:5)/iso-hexane = 30/70. [d] IC50 value obtained from the automated Kyn Assay. 

Interestingly, the enantioenriched analogue derived from the (S,S) phosphine catalyst, namely 

(R,S)-1b, was substantially less active than the hit compound (S,R)-1b (Table 1, entries 2-3) 

with an IC50 of 2.44 ± 0.56 µM. This observed trend was consistent for all (R,S) enantiomers 

when compared to its (S,R) enantiomers (Figure 16 and Table 1, compare entries 2 and 3, 5 
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and 6, 15 and 16, 19 and 20). Compounds lacking the methyl ester at R1 are generally less 

active than compounds with the stereogenic center in this position (Table 1, entries 2 and 4, 

12 and 14, 23 and 24, 25 and 27). For modifications on the sulfonyl group in R2 position, 

hydrophobic moieties like methyl, phenyl or tolyl provided sub-micromolar activities (Table 1, 

entries 5-9). Electron-withdrawing substituents or substituents in ortho or meta position on the 

phenyl ring decreased the potency (Table 1, entries 1-4, 10-11, 13). The combination of tert-

butyl and ethyl ester in R3 and R4 position generally increased the activity, while compounds 

with larger esters are less potent (Table 1 ,entries 15-22). Ultimately, enantiopure (S,R)-1d 

(Figure 16 and Table 1, entry 25) with methyl, tert-butyl and ethyl esters in R1, R3 and R4 

position, respectively, and a tosyl substituent on the nitrogen of the THP was the most active 

derivative with an IC50 value of 46.7 ± 2.4 nM. This analogue was termed apoxidole-1 and was 

selected for in-depth biological characterization. 

5.1.1.3 Stability of the Ester Groups 

Apoxidole-1 contains three ester groups which might be hydrolyzed by esterases in the cell 

culture growth medium or cellular environment166, 167. Thus, the stability of the esters was 

evaluated by incubation of apoxidole-1 in serum for up to 48 h (Figure 15). The reference 

spectrum of apoxidole-1 in dichloromethane (DCM, Figure 15A) showed a peak at a mass-to-

charge ratio m/z of 596.89, which corresponds to the molecular weight of apoxidole-1 of 

596.22 g/mol. The spectra for the initial time point displayed a peak at the same m/z ratio 

(Figure 15B), confirming that apoxidole-1 was successfully extracted from the serum. The 

obtained results for incubation of up to 48 h (Figure 15C-F) indicate that all esters in apoxidole-

1 are stable in serum. 



 Results 

26 
 

 



 Results 

27 
 

 



 Results 

28 
 

 

Figure 15: Stability of apoxidole-1 in serum. A) Reference HPLC-ESI-MS spectra of apoxidole-1 in 
DCM. B)-F) 400 µM Apoxidole-1 was incubated in fetal bovine serum (FBS) for up to 48 h at 37°C prior 
to extraction of the compound with DCM. The organic phase was dried and filtered, then subjected to 
HPLC-ESI-MS analysis. 

In the following, the initial hit compound (S,R)-1b and apoxidole-1 (S,R)-1d were characterized 

in various biochemical and cellular assays. The aim was to elucidate the molecular mechanism 

leading to reduced cellular Kyn levels. Therefore, it was analyzed if the compounds interfere 
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with the induction of IDO1 expression, directly engage and inhibit IDO1 and if the MMOA is 

selective for IDO1 over TDO and IDO2. 

 

 
Figure 16: Influence of the PNPs apoxidole-1 and its (R,S) enantiomer on Kyn levels. A-B) Structures 
and IC50 valuesin the Kyn assay in different cell lines for (S,R)-1d (apoxidole-1) and (R,S)-1d 
(mean ± SD, n = 3). C-D) Determination of Kyn levels in HeLa, BxPC-3 and SKOV-3 cells upon 
treatment with IFN-γ, Trp and C) (S,R)-1d or D) (R,S)-1d for 48 h and detection of Kyn using p-DMAB 
(mean ± SD, n≥3). 

5.1.2 Influence on IDO1 Expression 

The Kyn pathway is initiated by binding of IFN-γ to its receptor, which provokes JAK/STAT 

signaling and leads to IDO1 gene expression. By interfering with one of these processes, IDO1 

expression is reduced, which in turn decreases cellular Kyn levels. Thus, the influence of 

apoxidoles on the IFN-γ stimulus and the IDO1 promoter (Figure 17) as well as IDO1 protein 

expression (Figure 18) was investigated to analyze if the reduced Kyn production is based on 

decreased IDO1 levels. 
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Figure 17: Influence of apoxidoles on IDO1 expression. A) Reporter gene assay (RGA) in HEK293T 
cells expressing firefly luciferase (Fluc) under the control of the IDO1 promoter and constitutive Renilla 
luciferase (Rluc) expression. Expression of Fluc was monitored by measuring luminescence upon 
addition of IFN-γ with simultaneous treatment with apoxidole-1 for 48 h (mean ± SD, n=3). B) Kyn assay 
in HEK293T cells transiently expressing human IDO1 under the control of a CMV promoter. Cells were 
treated with Trp and apoxidole-1 for 24 h prior to measuring Kyn levels with p-DMAB (mean ± SD, n=3). 
C) IDO1 mRNA expression in HeLa cells upon treatment with IFN-γ and the hit compound (S,R)-1b for 
24 h (mean ± SD, n=3). cpd: compound. 

A reporter gene assay (RGA) was employed to analyze if apoxidole-1 alters IDO1-promoter 

driven gene expression. Therefore, HEK293T cells were transfected with a reporter plasmid 

encoding a Firefly luciferase (Fluc) under the control of the full-length IDO1 promoter. 24 h 

post transfection, the cells were treated simultaneously with IFN-γ and different concentrations 

of apoxidole-1 prior to incubation for 48 h (Figure 17A). While the addition of IFN-γ strongly 

induces Fluc expression, treatment with apoxidole-1 did not alter the luminescence signal 

compared to the DMSO+IFN-γ control. Complementary, it was tested if apoxidole-1 reduces 

cellular Kyn levels independent of IFN-γ, JAK/STAT signaling and the IDO1 promoter. Thus, 

HEK293T cells were transiently transfected with a construct for IDO1 expression under the 

control of a cytomegalovirus (CMV) promoter in the absence of IFN-γ (Figure 17B). 20 h after 

transfection, the cells were treated with the IDO1 substrate Trp and apoxidole-1 for additional 

24 h. Compared to the DMSO control, apoxidole-1 reduced the Kyn level by 75.3 ± 3.2% at 

20 µM with an IC50 of 209.3 ± 59.4 nM. Additionally, post-transcriptional gene regulation on 

the mRNA level, e.g. via miRNA and the RNA-induced silencing complex (RISC)168, can 

silence the IDO1 gene. Hence, hit compound (S,R)-1b was tested for reduction of IDO1 

mRNA. (S,R)-1b did not decrease IDO1 mRNA levels in HeLa cells quantified by means of 

RT-qPCR (Figure 17C). Taken together, these results indicate that Kyn level reduction by 

apoxidoles is independent of the IFN-γ stimulus and not mediated by altered gene expression. 
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Figure 18: Influence of apoxidoles on IDO1 protein expression. A-B) In-cell Western of IDO1 protein 
levels in BxPC-3 cells upon treatment with IFN-γ and the hit compound (S,R)-1b or DMSO for 24 h. 
Representative images are shown (A, mean ± SD, n=4). IDO1 fluorescence intensities were normalized 
to the reference protein vinculin (B). C-D) IDO1 protein levels in HeLa cells that were treated with IFN-
γ and apoxidole-1 or DMSO for 24 h. Representative immunoblot is shown (C, mean ± SD, n≥2). IDO1 
band intensities were normalized to the reference protein vinculin (D). cpd: compound. 

Apoxidoles might alter IDO1 levels by inhibiting translation of IDO1 mRNA or increasing 

protein turnover. Therefore, the influence of apoxidoles on the IDO1 protein levels was 

analyzed by in-cell Western (Figure 18A) and immunoblotting (Figure 18C). In the absence of 

IFN-γ, no IDO1 was detected with both in-cell Western (Figure 18B) and immunoblotting 

(Figure 18D). On the other hand, stimulation with IFN-γ strongly induced IDO1 protein 

expression. The IDO1 protein levels upon IFN-γ-induced expression were not altered after 

treatment with both the initial hit compound (S,R)-1b or apoxidole-1 in BxPC-3 or HeLa cells. 

This demonstatrates that apoxidoles do not reduce Kyn levels by decreased IDO1 protein 

levels. 

5.1.3 Influence on Trp Uptake 

Kyn is produced following the conversion of Trp to N-formyl-Kyn by IDO1. Since IDO1 is a 

cytosolic protein, sufficient amounts of Trp has to be taken up by the cells to be readily 

available for catalysis. Hence, inhibition of the Trp uptake can reduce Kyn production. A Trp 

uptake assay was employed to investigate whether compound treatment lowers the availability 
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of the IDO1 substrate Trp within cells. Trp cannot freely diffuse into cells, but has to be 

imported through specific transport mechanisms169. It can be taken up by cells via an IFN-γ-

independent and -dependent route. The transmembrane system L-type amino acid transporter 

(LAT) imports large neutrally charged amino acids into the cells such as Leu, Phe, Tyr or 

Trp170. Because LATs are responsible for the majority of Leu uptake, the IFN-γ-independent 

Trp uptake by LATs can be inhibited by saturating concentrations of Leu171, 172. On the other 

hand, Trp can be taken up by the IFN-γ-induced tryptophanyl-tRNA synthetases (TrpRS)169. 

The canonical function of TrpRS is the catalysis of the aminoacylation reaction of Tr with its 

cognate tRNA within the cell173. Nevertheless, TrpRS also has non-canonical functions 

connected to cell signaling, the immune system and angiogenesis and it represents the only 

IFN-γ-inducible tRNA synthetase174. TrpRS can be secreted into the extracellular space175, 

where it can bind Trp with higher affinity compared to LATs174 and selectively transports Trp 

into the cells174, 176. Trp uptake via TrpRS can be inhibited by the Trp derivative 1-methyl-L-

tryptophan (1-MT)169. 

 
Figure 19: Influence of hit compound (S,R)-1b on the uptake of Trp. BxPC-3 cells were starved for Trp 
for 72 h and treated with IFN-γ for 24 h prior to addition of control inhibitors (5 mM L-Leu, 1 mM 1-MT) 
or 5 µM (S,R)-1b for 30 min. Afterwards, 50 µM Trp was added and Trp uptake was quantified by HPLC-
MS/MS (mean ± SD, n≥3). L-Leu: L-leucine. 1-MT: 1-methyl-L-tryptophan. 

Treating the cells with IFN-γ increased the Trp uptake almost threefold from 21.3 ± 6.1% to 

57.3 ± 9.5% (Figure 19). Addition of the TrpRS inhibitor 1-MT reduced the Trp uptake in both 

IFN-γ-treated and -untreated conditions drastically to 9.2 ± 2.6% and 0.52 ± 6.9%, 

respectively. Similarly, saturating the LATs with Leu decreased the Trp uptake to 41.3 ± 4.4% 

in the presence and to 13.5 ± 6.6% in the absence of IFN-γ. Combination of both TrpRS and 

LAT inhibitors likewise abolished the Trp uptake to 14.2 ± 4.9% and -2.5 ± 10.9% in the 

presence or absence of IFN-γ, respectively. On the contrary, the initial hit compound (S,R)-1b 

did not significantly interfere with Trp uptake: Upon treatment with (S,R)-1b, the cells were 

able to import 58.6 ± 2.7% and 7.2 ± 4.1% of the supplemented Trp in the presence or 

absence of IFN-γ, respectively. Therefore, (S,R)-1b does not reduce Kyn levels by impairing 

Trp uptake. 

5.1.4 Identification and Validation of the Molecular Target of Apoxidole-1 

Direct inhibition of the IDO1 protein reduces Kyn levels. Röhrig et al.98 classified five types of 

IDO1 inhibitors, with three of them targeting the holo-enzyme, one of them binding to apo-
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IDO1 and the last one acting by a redox mechanism. An in vitro Kyn assay with purified full-

length human IDO1 was performed to investigate if apoxidole-1 inhibits the IDO1 protein 

directly (Figure 20). 

 

Figure 20: Influence on in vitro IDO1 activity. Purified human holo-IDO1 protein was treated with A) 
epacadostat, B) BMS-986205 and C) apoxidole-1 for 40 min at 37 °C prior to addition of the IDO1 
substrate Trp for 60 min at 37°C. Kyn levels were detected using p-DMAB (mean ± SD, n=2). 

Therefore, IDO1 was pre-treated with compounds for 40 min at 37°C prior to initiation of the 

reaction by addition of the IDO1 substrate Trp. The holo-IDO1 inhibitor epacadostat potently 

reduced Kyn levels with an IC50 value of 102 ± 29 nM (Figure 20A), while the apo-IDO1 

inhibitor BMS-986205 was approximately 13-fold less active with an IC50 of 1.3 ± 0.2 µM 

(Figure 20B). Apoxidole-1 partially decreased Kyn levels by 32.0 ± 2.8% with an IC50 of 

6.3 ± 1.1 µM (Figure 20C). Because the heme release is a slow process, apo-IDO1 inhibitors 

display only weak inhibition in the biochemical Kyn assay. Since apoxidole-1 only partially 

reduced Kyn levels (Figure 20C), this indicated that apoxidole-1 might be an apo-IDO1 

inhibitor. 

 

Figure 21: Influence of apoxidole-1 on the thermostability of IDO1. A-B) Purified holo-IDO1 was treated 
with apoxidole-1 or DMSO for 60 min at 37 °C prior to detection of the intrinsic Trp/Tyr fluorescence 
upon thermal denaturation. Representative melting curves (A) and first derivate of melting curves (B) 
are shown (n=3). C) Apoxidole-1 binds to IDO1 with an apparent KD, app value of 1.1 ± 0.3 μM, as 
determined using the data from A and B (mean ± SD, n=3). 
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Analyzing the thermal stability of a protein upon compound treatment can give hints about 

target engagement. By binding to its target, a compound can (de-)stabilize it, changing its 

thermal denaturation temperature Tm. Nano differential scanning fluorimetry (nanoDSF) uses 

the intrinsic fluorescence of tyrosines (Tyr) and Trps to detect denaturation of proteins in a 

thermal gradient. During unfolding of the protein, the environment of these fluorophores 

changes and, thus, alters their fluorescence intensity177. IDO1 contains six tryptophanes and 

twelve tyrosines, thereby being suitable for nanoDSF analysis. Treatment of purified IDO1 with 

BMS-986205 or different concentrations of apoxidole-1 dose-dependently shifted the melting 

curves of IDO1 to higher temperatures (Figure 21A). Using the first derivative of the melting 

curves, the corresponding melting temperatures Tm can be determined as the highest peak of 

the curve (Figure 21B). Binding of BMS-986205 increased the melting temperature of IDO1 

by 18.4 ± 0.6°C from 45.7 ± 0.2°C to 64.1 ± 0.6°C, while treatment with apoxidole-1 increased 

the Tm value by 7.7 ± 0.3°C to 53.5 ± 0.2°C (Figure 21B). With the Tm values of IDO1 at 

different doses of apoxidole-1 an apparent KD, app value of 1.1 ± 0.3 µM was obtained (Figure 

21C).  

 

Figure 22: Binding of apoxidole-1 to holo-IDO1 releases heme. A) Purified holo-IDO1 was treated with 
apoxidole-1, BMS-986205 or DMSO for 2 h at 37 °C prior to acquiring UV/Vis spectra. Representative 
spectra are shown (n=3). The dotted line indicates the Soret peak at 404 nm. B) Determination of 
cellular Kyn levels in the presence of hemin. BxPC-3 cells were treated with IFN-γ, Trp, hemin and 
600 nM apoxidole-1 for 48 h prior to measuring Kyn levels with p-DMAB (mean ± SD, n=3). 

As apo-IDO1 inhibitors show decreased potency in the biochemical Kyn assay compared to 

the cellular assay, it was investigated if binding of apoxidole-1 to IDO1 releases the heme 

cofactor. IDO1 was treated with apoxidole-1 or BMS-986205 and the Soret peak was 

monitored by means of UV/Vis spectroscopy (Figure 22A). The Soret peak is the characteristic 

absorbance maximum at 404 nm of the iron in heme-containing enzymes. A red-shift of the 

peak indicates ligand coordination to the heme iron, while a reduction of the peak 

demonstrates heme loss178. Treatment with both BMS-986205 and apoxidole-1 decreased the 

Soret peak compared to the DMSO control (Figure 22A). Furthermore, addition of free hemin 
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dose-dependently reduced the potency of apoxidole-1 in the cellular Kyn assay (Figure 22B). 

Taken together, these results demonstrate that apoxidole-1 binds to IDO1 and induces heme 

release, thereby inhibiting Kyn production. 

 

Figure 23: Apoxidole-1 binds to apo-IDO1 in cells. A) Cellular thermal shift assay (CETSA) for IDO1 in 
SKOV-3 cells. Cells were treated with IFN-γ for 24 h prior to addition of 50 µM apoxidole-1 (compound, 
C )or DMSO (vehicle, V) for 15 min. Representative immunoblot is shown. B) Thermal profiles of IDO1 
upon compound treatment. Quantification of IDO1 band intensities from A shown in B (mean ± SD, 
n=4). C) CETSA for apo-IDO1 in SKOV-3 cells. Cells were treated with IFN-γ and 10 µM 
succinylacetone (heme synthesis inhibitor, SA) for 24 h prior to addition of 30 µM apoxidole-1 or DMSO 
for 15 min. Representative immunoblot is shown. D) Thermal profiles of IDO1 upon compound 
treatment. Quantification of IDO1 band intensities from C shown in D (mean ± SD, n=3). E) Thermal 
profiles of holo- (in the absence of SA) and apo-IDO1 (in the presence of SA).  

Subsequently, target engagement in cells using a cellular thermal shift assay (CETSA)136, 137 

was studied. Therefore, SKOV-3 cells were treated with apoxidole-1 or DMSO for 15 min prior 

to performing the thermal shift assay and analysis of the soluble protein fraction using 

immunoblotting. Treatment of apoxidole-1 did not alter the thermal stability of IDO1 (Figure 

23A-B). However, pre-treatment of the cells with the heme synthesis inhibitor succinylacetone 

for 24 h, followed by the thermal shift assay, increased the melting temperature Tm of IDO1 by 

7.9 ± 0.6°C (Figure 23C-D). Upon treatment with succinylacetone, IDO1 was mainly present 
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as apo protein. The increased melting temperature Tm in the presence of succinylacetone thus 

strongly indicates that apoxidole-1 engages apo-IDO1. Additionally, holo-IDO1 displays a 

higher melting temperature Tm with 59.9 ± 0.2°C compared to apo-IDO1 with a Tm of 

50.2 ± 0.2°C (Figure 23E). 

 

Figure 24: Co-crystal structure analysis of apoxidole-1 bound to apo-IDO1 (pdb 8abx). A) Apoxidole-1 
displaces the heme cofactor and occupies pockets A and D of apo-IDO1. The IDO1 active site consists 
of four sub-pockets: Pockets A (orange), B (green), C (blue) and D (red). B) Secondary structure 
elements stabilizing apoxidole-1 in the IDO1 active site. Apoxidole-1 binds to the hydrophobic pocket 
of apo-IDO1 (gray cartoons) in two different conformations (green and cyan sticks, a third conformation 
lacking the tosyl residue on the THP of apoxidole-1 is shown in orange). The amino acids in the active 
site are labeled with the three-letter code. The dotted black line indicates a hydrogen bond between 
His346 and the carbonyl oxygen of the ethyl ester of apoxidole-1. Heteroatoms of the ligand are 
depicted in red (oxygen), blue (nitrogen) and yellow (sulfur). Amino acids 383–389 are omitted for 
clarity. 

A co-crystal structure of apo-IDO1 in complex with apoxidole-1 was obtained in collaboration 

with Dr. Raphael Gasper (crystallography and biophysics department, Max Planck Insitute of 

Molecular Physiology) and the Swiss Light Source (Paul Scherrer Institut, CH) to determine 

the binding mode of apoxidole-1 to IDO1 (Figure 24, pdb 8abx). The crystal structure revealed 

that apoxidole-1 binds to the active site of IDO1 in two different conformations, occupying the 

heme-binding site and sub-pockets A and D (Figure 24A). The compound is stabilized mainly 

by hydrophobic interactions with Tyr126, Phe163, Phe214, Phe226, Leu234, Phe270, and 

Leu342 (B). Additionally, a hydrogen bond is formed between His346 and the carbonyl oxygen 

of the ethyl ester of apoxidole-1. 

5.1.5 Selectivity of Apoxidole-1 for IDO1 over TDO and IDO2 

In addition to IDO1, IDO2 and TDO may also contribute to Trp catabolism in the TME. Even 

though all three heme-containing enzymes catalyze the same reaction, there are substantial 

differences between them. IDO1 and IDO2 are encoded by homologues genes and share 43% 

sequence identity179, 180. The active site of human IDO2 is composed of the residues required 



 Results 

37 
 

for the conversion of Trp, but still IDO2 is substantially less active than IDO1 with a 325-fold 

increased Km value for Trp180, 181. In contrast to that, TDO and IDO1 have similar catalytic 

properties, while they are encoded by distinct genes and share only 16% sequence identity179, 

182. Moreover, TDO has a higher substrate specifity and is generally resistant to apo-

inhibitors180, 182. Since TDO and IDO2 are not inducible by IFN-γ, the inhibitors discovered in 

the screening assay most likely interfere with IDO1-related Kyn production. However, TDO 

and IDO2 still might be present in the TME. Thus, it is crucial to investigate the selectivity of 

apoxidole-1 towards IDO1. In contrast to the oxygen-competitive IDO1 inhibitor epacadostat, 

the apo-IDO1 inhibitors BMS-986205 and apoxidole-1 did not reduce TDO or IDO2 activity 

(Figure 25A-B). Hence, apo-IDO1 inhibitors are selective for IDO1, while the holo-IDO1 

inhibitor epacadostat inhibits all three Trp-catabolizing enzymes to a certain extent. 

 
Figure 25: Influence on TDO and IDO2 activity. A) Purified TDO protein was treated with epacadostat, 
BMS-986205 or apoxidole-1 for 120 min at 37°C prior to detection of the reaction product using the 
Universal IDO1/IDO2/TDO Inhibitor Screening Assay Kit (mean ± SD, n=3). B) Purified IDO2 protein 
was treated with epacadostat, BMS-986205 or apoxidole-1 for 90 min at 30°C prior to addition of the 
IDO2 substrate. Samples were incubated for another 120 min at 30°C prior to detection of the reaction 
product using the Universal IDO1/IDO2/TDO Inhibitor Screening Assay Kit (mean ± SD, n=3). 

 

In summary, apoxidole-1 binds to IDO1 and abolishes its catalytic activity by displacement of 

the heme cofactor. Apoxidole-1 selectively targets IDO1 over TDO and IDO2 and thus, 

reduces cellular Kyn levels upon stimulation with IFN-γ. 
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5.2 Epoxykynin sEH Inhibitors as Potent Kyn Pathway Modulators 

5.2.1 Confirmation of Reduced Cellular Kyn Levels 

Compound 2a (Figure 11) decreased Kyn levels in BxPC-3 cells in the automated Kyn assay 

by 95.5 ± 3.0% with an IC50 value of 89.2 ± 27.8 nM. To exclude it as a false positive hit, its 

influence on Kyn levels was tested manually in HeLa cells (Figure 26A) and with HPLC-ESI-

MS/MS as an orthogonal readout (Figure 26B). 

 

Figure 26: Influence of hit compound 2a and epoxykynin on Kyn levels. A) Determination of Kyn levels 
in HeLa cells upon treatment with IFN-γ, Trp and compound 2a for 48 h and detection of Kyn levels 
using p-DMAB (mean ± SD, n=3). B) Determination of Trp and Kyn levels in BxPC-3 cells upon 
treatment with IFN-γ, Trp and compound 2a for 48 h and quantification of Trp and Kyn levels with HPLC-
ESI-MS/MS (mean ± SD, n≥2). C) Purified human holo-IDO1 protein was treated with epoxykynin 2l for 
40 min at 37 °C prior to addition of the IDO1 substrate Trp for 60 min at 37°C. Kyn levels were detected 
using p-DMAB (mean ± SD, n=2). 

Hit compound 2a dose-dependently decreased cellular Kyn levels also in HeLa cells with an 

IC50 of 55.4 ± 17.4 nM (Figure 26A). Furthermore, HPLC-ESI-MS/MS was used as an 

orthogonal readout to quantify the levels of Kyn and Trp upon compound treatment. 

Compound 2a reduced Kyn levels at a concentration of 0.24 µM, while in parallel the level of 

Trp increased (Figure 26B). Furthermore, the most potent derivative epoxykynin 2l was tested 

for direct inhibition of IDO1 in an enzymatic assay and did not impair the IDO1 catalytic activity 

(Figure 26C). These results confirmed that compound 2a inhibited the conversion of Trp to 

Kyn and validated 2a as true positive hit from the Kyn screen. Additionally, it became apparent 

that the Kyn level reduction was not mediated by direct inhibition of IDO1. 

5.2.1.1 Structure-Activity Relationship of N-substituted Indoles 

Subsequently, the SAR for a total of 96 derivatives for Kyn reduction in the automated Kyn 

assay was explored (Table 2 and Table S1). 
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Table 2: Structures and structure-activity relationship (SAR) of selected N-substituted indoles for 
reduction of Kyn levels. IC50 values were determined in BxPC-3 cells using the automated Kyn assay 
(mean ± SD, n≥3). See also Table S1. 
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The compound library contained derivatives with diverse modifications at the indole nitrogen 

in R1 position. Generally, ether and amide N-substituents (Table 2, entries 1-16) were 

favorable compared to esters, benzyls, or ketones (Table 2, entries 17-21 and Table S1). For 

aromatic moieties connected via an ether linker, ortho-substitutions and small, electron-

withdrawing groups were favorable (Table 2, entries 2-8). Comparison of amide-linked 

residues in R1 position revealed that aliphatic and lipophilic moieties provide high activities 

(Table 2, entries 10-13), in contrast to tertiary amides or heterocycles (Table 2, entries 14-16, 

and Table S1). Compounds with substitutions in R2, R3 and R6 positions are less active (Table 

2, entries 22-23, and Table S1), as well as derivatives where the trifluoro acetyl group in R5 

position was replaced (Table 2, entry 24, and Table S1). The bromine in R4 position is crucial 

for activity, since it increased the potency of compound 2l 50-fold compared to the bromine-

lacking compound 2m (Table 2, entries 12-13). Finally, derivative 2l combined a hydrophobic 

N-cycloheptyl acetamide group in R1 with bromo and trifluoro acetyl substituents in R4 and R5 

positions, and was the most active derivative with an IC50 value of 36.0 ± 15.0 nM in the 

automated Kyn assay (Table 2, entry 12). This analogue was termed epoxykynin and 

subsequently, its potency was validated manually in HeLa and BxPC-3 cells (Figure 27). 

 

Figure 27: Epoxykynin decreases cellular Kyn levels in HeLa and BxPC-3 cells. A) Structure of 
epoxykynin and IC50 values for Kyn level reduction. B) Determination of Kyn levels in HeLa and BxPC-
3 cells upon treatment with IFN-γ, Trp and epoxykynin for 48 h and detection of Kyn levels using p-
DMAB (mean ± SD, n=3). 
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5.2.2 Influence on IDO1 Expression 

In the following, epoxykynin was characterized to elucidate the MMOA. First, the influence of 

epoxykynin on the expression of IDO1 and on Kyn levels without IFN-γ was analyzed. 

Therefore, different cell-based assays were employed. 

 

Figure 28: Influence of epoxykynin on IDO1 expression. A) Reporter gene assay (RGA) in HEK293T 
cells expressing firefly luciferase (Fluc) under the control of the IDO1 promoter and constitutive Renilla 
luciferase (Rluc) expression. Expression of Fluc was monitored by measuring luminescence upon 
addition of IFN-γ with simultaneous treatment with apoxidole-1 for 48 h (mean ± SD, n=3). B) Kyn assay 
in HEK293T cells transiently expressing human IDO1 under the control of a CMV promoter. Cells were 
treated with Trp and epoxykynin for 24 h prior to measuring Kyn levels with p-DMAB (mean ± SD, n=3). 
C) IDO1 mRNA expression in HeLa cells upon treatment with IFN-γ and epoxykynin for 24 h 
(mean ± SD, n=3). 

The influence of epoxykynin on the IDO1 promoter was investigated by means of a reporter 

gene assay (RGA). Therefore, cells were transiently transfected with a reporter gene under 

control of the full-length IDO1 promoter and subsequently treated with epoxykynin and IFN-γ 

for 48 h (Figure 28A). While IFN-γ strongly induced the reporter signal, epoxykynin did not 

alter the reporter’s luminescence. Furthermore, epoxykynin dose-dependently reduced Kyn 

levels in HEK293T cells transiently expressing IDO1 under control of a CMV promoter in the 

absence of IFN-γ with an IC50 value of 29.0 ± 8.4 nM (Figure 28B). This indicates that 

epoxykynin altered the Kyn levels independent of the IFN-γ signaling cascade. Additionally, 

treatment with epoxykynin did not impair transcription of the IDO1 gene as quantified by IDO1 

mRNA levels (Figure 28C). Thus, epoxykynin reduces Kyn levels without altering IDO1 gene 

expression. 
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Figure 29: Influence of epoxykynin on IDO1 protein expression. A) In-cell Western of IDO1 protein 
levels in BxPC-3 cells upon treatment with IFN-γ and the hit compound 2a or DMSO for 24 h. 
Representative images are shown (mean ± SD, n=4). IDO1 fluorescence intensities were normalized 
to the reference protein vinculin (B). C) IDO1 protein levels in HeLa cells that were treated with IFN-γ 
and epoxykynin or DMSO for 24 h. Representative immunoblot is shown (mean ± SD, n≥2). IDO1 band 
intensities were normalized to the reference protein vinculin (D). cpd: compound. 

Moreover, compound 2a and epoxykynin’s influence on the IDO1 protein level was 

investigated. Upon treatment with epoxykynin, the IDO1 protein level was not altered at 

concentrations up to 10 µM as detected by means of in-cell western (Figure 29C) and 

immunoblotting (Figure 29B). Taken together, epoxykynin did impair Kyn production by 

diminishing IDO1 protein levels. 

5.2.3 Influence on Trp Uptake 

Subsequently, the IFN-γ-independent Trp import via LATs and the IFN-γ-dependent Trp 

uptake via TrpRS were analyzed to elucidate if epoxykynin lowers the availability of the IDO1 

substrate Trp. 1-MT and Leu were used to inhibit the Trp-selective and IFN-γ-dependent 

import by TrpRS and the IFN-γ-indepent uptake of large, neutral amino acids by LATs, 

respectively. In the presence of IFN-γ only, 57.3 ± 9.5% of supplemented Trp was taken up 

by the cells (Figure 30). Treatment with the control inhibitors 1-MT and Leu significantly 

reduced Trp import. However, upon treatment with epoxykynin the Trp uptake was not 

impaired (Figure 30). In the presence of IFN-γ, 55.1 ± 10.8% of the supplemented Trp was 
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taken up by the cells after compound treatment. In the absence of IFN-γ, the cells imported 

14.3 ± 4.3% of Trp upon compound treatment. This demonstrated, that epoxykynin did not 

reduce Kyn levels by lowering the availability of the IDO1 substrate in cells. 

 
Figure 30: Epoxykynin does not inhibit the uptake of Trp. BxPC-3 cells were starved for Trp for 72 h 
and treated with IFN-γ for 24 h prior to addition of control inhibitors (5 mM L-Leu, 1 mM 1-MT) or 1 µM 
epoxykynin for 30 min. Afterwards, 50 µM Trp was added and Trp uptake was quantified by HPLC-
MS/MS (mean ± SD, n≥3). L-Leu: L-leucine. 1-MT: 1-methyl-L-tryptophan. 

5.2.4 Identification of the Molecular Target of Epoxykynin 

For target identification, different high-resolution mass spectrometry (HRMS)-based proteome 

analyses were employed, such as global proteome profiling, thermal proteome profiling (TPP) 

and affinity-based chemical proteomics. These less biased strategies enable target 

identification on a proteome-wide level. 

5.2.4.1 Target Identification via Global Proteome Profiling 

Global proteome profiling quantifies the levels of proteins within the cells using tandem mass 

tags (TMT) as chemical labels183 and allows for detection of up- or downregulated proteins 

after compound treatment. This strategy was employed to monitor protein levels upon 

treatment with epoxykynin on a proteome-wide scale. The results of the global proteome 

profiling might give hints abouts regulated pathways and thus, enable the prediction of 

potential targets. 

In this experiment, BxPC-3 cells were treated for 24 h with DMSO or 3 µM epoxykynin in the 

absence or presence of IFN-γ which led to the identification of in total 4,992. These proteins 

included proteins that are directly connected to the Kyn pathway, such as JAK1, STAT1 and 

STAT2, IDO1, kynureninase (KYNU), SHP1 and SHP2 (PTPN6 and PTPN11), AhR and 

TrpRS (WARS). Subsequently, proteins that were regulated by the stimulus IFN-γ (Figure 

31A) and epoxykynin (Figure 31B) were evaluated. 

The levels of 84 proteins were significantly altered in cells treated with DMSO and IFN-γ 

compared to cells only treated with DMSO (Figure 31A), from which 50 proteins were up- 

(Table S2) and 34 proteins were downregulated (Table S3). These proteins included known 

IFN-γ-regulated proteins, e.g. interferon-induced protein with tetratricopeptide repeats 2, 3 and 

5 (IFIT2, IFIT3, IFIT5) and interferon-related developmental regulator 1 (IFRD1). Among the 
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upregulated proteins were some proteins connected to the Kyn pathway, such as STAT1, 

IDO1 and TrpRS (WARS). Additionally, the levels of four different isoforms of guanylate-

binding proteins (GBPs) were found to be increased, namely GBP1, GBP2, GBP4 and GBP5. 

 

Figure 31: Global proteome profiling. A) BxPC-3 cells were treated with DMSO in the absence or 
presence of IFN-γ for 24 h prior to cell lysis and subsequent HRMS quantification (n=3, FDR 0.01). B) 
BxPC-3 cells were treated with 3 µM epoxykynin and IFN-γ or DMSO and IFN-γ for 24 h prior to cell 
lysis and subsequent HRMS quantification (n=3, FDR 0.01). The volcano plots for up- (red) and 
downregulated proteins (blue) were created with VolcaNoseR184, 185. See Table S2-S5 for a list of all 
regulated proteins. 

Treatment with epoxykynin (Figure 31B) increased the levels of 42 proteins (Table S4) and 

decreased the levels of 10 proteins (Table S5) compared to the DMSO control. None of the 

regulated proteins include a protein directly associated with the Kyn pathway. However, some 

proteins that were upregulated upon stimulation with IFN-γ were even more increased by 

epoxykynin (Figure 32). Interestingly, none of the proteins that were reduced by IFN-γ showed 

even lower levels upon treatment with epoxykynin. On the other hand, multiple proteins that 

were downregulated by IFN-γ were increased upon treatment with epoxykynin. Additionally, 

five proteins were upregulated by IFN-γ, but inversely regulated by epoxykynin.  
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Figure 32: Heat map of fold changes of proteins that were regulated upon treatment with IFN-γ and 
epoxykynin in the global proteome profiling. 

Computational overrepresentation analyses provide information on an input omics data set by 

comparison to annotated data sets. Gene ontology (GO)186-189 represents a common approach 

of overrepresentation analysis. GO uses a collection of associations between genes and 

biological terms to predict biological processes. A second strategy is pathway enrichment 

analysis188-191 which uses associations between genes and pathways from pathway 

databases, such as Reactome190, 191. Both analyses revealed that the modulated proteins 

belong to acute inflammatory and immunological stimulus response pathways (Figure 33). 

Especially the upregulated biological processes and pathways are associated with IFN 

signaling. Since many of the proteins regulated by epoxykynin were also regulated by IFN-γ 

(Figure 32), the overrepresentation analysis listed almost identical pathways for both 

DMSO+IFN-γ vs. DMSO-IFN-γ (Figure 33A and C) and epoxykynin+IFN-γ vs. DMSO+ IFN-γ 

(Figure 33B and D). 

Taken together, the global proteome profiling discovered proteins that were regulated upon 

treatment with IFN-γ and epoxykynin. However, it is challenging to build a target hypothesis 

from these results, because the enormous cellular response to the IFN stimulus hindered the 

identification of pathways altered by epoxykynin. 
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Figure 33: Gene ontology and pathway enrichment analyses. Gene ontology (A-B) and pathway 
enrichment (C-D) analyses results were obtained from Enrichr188, 192, 193 using the proteome profiling 
data set. A comparison of DMSO+IFN-γ vs. DMSO-IFN-γ is shown in A and C, epoxykynin+IFN-γ vs. 
DMSO+ IFN-γ is shown in B and D. The most significant processes by means of the p-value are 
depicted. Red bars indicate upregulation, blue bars indicate downregulation. 

5.2.4.2 Target Identification via Thermal Proteome Profiling 

In addition to the global proteome profiling, thermal proteome profiling (TPP) was employed. 

While proteome profiling can give hints about the pathway regulation of the target protein, TPP 

provides information about direct target engagement. TPP, as a proteome-wide version of 

CETSA137, profiles small molecule-induced alterations in the thermal stability of proteins136. 

Performing the TSA in IFN-γ-stimulated HeLa cell lysate led to HRMS-based identification of 

in total 6,474 proteins, of which 38 proteins displayed a significant shift in the thermal melting 

temperature Tm upon treatment with 3 µM epoxykynin (Table 3). 

Table 3: Gene names of proteins with shifted melting temperature Tm upon compound treatment in the 
thermal proteome profiling (TPP). HeLa cells were treated with IFN-γ for 24 h prior to cell lysis. The 
lysate was treated with 3 µM epoxykynin or DMSO for 10 min at room temperature, followed by the 
thermal shift assay and subsequent HRMS analysis (n=3, N=1). 

Gene name ΔTm,1 ΔTm,2 ΔTm,3 ΔTm,mean Gene name ΔTm,1 ΔTm,2 ΔTm,3 ΔTm,mean 

SURF1 -2.3 -1.2 -1.4 -1.6 UFD1L 1.9 3.0 2.4 2.4 
SCARB2 1.7 2.6 -1.3 1.0 APPL2 1.7 3.4 2.3 2.5 
PPP2R5C 1.1 1.4 1.2 1.2 DCTN5 2.6 2.7 2.9 2.7 
ASCC2 1.9 1.9 0.9 1.6 OXR1 1.2 3.4 3.9 2.8 
PLCH1 1.9 1.8 1.3 1.7 PTEN 4.4 2.3 1.9 2.9 
MBNL1 1.9 1.5 1.9 1.8 CADM1 3.1 3.9 1.9 3.0 
HMOX1 2.4 1.3 1.7 1.8 PTER 2.5 4.9 1.5 3.0 
PRPSAP2 1.8 2.3 1.5 1.9 GARS 2.4 2.7 4.0 3.0 
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Gene name ΔTm,1 ΔTm,2 ΔTm,3 ΔTm,mean Gene name ΔTm,1 ΔTm,2 ΔTm,3 ΔTm,mean 

TPP1 1.5 1.4 2.9 1.9 CBWD2 1.5 2.0 5.6 3.0 
ASPSCR1 1.6 1.7 2.6 2.0 DPH2 2.6 3.8 2.9 3.1 
NDE1 1.8 2.9 1.3 2.0 MYDGF 2.9 3.9 2.8 3.2 
PRDX3 2.2 2.2 1.6 2.0 RXRB 5.2 1.6 3.0 3.3 
ARPC4 1.7 2.2 2.1 2.0 KCTD12 2.6 3.7 3.6 3.3 
GSS 1.9 1.6 2.7 2.1 ROMO1 3.5 2.6 4.3 3.5 
PANX1 2.1 2.4 1.9 2.1 MAU2 5.4 2.9 2.6 3.6 
ENO2 2.4 1.7 2.4 2.1 EXOSC5 4.5 5.9 2.0 4.1 
ERMP1 3.2 2.7 1.2 2.4 PLEKHO2 4.8 3.5 4.5 4.3 
AKT2 1.9 2.6 2.8 2.4 KCTD2 6.4 4.6 2.7 4.6 
MZT1 3.0 2.4 1.9 2.4 FABP3 8.5 5.1 6.1 6.6 

 
With one exception, all identified proteins were stabilized by epoxykynin upon heat 

denaturation. The two proteins with the biggest epoxykynin-induced alterations in Tm were 

surfeit locus protein 1 ((SURF1), Figure 34A) and fatty acid-binding protein 3 (FABP3, Figure 

34B) with ΔTms of -1.6 ± 0.5°C and 6.6 ± 1.4°C, respectively. None of the identified proteins 

was either found to be regulated by epoxykynin in the global proteome profiling, nor is a 

member of the Kyn pathway. Nonetheless, the TPP gave rise to a first target hypothesis: Heme 

oxygenase 1 (HMOX1) catalyzes the oxidative cleavage of the porphyrin ring of heme b to 

produce biliverdin IXα, ferrous iron and carbon monoxide194. It was stabilized upon treatment 

with epoxykynin by 1.8 ± 0.5°C (Figure 34C), thereby indicating direct target engagement. 

 

Figure 34: Thermal profiles of SURF1, FABP3 and HMOX1 upon treatment with 3 µM epoxykynin or 
DMSO obtained in the TPP experiment (see Table 3, n=3, N=1) 

5.2.4.3 Target Identification via Affinity-based Chemical Proteomics (Pulldown) 

Complementary to the TPP approach, affinity-based chemical proteomics was utilized for 

target identification. Therefore, an active and control affinity probe were generated based on 

the SAR of epoxykynin. Since the trifluoro acetyl group was required for biological activity and 

modifications on the indole nitrogen mainly drove changes in the compounds’ potency, the 

amine-PEG4-alkyne linker was attached in 5-position of the indole ring. Hence, epoxykynin 

and the inactive derivative 2r were used as scaffolds to yield the active and control affinity 

probes, respectively (Figure 35A). 
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Figure 35: Probes for affinity-based chemical proteomics (pulldown). A) Structures of active affinity 
probes 3a and 3b and control affinity probes 4a and 4b. B) Influence of the pulldown probes 3a and 4a 
on Kyn levels. HeLa cells were treated with IFN-γ, Trp and compounds for 48 h prior to measuring Kyn 
levels using p-DMAB (mean values ± SD, n=3). 

The Boc-protected precursors 3a and 4a of probes 3b and 4b were initially tested for Kyn 

reduction (Figure 35B). The active probe 3a decreased cellular Kyn levels by 76.3 ± 1.2% at 

a concentration of 20 µM, while control probe 4a did not alter the Kyn levels. The free amine 

probes 3b and 4b were subsequently immobilized on NHS-activated magnetic beads and 

incubated with IFN-γ-stimulated HeLa cell lysate. The enriched proteins were analyzed via 

HRMS (Figure 36). 

 

Figure 36: Affinity-based chemical proteomics (pulldown). The affinity probes 3b and 4b were 
immobilized on NHS-activated beads and incubated for 2 h at 4°C with lysate of HeLa cells that were 
treated with IFN-γ. Enriched proteins were analyzed using HRMS (n=2, N=4, FDR 0.01), representative 
replicate is shown. See Table S6 and Table S7 for lists of all enriched proteins. Volcano plot for proteins 
enriched by probe 3b (red) or probe 4b (blue) created with VolcaNoseR184, 185. B) Proteins from A) which 
were significantly enriched with the active pulldown probe 3b. C-D) Selective enrichment of soluble 
epoxide hydrolase (C, EPHX2, sEH) and MTAP (D) using probe 3b and competition with epoxykynin. 
For the competition experiment, HeLa cell lysate was pre-incubated with 10 µM epoxykynin for 1 h at 
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4°C prior to incubation with the immobilized probes 3b and 4b. The enriched proteins were analyzed 
using immunoblot. 

1579 proteins were identified in total. Among these proteins were members of the Kyn 

pathway, such as STAT proteins, kynureninase (KYNU) and TrpRS (WARS), but none of them 

were enriched on either of the affinity probes. Gratifyingly, only three proteins were selectively 

enriched by the active affinity probe 3b (Figure 36A-B), namely SEH1-like nucleoporin 

(SEH1L), methylthioadenosine phosphorylase (MTAP) and the soluble epoxide hydrolase 

(sEH, EPHX2). The selective enrichment of sEH (Figure 36C) and MTAP (Figure 36D) using 

the active affinity probe 3b was visualized by immunoblotting. Additionally, pre-incubation of 

the cell lysate with epoxykynin prevented binding to the affinity probe 3b (Figure 36C). 

SEH1L is a component of the Nup107-160 subcomplex as part of the nuclear pore complex 

(NPC). Proteins of the Nup107-160 subcomplex are essential for the assembly of NPCs195 

that are large multi-protein structures controlling the transport of macromolecules between the 

cytosol and the nucleus196. MTAP is important for the salvage of both methionine and 

adenosine triphosphate (ATP), by initiating the pathway through cleavage and 

phosphorylation of methylthioadenosine (MTA) to form 5-methylthioribose-1-phosphate 

(MTR-1-P) and adenine197. sEH is a bifunctional enzyme consisting of a C-terminal fatty acid 

epoxide hydrolase (sEH-H) and an N-terminal lipid phosphatase (sEH-P)198. While the role of 

sEH-P remains unknown, sEH-H is a member of the CYP epoxygenase branch of the 

arachidonic acid (AA) pathway and converts epoxy fatty acids into the respective dihydroxy 

fatty acids199. 

SEH1L, MTAP and sEH emerged as potential targets of epoxykynin from the affinity-based 

chemical proteomics. Since nucleoporins are highly abundant proteins that are frequently 

identified in pulldown experiments200, 201, MTAP and sEH were considered more relevant and 

investigated further. 

5.2.4.4 In silico Target Predictions for Epoxykynin 

In addition to experimental targetID methods, the three web-based computational target 

prediction tools similarity ensemble approach (SEA)202, 203, Swiss Target Prediction204, 205 and 

SuperPred Target Prediction206, 207 were employed to search for potential targets of epoxykynin 

(Table 4). Except for one bacterial protein (Beta sliding clamp, dnaN), all predicted targets 

were mammalian proteins. Three target protein candidates emerged from all three tools, 

namely cannabinoid receptor 1 and 2 (CB1 and CB2 receptors, CNR1 and CNR2) and the 

microsomal epoxide hydrolase (mEH, EPHX1). 

Additionally, the SEA tool listed plasminogen activator inhibitor 1 (SERPINE1), and membrane 

primary amine oxidase (AOC3) as potential targets. The Swiss Target prediction found 

Malonyl-CoA decarboxylase (MLYCD) and Cholesteryl ester transfer protein (CETP) as target 
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candidates. Lastly, SuperPred predicted NF-κB1 (NFKB1), 5-hydroxytryptamine receptor 2C 

(HTR2C) and DNA topoisomerase 2-α (TOP2A) to be targets of epoxykynin. 

Table 4: Top 5 target predictions for epoxykynin according to web-based computational tools. 

SEA Target 
Prediction202, 203 

Swiss Target 
Prediction204, 205 

SuperPred Target 
Prediction206, 207 

dnaN CNR1 CNR1 
SERPINE1 CNR2 NFKB1 

CNR2 MLYCD HTR2C 
AOC3 EPHX1 EPHX1 
EPHX1 CETP TOP2A 

Some of the in silico predicted targets were also detected in the TPP, namely mEH, NF-κB1, 

MLYCD and TOP2A, but they did not show a compound-induced shift in the thermostability 

(Figure 37). 

 

Figure 37: Thermal profiles for the predicted targets of epoxykynin as determined by TTP. ΔTm values 
(A) and thermal profiles for mEH (B, EPHX1), NF-κB1 (C, NFKB1), MLYCD (D) and TOP2A (E). 

Based on chemical similarity, these tools relate a small molecule to potential protein targets 

according to known references203, 205, 207. Ligands for CB1 and CB2 receptors and mEH with 

high similarity to epoxykynin according to the target predictions are depicted in Figure 38. 
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Figure 38: Ligands binding to CB1 and CB2 receptors and mEH that are chemically similar to 
epoxykynin according to SEA and Swiss Target Prediction204, 206. 

The reference ligands 5 to 8 for the CB1 receptor all contain a pyrazole, chloro substituents 

on the aromatic groups and an amide or acyl hydrazide. Compounds 5, 6 and 8 bear a 

piperidine or an azepane and componds 7 and 8 possess an electron-withdrawing trifluoro 

methyl group. The CB2 receptor ligands 9 and 10 have a 2-quinolone scaffold with an amide, 

ester and ether functionalization. The other two CB2 ligands 11 and 12 contain pyrazolidine 

or thiadiazolodine heterocycles, trifluoro methyl and t-butyl groups. The mEH reference 

compounds 13 to 18 are ureas, thioureas or amides. They bear hydrophobic moieties, such 

as adamantyl and cycloheptyl groups, and two of them have trifluoroacetyl piperidines. 

CB1 and CB2 receptors are GPCRs of the endocannabinoid system208 that bind hydrophobic 

ligands with different ligand selectivity209, 210. The reverse agonists rimonabant and otenabant 

for CB1 and BML-190 and SR144528 for CB2 were tested in the Kyn assay (blue curves, 

Figure 39) to evaluate whether CB1 and CB2 receptor ligands affect Kyn levels. Additionally, 

it was investigated if epoxykynin and any of these compounds have synergistic or additive 

effects on Kyn level reduction (orange curves, Figure 39). 
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Figure 39: Influence of CB1 and CB2 receptor ligands on cellular Kyn levels. A) Structures and IC50 
values for Kyn reduction of CB1 and CB2 receptor ligands. B-E) Determination of Kyn levels in HeLa 
cells upon treatment with IFN-γ, Trp, epoxykynin and the CB1 receptor ligands rimonabant (B) and 
otenabant (D) or CB2 receptor ligands BML-190 (C) and SR144528 (E) quantified using p-DMAB 
(mean ± SD, n=3). The dotted lines indicate Kyn levels of the DMSO+IFN-γ and epoxykynin+IFN-γ 
controls. 

Only two out of four compounds reduced cellular Kyn levels: rimonabant potently abolished 

cellular Kyn production with an IC50 value of 80.5 ± 11.5 nM (Figure 39B), whereas BML-190 

displayed weak inhibition with an IC50 greater than 10 µM (Figure 39C). Treatment with 10 nM 

epoxykynin decreased cellular Kyn levels by approximately 60%. Co-treatment of 10 nM 

epoxykynin with the CB receptor ligands did not reduce Kyn levels below this threshold (Figure 

39B-E). These results indicate that the co-treatment has no synergistic or additive effect on 

Kyn reduction. As only one ligand of each CB1 and CB2 receptors decreased Kyn levels, it is 

highly likely that the Kyn reduction is independent of CB receptor signaling. Despite that, Kyn 

levels might be abolished by direct inhibition of IDO1. Thus, the catalytic activity of purified 

human IDO1 was quantified upon treatment with rimonabant and BML-190 (Figure 40). 

Rimonabant reduced the IDO1 activity by by 42.7 ± 10.7% at 50 µM (Figure 40A), wheras 
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BML-190 did not significantly alter Kyn levels (Figure 40B). Since rimonabant was a potent 

inhibitor of Kyn production in cells but only moderately reduced Kyn levels in vitro, rimonabant 

might be an apo-IDO1 inhibitor. BML-190 is structurally similar to epoxykynin. Thus, the 

reduction of cellular Kyn levels might be due to the same MMOA. 

 

Figure 40: Influence on in vitro IDO1 activity. Purified human holo-IDO1 protein was treated with 
rimonabant (A) or BML-190 (B) for 40 min at 37 °C prior to addition of the IDO1 substrate Trp for 60 min 
at 37°C. Kyn levels were detected using p-DMAB (mean ± SD, n=3). 

Similar to sEH, mEH contributes to the detoxification of xenobiotic epoxides. Because they 

differ in cellular localization, with mEH being an ER-resident protein, it was long thought that 

both enzymes have distinct functions. However, it has now become apparent that mEH also 

hydrolyzes CYP epoxygenase-generated epoxyeicosatrienoic acids (EETs) to dihydroxy-

eicosatrienoic acids (DHETs)211. Because of the conserved catalytic triad and the overlapping 

substrate specificity of mEH and sEH211, it comes as no surprise that the compounds on which 

the target prediction is based on, are also known to bind to sEH212, such as the 

dicyclohexylurea 13 (Figure 38). 

The in silico target predictions strengthen the hypothesis that sEH might be the target of 

epoxykynin. While the CB1 and CB2 receptors were also predicted to be target protein 

candidates, the experimental data suggest otherwise. 
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5.2.5 Target Validation Studies 

Different target hypotheses arose from the application of various proteomics-based methods 

(5.2.4). In the following, the potential targets and their roles in Kyn reduction were investigated. 

5.2.5.1 HMOX1 as Potential Target of Epoxykynin 

HMOX1 displayed an epoxykynin-induced shift in the thermal melting temperature Tm in the 

TPP experiment (5.2.4.2). HMOX1 catalyzes the oxidative cleavage of the porphyrin ring of 

heme b to produce biliverdin IXα, ferrous iron and carbon monoxide194. Hence, epoxykynin 

might modulate the activity of HMOX1 and thereby enhance the degradation of the IDO1 

cofactor heme. Since IDO1 requires heme for catalysis, a deficiency of heme results in 

reduced Kyn levels. Thus, the cellular target engagement on immunoblot level via CETSA 

(Figure 42 and Figure 43), the enzymatic activity of HMOX1 upon treatment with epoxykynin 

(Figure 45, Figure 46 and Figure 47) and the role of HMOX1 for Kyn production were analyzed 

(Figure 48). 

The last 23 C-terminal amino acids of HMOX1 form a transmembrane segment (TMS) that 

anchors HMOX1 in the endoplasmic reticulum (ER) and facilitates oligomerization213. 

Truncated forms of HMOX1 lacking the TMS can be found in the cytoplasm or nucleus213, 214. 

The expression of HMOX1 can be induced upon treatment with its substrate hemin215 (Figure 

41).  

 

Figure 41: HMOX1 expression in different cell lines. A) HeLa, BxPC-3 and SKOV-3 cells were treated 
with 50 µM hemin for 18 h prior to analysis of protein levels via immunoblotting. Representative 
immunoblots for the HMOX1 monomer are shown (n=2). B) SKOV-3 cells were treated with 50 µM 
hemin and 10 µM epoxykynin for 24 h prior to analysis of the HMOX1 monomer via immunoblotting. C) 
HAP1 cells were treated with 50 µM hemin for 18 h prior to analysis of the HMOX1 monomer via 
immunoblotting. Representative immunoblots are shown (n=3). 

Using immunoblotting, HMOX1 monomers and trimers could be detected (Figure 42A-B). 

Subsequently, the thermal stability of HMOX1 upon epoxykynin treatment was analyzed by 

means of in-lysate CETSA (Figure 42C-E) and in-cell CETSA (Figure 42F-H). For the lysate-

based CETSA, only the monomer fraction of HMOX1 showed a thermal destabilization upon 

compound treatment of ΔTm of -3.2 ± 1.4°C (Figure 42E), but the Tms of the HMOX1 total 

protein, i.e. monomer and trimer fractions, and the trimer did not shift (Figure 42C-D). 

Furthermore, epoxykynin did not alter the thermal stability of HMOX1 in the cell-based CETSA 

(Figure 42F-H). 
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Figure 42: CETSA for HMOX1 in SKOV-3 cells. A) In-lysate CETSA for HMOX1. Cells were treated 
with 50 µM hemin for 18 h prior to cell lysis. The lysate was treated with 10 µM epoxykynin or DMSO 
(vehicle) for 10 min at room temperature prior to performing the thermal shift assay with subsequent 
immunoblotting (mean values ± SD, n≥3). B) In-cell CETSA for HMOX1. Cells were treated with 50 µM 
hemin for 18 h prior to treatment with 10 µM epoxykynin (C) or DMSO (V) for 10 min. The thermal shift 
assay was performed prior to cell lysis and subsequent immunoblotting (mean values ± SD, n=2). C-E) 
Thermal profiles for in-lysate CETSAs for HMOX1 as depicted in A). Profiles of the total HMOX1 protein 
(C), the HMOX1 trimer (D) and HMOX1 monomer (E) are shown (mean values ± SD, n≥3). F-H) Thermal 
profiles for in-cell CETSAs for HMOX1 as depicted in B). Profiles of the total HMOX1 protein (F), the 
HMOX1 trimer (G) and HMOX1 monomer (H) are shown (mean values ± SD, n=2). 

Additionally, in-cell CETSA with HEK293T cells that transiently express HMOX1-eGFP was 

performed in the absence of hemin (Figure 43). Again, no target engagement could be 

detected for the fusion protein with a melting temperature shift ΔTm of 0.2 ± 0.1°C. 



 Results 

56 
 

 

Figure 43: In-cell CETSA for HMOX1-eGFP in HEK293T cells. A) Cells were transfected with pCX-
HO1-2A-EFGP for 48 h prior to treatment with 10 µM epoxykynin or DMSO for 20 min. The thermal shift 
assay was performed prior to cell lysis and subsequent immunoblotting for HMOX1. Representative 
immunoblot is shown in A, thermal profiles are shown in B (mean values ± SD, n=3). ΔTm=0.2 ± 0.1°C. 

The enzymatic reaction catalyzed by HMOX1 generates carbon monoxide (Figure 44A). 

Therefore, the influence of epoxykynin on the enzymatic activity of HMOX1 can be 

investigated directly by monitoring cellular carbon monoxide levels. A CO-sensitive fluorescein 

ether-based probe216 was employed to detect CO in living cells (Figure 44B). 

 

Figure 44: Carbon monoxide detection in cells. A) HMOX1 catalyzes the ring opening of heme to yield 
biliverdin, which is subsequently reduced to bilirubin by BVR. B) Sensing mechanism for CO in cells 
using a fluorescein ether-based probe216. 

Hence, HeLa cells were treated with hemin, epoxykynin or a combination of both hemin and 

epoxykynin in the absence or presence of IFN-γ (Figure 45A). As expected, stimulation with 

IFN-γ did not alter CO levels (Figure 45A). Compared to the DMSO controls, treatment with 

10 µM epoxykynin slightly increased CO levels to 163.3 ± 37.5% in the absence of IFN-γ 

(Figure 45B), whereas it did not significantly modulate CO production in the presence of IFN-
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γ (Figure 45C). Upon addition of 100 µM hemin, the generated CO doubled with and without 

IFN-γ (Figure 45B-C), which might be due to induced expression of HMOX1. Co-treatment 

with both hemin and epoxykynin resulted in the highest CO levels. Without IFN-γ, 2.5 ± 0.5-

fold the amount of CO was generated compared to the DMSO control (Figure 45B) and with 

IFN-γ, CO levels were elevated to 395.9 ± 76.4% (Figure 45C). The increase in HMOX1 

catabolite levels is not due to enhanced protein expression of HMOX1 as detected by 

immunoblotting (Figure 41B). 

 

Figure 45: Carbon monoxide detection in HeLa cells. A) Cells were treated with IFN-γ, 10 µM 
epoxykynin and 100 µM hemin for 24 h. 1 µM BioTracker Carbon Monoxide Probe 1 Live Cell Dye216 
and 1 µM Pd(II)Cl2 were added for 30 min prior to imaging with the IncuCyte S3 Live-Cell Analysis 
System at 10x magnification. Images were inverted and depicted in grey scale for better visualization. 
B-C) Quantification of green counts from A) are shown in B) in the absence of IFN-γ and in C) for cells 
stimulated with IFN-γ (mean values ± SD, n=3). p values derived by an unpaired Student’s t-test are 
depicted above the bars. n.s.: non-significant.  

In the following, two less active derivatives of epoxykynin, namely compounds 2m and 2r (IC50 

for Kyn reduction 1.73 ± 0.1 µM and >10 µM, respectively), and the IDO1 inhibitors BMS-

986205 and epacadostat were tested for carbon monoxide generation in combination with 
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100 µM hemin in the presence of IFN-γ (Figure 46). All of the aforementioned compounds did 

not increase CO levels compared to hemin-treated cells. These results indicate, that the 

increase of carbon monoxide upon treatment with epoxykynin and hemin is an epoxykynin-

specific effect. The increase of CO is dependent on the potency of the epoxykynin derivative 

and is not a side effect of IDO1 inhibition. 

 

Figure 46: Comparison of carbon monoxide generation in HeLa cells upon treatment with different 
compounds. Cells were treated with IFN-γ, 10 µM compounds and 100 µM hemin for 24 h. 1 µM 
BioTracker Carbon Monoxide Probe 1 Live Cell Dye216 and 1 µM Pd(II)Cl2 were added for 30 min prior 
to imaging with the IncuCyte S3 Live-Cell Analysis System under 10x magnification (mean values ± SD, 
n=3). 

The second product of the HMOX1 enzymatic reaction is the cleaved porphyrin ring biliverdin 

Ixα which is further converted to bilirubin by the biliverdin reductase (BVR). While bilirubin is 

poorly soluble in aqueous solutions, it can be extracted from the cell culture supernatant by 

organic solvents217 and quantified as an indirect measure of the HMOX1 catalytic activity 

(Figure 47). 

 

 

Figure 47: Bilirubin quantification in SKOV-3 cells. Cells were treated with 10 µM epoxykynin and 
100 µM hemin in the absence (A) or presence of IFN-γ (B) and incubated for 72 h. Bilirubin was 
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extracted from the cell culture supernatant with benzene and quantified by absorbance at 450 nM using 
the molar attenuation coefficient of bilirubin dissolved in benzene217 (mean values ± SD, n=3). For time-
dependent treatments of 24-56 h see Figure S1. 

The cells produced equal basal levels of bilirubin in the DMSO controls in the absence or 

presence of IFN-γ with concentrations of 7.7 ± 0.1 µM/105 cells (Figure 47A-B). Treatment 

with epoxykynin did not alter the bilirubin production, while treatment with hemin slightly 

increased bilirubin levels to 8.0 ± 0.1 µM/105 cells (Figure 47A) and 7.9 ± 0.1 µM/105 cells 

(Figure 47B) without and with IFN-γ, respectively. However, co-treatment of hemin and 

epoxykynin elevates bilirubin concentrations to 8.7 ± 0.2 µM/105 cells in the absence of IFN-γ 

(Figure 47A) and to 8.1 ± 0.1 µM/105 cells in the presence of IFN-γ (Figure 47B). This effect 

could only be observed after treatment times of at least 48 h and the effect became stronger 

with extended incubation time (Figure S1). Taken together, the increase of both CO and 

bilirubin suggests that the activity of HMOX1 is modulated upon treatment with hemin and 

epoxykynin. However, the HMOX1 catabolite levels were not altered by treatment with 

epoxykynin in the absence of hemin.  

In addition to target engagement studies and monitoring the enzymatic activity of HMOX1 in 

cells, the role of HMOX1 for Kyn production was studied using HAP1 HMOX1 knockout (KO) 

cells in comparison to HAP1 wildtype (wt) cells (Figure 48). 

 

Figure 48: Genetic devalidation of HMOX1 as target of epoxykynin with HAP1 HMOX1 knockout (KO) 
cells. A) HAP1 wildtype (wt) and HAP1 HMOX1 KO cells were treated with IFN-γ, Trp and epoxykynin 
for 48 h prior to quantification of Kyn levels using p-DMAB (mean values ± SD, n=3). B) HAP1 wt cells 
were treated with IFN-γ, Trp, epacadostat and epoxykynin for 48 h prior to quantification of Kyn levels 
using p-DMAB (mean values ± SD, n≥2). 

Interestingly, epoxykynin did not impair Kyn production in both HAP1 wt and HAP1 HMOX1 

KO cells (Figure 48A), while 500 nM of the IDO1 inhibitor epacadostat reduced Kyn levels by 

76.9 ± 0.8% in the HAP1 wt cells (Figure 48B). These findings demonstrate that although the 

Kyn pathway is inducible and active, the target protein of epoxykynin is not present in HAP1 

cells. However, HMOX1 is expressed in HAP1 cells as curated in databases218 and detected 

on immunoblots (Figure 41C). 
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5.2.5.2 MTAP as Potential Target of Epoxykynin 

MTAP was one of the three proteins that was selectively enriched on affinity probe 3b during 

the affinity pulldown. Thus, it was tested if epoxykynin directly binds to MTAP (Figure 49), if a 

published MTAP inhibitor reduces cellular Kyn levels (Figure 50) and if the knockout of MTAP 

phenocopies the Kyn production inhibition mediated by epoxykynin (Figure 51). 

In the lysate-based CETSA, epoxykynin did not cause a significant shift in the melting 

temperature of MTAP with Tm values of 72.7 ± 1.5°C for the vehicle control and 73.2 ± 0.1°C 

for the epoxykynin treatment (Figure 49). 

 

Figure 49: Cellular thermal shift assay (CETSA) for MTAP in HeLa cell lysate. The cell lysate was 
treated with 10 µM epoxykynin or DMSO (vehicle) for 20 min at room temperature. The thermal shift 
assay was performed prior to immunoblotting. Representative immunoblots are shown in A, thermal 
profiles are shown in B (mean values ± SD, n=3). ΔTm=0.5 ± 1.5°C. 

Subsequently, the MTAP inhibitor methylthio-DADMe-Immucillin A (MT-DADMe-ImmA, Figure 

50A) was tested for Kyn reduction (Figure 50B). Upon compound treatment, Kyn levels were 

decreased by only 16.5 ± 1.7% at a concentration of 20 µM. 

 

Figure 50: Chemical devalidation of MTAP as target of epoxykynin. A) Structure of the MTAP inhibitor 
methylthio-DADMe-immucillin A (MT-DADMe-ImmA). B) Influence of MT-DADMe-ImmA on Kyn levels. 
HeLa cells were treated with IFN-γ, Trp and compounds for 48 h prior to measuring Kyn levels using p-
DMAB (mean values ± SD, n=3). 

Finally, HCT116 MTAP-/- cells that transiently express IDO1 were used to genetically 

investigate MTAP as a potential target of epoxykynin (Figure 51). Transfection of HCT116 wt 

cells with an IDO1 construct under the control of a CMV promoter and subsequent addition of 
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500 µM Trp increased Kyn levels 9-fold compared to untransfected HCT116 wt cells (Figure 

51A). Similarly, transfection with IDO1 elevated Kyn levels 11-fold in HCT116 MTAP-/- cells 

(Figure 51A) in comparison with the untransfected cells. Subsequently, epoxykynin was tested 

in IDO1-HCT116 and IDO1-HCT116 MTAP-/- cells for Kyn level reduction (Figure 51B). 

Epoxykynin potently decreased cellular Kyn levels in both wt and MTAP-/- cells with IC50 values 

of 20.7 ± 11.5 nM and 20.5 ± 15.9 nM, respectively. 

 

Figure 51: Genetic devalidation of MTAP as target of epoxykynin. A) HCT116 wildtype (wt) and 
HCT116 MTAP-/- cells were transiently transfected with IDO1 for 24 h prior to addition of medium with 
different concentrations of Trp (78.3 or 500 µM) for 36 h. Kyn levels were quantified using p-DMAB 
(mean values ± SD, n=2). B) Kyn assay in HCT116 and HCT116 MTAP-/- cells that transiently express 
IDO1. Cells were transfected with IDO1 for 24 h prior to addition of 500 µM Trp and epoxykynin for 48 h. 
Kyn levels were quantified using p-DMAB (mean values ± SD, n=3). 

In summary, no target engagement of epoxykynin to MTAP was proven and the published 

MTAP inhibitor as well as depletion of MTAP in cells failed to phenocopy inhibition of Kyn 

production by epoxykynin. Thus, MTAP was devalidated as target protein of epoxykynin. 

5.2.5.3 sEH as Potential Target of Epoxykynin 

sEH was selectively enriched by affinity probe 3b in chemical proteomics. To investigate if 

epoxykynin directly binds to sEH, target engagement in vitro and in cellulo was studied. 

 

Figure 52: Influence of epoxykynin on the thermostability of sEH. A-B) Purified human sEH was treated 
with epoxykynin or DMSO for 10 min at 22°C prior to detection of the intrinsic tryptophan/tyrosine 
fluorescence upon melting. Representative melting curves (A) and first derivate of melting curves (B) 
are shown (n=4). 
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Treatment of purified human full-length sEH with epoxykynin altered the melting curve of sEH 

compared to the DMSO control (Figure 52A). The fluorescence at 20°C, which corresponds 

to the native protein state, was increased, whereas the minimum of the curve was shifted to 

higher temperatures, making the slope for determination of the melting temperature Tm 

shorter. Using the first derivative of the melting curves (Figure 52B), the thermal melting 

temperatures Tm can be obtained from the highest peak of the curve. Binding of epoxykynin 

to sEH dose-dependently increased the thermal melting temperature Tm by 5.5 ± 1.5 °C 

compared to the DMSO control. 

 

Figure 53: Cellular thermal shift assay (CETSA) for sEH in Jurkat cells. A-B) The cell lysate was treated 
with 10 µM epoxykynin or DMSO (vehicle) for 20 min at room temperature. The thermal shift assay was 
performed prior to immunoblotting. Representative immunoblot is shown in A, thermal profiles are 
shown in B (mean values ± SD, n=3). C-D) Cells were treated with 10 µM epoxykynin or DMSO (vehicle) 
for 15 min at 37°C. The thermal shift assay was performed prior to cell lysis and subsequent 
immunoblotting. Representative immunoblot is shown in C, thermal profiles are shown in D (mean 
values ± SD, n=3). 

Subsequently, the thermostability of sEH was investigated in a cellular environment using 

CETSA. In a lysate-based setup, treatment with epoxykynin did not alter the thermal stability 

of sEH (Figure 53A-B), while for in-cell CETSA epoxykynin induced a stabilization upon heat 

treatment in Jurkat cells with a ΔTm of 5.9 ± 1.2°C (Figure 53C-D). In conclusion, epoxykynin 

engages with sEH in vitro and in cells and, thereby, increases its thermostability. 

After confirming that epoxykynin binds to sEH, its influence on the sEH catalytic activity was 

investigated. First, the inhibitory effect of epoxykynin on the fatty acid epoxide hydrolase 

domain (sEH-H) was tested. Therefore, the conversion of the fluorogenic epoxide PHOME by 

sEH-H was monitored (Figure 54A)219. Purified sEH was treated with epoxykynin and the  
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Figure 54: Inhibition of sEH-H by epoxykynin. A) The enzymatic sEH-H activity was measured by 
means of the conversion of the fluorogenic sEH-H substrate (3-phenyl-oxiranyl)-acetic acid cyano-(6-
methoxy-naphthalen-2-yl)-methyl ester (PHOME) to the highly fluorescenct 6-methoxy-2-
naphthaldehyde219. B-C) Inhibition of sEH-H upon treatment with epoxykynin, ebselen or AR9281 for 
30 min. Representative curves are shown in B, the dose-dependent inhibition curve is shown in C (mean 
values ± SD, n=3). 

control inhibitors ebselen220 and AR9281221 (Figure 54B). Compared to the DMSO control, 

treatment of sEH with both control inhibitors, as well as 100 nM of epoxykynin abolished the 

catalytic activity of sEH-H. Epoxykynin potently inhibited sEH-H in a dose-dependent manner 

with an IC50 value of 6.7 ± 3.2 nM (Figure 54C). 

 

Figure 55: Epoxykynin does not inhibit sEH-P. A) The enzymatic sEH-P activity was measured by 
means of the conversion of the sEH-P substrate AttoPhos (2’-(2-benzothiazoyl)-6’-
hydroxybenzothiazole phosphate (BBTP)) to the highly fluorescenct 2’-(2-benzothiazoyl)-6’-
hydroxybenzothiazole (BBT)220. B-C) The enzymatic sEH-P activity was measured upon treatment with 
epoxykynin, AR9281 or ebselen for 20 min. Representative curves are shown in B, the normalized 
inhibition after 15 min of treatment is shown in C (mean values ± SD, n=3). 
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In addition to the hydrolase activity, sEH contains a lipid phosphatase domain (sEH-P). The 

enzymatic activity of sEH-P was evaluated by the conversion of the AttoPhos reagent to a 

fluorescent product (Figure 55A)220. The effect of epoxykynin on sEH-P was tested by 

treatment of purified sEH with epoxykynin and the control inhibitors ebselen and AR9281 

(Figure 55B). While epoxykynin and AR9281 did not inhibit sEH-P, ebselen completely 

abolished the sEH-P catalytic activity compared to DMSO (Figure 55C). Concisely, 

epoxykynin impairs the catalytic activity of sEH-H, but does not inhibit sEH-P. 

 

 

Figure 56: A) Structures and B) influence of of sEH-H inhibitors on Kyn levels. HeLa cells were treated 
with IFN-γ, Trp and compounds for 48 h prior to measuring Kyn levels using p-DMAB (mean values ± 
SD, n=3). 

Furthermore, three sEH-H inhibitors GSK2256294A222, AR9281 and TPPU212 were tested for 

cellular Kyn reduction (Figure 56). None of these compounds significantly altered Kyn levels 

in HeLa cells. The urea-based sEH-H inhibitors AR9281 and TPPU are known to have poor 

pharmacokinetics (PK)223. Thus, they may be very active in biochemical assays, though not 

as potent in a cellular setup. 

Additionally, the sEH-P inhibitors SWE101224, ebselen and auranofin were investigated in the 

Kyn assay (Figure 57). The selective sEH-P inhibitor SWE101 did not reduce Kyn levels, while 

ebselen decreased cellular Kyn levels by 43.8 ± 3.6% at 10 µM with an IC50 value greater than 

10 µM and auranofin potently inhibited Kyn production with an IC50 of 57.3 ± 28.5 nM. 
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Figure 57: A) Structures and B) influence of of sEH-P inhibitors on Kyn levels. HeLa cells were treated 
with IFN-γ, Trp and compounds for 48 h prior to measuring Kyn levels using p-DMAB (mean values ± 
SD, n=3). 

Taken together, the published sEH-H and sEH-P inhibitors did not reduce cellular Kyn levels, 

except for ebselen and auranofin. Both of these small molecules are promiscuous 

compounds225-227, with the thioredoxin reductase (TrxR) being their common annotated 

target225, 227. Hence, epoxykynin was tested for direct inhibition of TrxR (Figure 58). 

 

Figure 58: Thioredoxin reductase (TrxR) assay. A) TrxR activity was monitored by the reduction of the 
Ellman’s reagent (5,5’-dithio-bis(2-dinitrobenzoic acid) (DTNB)) to 5-thio-nitrobenzoic acid (TNB) in the 
presence of NADPH. B) Structure of the TrxR inhibitor aurothiomalate. C) TrxR was extracted from 
HeLa cell lysate and the enzymatic TrxR activity was measured upon treatment with aurothiomalate, 
auranofin, ebselen or epoxykynin for 15 min (mean values ± SD, n=3). 
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The thioredoxin system consists of thioredoxin (Trx), TrxR and NADPH. Upon reduction of a 

protein disulfide bridge by Trx, the pair of cysteines in the Trx active site oxidize and form a 

disulfide. Thereafter, TrxR reduces the Trx disulfide with NADPH as electron source228. Thus, 

together with the glutathione system, the Trx system regulates the redox state of cysteine 

residues in proteins. TrxR was derived from HeLa cell lysate and its catalytic activity was 

monitored by the reduction of the Ellman’s reagent (5,5’-dithio-bis(2-dinitrobenzoic acid) 

(DTNB)) in the presence of NADPH (Figure 58A)229. The TrxR inhibitor aurothiomalate (Figure 

58B)230 reduced TrxR activity to 35.0 ± 1.7% at 20 µM (Figure 58C). Similarly, 20 µM auranofin 

inhibited TrxR by 33.8 ± 5.0%, while ebselen and epoxykynin did not impair the TrxR 

enzymatic activity (Figure 58C). Thus, epoxykynin does not reduce Kyn levels via modulation 

of the Trx system. 

 

Figure 59: Genetic validation of sEH as a target of epoxykynin for Kyn reduction. A-B) Knockdown of 
sEH (EPHX2) decreased cellular Kyn levels. HeLa cells were transfected with 50 nM non-targeting (NT) 
or EPHX2-targeting siRNA for 48-96 h and treated with Trp and IFN-γ for 48 h prior to detection of 
EPHX2 mRNA (A, mean values ± SD, n=3) and Kyn levels with p-DMAB (B, mean values ± SD, n=3). 
The dotted lines indicate signal levels of the NT siRNA controls. C) Overexpression of sEH in HAP1 
cells that do not endogenously express sEH. HAP1 cells were transfected with empty vector (mock) or 
pCMV3-EPHX2 for 24-48 h prior to quantification of protein levels by immunoblotting. Representative 
immunoblots are shown (mean values ± SD, n=3). The plasmid amounts indicated refer to the amount 
per 96-well plate. The orange and blue boxes correspond to the transfection conditions used in D). D) 
HAP1 cells that transiently express sEH were treated with epoxykynin, Trp and IFN-γ for 48 h prior to 
measuring Kyn levels p-DMAB (mean values ± SD, n=3). sEH-HAP1: 1 µg plasmid/96-well plate, 
3XsEH-HAP1: 3 µg plasmid/96-well plate. 

sEH was depleted in HeLa cells using siRNA to investigate the role of sEH in the Kyn pathway. 

A partial knockdown of 82 ± 5 %, 84 ± 6% and 90 + 3% was achieved after 48, 72 and 96 h, 

respectively (Figure 59A). Simultaneously, Kyn levels were reduced by 23 ± 13%, 38 ± 9% 

and 36 ± 6% after 48, 72 and 96 h, respectively (Figure 59B). Furthermore, sEH was 

overexpressed in HAP1 cells that hardly express any sEH according to the Proteinatlas 
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database (Figure 59C)231, 232. In the wildtype (wt) cells, epoxykynin did not reduce cellular Kyn 

levels upon stimulation with IFN-γ, whereas in sEH-HAP1 cells epoxykynin inhibited Kyn 

production with an IC50 value of 68.4 ± 9.7 nM (Figure 59D). Transfecting HAP1 cells with 

thrice the amount of plasmid DNA shifted the IC50 to 159.7 ± 49.1 nM (Figure 59D). 

 

Figure 60: Influence of altered sEH levels on IDO1 levels. A) KD of sEH decreases IDO1 levels. HeLa 
cells were transfected with non-targeting (NT) or EPHX2-targeting siRNA for 48-72 h and treated with 
IFN-γ for 48 h prior to quantification of protein levels by immunoblotting. Representative immunoblots 
are shown (mean values ± SD, n=3). B) Overexpression of sEH resulted in increased IDO1 levels. HeLa 
cells were transfected with empty vector (mock) or pCMV3-EPHX2 for 24-48 h and treated with IFN-γ 
for 48 h prior to quantification of protein levels by immunoblotting. Representative immunoblots are 
shown (mean values ± SD, n=2). The plasmid amounts indicated refer to the amount per 96-well plate. 

Subsequently, the influence of sEH knockdown or overexpression on the IDO1 protein levels 

was investigated in HeLa cells (Figure 60). Depletion of sEH reduced cellular IDO1 levels by 

up to 35.0 ± 10.1% after 72 h (Figure 60A). On the other hand, overexpression of sEH doubled 

the IDO1 levels after 48 h, but did not modulate IDO1 levels after 24 h (Figure 60B). These 

results demonstrate that sEH expression controls IDO1 protein levels. Since the effect 

appears only after 48 h, this indicates cross-regulation of both signaling pathways. 

Additionally, Kyn levels were quantified in IDO1-containing BxPC-3 cell lysate (Figure 61). In 

cell lysates, signal transduction within protein networks is no longer possible. Hence, these 

experiments elucidate if pathway activity is required for the inhibition by epoxykynin. Upon 

treatment of the lysate with 10 µM epacadostat, Kyn levels were decreased by 89.6 ± 6.9%, 

while 10 µM epoxykynin did not alter Kyn levels (Figure 61A). However, pre-treatment of the 

cells with 5 µM epoxykynin or EPHX2-targeting siRNA prior to quantification of Kyn levels in 

the cell lysate reduced Kyn levels to 11.2 ± 1.9% and 74.5 ± 1.3%, respectively (Figure 61B). 

These findings demonstrate that acute inhibition of sEH is not sufficient to reduce Kyn levels. 

Instead, a cross-talk between sEH and the Kyn pathway are necessary to decrease Kyn levels. 
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Figure 61: sEH inhibition modulates the Kyn pathway. A-B) Kyn assay in BxPC-3 cell lysate. A) BxPC-
3 cells were treated with IFN-γ for 24 h prior to cell lysis. The lysate was treated with 10 µM epacadostat, 
10 µM epoxykynin or DMSO for 45 min prior to detection of Kyn levels (mean values±SD, n=3). D) 
BxPC-3 cells were treated with 5 µM epoxykynin, 50 nM EPHX2-targeting siRNA or DMSO and IFN-γ 
for 48 h prior to cell lysis and detection of Kyn levels (mean values ± SD, n=3). 

sEH-H catalyzes the conversion of epoxyeicosatrienoic acids (EETs) to dihydroxy-

eicosatrienoic acids (DHETs, Figure 62A). In the cellular environment, EETs are unstable and 

are rapidly converted into the biologically less active DHETs233, 234. Inhibition of sEH results in 

accumulation of EETs, as well as deprivation of DHETs, which might contribute to the 

reduction of Kyn levels. The influence on Kyn levels of two of the four regioisomer EETs 

(Figure 62B) and DHETs (Figure 62C) was investigated. Upon treatment of BxPC-3 cells with 

8,9-EET and 11,12-EET, Kyn levels were slightly increased up to 130.7 ± 3.2% and 

137.8 ± 4.4% at 1 µM EET, respectively (Figure 62B). These results contradict the 

expectations. Since EET substrates accumulate upon inhibition of sEH, the logical conclusion 

would be that treatment with the substrates would reduce Kyn levels. However, EETs can be 

incorporated into membranes and presumably have additional signaling functions unrelated 

to the AA pathway233-235. Therefore, it is challenging to draw a conclusion from this experiment. 

Moreover, treatment with 8,9- and 11,12-DHETs did not alter cellular Kyn production (Figure 

62C). Since DHETs are less active than EETs, it is not surprising that they have no effect on 

Kyn levels.  
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Figure 62: Kyn levels upon treatment with epoxyeicosatrienoic acids (EETs) and dihydroxy-
eicosatrienoic acids (DHETs). A) sEH-H catalyzes the conversion of CYP epoxygenase-derived 5,6-, 
8,9-, 11,12- and 14,15-EETs to the corresponding DHETs. B-C) Influence of sEH-H substrates and 
products on Kyn levels. BxPC-3 cells were treated with BSA:EETs (B) or BSA:DHETs (C), Trp and IFN-
γ for 48 h under serum-reduced conditions prior to determination of cellular Kyn levels with p-DMAB 
(mean values ± SD, n≥3). 

 

In conclusion, epoxykynin binds to sEH in vitro and in cells and thereby, inhibits the catalytic 

activity of sEH-H. Depletion of sEH in cells phenocopies inhibition of Kyn production by 

epoxykynin and altered expression of sEH modulates IDO1 protein levels. Thus, epoxykynin 

reduces cellular Kyn levels by inhibition of sEH-H. 
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6 Discussion 

Cell-based screenings represent a powerful strategy to identify bioactive small molecules in 

disease-relevant systems. Compared to target-based assays that focus on single, validated 

protein targets, cell-based assays allow for a less biased discovery of new targets in cells. 

This approach not only facilitates the identification of bioactive compounds, but, moreover, 

enables better understanding of disease-related pathways and new conclusions on the link 

between a target and the disease236. To obtain reliable results, the screening has to be 

carefully designed and validated. For the design of robust screening assays, it is crucial to 

consider the phenotypic screening ‘rule of 3’: utilizing a disease-relevant system, employing a 

physiological stimulus and a downstream readout close to the clinical end point121. Since IDO1 

expression and the Kyn pathway are associated with induced immune tolerance in the tumor 

microenvironment, the aim of this thesis was to discover inhibitors of this pathway. Therefore, 

a cell-based assay for the identification of modulators of cellular Kyn levels upon stimulation 

with IFN-γ155 was developed. The following paragraph discusses, why this assay is an 

excellent example for a predictive cell-based screening. 

Since IDO1-induced immune suppression is associated with cancer progression, BxPC-3 

cells237 as a pancreatic cancer cell line represent a robust assay system. However, tumor-

derived cell lines often display high genetic heterogeneity compared to normal tissue cells238. 

This might cause up- or downregulation of certain signaling pathways and aberrant metabolic 

processes. Accordingly, phenotypic assays can benefit from more native, patient- or tissue-

originating cellular systems121. Nonetheless, primary patient-derived cells often show high 

donor-specific variations. Considering these factors, secondary validation of the screening 

results in other cancer cell lines, such as HeLa cells or SKOV-3 cells, was performed. 

To induce Kyn production, the cytokine IFN-γ was employed as stimulus. Induction with IFN-

γ leads to expression of IDO1, while the expression of two other Trp-catabolizing enzymes 

TDO and IDO2 cannot be induced by cytokines44, 180, 239. Thus, compounds identified by the 

screening most likely interfere with IDO1-related Kyn production. Additionally, IFN-γ 

represents a disease-relevant stimulus, since suppressive lymphocytes within the TME 

secrete IFN-γ to inhibit cytolytic immune cells240 and it acts upstream of IDO1 expression. 

However, a system providing an intrinsic stimulus, such as a co-culture of cancer and cytotoxic 

T cells, would have higher physiological relevance121. Moreover, stimulation with IFN-γ 

induces signaling events that involve different transcription factors and promoters, regulating 

a multitude of genes240. Therefore, it is important to investigate if the screening results are 

dependent on the stimulus or if the screening hits can also act on systems in the absence of 

the stimulus. This is also critical when considering that IDO1 expression can be regulated by 

diverse upstream factors, such as TGF-β or PGE-292, 241, 242. Hence, Kyn assays in HEK293T 
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cells that transiently express IDO1 under control of a promoter that is not inducible by IFN-γ 

and SKOV-3 cells that endogenously express IDO1 without exogenous stimuli were 

employed. 

Kyn levels were monitored as the assay readout of the screening. Since Kyn production is 

downstream of the signaling events, Kyn level modulation as the readout captures most of the 

mechanisms related to the Kyn pathway in this system. Thereby, the amount of built-in 

assumptions associated to adverse pathway events or deviant downstream signaling is 

minimized. Moreover, Kyn acts as a direct immunosuppressant responsible for T cell 

dysfunction243. Thus, it is closely associated with the clinical end point and has been used as 

biomarker to predict prognoses for cancer patients244, 245. This enables the potential translation 

of the screening results to in vivo models121. 

Taken together, the cell-based screening employed in this thesis enabled the identification of 

Kyn pathway modulators that not only inhibit IDO1 directly, but also modulate targets within 

the Kyn pathway. With this assay in hand, apoxidole PNPs were discovered as type IV apo-

IDO1 inhibitors and epoxykynins were found to reduce Kyn levels by inhibition of sEH. 

6.1 Apoxidoles as Novel Type IV IDO1 Inhibitors 

6.1.1 Kyn Pathway Inhibition and Structure-Activity Relationship 

To validate the screening results and exclude false positive hits, the inhibition of Kyn 

production by apoxidole PNPs was validated in different cell lines and using orthogonal 

readouts. For this purpose, manual Kyn assays were performed in HeLa, BxPC-3 and SKOV-

3 cells employing the Ehrlich reagent or HPLC-ESI-MS/MS quantification as readout. The 

inhibition by apoxidole-1 was strongest in HeLa cells with an IC50 value of 46.7 ± 2.4 nM, 

followed by SKOV-3 cells with an IC50 of 109.3 ± 25.5 nM and BxPC-3 cells with an IC50 of 

250.4.3 ± 67.1 nM. The deviations in IC50s might be due to different IDO1 expression levels in 

each cell line upon stimulation with IFN-γ and different cell numbers. Nonetheless, these 

results are consistent with the IC50 value of 36.7 ± 9.4 nM obtained from the automated Kyn 

screening in BxPC-3 cells by COMAS. 

 

Figure 63: Condensed structure-activity relationship (SAR) for apoxidoles. Substituents of the sulfonyl 
group are shown in A. EWG: electron-withdrawing group. 

Exploring the SAR (Figure 63) revealed that compounds derived from the (R,R) catalyst are 

significantly more potent than those originating from the (S,S) catalyst. Even if the majority of 
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the product corresponds to the (S,R) derivative, impurities with the (R,S) form reduce the 

compound activity. This is a well-known phenomenon commonly reported in literature246, 247. 

With a compound’s protein target being a three-dimensional entity, it is not surprising that only 

the right enantiomer or diastereomer can bind with high affinity. Therefore, it is important to 

confirm the identity of each molecule, since different optical activity can result in unpredictable 

off-target events247. For instance, (R)-thalidomide cures morning sickness during pregnancy, 

while its (S)-enantiomer has severe teratogenic effects248. However, there are FDA-approved 

drugs marketed as both racemic mixtures and enantiopure agents (also due to interconversion 

in vivo), such as ibuprofen or warfarin249. 

Most of the apoxidoles carry an ester group in the R1, R3 and R4 position. Esters are classical 

prodrugs of carboxylic acids, since they improve the poor bioavailability of their carboxylic acid 

precursors and can be hydrolyzed in vivo by ubiquitous esterases250. But not all esters are 

accessible for esterases, considering differences in the steric hindrance and electron 

density167. Serum-containing cell culture growth medium includes esterases166, 251, hence, it is 

a simple method to test the stability of ester-bearing compounds. The results indicate that all 

esters in apoxidole-1 are stable in serum for up to 48 h, which corresponds to the duration of 

the Kyn assay. Therefore, apoxidoles do not act as prodrugs, even though the cleavage of the 

esters inside the cell cannot be excluded completely. 

Compounds without the methyl ester in R1 position are generally less potent, indicating that 

the stereocenter is important for bioactivity. The combination of tBu and Et esters in R3 and 

R4 position, respectively, yielded the most active compound. Introducing bigger groups in both 

positions decreased the potency. Especially the R3 position did not tolerate substitution of the 

tBu by the Bn group, suggesting that the increased size and hydrophobicity potentially diminish 

the activity. 

The initial hit compound (S,R)-1b and nine further derivatives contain a nosyl group as sulfonyl 

moiety in R2 position. Nitro groups are electron-withdrawing groups that can react with thiol 

nucleophiles, such as cysteines or glutathione, to form covalent adducts252, 253. Additionally, 

nitro groups can undergo enzymatic reduction to amines by nitroreductases within cells, 

involving the generation of potentially toxic nitroso derivatives, nitro radical anions, nitroxyl 

radicals, hydroxylamines and ROS254. However, no cytotoxicity has been observed for 

apoxidoles. Still the replacement of the nosyl group by other groups is desirable and, in this 

case, even led to more active derivatives. Substituents at R2 position mostly include aromatic 

residues. Methyl, phenyl or para-substituted phenyl residues provided sub-micromolar activity. 

Especially introduction of lipophilic moieties, such as the tosyl group, increased the potency, 

whereas electron-withdrawing groups led to diminished activity. 
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In conclusion, apoxidole-1 combines the methyl ester in R1 position with a p-Me-Ph group in 

R2 and tBu and ethyl esters in R3 and R4 to be the most potent derivative with an IC50 value of 

46.7 ± 2.4 nM. 

6.1.2 Identification of the Molecular Target of Apoxidole-1 

Small molecules that reduce cellular Kyn levels in this screening assay can have 

miscellaneous targets. These compounds might impair the signal transduction of the IFN-γ 

stimulus, modulate gene levels or protein levels, lower the availibilty of the IDO1 substrate 

Trp, inhibit IDO1 directly or enhance the downstream degradation of Kyn. Thus, hit compound 

(S,R)-1b and apoxidole-1 were first characterized in different cell-based assays to narrow 

down the target of the apoxidoles. Apoxidoles did not alter IDO1 promoter-driven expression, 

IDO1 mRNA or IDO1 protein levels. Additionally, apoxidole-1 reduced cellular Kyn levels in 

the absence of the IFN-γ stimlus. These findings indicate that apoxidoles do not modulate the 

first part of the IDO1 pathway, including the binding of IFN-γ to its receptor and subsequent 

JAK/STAT signaling, as well as transcription and translation of the IDO1 gene or mRNA, 

respectively. Furthermore, the unaltered IDO1 protein levels suggest that the turnover of the 

IDO1 protein is not enhanced by the compounds. Moreover, the target expression is not 

dependent on the IFN-γ stimulus and more specifically, on promoters containing a gamma 

interferon activation site (GAS). Additionally, apoxidoles do not interfere with the IFN-γ-

independent or -dependent uptake of the IDO1 substrate Trp by LATs or TrpRS. Thus, the 

target of apoxidoles is not involved in the IFN-γ-induced expression of IDO1, nor in the import 

of Trp. 

Upon treatment with 60 µM apoxidole-1, the activity of purified human full-length IDO1 was 

reduced by 32 ± 2.8%. This led to the hypothesis that apoxidole-1 might be an apo-IDO1 

inhibitor. In contrast to holo-IDO1 inhibitors, such as epacadostat87, 255, apo-IDO1 inhibitors 

provide only weak inhibition in in vitro assays155, 256-258. The reason for this is that the 

displacement of the heme group is a slow and reversible process, since the affinity of heme 

to the apo-protein is usually high with KD values in the pico- to femto-molar range259. Hence, 

pre-incubation of holo-IDO1 in the presence of the compound at 37°C is required to observe 

inhibition by apo-IDO1 inhibitors. Nonetheless, once the inhibitor-apo-IDO1 complex is 

formed, it is thermodynamically stable and mimics the kinetics of irreversible inhibition260. This 

results in prolonged target engagement, leading to high potencies in cellular experiments. 

Additionally, heme-displacing inhibitors seem to be selective for IDO1260, 261, whereas some 

holo-IDO1 inhibitors act as dual inhibitors for TDO and IDO189, 92. 

6.1.3 Target Validation Studies 

Validation of a small molecule’s protein target can include genetic, chemical, in vivo and target 

engagement strategies. To confirm the binding of apoxidole-1 to IDO1, nano differential 
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scanning fluorimetry was employed. Treatment of holo-IDO1 with apoxidole-1 increased the 

thermal denaturation temperature by 7.7 ± 0.3°C with an apparent KD, app value of 

1.1 ± 0.3 µM262, 263. Since binding constants described by the KD value are temperature- 

 

Figure 64: Isothermal analysis of of the nanoDSF data. A) Fitting of the fluorescence-based thermal 
denaturation curves of IDO1 at different concentrations of apoxidole-1. B) Isothermal analysis of the 
nanoDSF data from A) at 48-51°C (2.3°C above the protein Tm). A representative replicate is shown 
(n=3). Plots were created by FoldAffinity263 (spc.embl-hamburg.de). KD, 48°C = 11.6 nM; KD, 

49°C = 24.7 nM; KD, 50°C = 48.4 nM; KD, 51°C = 54.4 nM. 
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dependent, isothermal methods are generally more suitable to determine binding affinities as 

TSA methods. Thus, only apparent KD, app values can be obtained from nanoDSF experiments 

which can be converted into KDs by isothermal analysis263. However, the isothermal fit uses 

the heat capacity change ΔCp upon unfolding of the protein. If the ΔCp is not known for the 

target protein, it can be assumed to have a value of zero263. Using the temperature-dependent 

nanoDSF data, a KD value of 20.7 ± 0.01 nM at 49 °C was calculated for apoxidole-1 binding 

to IDO1 (Figure 64). 

Furthermore, observation of the Soret peak at 404 nm suggested that binding of apoxidole-1 

induces heme release. The Soret peak not only provides information on whether the heme 

cofactor is displaced, but also about the oxidation state of the iron. While the absorbance 

maximum at 404 nm corresponds to ferric iron, a red-shifted peak is characteristic for ferrous 

IDO1178. Therefore, this method can also be used to characterize holo-IDO1 inhibitors, since 

there are inhibitors targeting either ferric or ferrous IDO198. Taken together, these findings 

strongly indicate that apoxidole-1 binds and stabilizes apo-IDO1 upon thermal denaturation. 

Additionally, free hemin dose-dependently reduced the potency of apoxidole-1 in the cellular 

Kyn assay, indicating that hemin and apoxidole-1 compete for the same binding site. 

Target engagement in cells was demonstrated using CETSA. Pre-treatment of the cells with 

the heme synthesis inhibitor succinylacetone was crucial to observe a thermal shift ΔTm of 

7.9 ± 0.6°C upon compound treatment. Since the affinity of heme to its apo-protein is generally 

very high with KD values in the pico- to femto-molar range259, hemoproteins normally only exist 

in their holo-form within the cell. In vitro experiments showed that apoxidole-1 indeed induces 

heme loss, but high concentrations and long incubation times were required. Therefore, by 

inhibiting the heme biosynthesis, it was assured that apo-IDO1 was the pre-dominant protein 

form in the cells. This enabled the detection of the thermal shift after only 15 min of compound 

treatment. Certainly, longer incubation times could have led to the observed thermal shift, but 

then the advantage of the CETSA technology, namely the detection of rapid target 

engagement within the cellular context, would have been lost. Interestingly, holo-IDO1 

displays higher thermal stability compared to apo-IDO1, demonstrating that both heme 

cofactor and ligand binding stabilize the protein. 

Ultimately, the binding pose of apoxidole-1 to IDO1 was determined by means of a co-crystal 

structure (pdb 8abx). Similar to the well-characterized apo-IDO1 inhibitor BMS-986205 (Figure 

65A), apoxidole-1 binds into the heme-binding pocket in the catalytic site of IDO1, ranging to 

sub-pockets A and D. The compound is stabilized mainly by hydrophobic interactions and an 

additional polar interaction between His346 and the carbonyl oxygen of the ethyl ester of 

apoxidole-1 (Figure 65B). This His residue coordinates to the proximal site of the heme in 
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holo-IDO1 (Figure 65C) and is an important hydrogen bond donor for most of the apo-IDO1 

inhibitors (pdbs 6dpr, 8abx, 6e43, 6azv, 6wjy, 6v52, 6wpe). 

 

Figure 65: Structures of apo-IDO1 inhibitors bound to IDO1. A-C) Upon binding to apo-IDO1, BMS-
986205 (A, pdb 6dpr, red sticks) and apoxidole-1 (B, pdb 8abx, teal sticks) are stabilized like heme (C, 
black sticks) and Trp (C, brown sticks) in Trp-bound ferrous IDO1 (C, 6e46). The hydrogen bond donor 
His346 is highlighted in blue, the π-stacking interactions with residues Tyr126 and Phe163 are 
highlighted in orange. 

With the crystal structure, some of the observed trends from the SAR are elucidated. The 

combination of the stereogenic centers at  R1 and R3 determine the three-dimensional 

structure of apoxidole-1, leading to a favorable orientation of the aromatics within the binding 

pocket so that they can interact with the surrounding hydrophobic amino acids. The 

stereocenters guide the indole of apoxidole-1 into pocket A, where it is stabilized through π-

stacking interactions with residues Tyr126 and Phe163 (Figure 65B). The indole occupies the 

same position as the indole of the IDO1 substrate Trp when it is bound to the distal site of the 

heme (Figure 65C)264. In the ligand-free state, Phe163 closes pocket A, but in both Trp- and 

apoxidole-1-bound states, it moves apart to enable ligand binding. The catalytic center is 

closed by Arg231, Ile354 and Leu384 upon compound binding (Figure 66C). This explains 

why no larger substituents instead of the ethyl and tert-butyl ester in R3 and R4 position were 

tolerated: Bigger groups would clash with the aforementioned amino acids or other residues 

of the J helix.  

Compared to other type IV apo-IDO1 inhibitors, apoxidoles stand out with a unique 

chemotype. Most of the co-crystallized type IV inhibitors are phenylureas (pdbs 6azv, 6e43) 

or structurally similar to BMS-986205 (pdbs 6dpq, 6dpr, 6mpq6, 6wpe, 6azw, 6wjy, 6v52). 

Apoxidoles instead combine indole and THP fragments, with the indole binding to pocket A 

and the THP covering the heme-binding site. Interestingly, some holo-IDO1 inhibitors contain  
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Figure 66: Structures of IDO1 inhibitors bound to IDO1. A-B) Structures of the apo-IDO1 inhibitor 
apoxidole-1 (A) and the indazole-based holo-IDO1 inhibitor 19 (B). Structure elements shown in C, D-
E and F are highlighted in blue, orange and green, respectively. C) The ester groups of apoxidole-1 
(teal sticks, pdb 8abx) are surrounded by residues Phe163, Arg231, Ile354 and Leu384 that close the 
IDO1 active site. D) Hydrogen bond between the bromine of indazole 19 (yellow sticks, pdb 7e0s) and 
Cys129. E) Orientation of the indole of apoxidole-1 (teal sticks) towards Cys129. F) Amino acids 
surrounding the tosyl group of apoxidole-1 (teal sticks, both conformations are shown). The residues 
are color-coded according to structure elements of IDO1 as depicted in G. G) Secondary structure 
elements of apoxidole-1-bound IDO1. The small domain of IDO1 is shown in grey. The eleven helices 
A to K of IDO1’s large domain are highlighted in rainbow colors. 

indoles (pdbs 5whr, 6pz1) or indazoles (pdbs 7e0s, 7e0t, 7e0u) that compete with the IDO1 

substrate Trp for coordination to the distal heme site. All of these inhibitors have a halogen 

substituent in 5- or 6-position and in some structures, it has been shown to form a polar 

interaction with Cys129 (Figure 66D)264. Considering this, the affinity of apoxidole-1 for IDO1 

could even be improved by adding a halogen in the 5-position of the indole to introduce an H 

bond (Figure 66E). 
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The para-toluene substituent on the sulfonyl group in R2 can occupy two different 

conformations (Figure 66F), with one of them ranging into pocket D proximal of the heme-

binding site. The tosyl group has the optimal size to fit into this hydrophobic area and points 

into the direction of the solvent and gas channel between helices E and F. Substituents in 

ortho or meta position would clash with helices DE2 and E (Figure 66F-G, Ala264, Ser267, 

Gln271, Phe270) or C and J (Figure 66F-G, Leu342, His346, Leu384). Smaller groups at this 

position, such as a methyl group, are too small to interact with the hydrophobic residues of the 

catalytic site. 

 

Figure 67: Comparison of holo- and apo-IDO1 structures. A) Conformation of Phe270. In apo-IDO1 
(teal sticks, pdb 6e43), Phe270 covers pocket D; whereas Phe270 is in an open conformation in holo-
IDO1 (orange sticks, pdb 7e0s) and the here described co-crystal structure (grey sticks, pdb 8abx). 
Helix H is omitted for clarity. B) Conformation of Leu384. In the here described crystal structure and 
apo-IDO1 (gray and teal sticks, pdbs 8abx and 6e43), Leu384 moves into the free heme-binding pocket. 
In holo-IDO1 (orange sticks, pdb 7e0s), Leu384 points out of the pocket. The helices are color-coded 
according to structure elements of IDO1 as depicted in Figure 66G. 

In contrast to previously published structures of apo-IDO1 inhibitors (pdbs 6dpq, 6azv, 6azw, 

6e43, 6v52, 6wpe, 6wjy, 6x5y, 7m63), Phe270 of apoxidole-1-bound IDO1 adopts a 

conformation where the solvent and gas channel between helices E and F is open (Figure 

67A). The space occupied by Phe270 in other IDO1 structures is normally occupied by the 

heme cofactor for holo-IDO1 (pdbs 2d0t, 6e42, 6f0a, 6kw7, 7ah6, 7e0s) or in case of 

apoxidole-1, by the tosyl group. Leu384 on the other hand has the same conformation as in 

published structures of apo-IDO1 (Figure 67B). Due to the missing heme, the K helix slightly 

moves towards the catalytic site, with Leu384 pointing towards the heme-binding site instead 

of helix J. As in most structures of apo-IDO1 inhibitors, the JK loop is not resolved, indicating 

high flexibility. Depending on the presence and type of the ligand, it can adopt an open or 

closed confirmation. For instance, with the IDO1 substrate Trp bound, the loop closes the 

active site and stabilizes Trp by formation of a hydrogen bond264. However, none of the apo-

inhibitors seem to interact with this loop. 
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6.1.4 Selectivity for IDO1 over TDO and IDO2 

The apo-IDO1 inhibitors apoxidole-1 and BMS-986205 did not impair the catalytic activity of 

TDO or IDO2, whereas the type II holo-IDO1 inhibitor epacadostat also inhibits the two other 

Trp-catabolizing enzymes. Despite all of these enzymes catalyze the same reaction, IDO1 

only shares 16% and 43% sequence identity with TDO and IDO2, respectively179, 180. IDO1 

and IDO2 are encoded by homologues genes, but they seem to have distinct functions, 

expression patterns and kinetics36. Even though the active site of human IDO2 is composed 

of the residues required for catalysis, IDO2 is substantially less active than IDO1 with a 325-

fold increased Km value for Trp180, 181. Its expression is mainly restricted to some tissues, such 

as the kidney, liver or APCs, but it has also been found to be expressed at low levels in some 

cancer types181. While TDO and IDO1 are well studied, the role of IDO2 is yet not completely 

understood, but it might be involved in the regulation of proinflammatory B cell response36. 

Similar to IDO1, TDO is expressed in human tumors180. Compared to IDO1, TDO has a higher 

substrate specificity and similar catalytic properties182. TDO has been shown to be resistant to 

apo-inhibitors180, which the results of this work also demonstrate. Models of published 

inhibitors of IDO2 suggest that they target the holo-protein265, thus the basis from the literature 

on apo-IDO2 inhibition is missing. However, the results for apoxidole-1 suggest that type IV 

inhibitors are also selective for IDO1 over IDO2. 

The type II inhibitor epacadostat reduced the activity of both TDO and IDO2. Epacadostat 

binds to the distal heme site of ferrous IDO1, with its hydroxyamidine group competing with 

oxygen for the coordination to the iron atom and thereby, preventing both oxygen and Trp 

binding87, 264. Since the recruitment of oxygen and Trp to the heme cofactor is crucial for the 

catalysis of all three Trp-catabolizing enzymes, it is plausible that epacadostat inhibits to a 

certain extent all three proteins by this mechanism. 

In summary, apoxidoles represent a novel type IV IDO1 inhibitor chemotype. Unlike other apo-

IDO1 inhibitors, it combines features of holo-IDO1 inhibitors with heme displacement, leading 

to unique features in the protein structure. Once apo-IDO1 inhibitors have bound to their 

target, they mimic irreversible inhibition with slow off-rates and higher target occupancy 

compared to holo-inhibitors260. Additionally, they are selective for IDO1 over TDO and IDO2. 

However, the administration of dual- and pan-inhibitors might be necessary to oppose the 

compensatory expression of TDO and IDO2 in the TME upon inhibition of IDO1266. 

Furthermore, it is unclear whether apoxidoles or other apo-IDO1 inhibitors activate the AhR. 

This has been reported for epacadostat, which in turn induced DC-mediated long-term 

tolerance in the TME and resistance to IDO1 inhibition102. 
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6.2 Epoxykynin sEH Inhibitors as Potent Kyn Pathway Modulators 

6.2.1 Kyn Pathway Inhibition and Structure-Activity Relationship 

Similar as for the apoxidoles, epoxykynin’s ability to decrease cellular Kyn levels was validated 

manually and with an orthogonal readout. Epoxykynin inhibited Kyn production in both HeLa 

and BxPC-3 cells with IC50 values of 13.0 ± 1.2 nM and 33.4 ± 1.1 nM, respectively. The IC50s 

are consistent with the value obtained from the automated Kyn assay with 36.0 ± 15.0 nM. 

Furthermore, epoxykynin has no influence on the IDO1 enzymatic activity as demonstrated by 

the in vitro Kyn assay. Thus, IDO1 is not the target responsible for Kyn reduction. 

 

Figure 68: Condensed structure-activity relationship (SAR) for the N-substituted indole compound 
class. N-substituents are shown in A. EWG: electron-withdrawing group, o: ortho, m: meta, p: para. 

96 epoxykynin derivatives were tested in the automated Kyn assay to explore the SAR (Figure 

68). 22 compounds potently inhibited Kyn production with IC50s below 2 µM and 59 derivatives 

were poor inhibitors with IC50s greater than 10 µM. While there are multiple different 

substituents on the indole nitrogen, there is no derivative with modifications at the 4-position. 

The R2 and R3 positions only include an ethyl group and a methyl ester as modifications, which 

diminish the activity. A bromine in R4 generally improves the compound’s potency compared 

to the hydrogen. For the R5 position, the presence of the trifluoro acetyl group is crucial for the 

compound’s activity. There are several modifications in this position, for instance various 

ketones, alkyls or esters, that lead to increased IC50s of 2 µM or higher. The trifluoro ketone 

might act as a covalent warhead for cysteine residues close to the compound’s binding site, 

as demonstrated for covalent inhibitors of the FGFR4 kinase267. The differences in activities 

of epoxykynins is mainly driven by the different N-substituents at R1 position. Ether and amide 

groups with lipophilic moieties provided the most potent compounds, indicating that the binding 

site of the compound on the protein might be inside a hydrophobic pocket. 

6.2.2 Identification of the Molecular Target of Epoxykynin 

Epoxykynin was further characterized to evalate IDO1 expression and protein levels, the IFN-

γ stimulus and Trp uptake. It became apparent that upon treatment with epoxykynin, none of 
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these cellular processes involved in the Kyn pathway were modulated. Therefore, the target 

of epoxykynin might mediate Kyn level reduction by a novel, maybe unprecedented 

mechanism. Hence, proteome-wide target identification strategies were employed to unravel 

epoxykynin’s MMOA. 

The first method used was global proteome profiling which gives a general overview of 

proteins and pathways that might be regulated upon compound treatment. In this experiment, 

three conditions were compared: i) DMSO in the absence of the stimulus IFN-γ, ii) DMSO in 

the presence of IFN-γ and iii) epoxykynin in the presence of IFN-γ. In all samples, 4992 

proteins were identified which covers a quarter of the predicted proteins encoded by the 

human genome268. This represents a good coverage of the proteome for quantitative 

proteomics, since not all proteins can be discovered upon tryptic digestion. To identify a 

protein, it must have at least two unique peptides after digestion, each optimally 7-30 amino 

acids in length269. This leaves particularly small proteins or proteins that have few trypsin 

cleavage sites undetected. Alternatively, samples can be treated with a second protease for 

double digestion to improve the coverage of the proteome269. Furthermore, only soluble 

proteins can be detected in proteomics, which facilitates the identification of cytosolic proteins. 

Membrane proteins, proteins that get secreted into the extracellular space or low-abundant 

proteins often remain undetected270. 

Using the Interferome database271, the identified proteins were analyzed for regulation by 

different IFNs. With 4,617 proteins, almost all detected proteins are expressed under so-called 

IFN-regulated genes (IRGs, Figure 69). Since IFNs are a large pleiotropic class of cytokines 

mediating cell signaling especially in response to viral infections272, it comes as no surprise 

that many genes are under transcriptional control of IFNs. Generally, IFNs can be classified 

by the type of receptors which they bind to and, hence, sub-divided into type I IFNs, including 

IFN-α and -β (and the poorly defined IFNs ε, κ, τ, δ, ω and ζ), type II IFN-γ and type III IFN-

λ273. While IFN types I and III can be expressed in almost all cell types, IFN-γ expression is 

mainly restricted to T cells and NK cells upon stimulation with macrophage-derived IL-12274. 

For the proteome profiling, IFN-γ was used to induce the Kyn pathway. As expected, all of the 

4,617 detected IRGs can be regulated by IFN-γ, with 970 genes responding to IFN-γ only 

(Figure 69). The expression of 3,256 genes can be modulated by both type I and II IFNs, 

whereas only eight IRGs are regulated by type II and type III IFNs. 113 IRGs are under the 

control of all three IFN types. 
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Figure 69: Venn diagram for IFN-regulated genes271 identified in the global proteome profiling. 

The expression of 84 proteins was significantly altered upon treatment with IFN-γ. Among the 

upregulated proteins were proteins connected to the Kyn pathway. For instance, stimulation 

of the cells for 24 h was sufficient to increase IDO1 and TrpRS levels by 7.8- and 6.6-fold, 

respectively, whereas KYNU was not significantly upregulated. These findings are in line with 

data from the literature, in which expression of the IDO1 protein in BxPC-3 cells can be 

detected on immunoblots already 8 h after induction155, but KYNU expression is regulated by 

IFN-γ to a much lesser extent275. Additionally, several other proteins which are known to be 

responsive to IFN-γ were either upregulated, e.g. multiple isoforms of GBPs276, or 

downregulated, such as ZNF706 and UBE2C277. Enrichment analyses revealed that the 

modulated proteins belong to acute inflammatory and immunological stimulus response 

pathways, hence proving that IFN-γ is suitable to induce the Kyn pathway. 

In cells treated with IFN-γ and epoxykynin the levels of the proinflammatory cytokines CXCL9, 

CXCL10, IL1A and IL1B were altered in comparison to cells treated with IFN-γ and DMSO. 

While the CXC family chemokines were even more upregulated than for IFN-γ only, the levels 

of the two interleukins were decreased instead. Interestingly, epoxykynin not only opposes the 

effect of IFN-γ on the IL1A and IL1B expression, but also for 14 other proteins. However, most 

of the regulated proteins are as well connected to inflammatory response pathways by means 

of the overrepresentation analyses. One exception is the LC3B protein (MAP1LC3B) which 

was 3.8-fold downregulated upon treatment with epoxykynin. LC3B is a key player of 

autophagy, where it mediates the generation of autophagosomes278. However, decreased 

LC3B levels have been shown to be compensated by relocation of other members of the LC3 

family, especially LC3C279. Epoxykynin was tested for autophagy inhibition by COMAS and 

reduced autophagy by 36% at 10 µM. Thus, the moderate autophagy inhibition might be 

correlated to lower levels of LC3B and the subsequent partial rescue by other LC3 proteins. 

Taken together, 92.5% of all identified proteins are IRGs responsive to IFN-γ. Therefore, the 

analysis of pathways modulated by epoxykynin is hindered by the dominating effect of the 
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stimulus. For that reason, no target hypothesis could emerge from the global proteome 

profiling. Alternatively, cells endogenously expressing IDO1, such as the SKOV-3 cells, could 

be employed to reduce the high background of the IFN-γ response. Nonetheless, proteome 

profiling might provide information about the pathways being regulated upon compound 

treatment. Thereby, itcan be challenging to pinpoint the compound’s direct target from this 

setup. Consequently, TPP in HeLa cell lysate pre-treated with IFN-γ was applied to determine 

potential binding partners of epoxykynin. 

 

In total, 6,474 proteins were detected in the TPP, of which 38 proteins displayed a difference 

in the thermostability upon treatment with. Except for SURF1, all proteins were stabilized by 

epoxykynin. Because small molecule binding introduces hydrophobic or polar interactions that 

can influence the flexibility of the binding region, most proteins become rigidified upon 

compound binding. This causes a decrease in entropy and the higher ordered protein-small 

molecule complex requires more energy, i.e. higher temperatures, for thermal denaturation 

compared to the protein alone280. Hence, most proteins have a positive shift in the melting 

temperature upon small molecule binding as observed in the TPP. Accordingly, proteins that 

do not show a ligand-induced shift in the melting temperature, such as intrinsically disordered 

proteins, cannot be identified as targets in TPP. 

Among the proteins that were stabilized upon epoxykynin treatment was HMOX1. While the 

second isoform HMOX2 is constitutively expressed in certain tissues, the expression of 

HMOX1 as an important cellular antioxidant is under the control of antioxidant or stress 

response elements (ARE and StRE) and can be induced by stress stimuli, such as oxidants, 

pro-inflammatory molecules and the HMOX1 substrate heme (Figure 70). By catalyzing the 

first, rate-limiting step of heme degradation, HMOX1 regulates iron and redox homeostasis in 

macrophages, DCs and T cells during inflammation281. Most of the full-length protein with the 

C-terminal TMS is tethered to the ER, where it oligomerizes and faces into the cytosol213, 282, 

283. It also has been found to be anchored in membranes of the mitochondria, Golgi apparatus 

and caveolae to a lesser extent213, 283. After proteasomal cleavage of the TMS, truncated 

HMOX1 is re-located into the nucleus and cytosol213. Both full-length and truncated forms are 

catalytically active, but oligomerization within the ER seems to increase the enzymatic 

activity213. Since IDO1 is a heme-containing enzyme, small molecule-induced degradation of 

heme by HMOX1 might be the MMOA of epoxykynin. 
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Figure 70: Regulation of HMOX1. The expression of HMOX1 can be upregulated by oxidative cellular 
stress stimuli, such as free heme, by induction of pro-inflammatory transcription factors (TF) that active 
ARE- or StRE-mediated gene expression. Full-length HMOX1 is anchored to membranes by a C-
terminal transmembrane segment (TMS) and can oligomerize. Truncated HMOX1 lacking the TMS can 
be located in the nucleus or cytoplasm. HMOX1 catalyzes the ring opening of heme b to form ferrous 
iron, biliverdin Ixα and carbon monoxide. Biliverdin can be further metabolized by biliverdin reductases 
(BVRs) to yield bilirubin IXα. Figure was created with BioRender.com. ROS: reactive oxygen species, 
ARE: antioxidant response element; StRE: stress response element. 

 

A second method that was employed to determine direct binding partners of epoxykynin was 

affinity-based chemical proteomics. For this approach, affinity and control chemical probes 

were designed based on epoxykynin and the inactive derivative 2r, with a PEG-amine linker 

instead of the bromine at R4 position. To reduce the hydrophobicity of the linker, PEGs are 

commonly applied instead of aliphatic linkers. As expected, the control probe did not reduce 

cellular Kyn levels, while the positive probe decreased Kyn levels by 76.3 ± 1.2% at 20 µM. 

The affinity probe is significantly less potent than epoxykynin regarding Kyn reduction. 

However, reduced potency was expected, since the SAR showed that the bromine is required 

for compound activity. Furthermore, attachment of the linker drastically increases the 

molecular weight of the small molecule which can affect the diffusion across the cell 

membrane. As the pulldown is performed in cell lysates, the limited cell permeability does not 

have a negative impact on the assay setup. During the pulldown, only MTAP, SEH1L and sEH 

were selectively enriched by the active affinity probe 3b, while nine proteins were enriched by 

the control probe 4b. The low number of identified proteins indicates that the washing steps 
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were stringent and removed low-affinity interactors. Since the control probe did not reduce 

Kyn levels, these proteins also are less likely to mediate the Kyn pathway inhibition by 

epoxykynin. 

Altered methylthioadenosine metabolism due to MTAP deficiency can be found in various 

malignancies and the lack of MTAP creates sensitivity to inhibitors of protein arginine N-

methyltransferase 5 (PRMT5) and its adaptor proteins284. MTAP cleaves methylthioadenosine 

(MTA) into 5-methylthioribose-1-phosphate (MTR-1-P) and adenine, which can be used to 

salvage methionine and adenosine triphosphate (ATP), respectively (Figure 71)197. MTAP also 

seems to have immunological functions, since T cells are strongly inhibited by MTA which 

accumulates in the TME of MTAP-deficient cancer cells285. 

 

Figure 71: MTAP deficiency in cancer cells leads to accumulation of its substrate MTA, which creates 
vulnerability against PRMT5 targeting. Furthermore, the salvaging of adenine, methionine and ATP is 
impaired. Figure was created with BioRender.com. MTAP: S-methyl-5'-thioadenosine phosphorylase; 
MTA: methylthioadenosine; PRMT5: protein arginine N-methyltransferase 5; MTR-1-P: 5-
methylthioribose-1-phosphate; ATP: adenosine triphosphate. 

SEH1L is one out of nine components of the Nup107-160 subcomplex which is also known as 

Y complex due to its characteristic shape286. The Nup107-160 complex is essential for the 

assembly of nuclear pore complexes (NPCs)195 that are large multi-protein structures 

consisting of approximately 30 different nucleoporins and NPC-associated proteins. NPCs 

control the transport of macromolecules between the cytosol and the nucleus across the 

nuclear envelope196. The Nup107-160 complex in particular plays a major role during mitosis 

by targeting kinetochores and spindles in a highly dynamic manner287. 

sEH is a bifunctional enzyme consisting of a C-terminal fatty acid epoxide hydrolase (sEH-H) 

and an N-terminal lipid phosphatase (sEH-P), connected by a proline-rich linker198. While the 

role of the phosphatase domain is still elusive to date, the hydrolase domain has been 

intensively studied since its discovery in 1972288, 289. Epoxides, derived from endogenous 

metabolism and exogenous sources, are ubiquitous molecules containing a highly polarized 

oxygen-carbon bond290. sEH-H is a member of the CYP epoxygenase branch of the 

arachidonic acid (AA) pathway and converts epoxy fatty acids into the respective dihydroxy 

fatty acids (Figure 72)199.  
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Figure 72: Metabolism of polyunsaturated fatty acids (PUFAs). The soluble epoxide hydrolase (sEH) 
catalyzes the hydrolysis of epoxyeicosatrienoic acids (EETs) and epoxydocosapentaenoic acids into 
the respective vicinal diols. Figure was created with BioRender.com. CYP: cytochrome P450; COX: 
cyclooxygenase; LOX: lipoxygenase. 

Since the metabolism of polyunsaturated fatty acids (PUFAs) is associated with different 

diseases291-294, several classes of sEH inhibitors have been developed that mimic the epoxide 

substrates. Especially ureas, carbamates and amides are used to target sEH-H directly295, 296 

and also to inhibit synergistic proteins of the other two major AA cascade branches by means 

of dual inhibitors297, 298. 

 

Figure 73: The two-step enzymatic hydrolysis of epoxides as catalyzed by sEH. In the first step, 
activated Asp333 forms a covalent bond with the epoxide. In the second step, the ester is hydrolyzed. 
The epoxide, the catalytic triad and the stabilizing residues are depicted in orange, blue and green, 
respectively. 

The hydrolysis of epoxides by sEH-H is catalyzed by the catalytic triad Asp333-Asp495-His523 

and supported by the two stabilizing residues Tyr381 and Tyr465 (Figure 73). The Tyr residues 

are located on the opposite site of the catalytic triad and form H-bonds to the oxygen of the 

epoxide, thereby serving as an oxyanion hole. The nucleophile Asp333 is activated by His523 

and Asp495 and attacks the least sterically hindered carbon of the oxirane ring, leading to a 

ring opening and formation of a covalent enzyme-substrate α-hydroxyester. In a second step, 

a conserved water molecule inside the catalytic site gets activated by His523 and Asp495 and 
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attacks the carbonyl carbon of the ester intermediate. Thus, the ester is hydrolyzed and the 

diol is released from the active site299, 300. 

The CRAPome database201 provides information on if the three potential target proteins 

represent bona fide interactors or if they are prone to appear as non-specific interactors. Even 

though a control probe was used to exclude proteins binding to the solid support, i.e. the 

surface of the magnetic beads, the identified proteins still might non-specifically bind to the 

affinity probe. Gratifyingly, sEH (EPHX2) was not found in any of the 716 affinity control 

experiments listed in CRAPome, whereas MTAP and SEH1L were found in 50 and 76 of 716 

control experiments, respectively. Generally, nucleoporins and NPC proteins are frequent 

hitters in affinity pulldowns. Some of these proteins can be identified in 30% of all 716 control 

experiments, such as Nup214 or nucleoprotein TPR200, 201.  When looking at the LFQ intensity 

values (Table S8 and Table S9), MTAP and SEH1L were also found to bind to the control 

probe with high prevalence. In contrast, sEH did not bind to the negative control in all 

experimental replicates. Therefore, sEH can be ranked as most significant hit among the three 

identified proteins for the affinity pulldown. Nevertheless, MTAP was also investigated as 

potential target of epoxykynin. 

 

Additionally, three target prediction tools were applied to computationally investigate 

epoxykynin. Based on chemical similarity, these tools relate a small-molecule structure to 

potential protein targets according to their known ligands203, 205, 207. Some predicted targets 

were also detected in the TPP, namely mEH (EPHX1), NF-κB, malonyl-CoA decarboxylase 

and DNA topoisomerase 2-α, but they did not show a compound-induced shift in the 

thermostability. Additionally, mEH was identified in the affinity pulldown, yet it was not 

selectively enriched by either of the probes. All three tools predicted CB1 and CB2 receptors 

(CNR1 and CNR2) as well as mEH (EPHX1) to be possible targets of epoxykynin. As 

expected, the reference ligands differ for the three proteins. However, they have some 

common features, as they contain hydrophobic groups, such as adamantanes, basic 

nitrogens, e.g. piperidines, and trifluoro methyl or acetyl groups as electron-withdrawing 

groups. In contrast to the mEH ligands, all CB1 and CB2 receptor binders are composed of 

heterocycles. 

CB1 and CB2 receptors are GPCRs of the endocannabinoid system that have 68% sequence 

identity in their transmembrane residues208. While the CB1 receptor is mainly expressed in the 

central nervous system, the CB2 receptor is prevalent on immune cells210. Both receptors bind 

hydrophobic ligands, such as endo- and plant cannabinoids, although they display different 

ligand selectivity209, 210. To test whether CB1 and CB2 receptor ligands affect Kyn levels, the 

reverse agonists rimonabant and otenabant for CB1 and BML-190 and SR144528 for CB2 
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were tested in the Kyn assay. Additionally, it was investigated if epoxykynin and any of these 

compounds have additive or synergistic effects on Kyn level reduction. Only two out of four 

compounds reduced cellular Kyn levels: rimonabant potently abolished cellular Kyn production 

with an IC50 value of 80.5 ± 11.5 nM, whereas BML-190 displayed weak inhibition with an IC50 

greater than 10 µM. Since BML-190 is structurally similar to epoxykynin, Kyn level reduction 

may be mediated by the same MMOA. Furthermore, there was no additive effect on Kyn 

reduction when cells were co-treated with the CB receptor ligands and 10 nM epoxykynin. As 

only one ligand of each CB1 and CB2 receptors decreased Kyn levels, it is highly likely that 

the Kyn reduction is independent of CB receptor signaling. Although there is evidence that the 

CB and Kyn pathways are related301, the psychoactive CB receptor agonists Δ9-

tetrahydrocannabinol (THC) and cannabidiol (CBD) have been shown to abolish IDO1 activity 

without CB receptor activation302. In line with these findings, rimonabant inhibited IDO1 in the 

enzymatic Kyn assay. The weak inhibition of the IDO1 enzymatic activity compared to the 

potent cellular inhibition suggests that rimonabant is an apo-IDO1 inhibitor. 

Similar to sEH, mEH contributes to the detoxification of xenobiotic epoxides. Because they 

differ in cellular localization, with mEH being an ER-resident protein, it was long thought that 

both enzymes have distinct functions. However, it has now become apparent that mEH also 

hydrolyzes CYP epoxygenase-generated EETs to dihydroxyeicosatrienoic acids (DHETs)211. 

Because of the conserved catalytic triad and the overlapping substrate specificity of mEH and 

sEH211, it comes as no surprise that the compounds on which the target prediction is based 

on, are also known to bind to sEH212, such as the urea-based small molecules.  

Taken together, the target predictions suggested CB receptors or epoxide hydrolases as 

potential targets of epoxykynin. Kyn inhibition by CB receptor ligands is highly likely to be 

independent of receptor signaling, thus, it can be concluded that CNR1 and CNR2 are not the 

targets of epoxykynin mediating Kyn level reduction. mEH did not show an epoxykynin-

induced shift in its thermostability as well as no significant enrichment on either of the affinity 

pulldown probes. In contrast, sEH was identified as potential target by the affinity pulldown 

and is known to bind the same substrates and compounds as mEH. Thus, there is a high 

probability that sEH is a target of epoxykynin.  

 

6.2.3 Target Validation Studies 

To investigate potential target proteins of epoxykynin, functional assays, direct target 

engagement studies and chemical and genetic strategies were employed. In the following, the 

de-validation of HMOX1 and MTAP, as well as the validation of sEH as responsible target for 

Kyn level reduction are discussed. 
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6.2.3.1 HMOX1 as Potential Target of Epoxykynin 

HMOX1 as highly inducible enzyme responsible for redox homeostasis can be located in 

different cellular compartments depending on whether the full-length protein is present or the 

TMS is cleaved. Related to its localization, HMOX1 has diverse functions regarding cellular 

signaling and also different sources for its substrate heme. In the TPP experiment, the different 

forms of HMOX1 could not be distinguished, but instead the total protein fraction was used to 

determine the epoxykynin-induced change in the thermostability. With CETSA, HMOX1 

monomers and trimers could be detected. Because the presence of the TMS is associated 

with anchoring of HMOX1 to the ER membrane and subsequent oligomerization, the trimer 

most likely corresponds to membrane-bound HMOX1. However, it cannot be excluded that 

the monomer is also tethered to membranes. The TMS is formed by only 23 amino acids which 

corresponds to a small difference in molecular weight of only 2.5 kDa. Thus, the two species 

cannot be clearly distinguished with immunoblotting. Therefore, the Tm shifts for both HMOX1 

monomer and trimer, as well as the total protein (to match the TPP experiment) were analyzed 

in lysate- and cell-based CETSAs. Only the monomer fraction of HMOX1 showed a thermal 

destabilization upon compound treatment of ΔTm of -3.2 ± 1.4°C in the in-lysate CETSA. 

Considering the high standard deviation and that the TPP detected a positive ΔTm, this result 

does not significantly indicate target engagement. Also, in contrast to the TPP, heme was 

used to induce HMOX1 expression to a sufficient level for immunoblotting in the CETSA 

experiments. Because epoxykynin might bind to the same site as heme, in-cell CETSA with 

HEK293T cells that transiently express HMOX1-eGFP in the absence of hemin was 

performed. Nevertheless, also for this experimental setup, no target engagement could be 

detected. Protein expression using a plasmid generally leads to overexpression. Additionally, 

not the native protein, but a GFP-fusion protein was expressed. These two factors could lead 

to the fact that no target engagement could be detected in HEK293T cells. 

The enzymatic activity of HMOX1 upon treatment with epoxykynin and hemin was evaluated 

in cells using a CO-labile dye in the presence of palladium. Carbon monoxide is a so-called 

gasotransmitter that almost exclusively originates from heme degradation and avidly 

coordinates to the iron of heme-containing enzymes303. Upon treatment with hemin, twice the 

amount of CO is generated by the cells. HMOX1 expression is mainly limited to macrophages, 

but can be induced in other cell types by stress stimuli281. Hence, the increase in CO levels 

corresponds to the expression of HMOX1 in the presence of hemin. The basal levels of CO 

can be attributed to HMOX2 which, in contrast to HMOX1, is constitutively expressed in all 

tissues at low levels281, 303. Treatment with epoxykynin slightly increased CO levels to 

163.3 ± 37.5% and 118.1 ± 6.1% in the absence or presence of IFN-γ, respectively. 

Compound treatment might generate cellular stress or ROS which in turn causes elevated 
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levels of CO. Even though epoxykynin did not show ROS induction after 90 min in the COMAS 

screening (6% ROS induction), it cannot be excluded that ROS are produced over a longer 

period. Co-treatment of hemin and epoxykynin increased CO levels 2.5 ± 0.5- and 4.0 ± 0.8-

fold in the absence or presence of IFN-γ, respectively. This demonstrates that co-treatment of 

epoxykynin and hemin generally has an additive effect on generated CO. This might be due 

to enhanced catalytic activity of HMOX1 or higher expression of HMOX1 due to increased 

stress stimuli. However, increased HMOX1 expression upon compound treatment was not 

detected in the global proteome profiling or on immunoblots, indicating that epoxykynin does 

induce HMOX1 expression. A difference in produced CO regarding the IFN-γ stimulus is 

detectable only upon co-treatment with hemin and epoxykynin. Because many proteins are 

regulated by IFN-γ, it is challenging to explain the observed effect. A possible reason could 

be the increased expression of hemoproteins, such as IDO1, and therefore enhanced 

biogenesis of heme. Furthermore, according to the Interferome database271, 272, the HMOX1 

gene itself is an IRG responsive to IFN-α and IFN-γ. However, the respective datasets show 

a downregulation of HMOX1 upon IFN stimulation in macrophages304, 305 which contradicts to 

the observed trend in this experiment. Furthermore, if the IFN-γ stimulus significantly altered 

the HMOX1 expression, different CO levels compared to unstimulated cells should have been 

detectable for all conditions. Furthermore, the less active and inactive derivatives 2m and 2r, 

as well as the IDO1 inhibitors BMS-986205 and epacadostat did not increase CO levels 

compared to hemin-treated cells. These results demonstrate that the modulation of HMOX1 

is a compound-specific effect and not a side effect of IDO1 inhibition. 

The bilirubin levels generated by cells were quantified as a second measure for HMOX1 

catalytic activity. Because bilirubin is not a direct metabolite of HMOX1, but a product of the 

biliverdin reductase (BVR), this method monitors the HMOX1 activity indirectly. Similar to the 

CO detection, bilirubin levels were upregulated upon treatment with hemin, but not by 

epoxykynin. The combination of both hemin and epoxykynin increased the bilirubin 

concentration per 105 cells by 1.0 ± 0.2 µM and 0.4 ± 0.2 µM in the absence and presence of 

IFN-γ, respectively. Even though the effect is small compared to the CO detection, it still 

suggests modulation of the HMOX1 enzymatic activity. In contrast to HMOX1, BVR expression 

is not inducible by hemin306. Therefore, BVR present in the cells may simply not be able to 

convert all the generated biliverdin in a timely manner. This is supported by the fact that 

elevated bilirubin levels were only observed after at least 48 h and that the effect becomes 

stronger over longer incubation periods. 

To genetically validate HMOX1 as target of epoxykynin mediating Kyn level reduction, the Kyn 

assay was performed in HAP1 HMOX1 wt and KO cells. Surprisingly, epoxykynin did not 

decrease Kyn levels in both wt and KO cells, whereas the IDO1 inhibitor epacadostat potently 
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abolished Kyn production. This indicates that the protein responsible for the inhibition by 

epoxykynin is not expressed in HAP1 cells. However, HMOX1 is expressed in HAP1 cells as 

curated in databases218 and detected on immunoblots. 

Taken together, the increase of HMOX1 enzymatic activity suggested that HMOX1 is a target 

of epoxykynin. Nonetheless, the fact that epoxykynin is inactive in HAP1 cells expressing 

HMOX1 demonstrates that this protein is not the functional target for Kyn reduction. Still, it is 

possible that epoxykynin modulates HMOX1 in an off-target manner. 

 

6.2.3.2 MTAP as Potential Target of Epoxykynin 

Since MTAP emerged as a potential target protein from the affinity pulldown using a modified 

chemical probe, it is pivotal to also evaluate binding of the unmodified compound to the 

potential target protein. Therefore, target engagement of epoxykynin and MTAP was studied 

via CETSA. Treatment of HeLa cell lysate with epoxykynin did not induce a significant shift in 

the thermostability with ΔTm of MTAP of only 0.5 ± 1.5°C. This value is consistent with the ΔTm 

for MTAP derived from the TPP which is at 0.3 ± 1.2°C. Both experiments did not indicate 

direct binding of epoxykynin to MTAP. Even though MTAP was identified as potential target of 

epoxykynins by chemical proteomics, it might only engage with affinity probe 3b, but not with 

epoxykynin. 

The MTAP inhibitor MT-DADMe-ImmA was used to chemically investigate whether MTAP 

inhibition reduces Kyn levels. MT-DADMe-ImmA is a transition state analogue that mimics the 

ribooxacarbenium ion of MTA generated during the phosphorylation reaction307 with an 

inhibitory constant ki of 86 ± 10 nM308. In cancer cells, MTAP activity is decreased by 96% 

upon treatment with 1 µM MT-DADMe-ImmA for 24 h309. Thus, MT-DADMe-ImmA is suitable 

to study the role of MTAP inhibition in Kyn production. However, MT-DADMe-ImmA did not 

significantly alter cellular Kyn levels even at concentrations of 20 µM. Therefore, MTAP 

enzymatic activity seems not to be involved in the regulation of the Kyn pathway. 

Ultimately, MTAP was de-validated as target protein by comparing Kyn levels in IDO1-HCT116 

and IDO1-HCT116 MTAP-/- cells upon treatment with epoxykynin. Because HCT116 cells did 

not produce Kyn upon stimulation with IFN-γ, the cells were transfected with an IDO1-

encoding plasmid. After transfection, both HCT166 wt and HCT116 MTAP-/- cells generated 

similar levels of Kyn. Hence, the assay conditions were suitable to test and compare 

epoxykynin in both cell lines. Epoxykynin decreased Kyn levels in both wt and MTAP-/- cells 

with IC50 values of 20.7 ± 11.5 nM and 20.5 ± 15.9 nM, respectively. If MTAP was the target 

of epoxykynin, one would expect epoxykynin to be completely inactive in the MTAP-deficient 

cells. 
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In conclusion, MTAP was de-validated as a target protein of epoxykynin for Kyn reduction. 

The CETSA and TPP did not show target engagement and beyond that, it was chemically and 

genetically de-validated by employing a known inhibitor of MTAP and an MTAP-deficient cell 

line. 

 

6.2.3.3 sEH as Potential Target of Epoxykynin 

As sEH arose as possible target protein of epoxykynin from the affinity-based chemical 

proteomics and the in silico target predictions, the target engagement of unmodified 

epoxykynin and sEH was investigated in vitro and in cellulo. Interestingly, binding of 

epoxykynin to purified human sEH already altered the native protein state, as can be seen by 

an increase of fluorescence values at 20°C. The relative fluorescence units (RFU) depict the 

ratio of fluorescence signals at 350 nm and 330 nm. For most proteins, the intrinsic protein 

fluorescence mainly originates from Trp residues, with smaller contributions of Tyr side chains. 

Upon unfolding, Trps which are often buried within the protein become solvent exposed, 

resulting in quenching and a red-shift of the fluorescence. Overall, this usually increases the 

350 nm/330 nm fluorescence ratio upon denaturation. The higher 350 nm/330 nm ratio for 

epoxykynin-treated sEH at 20°C compared to the DMSO control might indicate a change in 

the environment of one or more Trp residues upon compound binding. sEH contains twelve 

Trp residues, with ten of them being located in the hydrolase domain. Comparing crystal 

structures of ligand-free sEH (pdb 1S8O) and t-AUCB-bound sEH-H (pdb 3WKE, Figure 74), 

Trp510 moves into the protein upon compound binding (Figure 74). In the ligand-free state, 

Pro362 and Ile363 are oriented towards Trp510 and push it towards the protein surface. In the 

ligand-bound state, Ile363 is flipped into the long branch sub-pocket of sEH and pointing 

towards the adamantane ring of t-AUCB (Figure 74C). This results in a conformational change 

of NC-loop Tyr348-Ser370 framing the long branch and connecting the core and cap domain 

of sEH310. Residues Pro361-Asn366 move closer towards the catalytic triad, making more 

room for Trp510. Since amide sEH inhibitors are known to bind to the catalytic triad in a similar 

manner as urea inhibitors, such as t-AUCB (Figure 75), binding of epoxykynin to sEH might 

induce a conformational change of Trp510. This modulation of the native protein state can 

then be observed by an increased 350 nm/330 nm fluorescence ratio at 20°C in the nanoDSF. 
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Figure 74: Crystal structure of sEH-H. A) SEH-H consists of a main (teal) and the cap domain (grey) 
that are connected by the NC (wheat) and back loops (deep blue, pdb 3wke) B) Structure of the sEH-
H inhibitor t-AUCB bound to sEH-H. The urea oxygen of t-AUCB (green sticks) forms polar interactions 
with two stabilizing residues Tyr381 and Tyr465 (red) on the opposite site of the catalytic triad Asp333-
Asp495-His523 (red, pdb 3WKE). C) Upon binding of t-AUCB, Pro362, Ile363 and Trp510 adopt a 
different confirmation (teal, pdb 3WKE) compared to ligand-free sEH-H (orange, pdb 1s8o). 

Both the nanoDSF and in-cell CETSA showed target engagement with comparable shifts in 

the Tm of 5.5 ± 1.5 °C and 5.9 ± 1.2°C, respectively. Yet the lysate-based CETSA did not show 

a compound-induced shift in the melting temperature. Differences between lysate- and cell-

based CETSA approaches are commonly observed, since in-cell CETSA requires the applied 

compound to be membrane permeable, unless the target is not present on the cell surface. 

Furthermore, proteins in lysates are not in their native environment, i.e. protein complexes, 

interactions with physiological ligands and cellular compartments being disrupted311. Thus, 

some drug-target interactions can only be observed in one of the approaches. 

Because sEH is a bifunctional molecule, the catalytic activity of both domains was studied 

separately. For this purpose, the control inhibitors ebselen and AR9281 were employed. While 

the urea-based AR9281 mimics the sEH epoxide substrates and coordinates to the catalytic 

triad of sEH-H221, ebselen targets sEH-P and cooperatively inhibits sEH-H by conformational 

changes220. Ebselen is a selenium-containing Cys-reactive small molecule known to have 

many protein targets, such as the thioredoxin reductases (TrxR) and even IDO1225, 226. Thus, 

the application of ebselen as control inhibitor in cellular environments ought to be obviated. 

Yet it can be employed as control in enzymatic assays, where only one protein is present and 

the observed effect can be distinctly attributed to the respective enzyme. Both control inhibitors 

AR9281 and ebselen acted on the two proteins domains as expected, with AR9281 only 

abolishing the activity of sEH-H and ebselen impeding both sEH-H and sEH-P. Subsequently, 

epoxykynin was analyzed in analogy. Similar to AR9281, epoxykynin only inhibited the 

enzymatic activity of sEH-H with an IC50 of 6.7 ± 3.2 nM. While knowledge about sEH-P and 

its biological role is lacking, sEH-H is well characterized. Understanding of the catalytic 

mechanism and crystal structure analysis (Figure 73 and Figure 74A-B) facilitated the 

development of potent inhibitors. The first published selective sEH-H inhibitors were chalcone 
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oxides312. However, they are unstable and can be hydrolyzed by sEH. From there, urea and 

carbamate inhibitors have been developed296 and especially the urea scaffold displayed 

excellent binding kinetics and high affinity to the catalytic triad Asp333-Asp495-His523 of sEH-

H212. The urea oxygen forms polar interactions with the two stabilizing residues Tyr381 and 

Tyr465 opposite of the catalytic triad (Figure 74B), whereas the urea nitrogens act as hydrogen 

bond donors to Asp333 of the catalytic triad296. 

 

Figure 75: Development of early sEH-H inhibitors and SAR of urea inhibitors212, 313. IC50 values for 
purified human sEH reprinted from Sun et al. ‘Discovery of Soluble Epoxide Hydrolase Inhibitors from 
Chemical Synthesis and Natural Products’212. 

N,N′-dicyclohexylurea (DCU) was the first sEH-H inhibitor applied in vivo and was shown to 

decrease EET hydrolysis rates in rats314. Hence, the urea scaffold served as primary 

pharmacophore to further develop sEH-H inhibitors of the first generation (Figure 75). To 

improve the poor water solubility and low bioavailability of DCU, more flexible substituents 

were introduced on one side of the urea, such as in 12-(3-adamantan-1-ylureido)dodecanoic 

acid (AUDA). Even though AUDA and its n-butyl ester prodrug proved to be better soluble and 

could be administered to animals via drinking water315, they are prone to β-oxidation and 

subsequent catabolism212. To reduce metabolism and simultaneously improve 

pharmacokinetic (PK) properties, a second pharmacophore and conformationally constraint 

linkers between the primary and secondary pharmacophores were introduced. Installing a 

small, polar group in at least five atoms distance (approximately 7.5 Å) from the urea moiety 

improved solubility and PKs, which can be even further enhanced by an additional polar group 

in 13 atoms distance (approximately 17 Å) from the primary pharmacophore316. 

Conformationally restricted linkers replaced the flexible alkyl chain to separate primary and 

secondary pharmacophores, which led to significant improvement of the metabolic stability317. 

The first linkers comprised saturated rings, such as piperidine or cyclohexyl, but soon also 

unsaturated rings and aromatics were implemented318, 319. With this, the early generation urea-

based sEH-H inhibitors, such as AR9281 (N-(1-acetylpiperidin-4-yl)-N-(adamant-1-yl)urea, 

APAU), trans-4-[4-(3-adamantan-1-ylureido)-cyclohexyloxy]benzoic acid (t-AUCB) and 1-
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(adamant-1-ylmethyl)-3-[(3-methylisoxazol-5-yl)methyl]urea (AMMU) were developed (Figure 

75). Although adamantyl-urea inhibitors potently inhibit sEH-H, they are rapidly metabolized 

and have short half-lives in vivo. Replacement of the adamantane ring and the urea moiety 

and additionally, introduction of aromatics drastically improves PK properties, without 

abolishing the inhibitory effect212. 

 

Figure 76: Modifications of the primary pharmacophore and the influence on sEH-H inhibition212. IC50 
values for purified human sEH reprinted from Sun et al. ‘Discovery of Soluble Epoxide Hydrolase 
Inhibitors from Chemical Synthesis and Natural Products’212. 

In order to enhance the solubility of sEH-H inhibitors, the urea moiety was replaced by different 

groups (Figure 76). Among the sulfur-containing derivatives, thioureas provided nanomolar 

IC50 values, while sulfonamide or sulfonylurea pharmacophores abolished the inhibitory effect. 

An amide substitution did not significantly decrease the inhibitory potency, whereas for 

hydroxyamides or ketoamides a loss of activity can be observed. However, installing of an 

additional methylene group between the adamantane and the ketoamide restored the 

inhibitory properties212, 320. Ketoamides can be both hydrogen bond acceptors for non-covalent 

interactions as well as covalent inhibitors targeting serine or cysteine residues321, 322. Thus, 

many natural products, antibiotics or virus protease inhibitors contain α-ketoamides, such as 

rapamycin or telaprevir322, 323. Even though there are no serines or cysteines present in the 

active site of sEH-H, the activated nucleophile Asp333 of the catalytic triad may attack one of 

the carbonyl carbons of the ketoamide. 

Figure 76 demonstrates that amide-bearing compounds can achieve similar inhibition of sEH-

H compared to urea-based inhibitors while having improved PK properties. To further increase 

metabolic stability, the adamantly group can be replaced by other cyclic hydrophobic moieties 

with at least six carbons, such as cyclohexyl or tetralyl groups313. Considering all these factors, 

epoxykynin represents an sEH-H inhibitor par excellence: The primary amide pharmacophore 

is on the one side substituted with a hydrophobic cycloheptane, while on the other side, the 
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constraint indole ring creates sufficient distance to the two polar secondary pharmacophores 

bromine and trifluoro acetyl (Figure 77). 

 

Figure 77: Pharmacophores of epoxykynin for sEH-H inhibition. 

Surprisingly, the two sEH-H inhibitors GSK2256294A and AR9281, that are currently 

undergoing clinical trials, did not reduce cellular Kyn levels as well as the urea sEH inhibitor 

TPPU. The poor PK properties of AR9281 and TTPU and short drug-target residence times of 

only 8.7 ± 0.3 min and 15.9 ± 0.3 min, respectively223, might contribute to the poor cellular 

activity regarding Kyn reduction. However, GSK2256294A demonstrated improved PKs and 

sustained inhibition of sEH-H activity in vivo324. Hence, epoxykynin might act as a dual inhibitor 

targeting a yet unknown secondary protein. Alternatively, epoxykynin might covalently bind to 

a non-catalytic cysteine residue of sEH-H via the trifluoro acetyl group267, 297. With their reactive 

thiol group, cysteines are frequently involved in protein function. However, catalytic cysteines 

are often conserved among protein families, making selective targeting of specific proteins by 

modifying catalytic cysteines challenging325. Hence, trifluoromethyl ketones have been 

employed to reversibly target non-catalytic cysteine residues of kinases which are generally 

less conserved than catalytic cysteines267. This approach not only improves selectivity, but 

also extends target occupancy by the slow off-reaction. In contrast to irreversible covalent 

warheads, trifluoromethyl ketones can reversibly dissociate from the target and, thus, may 

minimize undesired side effects, such as reduced protein half-life due to the permanent 

modification267. 

Furthermore, the sEH-P inhibitor SWE101 did not alter Kyn levels, while ebselen and 

auranofin decreased Kyn production. Since sEH-P is not as well characterized as sEH-H, 

there are only a few selective inhibitors available. SWE101 is the first selective in vivo active 

sEH-P inhibitor224, while ebselen and auranofin have multiple targets220, 225. Multi-target 

compounds are generally unsuitable as controls for cellular assays. However, as these two 

compounds were the only sEH inhibitors that reduced Kyn levels, their common target protein 

thioredoxin reductase (TrxR) was investigated225. Yet, epoxykynin did not inhibit the TrxR 

enzymatic activity. 
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After confirming that epoxykynin is a potent inhibitor of sEH-H enzymatic activity, the role of 

sEH in the epoxykynin-mediated Kyn reduction was analyzed. First, sEH was depleted to 

genetically validate its influence on Kyn production. In comparison to a knockout, a knockdown 

of the target protein is only partial, as can be observed here with 10-18% residual EPHX2 

mRNA levels. Even if the majority of a protein is depleted, the remainder might still be sufficient 

to carry out the regular cellular function. This holds true e.g. for phosphodiesterase 6δ (PDEδ): 

upon PROTAC-mediated degradation, only 15% of residual PDEδ is sufficient to translocate 

its interactors and thereby, maintain the spatial organization of prenylated proteins326. Thus, a 

knockdown might only lead to an ambiguous outcome, whereas a knockout provides a definite 

result. Especially the near-haploid HAP1 cell line is widely used for knockouts, since it has 

only one copy of each gene and is therefore amenable for gene editing327. However, a 

knockout in HAP1 cells cannot be achieved for all genes, since some proteins are essential 

for cell homeostasis and metabolism328 and not all proteins are expressed in every cell line. 

According to the Proteinatlas database231, 232, HAP1 cells hardly express any sEH, which 

renders them unsuitable for a knockout. Therefore, sEH was depleted in HeLa cells using 

siRNA. The partial knockdown decreased cellular Kyn levels and thereby phenocopies sEH 

inhibition by epoxykynin. The effect of the knockdown on Kyn reduction was weaker than the 

epoxykynin-mediated inhibition. This might be due to the residual amount of sEH protein which 

was sufficient to partly counterbalance the effect of the depletion on the Kyn level. 

Nevertheless, the knockdown demonstrated that sEH is involved in the Kyn pathway. As HAP1 

cells do not express sEH, epoxykynin did not inhibit Kyn production in this cell line. Hence, it 

served as a model for a ‘knockin’. Transient transfection of HAP1 cells with an sEH expression 

construct and subsequent treatment with epoxykynin reduced Kyn levels. Additionally, 

increasing the amount of transfected plasmid dampened the inhibition, confirming that sEH is 

the target of epoxykynin that mediates Kyn reduction. 

 

Furthermore, it was investigated if there is a functional link between sEH and the Kyn pathway. 

sEH expression regulates IDO1 protein levels in the absence of small molecules. Upon 

knockdown of sEH, IDO1 protein levels decreased and vice versa, overexpression of sEH 

increased IDO1 expression. In line with these findings, Zhou et al.329 recently reported 

increased IDO1 mRNA levels upon sEH overexpression in HCT116 cells. Interestingly, these 

effects were only observed with treatment times of at least 48 h. This indicates a cross-

regulation of gene expression rather than modulation of the canonical degradation pathway of 

IDO1, since alterations of proteasomal degradation by proteasome inhibitors or PROTACs 

can already be detected after 1-2 h330, 331. Moreover, epoxykynin treatment did not reduce Kyn 

levels in lysates. This result indicates that acute inhibition of sEH is not sufficient for Kyn 
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reduction. Yet, pre-treatment of cells prior to the lysate-based Kyn assay decreased Kyn 

levels, demonstrating that a cross-talk of the two pathways is necessary for decreased Kyn 

levels. 

The functional link between fatty acid metabolism and Kyn production has yet to be elucidated. 

However, there are several hints towards cross-regulation between the two pathways. For 

instance, Kreiß et al.332 demonstrated that human 5-lipoxygenase – as part of the second 

branch of the AA cascade – controls the expression of kynureninase. Furthermore, Kyn333 and 

fatty acid metabolites, such as 12(R)-hydroxy-5(Z),8(Z),10(E),14(Z)-eicosatetraenoic acid 

(12(R)-HETE)334, act as endogenous agonists for the AhR. Since the AhR is an important 

transcriptional regulator for immune response by enhancing IDO1 expression in DCs, 

increased IDO1 levels upon sEH overexpression might be mediated by an AhR-mediated 

feedback loop. This hypothesis is supported by previous studies335, showing that an AhR 

antagonist in the diet of mice lowered the plasma levels of AA, whereas vice versa, Kyn 

administration increased AA levels. Thus, the sEH substrate and product eicosanoids might 

activate the AhR. The necessity of transcriptional regulation might explain why effects on the 

IDO1 protein levels upon altered sEH levels can only be observed after at least 48 h and, 

moreover, acute inhibition of sEH in lysates is not sufficient to reduce Kyn levels. 

The sEH substrate EETs have anti-inflammatory effects, probably by acting as autocrine and 

paracrine lipid mediators via binding to GPCRs233. The identity of EET-specific GPCRs is still 

elusive and only low-affinity receptors for EETs have been identified235. Additionally, EETs are 

incorporated into membrane phospholipids and also bind to cytosolic proteins, indicating that 

some functions might be independent of GPCR binding233. However, studying the roles of 

EETs has proven to be difficult, since they are unstable and rapidly converted into the 

biologically less active DHET diols233, 234. Treatment of BxPC-3 cells with EETs did slightly 

increase Kyn levels, but it is challenging to conclude from these results. If substrate 

accumulation due to sEH inhibition is a mediator for Kyn reduction, it is difficult to mimic this 

condition by treatment with exogenous EETs. Even though the EETs were administered under 

serum-reduced conditions with BSA as a carrier, it might be that they still remained outside 

the cell or became incorporated into the cell membrane. Therefore, the EETs might not have 

reached their intracellular targets. More importantly, Kyn levels were increased upon EET 

treatment. If Kyn reduction is a result of EET accumulation, EET treatment should decrease 

Kyn levels. Thus, the results of the EET treatment should be interpreted with caution. As 

expected, the less active sEH product DHETs did not affect Kyn levels. 

Beyond that, there are published correlations between EETs and HMOX1. According to 

literature reports, HMOX1 and other antioxidant enzymes are upregulated by the expression 

of CYP2J2 and EETs produced by CYP2J2336. Additonally, depletion of sEH induces HMOX1 
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gene expression337. On the contrary, HMOX1-derived carbon monoxide and bilirubin dimish 

EET formation338. Hence, the interplay between PUFA metabolism and antioxidants 

contributes to the oxidative homeostasis within the cell. In essence, epoxyknyin-mediated 

inhibition of sEH and thus, accumulation of EETs might contribute to the observed increase in 

HMOX1 activity. 

 

By weight, around 50% of pharmaceuticals sold per year target the AA cascade223, 

demonstrating the relevance of this pathway for medicinal chemistry programs. Especially the 

COX and LOX pathways have been extensively leveraged in the past for the treatment of pain 

and inflammatory diseases. Even today, they are still relevant targets for drug development 

with the constant discovery of new pathway members and metabolites339. Since chronic 

inflammation represents a hallmark of cancer10, blocking pro-inflammatory signals by COX 

inhibition proved to be effective in the prevention of some cancer types340, 341. As part of the 

third branch of the AA pathway, sEH inhibition is heavily underrepresented with no approved 

drug targeting sEH to date342-346. However, the importance of sEH-H, fatty acid epoxides and 

their corresponding diols for inflammation, vasodilation, angiogenesis, neuropsychiatries and 

pain is widely acknowledged339, even to an extent that there is a debate whether there were 

any pathologies with which sEH is not associated223. Furthermore, the potential to target sEH-

P and its role in the aforementioned biological processes has yet to be deciphered. Clinical 

trials for two structurally distinct sEH-H inhibitors have been launched for various indications, 

including hypertension, diabetes mellitus, chronic pulmonary obstructive disease, and 

subarachnoid haemorrhage347. The first clinically investigated sEH-H inhibitor is the piperidine 

carboxamide-based GSK2256294A and the second one is the urea-based AR9281 small 

molecule. Additionally, a second urea sEH-inhibitor EC5026 has entered clinical safety 

trials223. To date, no amide-based sEH-H inhibitors have advanced to clinical investigations, 

even though they proved to have beneficial properties compared to urea inhibitors. 

Taken together, epoxykynin represents a classical example of an amide-based sEH-H 

inhibitor. By abolishing the hydrolase activity of sEH, it reduces Kyn levels in cancer cells. 

Furthermore, a cross-talk between sEH and the Kyn pathway was uncovered. However, the 

direct functional link has yet to be elucidated. 
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7 Conclusion and Future Perspective 

The immune system is an important regulator of tumorigenesis, with both pro- and anti-tumor 

properties. The survival of cancer patients is extended by enhancing the ability of the patient’s 

immune system to find and eliminate malignant cells. Additionally, immunotherapy is widely 

applicable for various cancer types and is generally better tolerated than traditional 

chemotherapies. Besides targeting immune checkpoints, modulation of the immuno-

suppressive enzyme IDO1 and its Trp catabolites kynurenines has proven to be an appealing 

target to revert cancer-induced immune tolerance. To identify inhibitors of the Kyn pathway, a 

phenotypic screening assay for cellular Kyn reduction was developed at the Max Planck 

Institute of Molecular Physiology. 

Among the hit compounds of the screening, the pseudo-natural products apoxidoles were 

discovered. Apoxidoles combine THP and indole fragments in a monopodal connection not 

prevalent in nature. Biological characterization revealed that apoxidole-1 is a potent type IV 

apo-IDO1 inhibitor. By binding to the catalytic site, apoxidole-1 induces release of the heme 

cofactor and thus, catalytically inactivates IDO1. In comparison to the other three direct IDO1 

inhibitor types, type IV inhibitors are the only class that targets apo-IDO1, which has several 

advantages. Once bound, apo-IDO1 inhibitors mimic irreversible inhibition with slow off-rates 

and high target occupancy. Furthermore, they display high selectivity for IDO1 over the two 

other Trp-catabolizing enzymes TDO and IDO2. In comparison to other apo-IDO1 inhibitors, 

apoxidole-1 has a unique chemotype, since all well characterized type IV inhibitors are 

phenylureas or structurally similar to BMS-986205. Thus, apoxidole-1 might not only serve as 

a tool to study IDO1 inhibition, but also as an inspiration to expand the structural scope of apo-

IDO1 inhibitors in the future. 

However, it has yet to be elucidated whether type IV inhibitors prove to be effective in clinical 

trials. Similar to the advanced holo-IDO1 inhibitor epacadostat, apo-IDO1 inhibitors might 

activate the AhR and thereby induce long-term tolerance by constitutive expression of IDO1. 

Additionally, IDO1 inhibition might be compensated by increased expression of TDO and IDO2 

in the TME, which cannot be addressed by the selective apo-IDO1 inhibitors. 

Hence, modulation of the Kyn pathway by not directly targeting IDO1 represents an alternative, 

attractive approach to revert immune suppression. The small molecule epoxykynin was 

identified to reduce cellular Kyn levels without inhibiting IDO1. Instead, epoxykynin abolishes 

the catalytic activity of the C-terminal fatty acid hydrolase domain of sEH. sEH-H is part of the 

third branch of the AA acid cascade and plays a crucial role in the metabolism of 

polyunsaturated fatty acids. While the COX and LOX branches are targets for multiple 

pharmaceuticals, the CYP epoxygenase branch is significantly less exploited for the treatment 

of diseases. sEH-H is a highly active enzyme that regulates inflammation, vasodilation, 
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angiogenesis, neuropsychiatries and pain by conversion of epoxy fatty acids to the 

corresponding vicinal diols. Several types of sEH-H inhibitor have been discovered to date, 

from urea-containing small molecules as first-generation inhibitors to more advanced 

compounds comprising different chemical modalities, such as amides like epoxykynin. 

Moreover, the herein described results demonstrate a cross-talk between sEH and the Kyn 

pathway. However, the functional link still remains elusive.  

In future perspectives, epoxykynin might be used to further investigate the interplay of sEH 

and Kyn production, since it was highly potent in vitro and in cells. For instance, it can be 

applied to study the effect of sEH inhibition on AhR activation and the resulting impact on gene 

expression. Additionally, epoxykynin's high affinity for sEH makes it an excellent compound 

for co-crystallization to unravel the exact binding mode. At large, inhibition of sEH may 

represent an appealing therapeutic approach in immuno-oncology. Indirect inhibition of the 

Kyn pathway could circumvent the difficulties resulting from direct inhibition of IDO1, e.g. the 

compensatory effects of TDO and IDO2. 

Taken together, the employed automated cell-based assay proved to be a powerful tool for 

the detection of Kyn pathway modulators. The screening enabled the identification of two 

structurally unrelated compound classes that represent two distinct strategies to interfere with 

Kyn production. Especially the discovery of epoxykynin demonstrates the high relevance of 

cell-based screenings, as a target-centered approach would not have been able to uncover 

the functional link between sEH and Kyn. 
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8 Experimental Part 

8.1 Materials and Instruments 

8.1.1 Chemicals and Reagents 

name supplier 
catalog 
number 

680C91 Tocris Biosciences, UK 4392 

acetic acid, glacial Fisher Scientific, UK 10171460 

acetonitrile VWR International, US 83640.290 

30% acrylamide solution AppliChem GmbH, DE A4983 

ammonium persulfate SERVA Electrophoresis GmbH, DE 13375 

ascorbic acid Sigma-Aldrich, US A92902 

AttoPhos reagent Promega Corp., US S1011 

barium chloride Alfa Aesar, US A12905 

BioTracker Carbon Monoxide Probe 1 
Live Cell Dye 

Sigma-Aldrich, US SCT051 

BIS-TRIS SERVA Electrophoresis GmbH, DE 15107.13 

BMS-986205/Linrodostat Cayman Chemicals, US 25025 

bovine serum albumin (BSA) AppliChem GmbH, DE A2244 

bromophenol blue Carl Roth GmbH + Co. KG, DE A512 

calcium chloride Riedel-de Haёn AG, DE 31307 

catalase from bovine liver Sigma-Aldrich, US C9322 

2-chloroacetamide Sigma-Aldrich, US C0267 

4′,6-Diamidine-2′-phenylindole 
dihydrochloride (DAPI) 

Sigma-Aldrich, US 10236276001 

DC Protein Assay Bio-Rad Laboratories, Inc., US 500-0116 

(±)8,9-dihydroxy-5Z,11Z,14Z-
eicosatrienoic acid 

Cayman Chemicals, US 51351 

(±)11,12-dihydroxy-5Z,8Z,14Z-
eicosatrienoic acid 

Cayman Chemicals, US 51511 

dimethyl sulfoxide (DMSO) Sigma-Aldrich, US 41639 

dithioerythritol (DTE) Sigma-Aldrich, US D8255 

dithiotreitol (DTT) Thermo Fisher Scientific Inc., US D9779 

epacadostat Selleckchem S7910 

(±)8,9-epoxyeicosa-5Z, 11Z, 14Z-
trienoic acid (8,9)-EET 

Santa Cruz Biotechnology Inc., US sc-221157 

(±)11,12-epoxyeicosa-5Z, 8Z, 14Z-
trienoic acid (11,12)-EET 

Santa Cruz Biotechnology Inc., US sc-471310 

ethanol (EtOH) Sigma-Aldrich, US 153386F 

fetal bovine serum Gibco, US 10099-141 

formic acid VWR International, US 84865.180 

glycerol Gerbu Biotechnik GmbH, DE 2006.5000 

glycine Carl Roth GmbH & Co. KG, DE 3790.2 

hemin  Sigma-Aldrich, US 51280 

hydrochloric acid VWR International, US 30024.29 

IFN-γ PeproTech, Inc., DE 300-02 
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name supplier 
catalog 
number 

Intercept® (PBS) Blocking Buffer LI-COR Biosciences, US 927-70001 

iodoacetamide AppliChem GmbH, DE A1666 

Lipofectamine™ 2000 Transfection 
Reagent 

Invitrogen Life Technologies GmbH, DE 11668-027 

Lysyl Endopeptidase® (Lys-C) Wako Pure Chemical Industries, Ltd., JP 125-05061 

MEM non-essential amino acids PAN Biotech GmbH, DE P08-32100 

methanol (MeOH) VWR International, US 20846.361 

methylene blue Sigma-Aldrich, US MB1 

milk powder, non-fat dry AppliChem GmbH, DE A0830 

NHS Mag Sepharose Cytiva, US 28-9440-09 

NP40 alternative Merck KGaA, DE 492016 

Opti-MEM serum-reduced medium Gibco, US 31985-062 

PageRuler™ Plus Prestained Protein 
Ladder 

Thermo Fisher Scientific Inc., US 26619 

PBS tablets Jena Bioscience AK-102P 

PhosphoStop Roche Holding AG; CH 4906845001 

Plasmid DNA Purification Kit QIAGEN, NL  

potassium chloride J.T.Baker, US 0509 

potassium phosphate, dibasic Merck KGaA, DE 1.04873.1000 

potassium phosphate, monobasic Sigma-Aldrich, US 30407 

propan-2-ol Riedel-de Haёn AG, DE 33539 

Protease inhibitor cocktail Roche Holding AG, CH 11836170001 

sodium chloride VWR International, US 28.810.295 

sodium dodecylsulfate (SDS) Carl Roth GmbH & Co. KG, DE CN30.3 

sodium pyruvate PAN Biotech GmbH, DE P04-43100 

SsoAdvanced™ Universal SYBR® 
Green Supermix 

Bio-Rad Laboratories, Inc., US 1725274 

succinylacetone (SA) TCI Chemicals, DE U0127 

SuperSignalTM West Pico PLUS 
Chemiluminescent Substrate 

Thermo Fisher Scientific Inc., USA 34580 

SuperSignalTM West Femto Maximum 
Sensitivity Substrate 

Thermo Fisher Scientific Inc., USA 34095 

trichloroacetic acid (TCA) Sigma-Aldrich, US T0699 

trifluoroacetic acid (TFA) Thermo Fisher Scientific Inc., US 85183 

triethylammonium bicarbonate (TEAB) Sigma-Aldrich, US T7408 

TRIS Carl Roth GmbH & Co. KG, DE 4855.2 

TRIS-HCl Sigma-Aldrich, US B2261 

tris(2-carboxyethyl)phosphine Thermo Fisher Scientific Inc., USA 20491 

triton X-100 SERVA Electrophoresis GmbH, DE 37240.01 

trypan blue Invitrogen Life Technologies GmbH, DE T10282 

trypsin, recombinant Roche Holding AG, CH 03708969001 

trypsin/EDTA PAN-Biotech GmbH, DE P10-023100 

Tween™ 20 Fisher Scientific, UK BP337-100 
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name supplier 
catalog 
number 

Universal IDO1/IDO2/TDO Inhibitor 
Screening Assay Kit 

BPS Bioscience Inc., US 72035 

urea AppliChem GmbH, DE A1049 

 

8.1.2 Buffers 

buffer composition 

alkylation buffer 1 375 mM iodoacetamide 

in 200 mM TEAB 

alkylation buffer 2 50 mM chloroacetamide 

in denaturing/reducing buffer 2 

AttoPhos assay buffer 25 mM BIS-TRIS, 

1 mM MgCl2 x 6 H2O, 

0.1 mg/mL bovine serum albumin 

pH 7 

AttoPhos solution 166.7 µM AttoPhos reagent 

in AttoPhos assay buffer 

AttoPhos stop solution 100 mM NaOH 

in AttoPhos assay buffer 

blocking buffer 1 500 mM ethanolamine, 

500 mM sodium chloride, 

pH 8.3 

blocking buffer 2 100 mM sodium acetate, 

500 mM sodium chloride, 

pH 4 

coupling buffer 150 mM triethanolamine, 

500 mM sodium chloride, 

pH 8.3 

denaturing/reducing buffer 1 200 mM TCEP, 

in 200 mM TEAB 

denaturing/reducing buffer 2 8 M urea, 

50 mM TRIS, pH 7.5, 

1 mM DTT 

digestion buffer 1 27.9 mg/L trypsin 

in 100 mM TEAB 

digestion buffer 2 6.06 mg/L trypsin 

in 50 mM TRIS, pH 7.5 
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buffer composition 

equilibration buffer 1 mM HCl 

Kyn sensor buffer 50 mM H3PO4, 

120 mM NaCl, 

pH 1 

1X Laemmli buffer 8% (v/v) glycerol, 

22 mM TRIS-HCl, pH 6.8 

3.1 mM SDS, 

4.44 mM DTT, 

33.2 mM bromophenol blue 

NP40-based lysis buffer 150 mM NaCl, 

1% (v/v) NP40 alternative, 

50 mM TRIS-HCl, pH 8.0 

PBS 140 mM NaCl, 

7.36 mM K2HPO4, 

2.64 mM KH2PO4, 

3 mM KCl, 

pH 7.45 

PBS-T 0.1% (v/v) Tween® 20 in PBS 

potassium phosphate buffer 

(K-PO4 buffer) 

16.9 mM K2HPO4, 

33.1 mM KH2PO4, 

pH 6.5 

PreScission protease buffer 50 mM TRIS-HCl, pH 7.0, 

150 mM NaCl, 

1 mM DTE, 

200 µM hemin 

protein expression buffer 1 50 mM TRIS-HCl, 

500 mM NaCl, 

10 mM MgCl2, 

pH 8 

protein expression buffer 2 50 mM TRIS-HCl, 

500 mM NaCl, 

10 mM MgCl2, 

20 mM imidazole, 

3 mM DTT, 

pH 8 

protein expression buffer 3 50 mM TRIS-HCl, pH 7.4, 

100 mM NaCl 

protein expression buffer 4 50 mM TRIS-HCl, pH 7.4, 
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buffer composition 

100 mM KCl 

protein expression buffer 5 25 mM TRIS-HCl, pH 8.0, 

100 µM TCEP 

1X SDS-PAGE running buffer 25 mM glycine, 

2.5 mM TRIS, 

350 µM SDS 

SDS-PAGE separating gel buffer 33.3% (v/v) 30% acrylamide mix, 

25% (v/v) 1.5 M TRIS, pH 8.8, 

1% (v/v) 10% SDS, 

0.04% (v/v) TEMED 

SDS-PAGE stacking gel buffer 16.7% (v/v) 30% acrylamide mix, 

12.5%(v/v) 1 M TRIS, pH 6.8, 

1% (v/v) 10% SDS, 

0.01% (v/v) TEMED 

Stage-Tip buffer 1 0.1% formic acid 

Stage-Tip buffer 2 0.1% formic acid, 

80% (v/v) acetonitrile 

transfer buffer 192 mM glycine, 

25 mM TRIS, 

10% (v/v) methanol 

TrxR extraction buffer 50 mM K-PO4 buffer, 

1 mM EDTA, 

pH 7.4 

washing buffer 50 mM PIPES (pH 7.4), 

50 mM sodium chloride, 

75 mM MgCl2, 

5 mM EGTA, 

0.1% (v/v) NP40 alternative, 

0.1% (v/v) Triton X-100, 

0.1% (v/v) Tween® 20 

 

8.1.3 Consumables 

name supplier 

3MTM EmporeTM C18 Extraction Disk Thermo Fisher Scientific, US 

96-well sitting drop iQ drop plate SPT Labtech, UK 

Breathe-Easy® sealing membrane Sigma-Aldrich, US 

DC Protein Assay Bio-Rad, US 

DNase I recombinant, RNase-free QIAGEN, DE 
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name supplier 

Dual-Glo® Luciferase Assay System Promega, US 

EmporeTM High Performance Extraction Disks, C18 3M Bioanalytical Technologies, IN 

Glass coverslips Thermo Fisher, US 

Indoleamine 2,3-Dioxygenase 1 (IDO1) Activity Assay Kit BioVision, US 

Mounting medium Polysciences Europe, DE 

MycoAlert™ Mycoplasma Detection Kit Roche, CH 

NHS Mag Sepharose® Cytiva, US 

PVDF Transfer Membranes, 0.45 µm Thermo Fisher Scientific, US 

QIAGEN Plasmid Kits QIAGEN, DE 

QuantiTect Reverse Transcription Kit QIAGEN, DE 

RNeasy Plus Kits QIAGEN, DE 

Soluble Epoxide Hydrolase Inhibitor Screening Assay Kit Cayman, US 

SsoAdvanced Universal SYBR Green Supermix Bio-Rad, US 

Mini-PROTEAN TGX Stain-Free Precast Gels Bio-Rad, US 

TMT10plex labels Thermo Fisher Scientific, US 

Thioredoxin Reductase Colorimetric Assay Kit Cayman, US 

Universal IDO1/IDO2/TDO Inhibitor Screening Assay Kit BPS Bioscience, US 

Whatman® gel blotting paper Sigma-Aldrich, US 

 

8.1.4 Instruments and Softwares 

name specification supplier 

Adobe Creative Cloud illustration softwares Adobe, US 

BioRender illustration software BioRender, US 

Cell Countess II cell counter Thermo Fisher Scientific, US 

CFX Maestro qPCR data analysis software Bio-Rad, US 

CFX96 Touch Real-Time PCR 
Detection System 

qPCR cycler Bio-Rad, US 

ChemiDocTM MP Imaging 
System 

immunoblot imager Bio-Rad, US 

ChemDraw 18.2 Chemical analysis software PerkinElmer, US 

FoldAffinity nanoDSF data analysis EMBL-Hamburg, DE 

GraphPad Prism 9.0 data analysis software GraphPad Software 

ImageJ Gel/blot analysis software open source 

ImageLab Gel/blot analysis software Bio-Rad, US 

Image Studio 5.2 in-cell Western analysis software LI-COR Biosciences, US 

ImageXpress Micro XL high-throughput widefield imager  Molecular Devices, US 

IncuCyte 2019B Rev2 live cell imaging analysis software Sartorius, DE 

IncuCyte S3 live cell imaging Sartorius, DE 

Ingenuity Pathway Analysis pathway enrichment analysis QIAGEN, DE 

LTQ Orbitrap Velos Pro mass spectrometer Thermo Fisher Scientific, US 

MasterCycler EpGradient S PCR cycler Eppendorf, DE 

Mastercycler® X50 PCR cycler Eppendorf, DE 

MaxQuant proteomics data analysis software Max Planck Society, DE 
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name specification supplier 

MetaXpress widefield imager analysis software Molecular Devices, US 

Mini PROTEAN Tetra Vertical 
Electrophoresis Cell 

electrophoresis chamber Bio-Rad, US 

Mini Trans-Blot® Cell wet tank immunoblotting Bio-Rad, US 

mosquito® crystal crystallization drop setting robot SPT Labtech, UK 

Nanodrop 2000 spectrophotometer Thermo Fisher Scientific, US 

Odyssey CLx Imaging System in-cell Western imager LI-COR Biosciences, US 

Orbitrap Fusion Lumos Tribrid 
Mass Spectrometer 

mass spectrometer Thermo Fisher Scientific, US 

Perseus proteomics data analysis software Max Planck Society, DE 

Q Exactive HF mass spectrometer Thermo Fisher Scientific, US 

Q Exactive Plus mass spectrometer Thermo Fisher Scientific, US 

Sonoplus HD2070 ultrasound sonicator BANDELIN electronic, DE 

TECAN Infinite M200 plate reader Tecan, CH 

TECAN Spark® plate reader Tecan, CH 

ROCK IMAGER® crystallization imager Formulatrix, AE 

ROCK MAKER® crystallization software Formulatrix, AE 

UltiMate 3000 RSLC HPLC nano-HPLC system  

VolcaNoseR proteomics data analysis software van Leeuwenhoek Centre for 
Advanced Microscopy, NL 

Zeiss APOCHROMAT microscope objective Carl Zeiss Microscopy, DE 

Zeiss AxioCam MRm microscope camera Carl Zeiss Microscopy, DE 

Zeiss Observer Z1 microscope Carl Zeiss Microscopy, DE 

Zeiss ZEN microscopy software Carl Zeiss Microscopy, DE 

 

8.1.5 Cell Culture Media 

name supplements cell lines supplier 
catalog 
number 

DMEM 10% (v/v) FBS, 1 mM sodium 
pyruvate, 

1X MEM non-essential amino 
acids (NEAA) 

HCT116, 
HeLa, 
HEK293T 

PAN Biotech 
GmbH, DE 

P04-03550 

DMEM 10% (v/v) FBS, 1 mM sodium 
pyruvate, 

1X MEM NEAA 

HCT116, 
HeLa, 
HEK293T, 
SKOV-3 

PAN Biotech 
GmbH, DE 

P04-01161 

IMDM 10% (v/v) FBS HAP1 PAN Biotech 
GmbH, DE 

P04-20150 

McCoy’s 5A 10% (v/v) FBS SKOV-3 PAN Biotech 
GmbH, DE 

P04-05500 

RPMI 10% (v/v) FBS BxPC-3, 
Jurkat 

PAN Biotech 
GmbH, DE 

P04-18047 

RPMI 10% (v/v) FBS BxPC-3 PAN Biotech 
GmbH, DE 

P04-16515 
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8.1.6 Cell Lines 

name culture conditions supplier accession number 

BxPC-3 RPMI-based growth medium, 
5% CO2, 37°C 

DSMZ GmbH, DE DSMZ#760 

HAP1 IMDM-based growth medium, 
5% CO2, 37°C 

Horizon Discovery 
Group plc, UK 

c631 

HAP1 HMOX1 KO IMDM-based growth medium, 
5% CO2, 37°C 

Horizon Discovery 
Group plc, UK 

HZGHC005983c001 

HCT116 DMEM-based growth medium, 
5% CO2, 37°C 

DSMZ GmbH, DE DSMZ#581 

HCT116 MTAP -/- DMEM-based growth medium, 
0.3 mg/mL G418, 5% CO2, 
37°C 

Horizon Discovery 
Group plc, UK 

HD R02-033 

HEK293T DMEM-based growth medium, 
5% CO2, 37°C 

ATCC, US ATCC#11268 

HeLa DMEM-based growth medium, 
5% CO2, 37°C 

DSMZ GmbH, DE DSMZ#57 

Jurkat RPMI-based growth medium, 
5% CO2, 37°C 

DSMZ GmbH, DE DSMZ#282 

SKOV-3 McCoy’s 5A- based growth 
medium, 5% CO2, 37°C 

DKFZ, DE ATCC#HTB-77 

 

8.1.7 Antibodies 

antibody origin dilution blocking buffer supplier 
catalog 
number 

EPHX2 rabbit, 
polyclonal 

1:1,000 50% Intercept Blocking 
Buffer (v/v) in PBS-T 

ABclonal, DE A1885 

HMOX1 rabbit, 
monoclonal 

1:250 5% milk (w/v) in PBS-T Abcam, UK ab68477 

IDO1 rabbit, 
monoclonal 

1:5,000 5% milk (w/v) in PBS-T Abcam, UK ab211017 

MTAP mouse, 
monoclonal 

1:1,000 50% Intercept Blocking 
Buffer (v/v) in PBS-T 

Santa Cruz, US sc-100782 

α-tubulin (FITC 
conjugate) 

mouse, 
monoclonal 

1:1,000 5% BSA in PBS Sigma-Aldrich, 
US 

F2168 

vinculin mouse, 
monoclonal 

1:5,000 50% Intercept Blocking 
Buffer (v/v) in PBS-T 

Merck, DE V9131 
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antibody origin dilution blocking buffer supplier 
catalog 
number 

mouse 680RD donkey 1:5,000 50% Intercept Blocking 
Buffer (v/v) in PBS-T 

LI-COR 
Biosciences, 
DE 

926-68074 

mouse 800CW goat 1:5,000 50% Intercept Blocking 
Buffer (v/v) in PBS-T 

LI-COR 
Biosciences, 
DE 

926-32210 

rabbit 680RD donkey 1:5,000 50% Intercept Blocking 
Buffer (v/v) in PBS-T 

LI-COR 
Biosciences, 
DE 

926-68071 

rabbit 800CW donkey 1:5,000 50% Intercept Blocking 
Buffer (v/v) in PBS-T 

LI-COR 
Biosciences, 
DE 

926-32213 

rabbit HRP goat 1:10,000 5% milk (w/v) in PBS-T Pierce 
Biotechnology, 
US 

31460 

 

8.1.8 Plasmids 

name vector insert supplier 

pCMV3-IDO1 pCMV3-untagged IDO1 Sino Biological US Inc., US 

pXPG-IDO1 pXPG IDO1 promoter kindly provided by G. M. Doody348 

pRL-TK pRL HSV-thymidine 
kinase promoter 

Promega Corporation, US 

pCX-HO1-2A-EGFP pCX-2A-2A HMOX1 Addgene (#74672), US 

pRSF-EPHX2 pRSF sEH kindly provided by E. Proschak349 

pCMV3-EPHX2 pCMV3-untagged sEH Sino Biological US Inc., US 

pGEX6p-GST-IDO1 pGEX6p-2rbs IDO1 kindly provided by A. De Antoni350 

 

8.1.9 Primers 

target 
gene 

forward primer 

5’ to 3’ 

reverse primer 

5’ to 3’ 
supplier 

IDO1 GCCTGATCTCATAGAGTCTGGC TGCATCCCAGAACTAGACGTGC 
Eurofins 
Scientific 
SE, LU 

EPHX2 CCTTCATACCAGCAAATCCCAACA TTCAGCCTCAGCCACTCCT 

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 
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8.2 Cell Biology Methods 

All cell culture experiments were performed under sterile conditions using a laminar flow 

cabinet and appropriate sterile equipment. 

8.2.1 Sub-cultivation of Adherent Cells 

Mammalian cell lines were grown at 37°C and 5% CO2 under humidified atmosphere until a 

confluence of about 80-90% was reached. For passaging, medium was removed, cells were 

washed with pre-warmed PBS and cells were detached by addition of trypsin/EDTA solution 

for 2 to 10 min. To stop trypsinization, an appropriate volume of cell culture medium was added 

and cells were separated with a serological pipette to achieve a single cell suspension. 

Different volumes of cell suspension depending on growth rates were seeded into new cell 

culture flasks. 

All cell lines were sub-cultivated at least twice a week. 

8.2.2 Sub-cultivation of Suspension Cells 

Jurkat cells were grown to a maximum cell density of 2 x 106 cells/mL at 37°C and 5% CO2 

under humidified atmosphere. For passaging, cells were centrifuged at 300 x g for 5 min and 

the cell pellet was resuspended, diluted to a concentration of 1-1.5 x 105 cells/mL and seeded 

into new culture flasks. 

8.2.3 Cryo-conservation and Thawing of Cells 

To cryo-preserve cells, cells grown to confluence in a T-75 culture flask were detached 

following the procedure described in  8.2.1. The cell suspension was centrifuged at 300 x g for 

5 min and the medium was exchanged for 10 mL complete medium supplemented with 10% 

DMSO. 1 mL of the resulting cell suspension was transferred into one cryo-conservation vial. 

To allow cells to freeze at an even temperature reduction rate, conservation vials were stored 

in a Mr. FrostyTM freezing container at -80°C overnight. On the next day, cells were transferred 

to the liquid nitrogen tank for long-term storage. 

Frozen cells were thawed at 37°C and rapidly transferred to a tube containing 9 mL of pre-

warmed complete growth medium. After centrifugation at 300 x g for 5 min, the pellet was 

resuspended in 10 mL warm complete growth medium and transferred to a cell culture flask. 

The cells were maintained in culture as described in 8.2.1 and 8.2.2. 

8.2.4 Mycoplasm Detection 

To ensure contaminant-free cell culture conditions, cell lines were tested monthly and 

additionally prior to cryo-preservation for Mycoplasma bacteria contamination using Lonza’s 

MycoAlertTM Mycoplasma Detection Kit. The assay was performed following the 

manufacturer’s protocol. 
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8.2.5 Cell Counting and Seeding 

Cells were detached and resuspended in growth medium as described in 8.2.1. To remove 

trypsin and floating dead cells as well as optionally exchanging the medium to assay medium, 

cells were centrifuged at 300 x g for 5 min. After discarding the supernatant, the pellet was 

resuspended in an appropriate volume of assay medium. 

For cell counting, 10 µL of cell suspension was added to 10 µL of trypan blue stain and mixed 

rigorously by pipetting. 10 µL of the resulting solution was pipetted into each of the two sides 

of a disposable counting chamber. Using an automated cell counter, the total cell number, the 

number of viable cells and the viability (%) were determined. Only the number of viable cells 

was considered for calculations of a suitable cell titer for seeding. After dilution of the cell 

suspension with assay medium, appropriate volumes of cell suspension were seeded into 

tissue culture dishes or tissue culture well plates using serological, single-channel or eight-

channel pipettes. Rows A and H of 96-well tissue culture plates were not used for generating 

experimental data due to heavy edge effects. To avoid excessive medium evaporation, these 

outer wells were filled with sterile PBS or pure medium and the plates were sealed with a gas-

permeable membrane. 

8.2.6 Compound Treatment 

To evaluate the influence of various compounds on cells, dose-dependent response curves 

were measured in different assays. The compounds were dissolved in DMSO at 

concentrations of 2 or 10 mM and stored in aliquots at -20°C to avoid multiple freeze-thaw 

cycles. Serial dilutions of the compound stocks were prepared in DMSO and the DMSO-diluted 

compounds were further diluted in assay medium or buffer. Cells treated with DMSO only were 

used as control for compound-treated cells. For each experiment, the DMSO concentration 

remained the same in all experimental conditions and was between 0.2 and 0.5% (v/v). 

8.2.7 Kynurenine (Kyn) Assays 

Compound screening was performed in collaboration with the Compound Management and 

Screening Center (COMAS), Dortmund. The kynurenine production assay described below 

was established and scaled up for high-throughput implementation by Dr. Elisabeth Hennes. 

The COMAS compound library was screened to identify modulators of the Kyn pathway by 

means of altered L-kynurenine production. 

8.2.7.1 Automated Kyn Assay by COMAS 

BxPC-3 cells (6,000 cells/well) were seeded in black, clear bottom 384-well tissue culture 

plates in total a volume of 25 µL/well. After 24 h incubation at 37°C and 5% CO2 in humidified 

atmosphere, cells were treated with the respective compound. At the same time, Trp (380 µM 

final concentration) was supplemented and the Kyn pathway was induced by addition of IFN-

γ (50 ng/mL final concentration). The cells were incubated for 48 h. The cell viability was 
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assessed by addition of 5 ng/mL Hoechst-3334, followed by incubation for 30 min at 37°C and 

subsequent imaging with the ImageXpress Micro XL (excitation: 377/50 nm, emission: 

447/60 nm, Molecular Devices, US). Image analysis was performed by means of cell count 

with the Cell Proliferation HT Application Module of the MetaXpress software (Molecular 

Devices, US). Afterwards, 30 µL (46.15% (v/v), 65 µL final volume) of 30% (v/v) trichloroacetic 

acid solution in water was added and cells were incubated for 10 min at 37°C. Plates were 

centrifuged at 1550 x g for 10 min. The Kyn sensor in Kyn sensor buffer was added to a final 

concentration of 14 µM and the emerging fluorescence was measured immediately at an 

excitation wavelength of 555 nm and emission wavelengths of 586-600 nm. 

8.2.7.2 Manual Kyn Assay 

HeLa (5,000 cells/well), BxPC-3 (20,000 cells/well) or SKOV-3 cells (6,250 cells/well) were 

seeded in transparent 96-well (HeLa, BxPC-3) or 384-well (SKOV-3) tissue culture plates in 

medium without phenol red prior to incubation for 24 h at 37°C and 5% CO2 in humidified 

atmosphere. Subsequently, medium was removed and replaced by medium containing 

50 ng/mL (HeLa, BxPC-3) or 17.6 ng/mL IFN-γ (SKOV-3) and 164.15 µM (HeLa), 380 µM 

(BxPC-3) or 450 µM (SKOV-3) Trp. At the same time, the cells were treated with compounds 

and incubated for another 48 h at 37°C and 5% CO2 in humidified atmosphere. For the hemin 

competition assay, hemin was added together with IFN-γ, Trp and the compounds. 

Subsequently, trichloroacetic acid was added to a final concentration of 7% (v/v), the plates 

were incubated for 15 min at room temperature and centrifuged at 1800 x g for 10 min. 

Afterwards, an equal volume of freshly prepared 2% (w/v) p-DMAB in glacial acetic acid 

(Ehrlich reagent) was added prior to measuring the absorbance at 492 nm and 650 nm on the 

Spark® Multimode Microplate Reader (Tecan, AT). To negate well-dependent chromogenic 

scattering differences, the absorbance at 650 nm was measured as reference wavelength and 

subtracted from the L-kynurenine-derived absorbance A492, prior to normalization to the DMSO 

control. Data analysis was performed using a non-linear regression curve fit and GraphPad 

Prism 9.0 (GraphPad Software, Inc, US) to generate dose-response curves and obtain IC50 

values. 
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8.2.7.3 Kyn Assay in IDO1-HEK293T Cells 

HEK293T cells were transiently reverse-transfected with the pCMV3-IDO1 vector (1 μg/96-

well plate, Sino Biological, CN) using Lipofectamine™ 2000 (Invitrogen, US) following a 

modified protocol of the manufacturer’s guidelines. Briefly, 1 µg of plasmid DNA in serum-free 

Opti-MEM was mixed in a 1:3 ratio with Lipofectamine™ 2000 and added to 9 mL cell 

suspension (2.78 x 105 cells/mL) in medium without phenol red. Immediately afterwards, cells 

were seeded in transparent 96-well tissue culture plates at a density of 25,000 cells/well prior 

to incubation for 20 h. Subsequently, cells were treated with 500 μM Trp and the compounds 

for 24 h. Thereafter, trichloroacetic acid was added to a final concentration of 7% (v/v), the 

plates were incubated for 15 min at room temperature and centrifuged for 10 min at 1800 x g. 

Afterwards, an equal volume of freshly prepared 2% (w/v) p-DMAB in glacial acetic acid 

(Ehrlich reagent) was added prior to measuring the absorbance at 492 nm and 650 nm on the 

Spark® Multimode Microplate Reader (Tecan, AT). To determine the Kyn levels, the 

absorbance of the Kyn-p-DMAB adduct A492 was subtracted by the background absorbance 

A650 and normalized to the DMSO control. Data analysis was performed using a non-linear 

regression curve fit and GraphPad Prism 9.0 (GraphPad Software, Inc, US) to generate dose-

response curves and obtain IC50 values. 

8.2.7.4 Kyn Assay in Lysates 

The Kyn assay in lysate was performed using the commercial Indoleamine 2,3-Dioxygenase 

1 (IDO1) Activity Assay Kit (cat# K972-100, BioVision Inc, US). Therefore, BxPC-3 cells 

(2 x 106 cells for 24 h treatment, 1 x 106 cells for 48 h treatment) or HeLa cells (6.5 x 105 cells 

for 48 h treatment) were seeded in 60 mm-dishes and incubated for 24-48 h. On the next day, 

the medium was replaced by medium containing 50 ng/mL IFN-γ and the cells were incubated 

for 24 to 48 h. If the cells were pre-treated, compounds or siRNA were simultaneously added 

with IFN-γ. The plates were washed twice with warm PBS prior to detaching the cells with 

750 µL trypsin/EDTA solution. The cell suspension was transferred to a tube and diluted with 

5 mL ice-cold PBS. The cells were collected by centrifugation at 4°C and 300 x g for 5 min. 

The supernatant was removed and the pellet was resuspended in 300 µL of IDO1 assay buffer 

containing protease inhibitors. The cells were lysed by three consecutive freeze/thaw cycles 

as described in 8.2.13.3. The protein concentration was determined with the DC assay as in 

8.3.2 and the cell lysates were aliquoted, snap-frozen in liquid nitrogen and stored at -80°C if 

necessary. 

For Kyn detection, the 2X reaction premix was prepared by diluting the antioxidant mix 50-fold 

in IDO1 assay buffer. A 10X working solution of the IDO1 substrate Trp was prepared by 10-

fold dilution of the stock in IDO1 assay buffer (final Trp concentration in the assay: 100 µM). 

The compounds were pre-diluted in DMSO, followed by a dilution in IDO1 assay buffer. The 
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assay was set up in black, low-volume 384-well plates with a total volume of 11 µL. 5.5 µL of 

the 2X reaction premix was mixed with inhibitor or DMSO (final DMSO concentration: 1% (v/v)) 

and 7 µg lysate. The reaction was initiated by addition of 1.1 µL of the IDO1 substrate Trp. 

The plate was sealed with a sticky silver sealer and incubated for 45 min at 37°C and 300 rpm 

in the dark prior to addition of 5 µL of the fluorogenic developer solution. The plate was 

incubated for another 3 h at 45°C and 300 rpm in the dark. After cooling down for at least 1 h, 

the fluorescence was measured at an excitation wavelength of 402 nm and an emission 

wavelength of 488 nm on the Spark® Multimode Microplate Reader (Tecan, AT). 

8.2.7.5 Influence of EETs on Kyn Levels 

BxPC-3 cells (20,000 cells/well) were seeded in transparent 96-well tissue culture plates in 

medium without phenol red prior to incubation for 24 h. Subsequently, medium was removed 

and replaced by medium with reduced serum (1% (v/v) FBS) containing 50 ng/mL IFN-γ and 

380 µM Trp. At the same time, the cells were treated with (±)8,9-epoxyeicosa-5Z,11Z,14Z-

trienoic acid (8,9-EET) and (±)11,12-epoxyeicosa-5Z,8Z,14Z-trienoic acid (11,12-EET) 

dissolved in ethanol at a stock concentration of 50 µg/mL (≙ 156.02 µM). For better delivery 

of the EETs into the cells, BSA was added as a carrier protein (1:2 BSA to EET molar ratio). 

Due to the instability of the EETs at 37°C, cells were re-treated every 4-6 h for a total 

incubation time of 48 h. Subsequently, an equal volume of freshly prepared 2% (w/v) p-DMAB 

in glacial acetic acid (Ehrlich reagent) was added prior to measuring the absorbance at 492 nm 

and 650 nm on the Spark® Multimode Microplate Reader (Tecan, AT). To determine the Kyn 

levels, the absorbance of the Kyn-p-DMAB adduct A492 was subtracted by the background 

absorbance A650 and normalized to the EtOH control. Data analysis and representation as bar 

graphs was performed using GraphPad Prism 9.0 (GraphPad Software, Inc, US). 

8.2.8 IDO1 Promoter Reporter Gene Assay 

A reporter gene assay was performed to detect any interference with expression of the IDO1 

gene by compound treatment. The pXPG-IDO1 plasmid348 (kindly provided by Gina M. Doody, 

Leeds, UK) containing the full-length IDO1 promoter controlling the expression of a firefly 

luciferase (Fluc) was used as a reporter, whereas Renilla (Rluc) luciferase expression driven 

by the TK promoter via the pRL-TK vector (Promega Corporation, US) was used as a viability 

control. 

HEK293T cells were transiently reverse-transfected with the aforementioned plasmids using 

Lipofectamine™ 2000 (Invitrogen, US) following a modified protocol of the manufacturer’s 

guidelines. Briefly, a mixture of 4 µg of the Fluc plasmid and 300 ng of the Rluc plasmid in 

serum-free Opti-MEM were mixed in a 1:3 ratio with Lipofectamine™ 2000 and added to 9 mL 

cell suspension at a cell density of 2.78 x 105 cells/mL. Immediately afterwards, cells were 

seeded in transparent 96-well tissue culture plates at a density of 25,000 cells/well prior to 
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incubation for 24 h. On the next day, IDO1 promoter-driven expression of Fluc was induced 

by addition of IFN-γ (final concentration 50 ng/mL) with simultaneous compound treatment. 

After incubation for additional 48 h, luciferase activity was measured with the Dual-Glo® 

Luciferase Assay System with the Spark® Multimode Microplate Reader (Tecan, AT) following 

a modified version of the manufacturer’s protocol. To determine the IDO1 promoter activity, 

Fluc signals were divided by Rluc signals and normalized to the values of the DMSO control 

which was set to 100%. Data analysis was performed using a non-linear regression curve fit 

and GraphPad Prism 9.0 (GraphPad Software, Inc, US) to generate dose-response curves 

and obtain IC50 values. 

8.2.9 Luciferase Activity Assay 

Luciferase activity assays were performed to exclude direct inhibition of the luciferases by the 

tested compounds in the reporter gene assay. Therefore, a suspension of 1.65 x 106 

HEK293T cells was reverse-transfected with 3.72 µg of pXPG-IDO1 plasmid and 280 ng of 

pRL-TK plasmid using 12 µL of Lipofectamine 2000 (1:3 DNA to transfection reagent ratio). 

Cells were seeded in a 60-mm tissue culture dish and incubated for 24 h. Thereafter, IFN-γ at 

a final concentration of 50 ng/mL was added to induce IDO1 promoter-driven expression of 

Fluc prior to incubation for 24 h. Afterwards, cell culture medium was aspirated and cells were 

carefully washed with pre-warmed sterile PBS. 2.2 mL 1X Passive Lysis Buffer (PLB) was 

added and the plate was shaken on a microplate shaker for 25 min. For further usage, the 

lysate was aliquoted, snap-frozen in liquid nitrogen and stored at -80°C. 

9 µL of cell lysate was added to each well of a white half-area 96-well plate. 1 µL of pre-diluted 

compound in 1X PLB was added to the lysate and the plate was incubated for 60 min at room 

temperature. Luciferase activities were determined using the Dual-Glo® Luciferase Assay 

System with the Spark® Multimode Microplate Reader (Tecan, AT) following a modified 

version of the manufacturer’s protocol. To determine inhibition of the luciferases, signals were 

normalized to the values of the respective DMSO controls and analyzed using a non-linear 

regression curve fit in GraphPad Prism 9.0 (GraphPad Software, Inc, US) to generate dose-

response curves and obtain IC50 values. 

8.2.10 Trp Uptake Assay 

BxPC-3 cells (30,000 cells/well) were seeded in 96-well plates in Trp-free RPMI 1640 medium 

and incubated for 48 h prior addition of 50 ng/mL IFN-γ. Trp starvation was continued for 

another 24 h. Afterwards, medium was exchanged for Trp-free medium containing the control 

inhibitors 5 mM L-Leu (inhibitor of system-L amino acid transporters (LAT)), 1 mM 1-methyl-

L-tryptophan (inhibitor of tryptophanyl-tRNA synthetase (TrpRS)) and compounds and cells 

were incubated for 30 min. Subsequently, 50 μM Trp was added and samples were incubated 

for another 30 min. The supernatant was transferred to a new plate, trichloroacetic acid was 
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added to a final concentration of 7% (v/v) and plates were incubated for 15 min at room 

temperature. Samples were centrifuged for 10 min at 1800 x g and Trp was quantified by 

HPLC-MS/MS using the LTQ Velos Pro and Dionex HPLC (Thermo Fisher Scientific, US). 

Data analysis was performed with Xcalibur™ (Thermo Fisher Scientific, US) and represented 

using GraphPad Prism 9.0 (GraphPad Software, Inc, US). 

8.2.11 RNA Purification and reverse transcription-qPCR 

HeLa cells (250,000 cells/well) were seeded in 6-well plates and incubated for 24 h prior to 

addition of 50 ng/mL IFN-γ and compounds. After 24-48 h, RNA was extracted using the 

RNeasy Plus Mini Kit (QIAGEN, DE) following the manufacturer’s procedure. DNA was 

removed on column by DNase digestion with RNase-free DNase Set (QIAGEN, DE) according 

to the manufacturer’s instructions. Following the manufacturer’s protocol, cDNA templates 

were synthesized from 800 ng total RNA using the QuantiTect Reverse Transcription Kit 

(QIAGEN, DE). 

The expression levels of the IDO1 and EPHX2 genes and the reference GAPDH were 

assessed by real-time quantitative PCR (qPCR). Therefore, 100-120 ng cDNA was amplified 

using 500 nM of gene-specific primers and SsoAdvanced Universal SYBR Green Supermix 

(Bio-Rad Laboratories, DE) in a total volume of 10 μL for 50 cycles using the CFX96 Touch™ 

Real-Time PCR Detection System (Bio-Rad Laboratories, DE). Relative IDO1 and EPHX2 

expression levels were calculated using the ΔΔCt method with GAPDH as reference gene351 

and represented using GraphPad Prism 9.0 (GraphPad Software, Inc, US). 

8.2.12 Immunofluorescence 

HeLa cells (50,000 cells/well) were seeded onto glass coverslips in 24-well plates and 

incubated for 24 h. Subsequently, cells were treated with compounds and incubated for 

additional 24 h. Cells were washed with PBS prior to fixation with 4% paraformaldehyde in 

PBS for 15 min. Afterwards, cells were washed thrice with PBS and permeabilized by addition 

of 0.5% Triton X-100 for 15 min. Again, cells were washed thrice with PBS, followed by 

blocking with 5% BSA in PBS. The nuclei were stained with DAPI (1:1,000) and microtubules 

with a FITC-conjugated α-tubulin antibody (1:1,000) in 5% BSA in PBS at 4°C overnight. On 

the next day, the coverslips were fixed onto microscopy slides with mounting medium and 

visualized using the Zeiss Observer Z1 microscope, equipped with the Zeiss APOCHROMAT 

objective (63X magnification) and the Zeiss AxioCam MRm camera. The images were 

analyzed with the Zeiss ZEN software.Cell Lysis 

8.2.13.1 Cell Lysis with Laemmli Buffer 

Cells were washed with PBS prior to addition of ice-cold 1X Laemmli Buffer without DTT and 

bromophenol blue. Using a rubber policeman, cells were detached from the bottom of the well 

and transferred to a fresh tube on ice. Afterwards, samples were homogenized by sonication 
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(twice for 15-30 s, 3 cycles at a power of 10-15%) and protein concentration was determined 

using the DC protein assay according to 8.3.2, followed by addition of 4.44 mM DTT and 

33.2 mM bromophenol blue and boiling of the samples at 95°C for 5 min. 

8.2.13.2 Cell Lysis with NP40-based Lysis Buffer 

Cells were washed with PBS prior to addition of ice-cold NP40-based lysis buffer. Using a cell 

scraper, cells were detached from the bottom of the well and transferred to a fresh tube on 

ice. Afterwards, samples were incubated on ice for 30 min and centrifuged at 13,000 x g and 

4°C for 10 min. The supernatant was transferred to a new tube and the protein concentration 

was determined using the DC protein assay according to 8.3.2. For gel electrophoresis, the 

samples were mixed in a 5:1 ratio with 5X Laemmli buffer prior to boiling of the samples at 

95°C for 5 min. 

8.2.13.3 Cell Lysis by Freeze/Thaw Cycles 

Cells were washed with PBS prior to addition of trypsin/EDTA and incubation at 37°C for 

approximately 5 min. The detached cells were collected in ice-cold PBS and washed thrice 

with PBS by centrifugation and resuspension (twice at 300 x g at 4°C for 5 min and once at 

1000 x g at 4°C for 5 min). The pellet was resuspended in PBS and lysed by five consecutive 

freeze/thaw cycles as described in the following: The samples were frozen in liquid nitrogen 

and thawed at room temperature until about 60-80% of the cells are thawed. The cells were 

kept on ice until the samples were thawed completely. Afterwards, the samples were snap-

frozen in liquid nitrogen again. After completing the five cycles, the samples were centrifuged 

at 13,000 x g and 4°C for 10 min and the supernatant was transferred to a new tube. 

Afterwards, protein concentration was determined according to 8.3.2. For gel electrophoresis, 

the samples were mixed in a 5:1 ratio with 5X Laemmli buffer prior to boiling of the samples 

at 95°C for 5 min. 

8.2.14 Cellular Thermal Shift Assay (CETSA) 

8.2.14.1 In-lysate CETSA 

HeLa (1.65 x 106 cells/flask), SKOV-3 (2.5 x 106 cells/flask) or Jurkat cells 

(7.5 x 106 cells/flask) were seeded in T175 tissue culture flasks and incubated 24 (HeLa and 

SKOV-3) to 48 h (Jurkat). For the induction of IDO1 expression, 50 (HeLa) or 17.6 ng/mL IFN-

γ (SKOV-3) were added prior to incubation for 24 h. Afterwards, cells were harvested and 

lysed in NP40-based lysis buffer according to 8.2.13.2. Soluble protein fractions were 

separated from the pellet by centrifugation at 100,000 x g and 4°C for 20 min. The protein 

concentration was determined using the DC protein assay according to 8.3.2 and lysates were 

diluted to final concentrations of 1.5-6.5 g/L prior to treatment with the compound or DMSO as 

vehicle for 10 to 60 min at room temperature or 37°C. C- and V-treated samples were 

distributed equally into ten tubes each and subjected to heating at different temperatures (see 
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Table 5) in the MasterCycler EpGradient S or MasterCycler X50s (Eppendorf SE, DE). Soluble 

fractions were separated from denatured proteins by centrifugation at 100,000 x g and 4°C for 

20 min. Supernatants were transferred to new tubes and subjected to immunoblot analysis 

according to 8.3.3. For quantification of the soluble protein fraction, the intensity of compound- 

and vehicle-treated protein bands were normalized to the intensity at the lowest temperature 

of each condition (36.9°C or 37°C) and thermal denaturation temperatures Tm were 

determined using non-linear regression curve fit from GraphPad Prism 9.0 (GraphPad 

Software, Inc, US). 

8.2.14.2 In-cell CETSA 

SKOV-3 cells (1.25 x 106 cells/flask) were seeded in two T75 tissue culture flasks and 

incubated for 24 h prior to addition of 17.6 ng/mL IFN-γ and 10 μM succinylacetone (SA, heme 

synthesis inhibitor). Jurkat (1 x 107 cells/flask) were seeded in 4 mL medium in two T75 tissue 

culture flasks and treated immediately after seeding. The cells were treated with the compound 

or DMSO as a vehicle for 15 min at 37°C. Cells were harvested and washed thrice in ice-cold 

PBS after resuspension in ice-cold PBS. C- and V-treated samples were distributed equally 

into ten tubes each and subjected to heating at different temperatures (see Table 5) in the 

MasterCycler EpGradient S or MasterCycler X50s (Eppendorf SE, DE). Afterwards, NP40 

alternative was added to a final concentration of 0.4% (v/v) and cells were lysed by five 

consecutive freeze/thaw cycles according to 8.2.13.3. Soluble fractions were separated from 

denatured proteins by centrifugation at 100,000 x g and 4°C for 20 min. Supernatants were 

transferred to new tubes and subjected to immunoblot analysis according to 8.3.3. For 

quantification of the soluble protein fraction, the intensity of compound- and vehicle-treated 

protein bands were normalized to the intensity at the lowest temperature of each condition 

(36.9°C or 37°C) and thermal denaturation temperatures Tm were determined using a non-

linear regression curve fit from GraphPad Prism 9.0 (GraphPad Software, Inc, US). 

Table 5: Temperature gradients for CETSA. 

IDO1 and HMOX1: 

cycler 1/°C 36.9 40.1 44.1 47.9 51 

cycler 2/°C 54.4 58 61.3 64.5 67 

MTAP: 

cycler 1/°C 37 57.2       

cycler 2/°C 60.8 65.3 68.7 72 75 78.3 81.6 85.7 

sEH: 

cycler 1/°C 37 51.5 55.2     

cycler 2/°C 58.1 61.9 63.8 65.7 67.6 69.2 72.1 
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8.2.15 In-cell Western 

BxPC-3 cells (10,000 cells/well) were seeded in 96-well plates and incubated for 24 h prior to 

the addition of 50 ng/mL IFN-γ and the compounds at the indicated concentrations for 48 h. 

Cells were fixed with 4% paraformaldehyde for 20 min at room temperature followed by 

permeabilization with 0.5% Triton X-100 for 15 min at room temperature. Afterwards, 

unspecific binding sites were blocked with 5% non-fat dry milk in PBS with 0.1% (v/v) Tween-

20 (PBS-T) for 60 min at room temperature followed by overnight incubation at 4°C with the 

primary antibodies. For detection of IDO1 and the reference protein vinculin, the primary 

antibodies anti-IDO1 (1:3,000, ab211017, Abcam, GBR) and anti-vinculin (1:5,000, V9131, 

Merck KGaA, DE) were used in 5% milk in PBS-T. For visualization, secondary antibodies 

conjugated to IRDye® Infrared Fluorescent Dyes (1:500, LI-COR Biosciences, US) were used 

(Bio-Rad Laboratories, DE). Images were acquired with the Odyssey® CLx Infrared Imaging 

System (LI-COR Biosciences, US) and processed using Image Studio 5.2 (LI-COR 

Biosciences, US). IDO1 protein levels were normalized to the levels of the reference protein 

vinculin. 

8.2.16 Carbon Monoxide Detection 

HeLa cells (1 x 104 cells/well) were seeded in black 96-well plates with transparent bottom in 

medium without phenol red and incubated for 24 h prior to treatment with 50 ng/mL IFN-γ, 

hemin and compound. Cells were incubated for additional 24 to 72 h and afterwards, 10 µL of 

a stock solution consisting of 10 µM BioTracker Carbon Monoxide Probe 1 Live Cell Dye216 

and 10 µM of Pd(II)Cl2 in 0.5% (v/v) DMSO in medium was added to reach final concentration 

of 1 µM for both BioTracker Carbon Monoxide Probe 1 Live Cell Dye and Pd(II)Cl2. The cells 

were incubated for 30 min and subsequently washed thrice with PBS prior to imaging for 

brightfield and and green fluorescence in the IncuCyte S3 Live-Cell Analysis System (Sartorius 

AG, DE) at 10X magnification. The amount of green counts/well and the confluence were 

determined using the IncuCyte 2019B Rev2 software (Sartorius AG, DE). For data analysis, 

the green counts/well were normalized to the confluence, followed by normalization to the 

DMSO control. The quantified data was represented using GraphPad Prism 9.0 (GraphPad 

Software, Inc, US). 

8.2.17 Bilirubin Quantification 

SKOV-3 cells (1 x 105 cells/well) were seeded in transparent 24-well plates and incubated for 

24 h. Afterwards, cells were treated with 50 ng/mL IFN-γ, hemin and compound prior to 

incubation for 24 to 72 h. 500 µL of the supernatant was transferred to a new tube and mixed 

with 250 mg of BaCl2 by vortexing for 10-15 s. Then, 750 µL of benzene was added and the 

samples were vortexed for 50-60 s, resulting in a white emulsion. The benzene layer was 

collected by centrifugation at 13,000 x g and room temperature for 30 min and the absorbance 
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at 450 nm and 620 nm as reference wavelength were determined on the Spark® Multimode 

Microplate Reader (Tecan, AT). The quantity of bilirubin was calculated with the Lambert–

Beer law and the molar attenuation coefficient of bilirubin dissolved in benzene 

(ε450 = 27.3 mM-1 cm-1)217 and represented using GraphPad Prism 9.0 (GraphPad Software, 

Inc, US). 

8.2.18 TrxR Assay 

HeLa cells (1 x 106 cells/dish) were seeded in 15-cm dishes and incubated for 48 h. 

Subsequently, the medium was removed and the cells were washed with 10 mL warm PBS 

prior to harvesting in 5 mL cold PBS using a rubber policeman. The cell suspension was 

centrifuged for 5 min at 300 x g and 4°C and resuspended in TrxR extraction buffer 

(150 µL/5 mL cells suspension) prior to cell lysis with seven consecutive freeze/thaw cycles 

as described in 8.2.13.3. The lysates were centrifuged for 15 min at 10,000 x g and 4°C and 

the supernatant was transferred to a new LoBind tube. The protein concentration was 

determined with the DC protein assay as in 8.3.2. If necessary, the lysates were snap-frozen 

in liquid nitrogen and stored at -80°C. 

The activity of thioredoxin reductase (TrxR) was measured with the Thioredoxin Reductase 

Colorimetric Assay Kit (cat# 10007892, Cayman, US) following the manufacturer’s protocol. 

Briefly, 400 µg of cell lysate was treated with 20 µM compounds and the reaction was initiated 

by addition of NADPH and Ellman’s reagent (DTNB, 5,5′-dithiobis-(2-nitrobenzoic acid)). After 

10 s, the absorbance at 405 nm was recorded once every minute over 15 min on the Spark® 

Multimode Microplate Reader (Tecan, AT), the background was subtracted from all values 

and normalized to the DMSO control. 

8.2.19 RNA Interference 

For genetic target validation, cells were transfected with on-target or non-targeting siRNA 

using the DharmaFECT 1 transfection reagent (cat# T-2001-03, Horizon Discovery, UK). The 

ON-TARGETplus Human EPHX2 siRNA SMARTPool (cat# L-010006-00-0005, Horizon 

Discovery, UK) and ON-TARGETplus Non-targeting Control siRNAs (cat# D-001810-01-05, 

Horizon Discovery, UK) were reconstituted in RNase-free water to concentrations of 10 and 

20 µM, respectively. HeLa cells (150,000 cells/well) were seeded in 6-well plates in a total 

volume of 2 mL and incubated for 24 h. On the next day, the siRNA was diluted to 2 µM in 

Opti-MEM in a total volume of 50 µL (final siRNA concentration: 50 nM). 6 µL of the 

DharmaFECT 1 reagent was mixed with 44 µL of Opti-MEM (6 µL DharmaFECT 1/well) and 

both siRNA and transfection reagent were incubated for 5 min at room temperature prior to 

addition of the DharmaFECT solution to the siRNA solution. The transfection mixture was 

incubated for another 20 min at room temperature to allow formation of the siRNA:lipid 

complex. Subsequently, 1.9 mL of culture medium was added to the transfection mixture and 
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the culture medium on the cells was replaced by the transfection mixture. The cells were 

incubated for up to 96 h. To quantify Kyn levels, 100 µL of the supernatant was transferred to 

a transparent 96-well plate and the Kyn assay was performed as described in 8.2.7.2. The 

remaining supernatant was aspirated and the cells were prepared for immunoblotting (see 

8.2.13.2 and 8.3.3) or qPCR analysis (see 8.2.11).  

 

8.3 Molecular Biology, Biochemical and Biophysical Methods 

8.3.1 Isolation of Plasmids 

Plasmids were isolated from pelleted chemically competent E. coli strain One Shot 

OmniMAX™ 2 T1R (Thermo Fisher Scientific Inc, US) using the QIAGEN® Plasmid 

Purification Maxi Kit (QIAGEN, DE) following the manufacturer’s protocol. Briefly, cells were 

lysed under alkaline conditions, followed by isolation of the plasmid DNA on a resin under low-

salt and low-pH conditions. Impurities were removed by medium-salt wash steps prior to the 

elution of the plasmid in high-salt buffer and desalting by isopropanol precipitation. The 

isolated plasmids were resuspended in sterile water and the DNA concentration was 

determined by measuring the absorbance at 260 nm with the NanoDrop™ 2000 

Spectrophotometer (Thermo Fisher Scientific Inc, US). 

8.3.2 Determination of Protein Concentrations 

Protein concentrations were determined using the colorimetric DC Protein Assay (Bio-Rad 

Laboratories, Inc., US) following the manufacturer’s protocol. Briefly, the peptide bonds of the 

proteins react with copper(II) ions in the alkaline reaction solution, leading to reduction of Cu(II) 

to Cu(I) and to oxidation of the peptide bond, followed by reduction of the Folin reagent and 

oxidation of aromatic amino acids. The protein concentration can be determined by measuring 

the absorbance at 750 nm on the Spark® Multimode Microplate Reader (Tecan, AT) and 

comparing to a standard protein of known concentration. 

8.3.3 Immunoblotting 

15 to 100 μg total protein was separated by molecular weight using discontinuous 10% 

polyacrylamide gels or Any kD™ Mini-PROTEAN® TGX Stain-Free™ Protein Gels (Bio-Rad 

Laboratories, DE) under reducing/denaturing conditions in a TRIS/glycine-based system 

(30 min at 80 V, 45 to 60 min at 150 V). PVDF membranes were activated in methanol for 5 s, 

washed with ddH2O for 10 min and equilibrated in transfer buffer. Afterwards, proteins from 

the polyacrylamide gels were transferred to the PVDF membranes for 60 min at 100 V 

(Thermo Fisher Scientific, USA) using wet tank transfer in a Mini Trans-Blot® Cell (Bio-Rad 

Laboratories, DE). Subsequently, the membranes were blocked with primary antibody-specific 

blocking conditions (see 8.1.7) for 60 min at room temperature, followed by overnight 
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incubation at 4°C with the primary antibodies. On the next day, membranes were washed 

thrice with PBS-T for 5 min each and incubated with the secondary antibodies for 60 min. 

Subsequently, the membranes were washed twice with PBS-T and twice with PBS for 5 min 

each prior to visualization of the protein bands using the ChemiDoc MP Imaging System (Bio-

Rad Laboratories, DE). Protein band intensities were quantified using ImageLab (Bio-Rad, 

US) or ImageJ (open source). Protein levels of the protein of interest were normalized to the 

reference protein. 

8.3.4 Purification of Recombinant IDO1 

Expression and purification of human recombinant IDO1 were performed by Dr. Elisabeth 

Hennes and Christine Nowak. 

8.3.4.1 Full-length Recombinant Human IDO1 

Full-length recombinant human GST-IDO1 protein was expressed in E. coli BL21 DE3 cells 

using a pGEX6p-2rbs-GST-IDO1-FL vector as described previously350, 352. Bacteria were 

transformed with the vector by a heat shock at 42°C for 60 s and cells derived from a single 

colony were used to inoculate LB medium containing 100 µg/mL ampicillin and 30 µg/mL 

chloramphenicol prior to incubation overnight at 37°C with rotation. On the next day, 2,500 mL 

LB medium was inoculated with 50 mL of the bacteria suspension and IDO1 protein 

expression was induced by addition of 200 µM isopropyl β-d-1-thiogalactopyranoside (IPTG) 

prior to incubation at 18°C overnight. 

Afterwards, the cells were pelleted by centrifugation at 3600 x g and 4°C for 20 min and 

resuspended in protein expression buffer 3 and homogenized by sonication, followed by 

mechanical cell lysis. The soluble fraction was separated from the cell debris by centrifugation 

at 13,000 x g and 10°C for 35 min and transferred to a GSTrap™ HP column (Cytiva, US). 

GST-IDO1 was washed on column with buffer 4, followed by on-column cleavage overnight 

with 3.2 mg/mL PreScission protease (Cytiva, US) in PreScission protease buffer. The eluted 

protein was purified by size exclusion chromatography with a HiLoad™ 16/600 Superdex™ 

200 pg column (Cytiva, US) and purity of the protein was confirmed by SDS-PAGE. 

8.3.4.2 Truncated Recombinant Human IDO1 

For crystallization experiments, a truncated version of recombinant human IDO15-400 of the 

403 amino acid-long full-length human IDO1 was expressed in E. coli BL21 DE3 cells using a 

pGEX6p-2rbs-GST-IDO1-short vector and purified as described in 8.3.4.1. 

After purification of the protein, the heme cofactor in the active site of IDO1 was removed to 

obtain recombinant human apo-IDO1 as described previously.256 Therefore, the purified IDO1 

protein was incubated with 166 mM 2-mercaptoethanesulfonate (MESNA) overnight to 

release the heme cofactor. On the next day, the protein was diafiltered and concentrated 
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against buffer 5 using an Amicon® Ultra-4 10K Centrifugal Filter (Merck Millipore Ltd., US). 

Heme occupancy was determined by UV/Vis spectrophotometry as described in 8.3.8. 

8.3.5 Enzymatic Kyn Assay 

To detect direct inhibition, 1 μM rhIDO1 was incubated with compounds for 40 min at 37°C in 

50 mM potassium phosphate buffer. Subsequently, 10 mM ascorbic acid, 10 μM methylene 

blue, 2 mM Trp and 100 μg/mL catalase were added and samples were incubated for 60 min 

at room temperature or 37°C. Trichloroacetic acid was added to a final concentration of 7% 

(v/v) and samples were incubated for 30 min at 70°C. Afterwards, an equal volume of freshly 

prepared 2% (w/v) p-DMAB in glacial acetic acid (Ehrlich reagent) was added prior to 

measuring absorbance at 492 nm and 650 nm on the Spark® Multimode Microplate Reader 

(Tecan, AT). To determine the Kyn levels, the absorbance of the Kyn-p-DMAB adduct A492 

was subtracted by the background absorbance A650 and normalized to the DMSO control. Data 

analysis was performed using a non-linear regression curve fit and GraphPad Prism 9.0 

(GraphPad Software, Inc, US) to generate dose-response curves and obtain IC50 values. 

8.3.6 Crystallization of apo-IDO1 

Crystallization of apo-IDO1 

A truncated version of the 403 amino acid-long full-length recombinant human GST-IDO1 

(rhIDO15-400) was expressed in E. coli and purified as published previously (see 8.3.4.2)352. 

The heme cofactor was released from IDO1 by overnight incubation with MESNA as described 

previously (see 8.3.4.2)348 and heme occupancy was determined by UV/Vis 

spectrophotometry (see 8.3.8). 

450 µM of IDO1 protein was mixed with 750 µM apoxidole-1 (2.5% (v/v) DMSO) in 25 mM 

TRIS-HCl, pH 8.0, 100 µM tris(2-carboxyethyl)phosphine (TCEP) and incubated for 2 h at 

42°C. The soluble protein fraction was separated from the precipitate by centrifugation at 

20,000 x g and 18°C for 10 min. Protein crystals were obtained from a sitting drop setup (iQ 

plates, SPT Labtech, UK) by addition of 100 nL of the reservoir solution (40% (v/v) PEG200 

in 100 mM MES, pH 6.5) to 100 nL of protein solution and incubation at 20°C. Crystals were 

harvested after 7 days by the addition of reservoir solution as cryoprotectant to the drop prior 

to plunging of the crystals in liquid nitrogen. Synchrotron X-ray diffraction data was acquired 

to 1.6 Å from the X10SA beamline at the Swiss Light Source at the Paul Scherrer Institute, 

CH. The data was processed with XDS353 and scaled using XSCALE. The structure was 

solved using a model of IDO1 from pdb 6dpq with Phaser354 from the Phenix suite355, followed 

by repetitive cycles of refinement with phenix.refine and Coot356, 357. Figures were created with 

PyMOL Molecular Graphics System (Version 2.5.2 Schrödinger, LLC). 

The integrity of apoxidole-1 in the protein solution was assessed 63 days after the 

crystallization setup by mixing the crystallization drop with 100 µL of DCM and recording of 
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HPLC-ESI-MS spectra using the LTQ Fleet (Thermo Fisher Scientific, US), Ultimate 3000 

HPLC (Thermo Fisher Scientific, US) and Xcalibur™ software (Thermo Fisher Scientific, US). 

Table 6: HPLC method. 

time [min] %A %B 

0 90 10 

0.5 90 10 

7.5 5 95 

9.0 5 95 

11 90 10 

A: ddH2O + 0.1% (v/v) formic acid; B: acetonitrile + 0.1% (v/v) formic acid; flow rate:0.4 mL/min. 

8.3.7 Stability of Apoxidole-1 in Serum 

400 µM of apoxidole-1 was incubated in Gibco® Qualified FBS (Thermo Fisher Scientific, Inc, 

US) at 37°C for up to 48 h. Samples of 50 µL were taken after 0, 6, 10, 24, 30 and 48 h, 200 µL 

of DCM was added and the compound was extracted by thorough vortexing for 1 min. 

Subsequently, the samples were centrifuged at 16,000 x g and 22°C for 15 min. The organic 

phase was dried with magnesium sulfate and filtered through a HPLC filter prior to HPLC-ESI-

MS analysis using the LTQ Fleet (Thermo Fisher Scientific, US), Ultimate 3000 HPLC (Thermo 

Fisher Scientific, US) and Xcalibur™ software (Thermo Fisher Scientific, US) as described in 

8.3.6 and Table 6. 

8.3.8 UV/Vis Spectrophotometry 

10 μM rhIDO1 was incubated with the compounds at the indicated concentrations for 120 min 

at 37°C in 50 mM potassium phosphate buffer using UV-transparent microplates (UV-STAR®, 

Greiner AG, AT). Subsequently, absorbance spectra from 250 nm to 550 nm were recorded 

on the Spark® Multimode Microplate Reader (Tecan, AT). 

8.3.9 Nano Differential Scanning Fluorimetry (nanoDSF) 

8.3.9.1 IDO1 

11 μM rhIDO1 was incubated with the compounds at the indicated concentrations for 60 min 

at 37°C in 50 mM potassium phosphate buffer. The thermal protein stability from 20°C to 90°C 

(1°C/min) was measured by means of the intrinsic tryptophan/tyrosine fluorescence using 

standard capillaries in the Prometheus™ NT.48 (NanoTemper® Technologies, DE). Melting 

scans, first derivatives of melting scans and melting temperatures were analyzed using the 

PR.ThermControl software (NanoTemper® Technologies, DE). Binding affinities were 

determined by plotting the melting temperature against the ligand concentration and fitting with 

a single site ligand binding function using GraphPad Prism 9.0 (GraphPad Software, Inc, US). 

8.3.9.2 sEH 

rhsEH (cat# 600037, Cayman, US, from the Soluble Epoxide Hydrolase Inhibitor Screening 

Assay Kit, see 8.3.12) was diluted 18-fold in AttoPhos assay buffer and incubated with the 
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compounds at the indicated concentrations for 10 min at 22°C. The thermal protein stability 

from 20°C to 90°C (1°C/min) was measured by means of the intrinsic tryptophan/tyrosine 

fluorescence using high sensitivity capillaries in the Prometheus™ NT.48 (NanoTemper® 

Technologies, DE). Melting scans, first derivatives of melting scans and melting temperatures 

were analyzed using the PR.ThermControl software (NanoTemper® Technologies, DE). 

8.3.10 TDO Activity Assay 

Inhibition of tryptophan 2,3-dioxygenase (TDO) was tested using the Universal 

IDO1/IDO2/TDO Inhibitor Screening Assay Kit (cat# 72035, BPS Bioscience, US). 500 ng His-

tagged TDO in TDO Assay Buffer was incubated with Reaction Solution and 50 μM 

compounds (0.5% (v/v) DMSO) for 120 min at 37°C with slow shaking in the dark. Afterwards, 

absorbance at 321 nm was recorded on the Spark® Multimode Microplate Reader (Tecan, 

AT), the background was subtracted from all values and normalized to the DMSO control. 

8.3.11 IDO2 Activity Assay 

Inhibition of indoleamine 2,3-dioxygenase 2 (IDO2) was tested using the Universal 

IDO1/IDO2/TDO Inhibitor Screening Assay Kit (cat# 72035, BPS Bioscience, US). 10 μg His-

tagged IDO2 in IDO2 Assay Buffer was incubated with Complete IDO2 Reaction Solution (1% 

(v/v) component 2 in component 1) and 50 μM compounds (0.5% (v/v) DMSO) for 90 min at 

30°C with slow shaking in the dark prior to initiation of the reaction by addition of 20% (v/v) 

IDO2 Substrate. Samples were incubated for 120 min at 30°C with slow shaking in the dark. 

Afterwards, absorbance at 321 nm was recorded on the Spark® Multimode Microplate Reader 

(Tecan, AT), the background was subtracted from all values and normalized to the DMSO 

control. 

8.3.12 sEH-H Activity Assay 

Inhibition of the C-terminal lipid epoxide hydrolase domain of the soluble epoxide hydrolase 

(seH-H) was tested using the Soluble Epoxide Hydrolase Inhibitor Screening Assay Kit (cat# 

10011671, Cayman, US). Briefly, 2.5 µL of 50-fold diluted sEH protein was treated with the 

compounds at the indicated concentrations and the reaction was initiated by addition of 

250 nM fluorogenic sEH-H substrate PHOME ((3-phenyl-oxiranyl)-acetic acid cyano-(6-

methoxy-naphthalen-2-yl)-methyl ester). The final volume for the assay was 100 µL in all 

wells. After 10 s, the fluorescence was recorded using an excitation wavelength at 330 nm 

and an emission wavelength at 465 nm at 25°C on the Spark® Multimode Microplate Reader 

(Tecan, AT) for up to 30 min in a kinetic loop with intervals of 90 s between measurements. 

The background was subtracted from all values and all values were normalized to the initial 

activity of each condition. 
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8.3.13 sEH-P Activity Assay 

Inhibition of the N-terminal lipid phosphatase domain of the soluble epoxide hydrolase (sEH-

P) was tested using an AttoPhos-based assay as described previously220. 5 µL of 50-fold 

diluted sEH protein (cat# 600037, Cayman, US, from the Soluble Epoxide Hydrolase Inhibitor 

Screening Assay Kit, see 8.3.12) was incubated with compounds at indicated concentrations 

in AttoPhos assay buffer for 5 min at 23°C prior to addition of 7.5 µL AttoPhos solution (final 

concentration 25 µM). The samples were incubated for 60 min at 23°C in the dark under mild 

shaking. Afterwards, 25 µL of AttoPhos stop solution was added and the fluorescence was 

recorded using an excitation wavelength at 435 nm and an emission wavelength at 555 nm 

on the Spark® Multimode Microplate Reader (Tecan, AT) for up to 30 min in a kinetic loop 

with intervals of 90 s between measurements. The final volume for the assay was 75 µL in all 

wells. The background was subtracted from all values and normalized to the DMSO control. 

 

8.4 Proteomics Methods 

The preparation, measurement and analysis of HRMS samples were performed by Jens 

Warmers, Andreas Brockmeyer, Malte Metz and Dr. Petra Janning. 

8.4.1 Global Proteome Profiling 

BxPC-3 cells (5 x 106 cells/flask) were seeded per T75 flask and incubated for 24 h at 37°C 

and 5% CO2 in humidified atmosphere. On the following day, the medium was exchanged for 

6 mL fresh culture medium containing either i) 0.3% (v/v) DMSO, ii) 0.3% (v/v) DMSO and 

50 ng/mL IFN-γ or iii) 3 µM compound and 50 ng/mL IFN-γ prior to incubation for 24 h. The 

cells were harvested by trypsinization and resuspended in ice-cold PBS before washing thrice 

in 10, 5 and 1 mL cold PBS, respectively. The cell pellets were resuspended in 100 µL PBS 

containing protease and phosphatase inhibitors and lysed by seven consecutive freeze/thaw 

cycles as described in 8.2.13.3. The protein concentration was determined as described in 

8.3.2 and the lysates were snap-frozen in liquid nitrogen and stored at -80°C until further 

usage. 75 µL of lysate containing 150 µg total protein were subjected to in-solution tryptic 

digestion as described in 8.4.4. 

8.4.2 Thermal Proteome Profiling 

HeLa cells (5.54 x 105 cells/flask) were seeded per T175 flask and incubated for 72 h at 37°C 

and 5% CO2 in humidified atmosphere. The medium was exchanged for fresh culture medium 

containing 50 ng/mL IFN-γ prior to incubation for 24 h. The cells were harvested by 

trypsinization and resuspended in ice-cold PBS before washing thrice in 10, 8 and 1 mL ice-

cold PBS, respectively. The cell pellets were resuspended in 500 µL PBS containing 0.4% 

(v/v) NP40 alternative, lysed by five consecutive freeze/thaw cycles as described in 8.2.13.3 

and ultra-centrifuged for 20 min at 100,000 x g and 4°C. The protein concentration of the 
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supernatant was determined using the DC protein assay as described in 8.3.2 and the lysates 

were snap-frozen in liquid nitrogen and stored at -80°C until further usage. 

1.4 mL of lysate with a protein concentration of 4 g/L was added to two LoBind tubes and 

incubated with either DMSO (V, vehicle, 0.3% (v/v)) or 3 µM compound (C, compound) for 

10 min at room temperature. 120 µL of V- or C-treated lysate were added to PCR tubes and 

subjected to heating at different temperatures (Table 7) in the MasterCycler EpGradient S 

(Eppendorf SE, DE). Soluble fractions were separated from denatured proteins by ultra-

centrifugation at 100,000 x g and 4°C for 20 min. 100 µL of the supernatants were transferred 

to new tubes and subjected to in-solution tryptic digestion as described in 8.4.4. For 

quantification of the soluble protein fraction, protein band intensities for C- and V-treated 

samples were normalized to the lowest temperature of each condition (36.9°C) and thermal 

denaturation temperatures Tm were determined using non-linear regression curve fit. 

Table 7: Temperature gradient for thermal proteome profiling experiments. 

cycler 1/°C 36.9 40.1 44.1 47.9 51 

cycler 2/°C 54.4 58 61.3 64.5 67 

8.4.3 Affinity-based Chemical Proteomics 

HeLa cells (5.54 x 105 cells/flask) were seeded per T175 flask and incubated for 72 h at 37°C 

and 5% CO2 in humidified atmosphere. The medium was exchanged for fresh culture medium 

containing 50 ng/mL IFN-γ prior to incubation for 24 h. The cells were harvested by 

trypsinization and resuspended in ice-cold PBS before washing thrice in 10, 8 and 1 mL cold 

PBS, respectively. The cell pellets were resuspended in 500 µL NP40-based lysis buffer, lysed 

according to 8.2.13.2 and ultra-centrifuged for 20 min at 100,000 x g and 4°C. The protein 

concentration of the supernatant was determined as described in 8.3.2 and the lysates were 

snap-frozen in liquid nitrogen and stored at -80°C until further usage. 

25 µL of NHS Mag Sepharose beads (Cytiva 28-9440-09) were resuspended in 500 µL ice-

cold equilibration buffer by inversion and the equilibration buffer was removed prior to addition 

of 500 µL of 10 µM free-amine pulldown probe in coupling buffer (0.1% (v/v) DMSO). The 

beads were coated with the probes by overhead rotation for 1 h at room temperature. 

Subsequently, the residual active groups were quenched by i) addition of 500 µL blocking 

buffer 1, inversion of the tubes and removal of buffer, ii) addition of 500 µL blocking buffer 2, 

inversion of the tubes and removal of buffer, iii) addition of 500 µL blocking buffer 1, overhead 

rotation for 15 min and removal of buffer, iv) addition of 500 µL blocking buffer 2, inversion of 

the tubes and removal of buffer, v) addition of 500 µL blocking buffer 1, inversion of the tubes 

and removal of buffer, vi) addition of 500 µL blocking buffer 2, inversion of the tubes and 

removal of buffer. 
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After the compound immobilization, the beads were washed with 500 µL NP40-based lysis 

buffer and 500 µL of lysate with a protein concentration of 3 g/L was added to the beads prior 

to incubation with overhead rotation for 2 h at 4°C or 1 h at room temperature, respectively. 

For competition experiments, the cell lysate was pre-incubated with 10 µM unmodified 

compound for 1 h at room temperature prior to addition to the beads. Subsequently, the 

supernatant was removed and the beads were washed twice with washing buffer and twice 

with PBS for 10 min under overhead rotation. The supernatant was removed and the samples 

were subjected to on-bead tryptic digestion according to 8.4.5. 

8.4.4 In-Solution Tryptic Digestion 

Cell lysates were diluted in 75 µL of 100 mM TEAB prior to addition of 7.5 µL 

denaturing/reducing buffer 1 and incubation for 1 h at 55°C. Afterwards, 7.5 µL of alkylation 

buffer 1 was added and the samples were incubated at room temperature for 30 min in the 

dark. Six volumes (990 µL) of ice-cold acetone was added and proteins were precipitated at -

20°C overnight. 

On the following day, the samples were centrifuged for 10 min at 4°C and 8,000 x g. The 

supernatant was discarded and the pellets were air-dried for 30 to 45 min. The proteins were 

resuspended in 107.5 µL digestion buffer 1 (≙ 3 µg trypsin) and digested for 2 to 3 h at 37°C 

prior to thorough mixing and continued incubation overnight. Subsequently, the samples were 

labeled with isobaric TMT10plex labels (ThermoFisher Scientific 90110). One vial of 0.8 mg 

TMT labels was dissolved in 82 µL of anhydrous acetonitrile by occasional vortexing over 

5 min. Using a gas-tight Hamilton syringe, 41 µL of the respective label solution was 

transferred to 100 µL of the C- or V-treated peptide sample and mixed thoroughly. After each 

pipetting step, the syringe was washed with acetonitrile. The samples were incubated for 2 h 

at room temperature prior to quenching of the reaction by addition of 8 µL of 5% (v/v) 

hydroxylamine. 120 µL of all C- or V-treated samples were combined, yielding two samples 

from which the solution was evaporated using a vacuum concentrator at 30°C. The pellets 

were dissolved in 120 µL 20 mM NH4COO (pH 11) by ultrasonication for 2 min and 

subsequent vortexing for 1 min, followed by short centrifugation. 110 µL of each sample were 

fractionated by HPLC at high pH value into ten fractions and evaporated using a vacuum 

concentrator at 30°C. The fractions were dissolved in 0.1% TFA and enriched and separated 

by nanoHPLC-MS/MS using two consecutive PepMap™ 100 C18 columns (ThermoFisher 

Scientific, US). The mass spectra were acquired using a hybrid-orbitrap massspectrometer 

(ThermoFisher Scientific, US) Signals in the mass range of m/z 300 to 1650 were measured 

for full scan (MS1), followed by 10 to 15 high-energy collision dissociation (HCD) scans (MS2) 

of the most intense at least doubly charged ions. Data and statistical data analysis were 

performed using MaxQuant358, 359 and Perseus360, 361. Briefly, the data was analyzed using the 



 Experimental Part 

130 
 

Andromeda search algorithm, the Homo sapiens reference proteome of the UniProt database 

and a MaxQuant contaminant database. Therefore, an MS/MS ion search was performed for 

enzymatic trypsin cleavage, allowing two missed cleavages. Carbamidomethylation was set 

as a fixed protein modification and oxidation of methionine and acetylation of the N-terminus 

were set as variable modifications. Only proteins for which at least two peptides were 

quantified were chosen for further validation.  

For the TPP experiment, an in-house Excel macro136 was used to generate TPP curves. 

Briefly, the soluble protein fraction was quantified according to the intensities of the lowest 

temperature (36.9°C) of each compound- and vehicle-treated condition. The thermal 

denaturation temperatures Tm were determined as the inflection point of a non-linear 

regression curve fit. 

For the global proteome profiling, statistical data analysis was performed using Perseus360, 361 

including proteins which were identified in at least two out of three technical replicates in at 

least two of the three compared conditions. Relative quantification of proteins was performed 

by using the label-free quantification (LFQ) algorithm implemented in MaxQuant. LFQ 

intensities were log-transformed (log2); replicate samples were grouped together. Missing 

values were imputed using small normally distributed values, and a two-tailed t-test was 

performed. Volcano plots were generated using the VolcaNoseR184, 185 web app. 

8.4.5 On-Bead Tryptic Digestion 

The beads were resuspended in 50 µL denaturing/reducing buffer 2 and incubated for 30 min 

at room temperature. Afterwards, 5.55 µL of alkylation buffer 2 was added and the samples 

were incubated for 30 min at room temperature prior to addition of 1 µg Lys-C (0.5 µg/µL in 

ddH2O) and incubation for 1 h at 37°C. The supernatant was transferred to new LoBind tubes. 

165 µL digestion buffer 2 (≙ 1 µg trypsin) was added to the beads and incubated for 1 h at 

37°C. The supernatants from both the Lys-C and trypsin digestion were combined and another 

1-2 µg trypsin was added. The digestion was proceeded overnight at 37°C and the reaction 

was stopped on the next day by addition of 10% (v/v) TFA. The peptides were desalted by 

StageTip Purification as described in 8.4.6. 

8.4.6 StageTip Purification of Peptides 

Two layers of EmporeTM High Performance Extraction C18 Disks (3M Bioanalytical 

Technologies, US) were stacked on top of each other in a 200 µL pipette tip using a syringe. 

The filters were activated by addition of 100 µL methanol and centrifugation until all liquid has 

passed through the disks. The filters were washed and equilibrated once with 100 µL of 

StageTip Buffer 1 and twice with 100 µL of StageTip Buffer 2 prior to loading of the samples 

from 8.4.5 and incubation for 1 min. The solution was removed by centrifugation and the filters 

were washed with 100 µL of StageTip Buffer 1. 20 µL of StageTip Buffer 2 were added and 
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samples were incubated for 1 min prior to elution of the sample into a new LoBind tube by 

centrifugation at 1,500 x g for 5 min. The previous step was repeated once and the 

supernatants were combined prior to evaporating using a vacuum concentrator at 30°C. The 

dried peptides were dissolved in 0.1% TFA and enriched and separated by nanoHPLC-MS/MS 

using two consecutive PepMap™ 100 C18 columns (ThermoFisher Scientific, US). The mass 

spectra were acquired using a hybrid-orbitrap massspectrometer (ThermoFisher Scientific, 

US) Signals in the mass range of m/z 300 to 1650 were measured for full scan (MS1), followed 

by 10 to 15 high-energy collision dissociation (HCD) scans (MS2) of the most intense at least 

doubly charged ions. Data analysis was performed using MaxQuant358, 359. Briefly, the data 

was analyzed using the Andromeda search algorithm, the Homo sapiens reference proteome 

of the UniProt database and a MaxQuant contaminant database. Therefore, an MS/MS ion 

search was performed for enzymatic trypsin cleavage, allowing two missed cleavages. 

Carbamidomethylation was set as a fixed protein modification and oxidation of methionine and 

acetylation of the N-terminus were set as variable modifications. The false discovery rates 

(FDR) for peptide and protein identification were set to 0.01. Only proteins for which at least 

two peptides were quantified were chosen for further validation. Relative quantification of 

proteins was performed by using the label-free quantification (LFQ) algorithm implemented in 

MaxQuant. 

Statistical data analysis of pulldown samples was performed separately for biological 

replicates (four technical replicates each) using Perseus360, 361  including proteins which were 

identified in at least three out of four technical replicates in at least one of the two compared 

conditions. LFQ intensities were log-transformed (log2); replicate samples were grouped 

together. Missing values were imputed using small normally distributed values, and a two-

sided t-test was performed. Volcano plots were generated using the VolcaNoseR184, 185 web 

app. 
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10 Abbreviations 

Abbreviation Meaning 
1-MT 1-methyl-L-tryptophan  
3-HANA 3-hydroxyanthranilic acid 
3-HK 3-hydroxykynurenine 
AA arachidonic acid 
Ac/N N-terminal acetylation 
AhR aryl hydrocarbon receptor  
APC antigen-presenting cell 
APOL apolipoprotein L 
APS ammonium persulfate 
ARE antioxidant response element 
ASR age-standardized incidence rate  
ATL2 atlastin-2  
ATP adenosine triphosphate 
BBT 2’-(2-benzothiazoyl)-6’-hydroxybenzothiazole 
BBPT 2’-(2-benzothiazoyl)-6’-hydroxybenzothiazole phosphate 
BIOS biology-oriented synthesis  
BIS-TRIS bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane 
Bn benzyl 
Boc tert-Butyloxycarbonyl 
BSA bovine serum albumin 
BVR biliverdin reductase 
CAR chimeric antigen receptor  
CETSA cellular thermal shift assay  
CMV cytomegalovirus 
COMAS compound management and screening center 
COVID-19 coronavirus disease 2019  
COX cyclooxygenase 
CPA cell painting assay 
CRISPR Clustered Regularly Interspaced Short Palindromic 

Repeats 
CRS cytokine release syndrome  
CST3 cystatin-C 
CTL cytotoxic T lymphocyte 
CTLA-4 CTL-associated protein 4 
CTSS cathepsin S 
CXCL C-X-C motif chemokine  
CYP cytochrome P450 
DAPI 4′,6-Diamidine-2′-phenylindole dihydrochloride 
DC dendritic cell 
DHET dihydroxyeicosatrienoic acid 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 
DOS diversity-oriented synthesis  
DSF differential scanning fluorimetry  
DTE dithioerythritol 
DTNB 5,5′-dithiobis-(2-nitrobenzoic acid) 
DTT dithiotreitol 
ECM extracellular matrix  
ECS Elongin-Cullin-SOCS 
EDTA ethylenediaminetetraacetic acid 
EET epoxyeicosatrienoic acid 
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Abbreviation Meaning 
eGFP enhanced green fluorescent protein 
EGTA ethylene glycol-bis(β-aminoethyl ether)-tetraacetic acid 
em emission 
ER endoplasmic reticulum 
ESI electrospray ionization 
Et ethyl 
EtOH ethanol 
EWG electron-withdrawing group 
ex excitation 
FABP3 fatty acid-binding protein 3  
FBS fetal bovine serum 
FDA US Food and Drug Administration  
Fluc firefly luciferase 
FOSL1 Fos-related antigen 1  
FOXP3 forkhead box p3 
GAS gamma interferon activation site 
GBP guanylate-binding protein 
GCN2 general control nonderepressible 2  
GM2A ganglioside GM2 activator  
GO gene ontology  
GPCR G protein-coupled receptor 
HCD high-energy collision-dissociation 
HMOX heme oxygenase 
HPLC high performance liquid chromatography 
HRMS high resolution mass spectrometry 
HSBP heat shock factor-binding protein 
HTS high-throughput screening 
IC50 half-maximal inhibitory concentration 
IDO indoleamine 2,3-dioxygenase 
IFIT interferon-induced protein with tetratricopeptide repeat 
IFN interferon 
IFRD interferon-related developmental regulator  
IL interleukin 
IPTG isopropyl β-d-1-thiogalactopyranoside 
IRG IFN-regulated gene 
ITIM immunoreceptor tyrosine-based inhibitory motif 
JAK janus kinase 
KAT kynurenine aminotransferase 
KMO kynurenine 3-monooxygenase 
KO knockout 
Kyn kynurenine 
KYNU kynureninase 
LAMB3 laminin subunit β-3 
LAT system L-type amino acid transporter 
LFQ label-free quantification 
LPS lipopolysaccharides 
LOX lipoxygenase 
m meta 
mAbs monoclonal antibodies  
MAP1LC3 microtubule-associated proteins 1A/1B light chain 3 
MAPK mitogen-activated protein kinase  
MDSC myeloid-derived suppressor cells 
Me methyl 
MeOH methanol 
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Abbreviation Meaning 
MESNA 2-mercaptoethanesulfonate 
miRNA micro RNA 
MMOA molecular mode-of-action 
mRNA messenger RNA 
MS mass spectrometry 
MTAP methylthioadenosine phosphorylase  
MTAP methylthioadenosine 
MT-DADMe-ImmA methylthio-DADMe-Immucillin A  
mTORC1 mammalian target of rapamycin complex 1 
MTR-1-P 5-methylthioribose-1-phosphate 
NAD nicotinamide adenine dinucleotide 
NEAA non-essential amino acids 
NF nuclear factor 
NK cell natural killer cell 
NP natural product 
o ortho 
p para 
PAINS pan-assay interference 
PBS phosphate-buffered saline 
PD-1 programmed cell death protein 1  
pdb protein data bank 
PDEδ phosphodiesterase 6δ 
p-DMAB  para-dimethylaminobenzaldehyde 
PEG polyethylene glycol 
PGE prostaglandin 
Phe phenyl 
PHOME (3-phenyl-oxiranyl)-acetic acid cyano-(6-methoxy-

naphthalen-2-yl)-methyl ester 
PIPES piperazine-N,N′-bis(2-ethanesulfonic acid) 
PK pharmacokinetics 
PLTP phospholipid transfer protein  
PNP pseudo-natural product 
PPI protein-protein interaction 
PRMT5 protein arginine N-methyltransferase 5  
PROTAC proteolysis-targeting chimera  
PTM posttranslational modification 
PUFA polyunsaturated fatty acid 
RFU relative fluorescence units 
RGA reporter gene assay  
RISC RNA-induced silencing complex 
Rluc Renilla luciferase 
RNA  ribonucleic acid 
ROS reactive oxygen species 
RT-qPCR  reverse transcriptase quantitative polymerase chain 

reaction 
SAR structure-activity relationship  
SD standard deviation  
SDS sodium dodecyl sulfate 
SDS-PAGE polyacrylamide gelelectrophoresis 
sEH soluble epoxide hydrolase  
SEH1L SEH1 like nucleoporin 
sEH-H hydrolyse domain of sEH 
sEH-P phosphatase domain of sEH 
SERF2 small EDRK-rich factor 2  
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Abbreviation Meaning 
SESTD1 SEC14 domain and spectrin repeat-containing protein 1  
SH2 Src homology region 2 
SHP SH2 domain-containing phosphatase 
siRNA small interfering RNA 
SOCS3 suppressor of cytokine signaling 3 
STAT signal transducers and activators of transcription 
StRE stress response element 
SURF1 surfeit locus protein 1  
targetID target identification  
t-AUCB trans-4-[4-(3-adamantan-1-ylureido)cyclohexyloxy]benzoic acid 
t-Bu tert-butyl 
TCA trifchloroacetic acid 
TCEAL4 transcription elongation factor A protein-like 4  
TDO tryptophan 2,3-dioxygenase  
TEAB triethylammonium bicarbonate 
TEMED tetramethylethylenediamine 
TFA trifluoroacetic acid 
TGF transforming growth factor 
Th T helper cells 
THP tetrahydropyridine 
TME tumor microenvironment  
TMS transmembrane segment 
TMT tandem mass tag 
TNF tumor necrosis factor 
TPP thermal proteome profiling 
Treg  T regulatory cell 
TRIS tris(hydroxymethyl)aminomethane 
tRNA transfer RNA 
Trp L-tryptophan 
TrpRS tryptophanyl-tRNA synthetase 
TrxR thioredoxin reductase 
TSA thermal shift assay  
TSP tumor stroma percentage  
Ub ubiquitin 
UBL5 ubiquitin-like protein 5  
wt wildtype 
ZFAND6 AN1-type zinc finger protein 6  
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11 Appendix 

11.1 Supplementary Data 

11.1.1 Supplementary Tables 

Table S1: Structures and structure-activity relationship (SAR) of epoxykynins for reduction of Kyn levels 
(related to Table 2). IC50 and % inhibition values were determined in BxPC-3 cells using the automated 
Kyn assay. Kyn assay inhibition values were determined as a single point measurement at 7.1 µM. 
Table is continued on following pages. 
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Table S2: Global proteome profiling analysis. Gene names of proteins that were upregulated upon 
treatment with IFN-γ (DMSO+IFN-γ vs. DMSO-IFN-γ, N=3). Related to Figure 31A. 

gene name significance 

(-log(p)) 

fold change gene name significance 

(-log(p)) 

fold change 

SH3TC2 2.62 9.78 SP110 4.87 3.38 
SLC12A7 3.27 9.60 DTX3L 6.10 3.35 

IDO1 5.17 7.80 LAP3 4.44 3.33 
GBP1 2.86 7.15 APOL2 2.90 3.23 
WARS 3.34 6.61 GOLM1 6.72 3.16 
GBP2 4.81 6.42 CXCL10 2.87 3.12 
GBP4 6.60 6.32 DDX58 4.16 3.10 
XAF1 4.47 5.97 IFIT5 2.81 3.10 

UBE2L6 2.67 5.44 FOSL1 4.19 3.03 
APOL3 4.97 5.26 SERPING1 3.88 3.02 
IFRD1 3.26 4.91 TYMP 3.33 3.02 
GBP5 4.15 4.88 RFX5 2.98 2.99 

MAP1LC3B 3.34 4.47 IL1B 3.29 2.98 
AKAP12 3.89 4.36 HSPA5 2.33 2.96 
LAMB3 4.28 4.26 NT5C3A 2.52 2.95 
IFIT3 5.77 4.16 SERPINB2 2.71 2.81 
NMI 3.52 4.13 PARP9 3.55 2.78 

SAMHD1 4.89 4.09 TRIM21 3.18 2.77 
BACH1 5.01 3.91 GCH1 2.06 2.66 
IFI35 4.36 3.86 CD55 3.74 2.63 

STAT1 3.19 3.84 ISG15 2.62 2.62 
CXCL9 2.34 3.74 CTSS 3.55 2.59 
TRIM22 5.10 3.58 IFIT2 3.22 2.57 
ICAM1 3.86 3.51 LAMC2 2.71 2.56 
IL1A 3.56 3.49 RNF114 5.60 2.52 

 

 

Table S3: Global proteome profiling analysis. Gene names of proteins that were downregulated upon 
treatment with IFN-γ (DMSO+IFN-γ vs. DMSO-IFN-γ, N=3). Related to Figure 31A. 

gene name significance 

(-log(p)) 

fold change gene name significance 

(-log(p)) 

fold change 

ECT2 3.59 -2.51 CROT 2.46 -3.22 
MAP3K6 2.39 -2.51 CHEK1 4.01 -3.42 
SERINC3 2.32 -2.58 SESTD1 2.94 -3.48 
PDCD4 2.73 -2.58 AES 2.47 -3.49 

UQCRC2 2.71 -2.62 PLTP 3.00 -3.50 
HSBP1 2.86 -2.67 GM2A 2.47 -3.54 
PARP2 2.48 -2.71 ZNF706 2.74 -3.70 
ATL2 2.97 -2.76 CKS1B 4.75 -3.73 
DHFR 4.13 -2.81 TCEAL4 2.56 -3.82 

SECISBP2 2.07 -2.84 CETN3 2.61 -4.01 
N/A 3.70 -2.88 HIST1H3A 3.20 -4.03 
UNG 3.40 -2.89 UBE2C 5.12 -4.19 

NUSAP1 3.57 -2.90 SERF2 2.96 -4.26 
CST3 3.13 -2.95 DHCR24 2.45 -4.29 

FAM83D 4.58 -3.00 UBL5 3.41 -4.41 
MELK 3.65 -3.01 ASF1B 2.20 -4.51 
TPX2 2.76 -3.11 SKP2 4.51 -4.76 
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Table S4: Global proteome profiling analysis. Gene names of proteins that were upregulated upon 
treatment with epoxykynin (epoxykynin+IFN-γ vs. DMSO+IFN-γ, N=3). Related to Figure 31B. 

gene name significance 

(-log(p)) 

fold change gene name significance 

(-log(p)) 

fold change 

CXCL9 3.83 10.28 CXorf38 3.40 3.20 
GM2A 2.15 6.14 CETN3 2.44 3.19 
PLTP 2.45 5.49 COL6A1 2.30 3.14 
PLAU 2.35 5.18 ESPN 2.18 3.02 

HSBP1 2.65 5.17 APOBEC3C 2.05 3.02 
C15orf57 2.32 4.96 RIMKLB 2.12 3.02 
ZFAND6 2.22 4.49 CTNNBIP1 2.46 3.01 
PREPL 2.99 4.10 PAIP2 2.73 2.91 
CST3 4.60 4.09 HMGCS1 3.03 2.83 

SERF2 4.58 3.68 GBP2 3.62 2.81 
CA2 2.43 3.59 IVNS1ABP 2.70 2.79 

CXCL10 3.17 3.56 MAP3K6 2.36 2.67 
UBL5 2.13 3.55 CDC123 3.49 2.65 

DUSP7 2.21 3.55 OAS1 2.13 2.65 
APOL3 3.85 3.54 EPSTI1 2.88 2.64 
RFX5 2.03 3.50 ATL2 2.30 2.61 

TCEAL4 2.99 3.42 RPAP2 2.41 2.58 
SHKBP1 2.17 3.36 RALGPS2 2.30 2.55 
SESTD1 2.75 3.34 KCTD5 3.25 2.55 

GBP5 2.86 3.26 TRIM16 2.39 2.52 
CTSS 4.06 3.21 SPINT2 2.62 2.51 

 

Table S5: Global proteome profiling analysis. Gene names of proteins that were downregulated upon 
treatment with epoxykynin (epoxykynin+IFN-γ vs. DMSO+IFN-γ, N=3). Related to Figure 31B. 

gene name significance 

(-log(p)) 

fold change gene name significance 

(-log(p)) 

fold change 

IL1B 3.59 -2.88 IL1A 3.73 -4.95 
KRT18 3.10 -2.94 IFRD1 4.55 -6.38 
CTH 3.40 -2.94 MAP1LC3B 2.69 -7.50 

FOSL1 3.71 -2.98 S100A12 3.45 -7.57 
LAMB3 3.15 -3.76 S100A8 2.77 -12.67 
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Table S6: Affinity-based chemical proteomics (pulldown). Enriched proteins on affinity probe 3b as 
identified by HRMS (n=2, N=4, FDR 0.01). Proteins that were identified in both experimental replicates 
are highlighted in grey. Table is continued on the next pages. Related to Figure 36. 

 
n1, N=4 n2, N=4 

gene name 
significance 

(-log(p)) 
difference 

(log2(3b-4b)) 
significance 

(-log(p)) 
difference 

(log2(3b-4b)) 

EPHX2 2.14 1.99 4.74 2.54 
HIBCH   4.47 1.11 

HPCAL1;HPCA   3.54 1.63 
LYPLA2   4.32 1.14 

MTAP 6.47 2.34 4.65 1.04 
RPL31   1.88 1.46 
SEH1L 5.77 2.38 8.38 3.31 
TRA2B 4.44 2.36   

 

 

Table S7: Affinity-based chemical proteomics (pulldown). Enriched proteins on control probe 4b as 
identified by HRMS (n=2, N=4, FDR 0.01). Proteins that were identified in both experimental replicates 
are highlighted in grey. Table is continued on the next pages. Related to Figure 36. 

 
n1, N=4 n2, N=4 

gene name 
significance 

(-log(p)) 
difference 

(log2(3b-4b)) 
significance 

(-log(p)) 
difference 

(log2(3b-4b)) 

ABCB7   3.99 -1.10 
ADK 3.63 -2.53 8.27 -2.29 

AKAP8   1.95 -4.07 
ALG5   2.87 -1.30 

APOO   5.01 -1.54 
ARL6IP5   4.54 -1.40 

ARL8B;ARL8A   3.03 -1.47 
ATL3   6.25 -1.26 

ATP1B3   2.16 -1.22 
ATP5EP2;ATP5E   1.06 -2.06 

ATP5F1   4.90 -1.08 
ATP5J 1.99 -2.04   

ATP5J2;ATP5J2-
PTCD1 

  4.92 -1.08 

ATP5L   4.75 -1.05 
BCAP31   4.09 -1.71 

BET1;DKFZp781C0425   1.61 -1.71 
BST2   4.99 -1.48 

C1GALT1   4.11 -1.56 
CCDC134   1.98 -1.64 

CD44   5.52 -1.38 
CD97   4.32 -1.08 

CDC42   3.03 -1.19 
CERS2   1.23 -1.78 

CHCHD3   4.86 -1.25 
CISD1   5.84 -1.59 
CISD2   5.47 -1.79 

CLPTM1L   5.41 -1.34 
COMT   4.56 -1.18 

COX4I1   4.13 -1.46 
COX5A   4.64 -1.11 
CSE1L   5.70 -1.04 
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n1, N=4 n2, N=4 

gene name 
significance 

(-log(p)) 
difference 

(log2(3b-4b)) 
significance 

(-log(p)) 
difference 

(log2(3b-4b)) 
CYB5R3   4.03 -1.14 

DAD1   2.98 -1.72 
DEGS1   3.87 -1.27 
DHCR7   5.03 -1.17 
DHRS1   5.12 -1.39 
DHRS3   1.78 -1.73 

EDIL3   4.63 -1.13 
ELOVL1   1.52 -1.73 
ELOVL5   4.25 -1.24 
EPHX1   5.28 -1.33 

ERGIC1   5.45 -1.18 
FADS1   6.51 -1.37 
FADS2   5.42 -1.08 

FAM105A   3.82 -1.31 
FKBP11 2.29 -2.35 3.88 -1.09 

FUNDC2 3.94 -2.88 3.25 -2.34 
GALNT2   4.70 -1.22 

GLUD1; GLUD2 5.49 -1.67   
GNB2   4.58 -1.47 
GNG5   3.32 -2.39 

GPR89A;GPR89B   4.26 -1.52 
GPX8 1.74 -2.91 5.58 -1.27 
HCCS   4.07 -1.51 

HEATR1   4.34 -1.08 
HEBP1 5.95 -2.58 7.07 -1.71 
HLA-A   5.18 -1.12 
HLA-B   5.85 -1.21 

HLA-C;HLA-Cw   6.13 -1.09 
HMOX2   2.90 -1.19 

IKBIP   3.59 -1.09 
IMMT   5.80 -1.54 
ITPA 7.11 -2.85   

LCLAT1   4.33 -1.19 
LMAN1   5.19 -1.07 
LMAN2   4.80 -1.93 

LMAN2L   3.30 -1.41 
LMF2   5.73 -1.19 

MAGT1   3.07 -1.27 
MBOAT7   3.91 -1.07 

MCU   4.73 -1.13 
MGST1   7.32 -1.55 

MLEC   2.87 -1.49 
MPC1;BRP44L   3.22 -1.41 

MPC2   2.09 -2.13 
MPDU1   5.77 -1.38 

MRRF 1.72 -2.19   
MT-ATP8   3.10 -1.76 

MTCH2   4.98 -1.12 
MT-CO2   5.61 -1.26 

MTOR   4.15 -1.45 
MTX1   3.19 -1.68 
NDC1   5.47 -1.10 

NDUFA8   1.71 -2.00 
NDUFAF2   3.64 -1.78 
NDUFB11   3.56 -2.54 

NDUFB3   2.91 -1.38 



 Appendix 

168 
 

 
n1, N=4 n2, N=4 

gene name 
significance 

(-log(p)) 
difference 

(log2(3b-4b)) 
significance 

(-log(p)) 
difference 

(log2(3b-4b)) 
NDUFB5   2.58 -1.33 
NT5C3B   4.26 -2.45 
PDCD6   4.93 -1.04 
PFDN6 2.68 -2.03   
PGM3   1.60 -1.89 

PGRMC1   2.03 -1.66 
PGRMC2 5.25 -2.35 5.06 -1.35 

PIGS   4.47 -1.31 
PIGT   3.43 -1.68 

PITPNB 3.07 -1.85   
POR   2.96 -1.15 

PRKDC   6.33 -1.04 
PSMD8 1.60 -2.76   

PTGES2 2.46 -1.91 4.52 -1.10 
PTRH2   3.44 -2.13 
RAB10   5.76 -1.54 

RAB11B;RAB11A   4.73 -1.57 
RAB14   4.70 -1.27 
RAB18   4.35 -2.48 
RAB1A   2.32 -1.98 
RAB1B   5.56 -1.10 
RAB21   6.51 -1.78 
RAB2A   4.94 -1.55 

RAB31;RAB22A   4.19 -1.76 
RAB5A   1.75 -1.80 
RAB5C   5.12 -1.35 

RAB6A; RAB6B 3.54 -1.75   
RAB7A   5.39 -1.45 
RAB8A   4.36 -1.10 

RAP1B; RAP1A 5.15 -3.86 4.61 -1.80 
RDH11   5.07 -1.16 

RETSAT   2.60 -1.31 
RFT1   3.56 -1.83 

RHOA   1.44 -1.98 
RHOG   3.93 -2.42 

S100A10   2.24 -2.67 
SACM1L   4.85 -1.26 
SAMM50   6.98 -1.74 

SAR1A   2.86 -1.74 
SCAMP3 4.90 -2.82   
SCARB1   4.86 -2.93 
SCCPDH 3.90 -1.94 2.87 -1.17 
SCPEP1 3.14 -2.01   
SEC11A   6.78 -1.37 
SEC22B   4.69 -1.43 
SEC61B   6.41 -1.59 
SEC61G   5.67 -1.83 

SEC63   1.62 -2.21 
SECTM1   1.95 -2.08 

SIGMAR1   2.04 -2.18 
SLC30A7   2.68 -1.65 

SMPD4   2.01 -1.41 
SOAT1   4.68 -1.17 
SPCS2   4.77 -1.24 
SPCS3   4.57 -1.17 

SPR   6.49 -1.58 
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n1, N=4 n2, N=4 

gene name 
significance 

(-log(p)) 
difference 

(log2(3b-4b)) 
significance 

(-log(p)) 
difference 

(log2(3b-4b)) 
SSR3   1.19 -1.65 

STT3A   5.09 -1.01 
SYPL1   2.75 -1.36 

TAMM41   2.34 -1.24 
TAPBP   3.64 -1.41 

TBL2 4.26 -1.49 4.86 -1.15 
TM9SF1   3.10 -1.19 
TM9SF2   5.99 -1.03 
TM9SF3   4.62 -1.12 
TM9SF4   2.22 -1.71 
TMED2   3.30 -1.38 

TMED7-
TICAM2;TMED7 

  4.25 -1.18 

TMEM109   1.98 -1.97 
TMEM205   1.66 -2.06 

TMPO   4.49 -1.16 
TOMM20   1.36 -2.28 

TOMM7   4.28 -1.26 
TOR1AIP1   3.54 -1.08 

TPP1   1.83 -1.41 
TSPO   4.84 -1.35 

TUBGCP4   2.45 -1.20 
VAPA   4.92 -1.51 
VAPB   2.70 -1.28 

VDAC1   5.11 -1.31 
VMP1   1.88 -1.51 
XPO7   6.26 -1.04 
YIF1A   3.68 -1.24 

ZMPSTE24   5.52 -1.69 
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Table S8: Affinity-based chemical proteomics (pulldown). LFQ intensities for proteins selectively 
enriched by affinity probe 3b in comparison to control probe 4b (n1, N=4).  

gene 

name 

affinity probe 3b control probe 4b 

LFQ1 LFQ2 LFQ3 LFQ4 LFQ1 LFQ2 LFQ3 LFQ4 

EPHX2 7352600 6270200 6809100 6688400 0 0 0 0 

MTAP 13678000 16810000 18212000 16267000 3253500 3132500 2994100 3442400 

SEH1L 75267000 88492000 108110000 80662000 15245000 18745000 16230000 17053000 

 

 

Table S9: Affinity-based chemical proteomics (pulldown). LFQ intensities for proteins selectively 
enriched by affinity probe 3b in comparison to control probe 4b (n2, N=4). 

gene 

name 

affinity probe 3b control probe 4b 

LFQ1 LFQ2 LFQ3 LFQ4 LFQ1 LFQ2 LFQ3 LFQ4 

EPHX2 23157000 15787000 15518000 21115000 0 0 0 0 

MTAP 17151000 20828000 17404000 18929000 9893700 8366300 8462400 9450700 

SEH1L 281169984 254340000 262070000 260070000 24289000 25395000 28607000 28273000 

 

  



 Appendix 

171 
 

11.1.2 Supplementary Figures 

 

Figure S1: Bilirubin quantification in SKOV-3 cells. Cells were treated with 10 µM epoxykynin and 
100 µM hemin A) in the absence or B) presence of IFN-γ and incubated for up to 72 h. Bilirubin was 
extracted from the cell culture supernatant with benzene and quantified by absorbance using the molar 
attenuation coefficient of bilirubin dissolved in benzene217 (mean values±SD, n=3). Related to Figure 
47. 
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11.1.3 Vector Maps 
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