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List of Abbreviations 

The abbreviations used in this thesis are listened in the following table. 

3-HAA 3-hydroxyanthranilic acid 
3-HK 3-hydroxykynurenine 
5-HT 5-hydroxy-tryptamine/serotonin 
5-HTrp 5-hydroxytryptophan 
4-OI 4-octyl-itaconate 
AA Amino acid 
ActD Actinomycin D 
AD Alzheimer’s disease 
ADF Advanced DMEM/F12 
ADP Adenosine diphosphate 
AhR Aryl hydrocarbon receptor 
Akt Protein kinase B 
Amp Ampicillin 
AMP Adenosine monophosphate 
AMPK AMP-activated protein kinase 
APCs Antigen-presenting cells 
ATF Activating transcription factor 
ATG Autophagy-related 
ATG16L1 Autophagy-related protein 16-like 1 
ATP Adenosine triphosphate 
Asp Aspartate 
BBB Blood-brain barrier 
BMDCs Bone marrow-derived dendritic cells 
BMDMs Bone marrow-derived macrophages 
BSA Bovine serum albumin 
Cas CRISPR-associated protein 9 
CasR Calcium-sensing receptor 
CD Crohn’s disease 
CD4 Cluster of differentiation 4 
CDNs Cyclic dinucleotides 
cDNA Complementary DNA 
cGAMP Cyclic GAMP-AMP 
cGAS Cyclic GMP-AMP synthase 
CHX Cycloheximide 
CMA Chaperone-mediated autophagy 
CMV Cytomegalovirus 
c-myc Cellular Myc 
CNS Central nervous system 
CORE Consumption release rate 
CREB Cyclic-AMP response element binding 
CRISPR Clustered regularly interspaced short palindromic repeats 
CRP C-reactive protein 
crRNA CRISPR RNA 
CTT Carboxy-terminal tail 
CXCL C-X-C motif chemokine ligand 
Cyp1A1 Cytochrome p450 family 1 subfamily A member 1 
DCs Dendritic cells 
DMEM Dulbecco's Modified Eagle Medium 



2 
 

DMSO Dimethyl sulfoxide 
DMXAA 5,6-dimethylxanthenone-4-acetic acid 
DNA Deoxyribonucleic acid 
dNTPs Deoxynucleotide triphosphates 
dsDNA Double-stranded DNA 
DSS Dextran sulfate sodium 
E-4P Erythrose 4-phosphate 
EC Enterochromaffin cell 
ECL Enhanced chemiluminescence 
EDTA Ethylenediamine tetraacetic acid 
EIF-2 Eukaryotic translation initiation factor 2 
EIF2αK Eukaryotic translation initiation factor 2 α kinase 
EIF2αK4 Eukaryotic translation initiation factor 2 α kinase 4 
ER Endoplasmic reticulum 
ERAD ER-associated protein degradation 
ERK Extracellular signal-regulated kinase 
ERN1/IRE1 Endoplasmic reticulum to nucleus signaling 1 
FBS Fetal bovine serum 
GAS IFN-γ-activated site 
GC-MS Gas chromatography–mass spectrometry 
Gclm Glutamate-cysteine ligase modifier subunit 
GCN2 General control nonderepressible 2 
gDNA Genomic DNA 
GDP Guanosine diphosphate 
GPX4 Glutathione peroxidase 4 
gRNA Guide RNA 
GSH Glutathione 
GTP Guanosine triphosphate 
GWASs Genome-wide association studies 
HBSS Hanks' balanced salt solution 
hEGF Human epidermal growth factor 
HEPES N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid 
HSPA5/GRP78 Heat shock 70kDa protein 5 
IBD Inflammatory bowel disease 
IDO1 Indoleamine 2,3-Dioxygenase 1 
IECs Intestinal epithelial cells 
IEX-1 Immediate early gene X-1 
IFN Interferon 
IFNAR IFNα/β receptor 
IKK IκB kinase 
IL  Interleukin 
IL-10R Interleukin-10 receptor 
IL-4I1 Interleukin-4-induced-1 
IRE1 Inositol-requiring enzyme 1  
IRF Interferon regulatory factor  
ISGF3 IFN-stimulated gene factor 3 
ISRE IFN-stimulated response elements 
IκBs Inhibitors of NF-κB 
JAK Janus kinase 
KA Kynurenic acid 
KD Knockdown 
Keap1 Kelch-like ECH-associated protein 1 
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KO Knockout 
KP Kynurenine pathway 
KYA Kynurenic acid 
Kyn Kynurenine 
LB Lysogeny broth 
LC3 Microtubule-associated protein 1 light chain 3 
LC-MS Liquid chromatography–mass spectrometry 
LPS Lipopolysaccharide 
MAMPs Microbe-associated molecular pattern 
MAPKs  Mitogen-activated protein kinases 
MEFs Murine embryonic fibroblasts 
MHC Major histocompatibility complex 
mRNA Messenger RNA 
mTOR Mammalian target of rapamycin 
MTORC1 Mammalian target of rapamycin complex 1 
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium) 
NA Nucleic acid 
NAC N-acetylcysteine 
NAD Nicotinamide adenine dinucleotide 
NAM Nicotinamide 
NEAA Non-essential amino acids 
NF-κB Nuclear factor κB 
NLRP3 NLR family pyrin domain containing 3 
NOD2 Nucleotide binding oligomerization domain containing 2 
NR Nicotinamide ribose 
Nrf2 Nuclear factor erythroid 2-related factor 2 
OD Optical density 
OXPHOS Oxidative phosphorylation 
p53 Tumor protein 53 
P/S Penicillin / streptomycin 
pANCA Perinuclear antineutrophil cytoplasmic antibodies 
PAM Protospacer adjacent motif 
PAMPs Pathogen-associated molecular patterns 
PBS Phosphate buffered saline 
PC Pyruvate carboxylase 
PCV Packed cell volume 
PCR Polymerase chain reaction 
PD1 Programmed cell death ligand 
PDH Pyruvate dehydrogenase 
PE Phosphatidylethanolamine 
PEP Phosphoenolpyruvate 
PERK/EIF2AK3 Eukaryotic translation initiation factor 2-a kinase 3 
Phe Phenylalanine 
PIC Picolinic acid 
PKR, EIF2αk2 Protein kinase R 
PMS Phenazine methosulfate 
PRRs Pattern-recognition receptors 
PtdCho Phosphatidylcholine 
PUFA Poly-unsaturated fatty acids 
PVDF Polyvinylidene difluoride 
QA Quinolinic acid 
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qPCR Quantitative PCR 
RA Rheumatoid arthritis 
RIPA Radioimmunoprecipitation assay 
RNA Ribonucleic acid 
ROS Reactive oxygen species 
rRNA Ribosomal RNA 
RT Room temperature 
SBEs STAT3-binding elements 
SCFA Short chain fatty acid 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEM Standard error of the mean 
SI Small intestine 
siRNA Small interfering RNA 
SLC6A19/BOAT1 Solute carrier family 6 member 19/system B(0) neutral amino acid 

transporter 1 
SNPs Single nucleotide polymorphisms 
STAT Signal transducer and activator of transcription 
STING Stimulator of interferon genes 
SQSTM1/p62 Sequestosome-1 
TBK1 TANK binding kinase 
TBS-T Tris-buffered saline with tween 
TCA Tricarboxylic acid cycle 
TDO Tryptophan 2,3-dioxygenase 
TGS Tris-glycine-SDS 
TLR Toll-like receptor 
TM Tunicamycin 
TNBS 2,4,6-trinitrobenzene sulfonic acid 
TNF Tumor necrosis factor 
TpH1 Trp hydroxylase 1 enzyme 
TpH2 Trp hydroxylase 2 enzyme 
TPM Transcript per million 
Trex1 3' repair exonuclease 1 
TRIM Tripartite motif 
tRNA Transfer RNA 
Trp Tryptophan 
TYK2 Non-receptor tyrosine kinase 2 
Tyr Tyrosine 
UC Ulcerative colitis 
ULK Unc-51-like kinase family 
UPR Unfolded protein response 
WARS Tryptophanyl-tRNA synthetase 
WB Western blot 
XA Xanthurenic acid 
XBP1 X-box-binding protein 1 
ZO-1 Zonula occludens-1 
α-KG α-ketoglutarate 
β-ME β-mercaptoethanol 
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Summary 

Inflammatory bowel disease (IBD) is characterized by a breakdown of the intestinal barrier function 

and a dysregulated inflammatory response to the microbiota for which currently no cure is available. 

Disease activity of IBD patients negatively correlates with serum levels of the essential amino acid 

Tryptophan (Trp), which is known to play a regulatory role in the intestine. Microbial pathogens can 

be sensed via cyclic GMP-AMP synthase (cGAS) / stimulator of interferon genes (STING), an innate 

immune sensor complex involved in the detection of both foreign and self double-stranded DNA 

resulting in type I interferon (IFN) production. The hitherto existing investigations of either Trp or 

STING have focused on professional immune cells while little is known about the mutual influence of 

Trp and STING in intestinal epithelial cells. Thus, this study aimed to understand the role of Trp in 

coordinating the cGAS/STING response in murine enterocytes. 

The present work shows that intracellular Trp differentially coordinates immune responses in 

enterocytes. In experiments employing the murine enterocytic cell line ModeK, it was shown that Trp 

starvation augmented the nuclear factor κB (NF-κB) response to lipopolysaccharide (LPS) or interleukin 

(IL)-1β stimulation, while it significantly impaired the cGAS/STING response to DMXAA, cyclic GAMP-

AMP (cGAMP), or dsDNA via decreasing STING levels. Despite Trp starvation, the ATP levels of the cells 

were not affected. The effect on STING, however, seemed to be rather specific to Trp starvation, as 

general autophagy inducers did not affect STING levels, and supplementation with the Trp metabolite 

Kyn did not provide rescue. The marked decrease in STING protein levels was independent of 

autophagy since neither a KO of autophagy-related protein 16-like 1 (Atg16l1), nor a KO of EIF2αK 

(Eif2αk4) rescued the phenotype. Although ER-stressed cells were more sensitive to Trp reduction, 

post-translational modifications by reactive oxygen species (ROS) induced by Trp starvation are an 

unlikely cause since supplementation with the ROS scavenger N-acetylcysteine (NAC) did not restore 

STING levels. Importantly, STING exhibited a long half-life time exceeding the starvation period, and 

the effect of Trp starvation on STING was abrogated by blocking the protein synthesis. Thus, Trp 

starvation seemed to induce the synthesis of a STING-degrading factor. Additionally, Trp starvation 

decreased Tmem173 mRNA levels. 

This study demonstrates that Trp starvation impairs the cGAS/STING response via decreasing STING at 

both protein and mRNA levels. Although the precise mechanism remains unknown, the results suggest 

that Trp starvation leads to the synthesis of a STING-degrading factor. It remains to be investigated 

whether the impaired STING response under Trp starvation occurs in a multicellular organism, and it 

likely is dependent on the type of pathogen whether this would render the individual 

immunocompromised or unaffected. 



6 
 

Zusammenfassung 

Chronisch entzündliche Darmerkrankungen (CED) unterliegen einer multifaktoriellen Genese und sind 

besonders durch eine infunktionale intestinale Barriere und eine fehlregulierte, überschießende 

Immunantwort auf das Mikrobiom gekennzeichnet. Bislang existieren keine kausalen 

medikamentösen Therapieansätze. Die Krankheitsaktivität der CED-Patienten korreliert negativ mit 

den Serumwerten der essenziellen Aminosäure Tryptophan (Trp), welche homöostatische und 

immunologische Prozesse im Darm reguliert.  

Mikrobielle Krankheitserreger können über den cGAS/STING Signalweg detektiert werden, einem 

angeborenen Immunsensorkomplex, welcher sowohl zellfremde als auch zelleigene doppelsträngige 

DNS erkennt, und konsekutiv die Produktion von Typ I Interferonen induziert. Bisherige 

wissenschaftliche Studien haben die Funktion von Trp oder STING in professionellen Immunzellen 

untersucht, wohingegen wenig über den gegenseitigen Einfluss von Trp und STING in intestinalen 

Epithelzellen bekannt ist. Ziel dieser Studie war es, die Rolle von Trp in der Koordination des cyclic 

GMP-AMP synthase (cGAS) / stimulator of interferon genes (STING) Signalwegs in murinen Enterozyten 

zu analysieren.  

Die vorliegende Arbeit zeigt, dass intrazelluläres Trp die Immunantworten in Enterozyten auf 

unterschiedliche Weise koordiniert. In Experimenten mit der enterozytären Zelllinie ModeK konnte 

gezeigt werden, dass Trp-Mangel die nuclear factor κB (NF-κB) Antwort nach Lipopolysaccharide (LPS)- 

oder Interleukin (IL)-1β Stimulation verstärkt, die cGAS/STING Antwort auf DMXAA, cyclic GAMP-AMP 

(cGAMP), oder dsDNS durch Herunterregulierung der STING-Proteinexpression jedoch signifikant 

beeinträchtigt. Trotz des Aminosäuremangels zeigten sich ATP-Werte unverändert. Jene 

Herunterregulierung von STING schien spezifisch für Trp-Mangel zu sein, da generelle Autophagie-

Induktoren keine Auswirkungen auf den STING-Proteinspiegel zur Folge hatten, und eine 

Supplementierung mit dem Trp Metaboliten Kynurenin den Effekt ebenfalls nicht aufheben konnte. 

Eine deutliche Reduktion des STING-Proteinspiegels durch gesteigerte zelluläre Autophagie konnte 

ausgeschlossen werden, da weder ein Knockout von autophagy-related protein 16-like 1 (Atg16l1) 

noch von EIF2αK (Eif2αk4) den Phänotypen aufheben konnte. Obwohl ER-gestresste Zellen sensitiver 

auf den Trp-Mangelzustand reagierten, war der supprimierende Effekt einer Trp-Depletion auf STING 

am ehesten nicht auf posttranslationale Modifikationen durch reaktive Sauerstoffspezies (ROS) 

zurückzuführen, da die Supplementierung mit dem ROS-Fänger N-Acetylcysteine (NAC) keine 

resolutionierende Wirkung zeigte. Da das STING Protein eine lange Halbwertszeit aufwies, welches die 

Dauer der Trp-Mangel Experimente überschritt, und durch Blockierung der Proteinsynthese die 

Wirkung von Trp-Mangel auf STING aufgehoben werden konnte, liegt die Vermutung nahe, dass Trp-
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Mangel die Synthese eines STING-degradierenden Faktors induziert. Darüber hinaus bewirkte Trp-

Mangel eine Herabregulierung der Tmem173 mRNA. 

Diese Studie hat gezeigt, dass Trp-Mangel die cGAS/STING Antwort durch Herunterregulierung von 

STING sowohl auf Protein- als auch auf mRNA-Ebene beeinträchtigt. Obwohl der exakte Mechanismus 

unbekannt bleibt, deuten die Ergebnisse darauf hin, dass durch Trp-Mangel die Synthese eines STING-

degradierenden Faktors induziert wird. Es bleibt offen, ob Trp-Mangel die STING Antwort ebenfalls in 

einem multizellulären Organismus beeinträchtigen würde, da die Art des proinflammatorischen 

Stimulus bedingt, ob sich die Trp-Depletion in einer Immunschwäche widerspiegeln oder keine 

Konsequenzen nach sich ziehen würde.  
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1. Introduction 

Inflammatory bowel disease (IBD) 

Intestinal Physiology 

The intestinal lumen is colonized by a diverse microbiota which form a symbiotic relationship with the 

human body: The microbiota enhances food digestion efficacy and restricts pathogen colonization; the 

human gut, on the other hand, provides a nutrient-rich and rather safe environment for the microbes 

(Duerkop et al., 2009; Mahapatro et al., 2021). Bacteria, as diverse as 500-1000 different species, make 

up the majority of the estimated 10-100 trillion organisms of the microbiota, but viruses and archaea 

also colonize the gut (Duerkop et al., 2009). The unsterile lumen and the host tissue are separated by 

a complex intestinal barrier formed by a single layer of columnar intestinal epithelial cells (IECs) coated 

by a mucus gel. IECs comprise four different cell types, of which enterocytes are the most abundant. 

They are responsible for the absorption and are joined by apical junctional complexes. The mucus is 

secreted by goblet cells and serves to limit the number of microbes that reach the epithelium. Paneth 

cells (only present in the small intestine (SI)) contribute to the barrier function by secreting 

antimicrobial peptides known as defensins which, together with secretory IgA antibodies, are retained 

in high concentrations in the mucus. Enteroendocrine cells produce hormones that are important for 

tissue repair, enterocyte differentiation, and angiogenesis. These four IEC types share a common 

progenitor, the multipotent stem cells located at the base of the crypts. Differentiated cells then 

migrate toward the top of the villus until they are shed into the lumen after 4-5 days (Roda, 2010; 

Maloy and Powrie, 2011; Mahapatro et al., 2021). Discrimination between commensal and pathogenic 

bacteria is achieved by a cross-talk between IECs as non-professional antigen-presenting cells (APCs), 

immune cells (professional APCs), and intestinal microbes. Thereby, IECs are able to activate T cells 

and lamina propria immune cells, in turn, secrete cytokines and growth factors to stimulate IECs (Roda, 

2010; Maloy and Powrie, 2011). The cross-talk between IECs, gut microbiota, and immune cells is of 

utmost importance to ensure intestinal homeostasis (Maloy and Powrie, 2011). Inflammation per se is 

a protective mechanism triggered by injury or infection, however, when the inflammatory response to 

the microbiota gets dysregulated in a genetically susceptible host, chronic intestinal disorders such as 

inflammatory bowel disease (IBD) can arise (Abraham and Cho, 2009).  

 

Pathophysiology 

IBD is a heterogeneous chronic inflammatory disease with its two main clinical forms being Crohn’s 

disease (CD) which affects the entire gastrointestinal tract, and ulcerative colitis (UC) restricted to the 

colonic mucosa (Kaser et al., 2010; Andreou et al., 2020). Common to both UC and CD is a breakdown 
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of the intestinal epithelial barrier which leads to translocation of microbial antigens from the lumen, 

initiating a self-perpetuating cycle of inflammation where the triggered inflammation causes further 

barrier damage (Taylor and Colgan, 2007). The exact cause of IBD is unknown, but it is hypothesized 

that the chronic inflammation of IBD arises from either a change in the composition of the microbiota, 

from an abnormal immune response, or from a dysregulated host-microbe interaction, together with 

environmental and genetic predispositions as discussed below (Wen and Fiocchi, 2004). 

It has yet been debated whether IBD can be classified as an autoimmune or rather as immune-

mediated disease. Classical autoimmune characteristics comprise the presence of autoreactive T- and 

B-cells and the circulation of autoreactive antibodies. For instance, even though perinuclear 

antineutrophil cytoplasmic antibodies (pANCA) were found in UC patients, their presence could not be 

associated with disease activity, neither was their presence a precondition nor specific for the 

development of IBD. As research on other autoantibodies has been aborted, the concept of IBD as 

immune-mediated disease is favored (Wen and Fiocchi, 2004). As such, pro-inflammatory mediators, 

mainly tumor necrosis factor α (TNFα) and interleukin (IL)-1β, are released in elevated levels by 

peripheral monocytes as well as lamina propria macrophages of IBD patients and are central to the 

initiation and perpetuation of the inflammation (Schreiber et al., 1995). 

In case of a mild or transient inflammation, the inevitably arising tissue damage can be restored 

normally (Rieder and Fiocchi, 2009). After successful elimination of the trigger, mostly macrophages 

are responsible for removing the dead cells, and their switch from a pro- to an anti-inflammatory 

phenotype is essential for the resolution phase, as they to secrete factors that aid in tissue healing 

(Fullerton & Gilroy, 2016; Ortega-Gomez et al., 2023). The mucosal healing requires the proliferation 

of IECs to reconstruct the barrier and this process depends on the cytokine microenvironment. Studies 

have shown that, for example, TNFα and IL-6 both drive inflammation but IL-6 additionally stimulates 

IECs proliferation together with IL-10 (Mahapatro et al., 2021). A frameshift mutation of the nucleotide 

binding oligomerization domain containing 2 (NOD2) gene was associated with increased susceptibility 

to CD development. Whereas IECs poorly respond to lipopolysaccharide (LPS) stimulation under 

healthy conditions, elevated activation of nuclear factor κB (NF-κB) upon TNFα and interferon (IFN)γ 

exposure leads to an upregulation of NOD2 in IECs. This, in turn, increases the responsiveness of IECs 

to LPS followed by overexpression of the chemotactic IL-8 cytokine, which might aggravate barrier 

disruption (Rosenstiel et al., 2003). If the resolution of inflammation fails and proceeds to a chronic 

inflammation, the tissue’s regenerative capacity may be unable to cope with the extent of tissue 

damage and the healing attempt may result in the formation of scar tissue. In simple terms, this 

process of fibrosis underlies the deposition of collagen by fibroblasts which consequently leads to 
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narrowing of the intestinal lumen and is accompanied by obstructive symptoms of the patients (Rieder 

and Fiocchi, 2009). 

Certain associated conditions of IBD can set the patients at an increased risk of infection, such as 

malnutrition or chronic airway disease. Moreover, treatments with some immunosuppressive drugs 

can predispose the patients to infections. Common types of infections can be either reactivation of 

latent viruses such as cytomegalovirus (CMV), or opportunistic infections such as enteropathogenic 

Escherichia coli. In this way, infections play a big role in the pathogenesis of IBD and even though it 

may not be the underlying cause, it can worsen the course of the disease or contribute to disease 

relapse. Most importantly, infections represent an increased cause of death among IBD patients (Irving 

and Gibson, 2008). 

 

Predispositions to IBD 

Antibiotic treatments, especially tetracyclines, have been shown to increase the risk of IBD. As this is 

only an association, further research is required since IBD patients often require antibiotic treatment 

so that the causative may be attributed to the patient’s immunity rather than the treatment. The 

Westernized lifestyle that confers higher risk also has led to the ‘hygiene hypothesis’, according to 

which the lack of natural stimulation of the intestinal immune system under supernatural hygienic 

conditions can be a causative agent for IBD (Rogler et al., 2016).  

Genome-wide association studies (GWASs) have contributed to an advanced identification of potential 

risk genes and, despite a substantial overlap, some of the single nucleotide polymorphisms (SNPs) are 

unique to either UC or CD (Schreiber et al., 2005; Kaser et al., 2010). For example, CD has been 

specifically linked to variants in autophagy genes (e.g. ATG16L1, IRGM) or NOD-like receptors (e.g. 

NOD2), whereas UC has been uniquely associated with loci related to IEC function (e.g. ECM1) or E3 

ubiquitin ligase (e.g. HERC2). Those risk genes, however, show striking variances between different 

populations and most of them seem to set the individual at modest risk only (Kaser et al., 2010), 

highlighting the necessary interplay between both genetic and environmental factors. 

Although those SNPs likely have been prevalent for hundreds of years, the incidence of IBD in 

Westernized countries has increased over the past 100 years, which also emphasizes the importance 

of environmental agents triggering IBD (Rogler et al., 2016). Amongst others, the environmental risk 

factors for IBD flares comprise low vitamin D levels, dysregulated hormone levels, and the diet. In 

specific, an increase in poly-unsaturated fatty acids (PUFA) and saturated fats is associated with an 

increased risk of CD flares, whereas an increase in fibers might have a protective role during remission 

(Ananthakrishnan et al., 2018; Rogler et al., 2016). Westernized diets are enriched in the ω-6 PUFA 
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arachidonic acid, which triggers inflammation that can be alleviated by lipid peroxidation via 

glutathione peroxidase 4 (GPX4). The activity of GXP4, however, is reduced in the inflamed epithelium 

of CD patients (Mayr et al., 2020). Cigarette smoking is a clear risk factor for CD, but interestingly seems 

to be protective against UC flares (Podolsky, 2002; Rogler et al., 2016).  

 

ER Stress 

Protein folding takes place in the endoplasmic reticulum (ER) with the aid of molecular chaperones, 

but the complexity of the process makes it prone to errors so that the capacity will be saturated 

especially in the context of infections, glucose starvation, cellular injury, or excessive demand of 

protein synthesis. As a first approach to alleviate the stress, the cell will halt the general protein 

translation and instead prioritize proteins required for the unfolded protein response (UPR) which will 

boost the folding machinery. Next, the un- or misfolded proteins are degraded. During ER-associated 

protein degradation (ERAD), the proteins are transported to the cytosol to be degraded via the 

ubiquitin-proteasome system. If the cell cannot cope with the stress and reaches a certain threshold, 

it will initiate apoptosis (Rashid et al., 2015; Chino and Mizushima, 2020). Three ER stress sensors 

survey the ER protein folding status and initiate UPR signal transduction, namely endoplasmic 

reticulum to nucleus signaling 1 (ERN1/IRE1), eukaryotic translation initiation factor 2-a kinase 3 

(PERK/EIF2AK3) and activating transcription factor (ATF)6. Under homeostatic conditions, they are 

bound by and thus inhibited by heat shock 70kDa protein 5 (HSPA5/GRP78). However, when unfolded 

proteins accumulate, they recruit and bind to HSPA5, liberating the sensors (Rashid et al., 2015). 

Further, ER stress can activate autophagy via the PERK-eIF2α axis (Kaser et al., 2010). 

Of the three pathways activated by the UPR, isoform inositol-requiring enzyme 1 (IRE1) resembles the 

evolutionary most conserved pathway and further seems to be of outmost importance in the intestinal 

epithelium as it uniquely features the additional IRE1β (Kaser et al., 2008; Kaser et al., 2010). The 

activation of IRE1 leads to splicing of X-box-binding protein 1 (XBP1) to yield XBP1s which induces the 

transcription of genes required for ER maintenance and expansion, and even genes involved in 

secretory cell differentiation (Kaser et al., 2008). Deep sequencing reveled SNPs of XBP1 that may set 

an individual at increased risk of IBD. Likewise, the intestinal epithelium of IBD patients features 

increased ER stress (Kaser et al., 2008). Mice with a specific knockout (KO) of Xbp1 in the intestinal 

epithelium were unable to resolve the ER stress and were more susceptible to dextran sulfate sodium 

(DSS) colitis. This was accompanied by reduced numbers of both Paneth and goblet cells and a 

hyperresponsive state of IECs to inflammatory mediators (Kaser et al., 2008). Likewise, Xbp1-deficient 

ModeK cells featured increased activation of signal transducer and activator of transcription (Stat)3 

and secretion of IL-6 and IL-11 (Niederreiter et al., 2013). The inflammatory state of Xbp1 KO cells could 
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be alleviated via inhibiting the ATF6 branch (Stengel et al., 2020). Loss of Xbp1 induces autophagy in 

Paneth cells as both processes UPR and autophagy function to compensate for each other’s 

impairment to alleviate inflammatory conditions (Adolph et al., 2013). 

 

Autophagy  

Recently, GWASs have discovered the autophagy-related protein 16-like 1 (ATG16L1) as a risk factor 

for CD (Hampe et al., 2007). CD patients that harbor the T300A risk alle of the ATG16L1 gene were 

found to have morphological abnormalities in Paneth cells (Maloy and Powrie, 2011). ATG16L1 is a 

protein with a fundamental role in autophagy, which refers to a recycling process during which 

intracellular constituents are transported to and broken down in lysosomes. Autophagy is essential to 

the cellular homeostasis, but it is increased under conditions of nutrient shortage, or in response to 

cellular stress or infections conducive to fuel biosynthetic processes or energy generation (Parzych and 

Klionsky, 2014). This evolutionary highly conserved process can broadly be divided into the three types 

microautophagy, macroautophagy, and chaperone-mediated autophagy (CMA). After chaperones 

recognize cargo proteins based on a particular pentapeptide motif, these proteins are unfolded and 

translocated to the lysosome, known as CMA; whereas the cargo is directly taken up by the lysosome 

during microautophagy. Macroautophagy describes the de novo formation of double-membrane 

vesicles called autophagosomes which engulf the cargo and then fuse with the lysosome to create the 

autolysosome (Parzych and Klionsky, 2014).  

When the cell experiences a lack of nutrients or energy, the mammalian target of rapamycin complex 

1 (MTORC1) dissociates from the induction complex which leads to dephosphorylation and thus 

activation of the Unc-51-like kinase family (ULK)1/2 and autophagy-related (ATG)13 followed by the 

induction of macroautophagy (Parzych and Klionsky, 2014). This starts with the initiation of an isolation 

membrane (or phagophore) from a yet unknown origin and involves either ULK1 or -2 and ATG13 in 

mammals (amongst others). The formed isolation membrane is elongated by means of the ATG12–

ATG5-ATG16L1 complex (amongst others). Thereby, the ATG12-5-16L1 complex aids lipidation of the 

microtubule-associated protein 1 light chain 3 (LC3-I) with phosphatidylethanolamine (PE) to give rise 

to the hydrophobic LC3-II that facilitates the elongation of the isolation membrane until it fully engulfs 

its cargo and is then called an autophagosome. LC3-II is then cleaved from the outer membrane and 

allows the fusion with the lysosome resulting in the formation of an autolysosome. The engulfed 

constituents are hydrolyzed by lysosomal enzymes at low pH and become available for anabolism in 

the cytoplasm (Galluzzi et al., 2014; Haq et al., 2019; Parzych and Klionsky, 2014). When specific cargos 

are recycled during selective autophagy, the adaptor protein sequestosome-1 (SQSTM1/p62) aids in 
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delivering the cargo to the autophagosome by binding to ubiquitinated proteins or organelles and 

attaching them with LC3-II (Haq et al., 2019). 

Deficiency of Atg16l1 disturbs the recruitment of ATG12-ATG5 conjugate and thus the formation of 

the autophagosome, and consequently severely impairs the recycling of proteins. A bone marrow-

specific KO of Atg16l1 (or hypomorphic Atg16l1 variants) did not lead to spontaneous enteritis, but 

the mice were more susceptible to DSS colitis (Saitoh et al., 2008). In Atg16l1 KO cells, the ATF6 branch 

mediating ER stress was overactivated, and blocking the ATF6 upstream signaling could alleviate the 

inflammatory status of these cells (Stengel et al., 2020). Along the same line, Atg16l1∆IEC mice showed 

IRE1α accumulation in Paneth cells (Tschurtschenthaler et al., 2017), again highlighting the interplay 

of autophagy and UPR as previously described by Adolph et al. (2013) in inflamed Paneth cells. 

 

Diagnosis and Epidemiology 

IBD patients present with diarrhea, or even dysentery, and abdominal pain accompanied by fever, and 

anemia (Baumgart and Le Berre, 2021; Tontini et al., 2015). Moreover, they are frequently diagnosed 

with extraintestinal manifestations that may comprise joint pain, psoriasis, or ankylosing spondylitis 

(Mahapatro et al., 2021). The determination of the biomarkers C-reactive protein (CRP) in the serum, 

or calprotectin and lactoferrin in the stool are frequently used to identify active or inactive IBD cases 

and therapy responders but cannot help discriminating between CD and UC. Histological and 

endoscopic investigations revealing the affected regions of the intestine forms the basis for the 

differential diagnosis of IBD, yet diagnosing the non-classical forms of either of the disease subtypes 

remains challenging as no gold standard has been established (Tontini et al., 2015). IBD can affect both 

children and adults with an onset of CD typically between 15-35 years of age, while CD usually starts 

before the age of 20 (Saeid Seyedian et al., 2019). Generally, IBD is considered a gender-independent 

disease in the West, although a slight female dominance of CD was reported in otherwise inconsistent 

studies. This contrasts with a slight male dominance of both UC and CD in Asia (Mak et al., 2020). 

The epidemiological trends of IBD remarkably vary between geographic regions. It is estimated that a 

total of 2.5-3 million people has been diagnosed with IBD in Europe which accounts for 0.3 % of the 

population, and this prevalence tends to steadily increase (Mak et al., 2020). Traditionally described 

as a disease of the Western world, the incidence of IBD has been rising in the Eastern world over the 

past decades with higher occurrences in Asian industrializing countries (Ananthakrishnan et al., 2018; 

Mak et al., 2020).  
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Therapeutic approaches 

As an uncurable disease, lifelong medication is required to restrain disease progression that otherwise 

would expand to digestive and malignant processes and uncontrolled inflammation affecting the 

whole body. Current treatment strategies focus on both clinical and endoscopic remission as a hard 

end point and target inflammatory cascades on the molecular level (Baumgart and Le Berre, 2021), 

trying to restore the normally delicate balance between pro- and anti-inflammatory cytokines which is 

shifted towards a pro-inflammatory signature in IBD (Schreiber et al., 2002). Amongst the approved 

therapeutics are different antibodies against TNFα, anti-integrin antibodies, an inhibitor of the Janus 

kinase (JAK), and a biologic agent against the p40 subunit of IL-12/23, for which strategies are required 

to facilitate initial choices and follow-up treatments (Baumgart and Le Berre, 2021). Anti-TNFα 

antibodies (e.g. infliximab) provide alleviation as they restore the intestinal barrier function of CD 

patients (Noth et al., 2012). The use of immunosuppressive or immunomodulatory agents including 

corticosteroids, however, increases the risk for opportunistic infections. As standard therapy, 

antibiotics seem to be beneficial to treat CD rather than UC patients (Podolsky, 2002). In case of 

therapy resistance, a partial removal of the intestine by surgery may be helpful (Tontini et al., 2015). 

All in all, currently available treatment options can, in the best-case, lead to a durable remission only, 

while patients struggle to bear potentially life-threatening side effects (Baumgart and Le Berre, 2021). 

This highlights the urgent necessity of developing new targets to combat IBD. One such new strategy 

may be a change of the diet, which has been successfully tested in a pediatric CD clinical trial. The 

partial enteral nutrition combined with an exclusion diet (anti-inflammatory diets) lead to a better 

adverse-event profile for most children, microbiota recomposition, and higher rates of glucocorticoid-

free clinical remission (Baumgart and Le Berre, 2021). However, changing the diet can be difficult for 

many patients (Podolsky, 2002). In this way, patients may benefit from nutritional supplementation. 

Given the many contributors environment, lifestyle, genetics, gut microbiota composition, and diet, it 

is unlikely that the majority of patients will benefit from the same medication that targets just one 

pathway. To pave the way for personalized medicine, a key research area should focus on identifying 

disease pattern in patient subgroups so that the therapy can be tailored to either suppress or enhance 

certain immunologic responses or how to stably change the individual microbiota aiming to restore 

homeostasis (Maloy and Powrie, 2011). 
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1.3 Inflammation 

Nucleic acid recognition  

The innate immune system represents the first line of defense to detect both extra- and intracellular 

pathogens based on their pathogen-associated molecular patterns (PAMPs) by means of germline-

encoded pattern-recognition receptors (PRRs). Cytosolic sensors can recognize intracellular pathogens 

via toxins, cellular damage, microbial molecules (e.g. LPS), or nucleic acids (NAs) (reviewed in Chen et 

al., 2016; Roers et al., 2016). As deoxyribonucleic acid (DNA) is the carrier of genetic information in all 

living organisms and viruses, except for ribonucleic acid (RNA) viruses, its intracellular detection serves 

as a general molecular pattern to mount an immune response (reviewed in Chen et al., 2016). The 

most important viral microbe-associated molecular pattern (MAMPs) are Nas, which is why NA 

recognition is of outmost importance in fighting viral infections (reviewed in Roers et al., 2016). 

Therefore, tight regulations are necessary to avoid autoimmune reactions such as the containment of 

DNA sensors in the endolysosome or cytosol which, under homeostatic conditions, is devoid of self-

DNA. Extracellular self-DNA originating from tissue damage is rapidly degraded by restriction enzymes, 

and only NAs of microbial origin reach the endolysosomes. Further, endogenous NAs are kept below 

an immunostimulatory threshold via restriction enzymes such as 3' repair exonuclease 1 (Trex1) in the 

cytoplasm or DNase I in human serum; also, damaged DNA can be removed via autophagy for recycling 

(reviewed in Roers et al., 2016). While the eukaryotic genome is restricted to the nucleus or 

mitochondria, respectively, DNA can leak into the cytosol under pathologic conditions such as stress 

or DNA instability and/or damage. The massive amount of DNA leaking into the cytosol can overwhelm 

the regulation processes and activate PRRs to cause sterile inflammation (reviewed in Roers et al., 

2016; Bai and Liu, 2019). Although generally undesired, sensing of self-DNA that has reached the 

cytoplasm after phagocytosis of dead tumor cells can promote anti-tumor responses (reviewed in Chen 

et al., 2016).  

 

cGAS/STING pathway 

The main cytosolic DNA-sensing mechanism is the cGAS-STING pathway, consisting of the PRR cytosolic 

DNA sensor cyclic GMP-AMP synthase (cGAS) and the adaptor stimulator of interferon genes (STING, 

also known as MPYS, MITA, ERIS, and TMEM173) which responds to cGAMP and initiates the signal 

transduction (Li et al., 2013; Sun et al., 2013). The sequence-independent activation of this cascade by 

either intrinsic or extrinsic DNA leads to an innate immune response and subsequent IFN production. 

cGAS is present in an autoinhibitory state under homeostatic conditions, and binding of DNA leads to 

a conformational change in the active site (reviewed in Chen et al., 2016). Thereby, cGAS senses 

exogenous and endogenous DNA equally well as the only molecular requirement is double-stranded 
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DNA (dsDNA) in B-form confirmation with a length of at least 24-40 bp in human cells, the murine cGAS 

seems to have a lower threshold (reviewed in Roers et al., 2016). As a cytoplasmic 

nucleotidyltransferase, the activated cGAS then catalyzes the synthesis of the signaling molecule 2’3’-

cyclic GAMP-AMP (2’3’-cGAMP) from both adenosine triphosphate (ATP) and guanosine triphosphate 

(GTP) with two phosphodiester linkages (Li et al., 2013; Sun et al., 2013). This and other cyclic 

dinucleotides (CDNs) from microbial sources (i.a. cyclic di-AMP or cyclic di-GMP) serve as second 

messengers to bind to STING (Burdette et al., 2011) and subsequently induce its extensive 

conformational change, whereby 2’3’-cGAMP has the highest binding affinity for STING than other 

CDNs (reviewed in Chen et al., 2016; Bai and Liu, 2019). Located at the ER, the activated STING then 

traffics to an ER-Golgi intermediate and finally to the Golgi apparatus. En route, it rapidly recruits and 

activates the TANK binding kinase (TBK1) via its carboxy-terminal tail (CTT) which resembles a TBK1 

substrate. TBK1, in turn, phosphorylates the CTT of STING at several serine and threonine residues, so 

that STING can bind to a positively charged region of the transcription factor interferon regulatory 

factor  (IRF)3. IRF3 is then recruited to also be phosphorylated by TBK1 and is thereby activated, leading 

to its dimerization and translocation to the nucleus (Ishikawa and Barber, 2008; Zhong et al., 2008; 

Ishikawa et al., 2009; Zhang et al., 2019; reviewed in Chen et al., 2016; Bai and Liu, 2019). As TBK1 is a 

broadly activated kinase, this licensing mechanism that first requires the phosphorylation of STING to 

allow for the phosphorylation of IRF3 by TBK1, critically restricts the IFN response to be activated 

during infection only and thus prevents aberrant IFN production (reviewed in Chen et al., 2016). STING 

further activates the IκB kinase (IKK) ultimately leading to the release of NF-κB to enter the nucleus. 

These transcription factors induce the expression inflammatory mediators (reviewed in Chen et al., 

2016; Bai and Liu, 2019). Interestingly, infected cells can also alert neighboring cells via transferring 

cGAMP through gap junctions (reviewed in Chen et al., 2016; Bai and Liu, 2019).  

A consequence of pro-inflammatory responses, in particular type I IFN, is the upregulation of PRRs and 

thus increased sensitivity of the NA recognition system. In this way, many NA-sensing receptors were 

initially discovered as IFN-responsive gene before identified as PRR. Thus, caution must be taken with 

the administration of IFN therapeutics to avoid a potential occurrence of autoimmune diseases 

(reviewed in Roers et al., 2016).  

To ensure a sensitive response to foreign DNA, several regulatory steps at the translational or post-

translational level exist to avoid unspecific activation. The increased expression of both cGAS and 

STING in response to IFN I represents a positive feedback mechanism to enhance the detection and 

thus to amplify the signal. In line with this, it is little surprising that many cancer cell lines were found 

to have suppressed or even lost the expression of cGAS and/or STING as an escape strategy from 

immune surveillance. On the other hand, phosphorylation of cGAS at Ser305 (in human; Ser291 in 
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mice) by the protein kinase B (Akt) can inhibit cGAS and implies a possible crosstalk between these 

pathways (reviewed in Chen et al., 2016). Excessive STING activation is prevented due to its subsequent 

degradation via autophagy (Saitoh et al., 2009; Prabakaran et al., 2018). STING can be inhibited when 

it is palmitolated at Cys88 and Cys91 at the Golgi apparatus. Another regulation mechanism of STING 

is achieved via ubiquitination, both positively and negatively. When polyubiquitinated at Lys63 (K63) 

by the E3 ligases tripartite motif (TRIM)56 and TRIM32, STING activation and downstream signaling 

was found to be enhanced, whereas polyubiquitination at K48 by the E3 ligases RNF5 and TRIM30a 

results in proteasomal degradation of STING (reviewed in Chen et al., 2016).  

 

NF-κB pathway 

In IECs, the master immunologic transcription factor NF-κB, discovered by Sen and Baltimore in 1986 

(Sen and Baltimore, 1986), is key to maintaining the epithelial barrier integrity and to the crosstalk 

between microbes and immune cells (Nenci et al., 2007). NF-κB forms a complex as either homo- or 

heterodimers of its different members RelA (p65), RelB, c-Rel, p50/p105, and p52/p100 in mammalian 

cells (Ghosh et al., 1990; Kieran et al., 1990; Nolan et al., 1991; reviewed in Chen et al., 2003; Perkins, 

2007). The NF-κB complex is bound by inhibitors of NF-κB (IκBs) that retain it in the cytoplasm, and 

activation of the NF-κB pathway in response to stress, inflammatory stimuli, or infections is initiated 

when IKK phosphorylates IκB. IκB consequently gets degraded relieving NF-κB to enter the nucleus 

where it induces or represses gene expression (Baeuerle and Baltimore, 1988; Ghosh and Baltimore, 

1990; reviewed in Chen et al., 2003; Perkins, 2007). Amongst the cellular processes that NF-κB can 

influence are proliferation and apoptosis, inflammation and tissue repair, emphasizing that although 

NF-κB activation traditionally has been regarded as mainly pro-inflammatory, it became apparent that 

it also contributes to the resolution of inflammation (reviewed in Chen et al., 2003; Lawrence et al., 

2001; Perkins, 2007). The complexity of the pathway includes self-regulatory processes by inducing 

counter-regulatory target genes. For instance, the activation of NF-κB can protect against apoptosis 

via inducing several anti-apoptotic genes, while at the same time inducing the immediate early gene 

X-1 (IEX-1). IEX-1, in turn, directly blocks NF-κB activation and thereby halts further expression of anti-

apoptotic genes (Arlt et al., 2008). A deficiency of the murine IEX-1 homolog gly96 led to an aggravation 

of both acute and chronic inflammation in a mouse colitis model (Sina et al., 2010). This emphasizes 

the necessity for NF-κB regulation as, nevertheless, NF-κB activation positively correlates with 

inflammation in general, and its increased activation in macrophages and in IECs is associated with 

both CD and UC (reviewed in Kaser et al., 2010).  
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Cytokines  

The cytokines TNFα and IL-1β mainly exert their pro-inflammatory actions via engaging the NF-κB 

pathway, and TNFα itself represents an NF-κB target gene (Schreiber et al., 2002; Rosenstiel et al., 

2003). As important regulator, the ani-inflammatory cytokine IL-10 can dampen the production of both 

TNFα and IL-1β in macrophages (Schreiber et al., 1995). Many other cytokines instead, such as IL-6 and 

IFNs, signal via the transcription factor STAT family. Its member STAT1 is overactivated especially in UC 

and, to a lesser extent, in CD (Schreiber et al., 2002). IFNs were first described in 1957 by Isaacs and 

Lindenmann (1957a, 1957b), and are mediators of the immune-epithelial crosstalk with immune 

stimulating effects. They fall into three main categories: Type I IFNs (IFNα, IFNβ, IFNκ, IFNε, IFNω, IFNτ, 

IFNδ) together with type III (IFNλ1, -λ2, -λ3) are secreted in response to viral infections, and IFNs type 

II (IFNγ) mediate immune responses against a broad variety of pathogens (Wheelock, 1965; Havell et 

al., 1975; Stewart et al., 1977; Rubinstein et al., 1981; Derynck et al., 1982; reviewed in Sadler and 

Williams, 2008; Schneider et al., 2014; Takaoka and Yanai, 2006). The type I IFN signal through the 

IFNα/β receptor (IFNAR) that consists of the IFNAR1 and IFNAR2 subunits and is expressed nearly 

ubiquitously. JAK1 and non-receptor tyrosine kinase 2 (TYK2) are associated with IFNAR, and their 

activation in turn engages the STAT family (Novick et al., 1994; Darnell et al., 1994; Gonzalez-Navajas 

et al., 2012; Schneider et al., 2014), whose members STAT1, -2, -3, and -5 are activated in most cell 

types, and STAT4 and -6 additionally in lymphocytes. IRF9 is recruited in response to STAT1 and STAT2 

activation to form the STAT1-STAT2-IRF9 complex. This IFN-stimulated gene factor 3 (ISGF3) complex 

then initiates gene transcription upon binding to IFN-stimulated response elements (ISREs) present in 

the promoters of ISGs. On top of that, both IFN I can activate other STAT complexes without engaging 

IRF9, e.g. STAT1 homodimers, which then bind to IFN-γ-activated site (GAS) enhancer elements also 

present in the promoters of ISGs. In contrast, IFN II (IFNγ) only can activate genes with a GAS site in 

their promoters as it cannot stimulate ISGF3 complex formation (Darnell et al., 1994; Gonzalez-Navajas 

et al., 2012; Schneider et al., 2014). Again common to both IFN I and IFN II is the activation of STAT3 

and the following promotion of STAT3-binding elements (SBEs) (Gonzalez-Navajas et al., 2012). Next 

to the JAK/STAT pathway, IFN I can also activate mitogen-activated protein kinases (MAPKs) pathways, 

in particular p38 and extracellular signal-regulated kinase 1 and 2 (ERK1 and ERK2) to mount antiviral 

effects such as growth inhibition (Gonzalez-Navajas et al., 2012; Takaoka and Yanai, 2006). 

The ISGs induced in response to IFN I comprise a variety of over 300 different genes, of which many 

genes encode for PRRs or transcription factors to initiate an amplification loop aiming to intensify 

pathogen sensing and further IFN production. Some ISGs instead execute direct antiviral actions to 

limit the virus spread, such as inducing apoptosis, regulating post-transcriptional events and protein 

translation, or aid in cytoskeletal remodeling (Der et al., 1998; de Veer et al., 2001). An example is the 
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protein kinase R (PKR; also known as EIF2αK2), which is a member of the protein kinase family that 

regulate protein synthesis upon activation under conditions of environmental stress. Other members 

of this eukaryotic translation initiation factor 2 alpha kinase (EIF2αK) family are EIF2αK1 (HRI), EIF2αK3 

(PERK), and EIF2αK4 (GCN2). These proteins phosphorylate EIF2α resulting in preventing EIF2β activity 

by sequestration. This abolishes the recycling of guanosine diphosphate (GDP) and leads to a 

translational arrest and a halt in proliferation (Sadler and Williams, 2008).  

CD and UC differ in that CD is described as a primarily type 1-predominated disease associated with 

elevated levels of TH1 and TH17 cells and their cytokine profiles IL-12,- 23, -17, -18 and IFNγ, whereas 

UC is characterized by a type 2-driven phenotype in which Th2 and Th9 cells, and the cytokines IL-13, 

-5, -9 prevail (Schreiber et al., 2002; Mahapatro et al., 2021; Wen and Fiocchi, 2004). This, however, 

may be an oversimplification of the human pathology as, for instance, an overactivation of STAT1 was 

primarily seen in UC and only to a lesser extent in CD, which should be considered when interpreting 

data from animal studies (Schreiber et al., 2002). Nonetheless, CD Patients have increased levels of 

IFNλ in serum and inflamed ileal tissues that, as shown in a mouse model, induced Paneth cell death 

via STAT1 activation (Günther et al., 2019). 

Type I IFN play a dual role in IBD: being protective in the stage of acute inflammation by reducing the 

release of IL-1β, the harmful effects prevail during the chronic recovery phase such as enhancing the 

infiltration of immune cells (Li et al., 2021). On the other hand, there is evidence suggesting that a 

chronic secretion of IFN I in virus infection, however, can even lead to a state of immunosuppression 

because of increased T cell apoptosis triggered by IL-10, programmed cell death ligand (PD1), and 

indoleamine 2,3-dioxygenase 1 (IDO1) signaling. This attenuates pathogen clearance and the 

resolution of inflammation (Fullerton and Gilroy, 2016). Thus, anti-IFN-therapies for IBD patients must 

achieve a delicate balance between stimulating and repressing IFN-I signaling to overcome the 

difficulties of possible side effects that can manifest as either destructive tissue damage or increased 

risk of cancer.  

As IBD patients were found to have increased mucosal levels of IL-6 (Nikolaus et al., 2018), blocking 

the trans-signaling of IL-6 bound to its soluble receptor complex was studied in a recent phase 2a 

clinical trial (Schreiber et al., 2021). The IL-6 cytokine family signals via a complex of the α-receptor IL-

6R and β-receptors, most commonly gp130. In cells that do not express the membrane-bound IL-6R, 

IL-6 can bind the soluble form of IL-6R to activate gp130, inducing the so-called trans-signaling (Waetzig 

et al., 2010). In contrast to the severe immunosuppression induced by inhibiting the membrane-bound 

IL-6R, targeting the soluble receptor seemed to be well-tolerated and effective (Schreiber et al., 2021). 
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Immunometabolism  

Metabolism plays an important role in every cellular process and cell fate decision. The finetuning 

between metabolic pathways that a cell switches on and off is influenced by growth factors, nutrients, 

stimulants, and metabolites, whose levels are further determined by competing cells and reactive 

oxygen species (ROS) (Buck et al., 2017). The influx of immune cells to the side of inflammation 

intensifies the competition for nutrients between different cell types. Further, the increased synthesis 

of inflammatory mediators and cytokines makes inflammation a metabolically intense process 

(Cummins et al., 2016). Immune cells have to rapidly respond to the environmental changes in form of 

infections, different stimuli, and changes in nutrient availability in order to exert their unique range of 

effector functions such as migrating towards and infiltrating the target tissue, fighting pathogens, and 

influence other cells (Buck et al., 2017). An extensive body of research has focused on the metabolic 

switches that both determine and accompany immune cell activation or quiescence (O’Neill et al., 

2016; Buck et al., 2017); thus, this project focusses on IEC metabolism given their outmost importance 

at barrier defenses.  

Although the gut is a nutrient-rich environment (Buck et al., 2017), the intestinal mucosa, and IECs 

which line the mucosa, experience unique fluctuations of perfusion rates each day when the blood 

volume is low during fasting periods but raises significantly after food ingestion (Taylor and Colgan, 

2007). Thus, the metabolic activity and function of IECs is also controlled by their location (Buck et al., 

2017): Owing to the unique anatomy of the gut with the juxtaposition of the richly perfused mucosa 

and the anerobic, microbiota-colonized lumen, IECs must metabolically adapt to an impressive range 

of pO2 fluctuations to maintain their barrier function (Taylor and Colgan, 2007). The hypoxic response 

facilitates the metabolic switch from oxidative phosphorylation (OXPHOS) to glycolysis (Taylor and 

Colgan, 2017), and further exerts barrier protective functions via promoting mucin production or 

xenobiotic clearance (Taylor and Colgan, 2007). On top of that, IECs also provide a metabolic barrier in 

a way that they protect their progenitor cells. As aforementioned, the IEC layer is a site of active 

proliferation as IECs are constantly renewed and migrate from the crypt up the villi during their 

maturation. By utilizing the short chain fatty acid (SCFA) butyrate to fuel OXPHOS, the differentiated 

cells prevent it from reaching the stem cells as butyrate can inhibit their proliferation (Kaiko et al., 

2016; Buck et al., 2017). Proliferation in general is also controlled by the mammalian target of 

rapamycin (mTOR) pathway, which is closely linked to amino acid (AA) metabolism. mTOR can sense 

the levels of AAs and growth factors to stimulate proliferation via messenger RNA (mRNA) translation 

and lipid synthesis under conditions favorable for growth.  

In the future, the growing recognition of immunometabolism will likely benefit a broad scope of 

application such as co-treatment with nutritional supplements, or metabolic profiles as biomarkers for 
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diagnostics or to aid in assessing the right treatment options. For instance, the study by Aden et al. 

(2019) found that IBD patients who achieved clinical remission after anti-TNF treatment featured 

elevated levels of butyric acid in the stool (Aden et al., 2019). Another metabolite that was found to 

be altered in serum levels of IBD patients compared to healthy controls is Trp (Nikolaus et al., 2017). 
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1.4 Tryptophan 

Sources and fates of Trp 

Trp is of importance when studying immunometabolism as it was shown that, for example, the tumor 

microenvironment is depleted of Trp but enriched for its immunosuppressive metabolite kynurenine 

(Kyn) (reviewed in Buck et al., 2017; Opitz et al., 2020). As Trp is required for T cell proliferation, 

excessive Trp catabolism by competing cells limits T cell activation (O’Neill et al., 2016). 

Trp was isolated in 1901 by Hopkins and Cole, and first synthesized in 1908 by Ellinger and Flamand 

(Ellinger and Flamand, 1908). Trp belongs to the essential AAs, meaning it must be taken up by the diet 

because it cannot be synthesized by the human body (Hopkins, 1912). Recommended Trp doses 

approximate to 4 mg/kg/day for adults, however, this varies within the lifespan as e.g. children require 

higher doses. Whereas an excessive dietary intake of Trp has not been associated with any side effects 

in humans, a deficiency of Trp, on the contrary, severely impacts the health status. A diet insufficient 

in Trp and vitamin B3 can, when becoming chronic, lead to a metabolic dysfunction called pellagra 

whose symptoms mainly manifest in skin, gut, and brain alterations (Agus et al., 2018; Palego et al., 

2016). 

When Trp is taken up by food, it first is absorbed in the intestine and then transported to all main 

tissues via the blood stream to finally be taken up by all cells as fuel for biosynthesis of proteins (Palego 

et al., 2016). Its transport via the bloodstream is unique as Trp requires binding to albumin because of 

its hydrophobic nature conferred by its indole ring, which is a chemical structure present only in Trp 

amongst all AAs (Palego et al., 2016).  

On the molecular level, AAs are loaded onto their respective transfer RNA (tRNA) by the aid of 

aminoacyl-tRNAs, so that the ribosomes can then attach the AAs to the growing protein chain. Two 

different forms of human tryptophanyl-tRNA synthetase (WARS) carry out the incorporation of Trp 

into proteins either in the cytoplasm (encoded by the gene WARS1) or in mitochondria (encoded by 

the gene WARS2) (Hoagland et al., 1958; Jorgensen et al., 2000). 

When the demand for Trp exceeds its supply, this condition of AA shortage results in the accumulation 

of uncharged tRNAs which are then sensed via the protein kinase general control nonderepressible 2 

(GCN2). GCN2 then phosphorylates eukaryotic translation initiation factor 2 (EIF-2) to mediate general 

translational repression while supporting the translation of key genes of the general AA control 

pathway such as GCN2 (Wek et al., 1989; Dever et al., 1992; Wek et al., 1995). 
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Next to being incorporated into proteins/peptides, Trp derivatives are of bioactive importance, 

influencing different cellular metabolic pathways and physiologic responses (Palego et al., 2016). Its 

metabolic importance is highlighted by the finding that, in nitrogen balance, the amount of Trp 

required for protein synthesis is mainly matched by that degraded. Trp is the least abundant AA found 

in proteins. Thus, less than 1 % of dietary Trp is incorporated into proteins with the remaining dietary 

Trp being utilized for metabolism (Bender, 1983; Badawy, 2015; Palego et al., 2016). Thereby, the fate 

of Trp can follow three distinct degradative pathways, of which ~ 95 % of overall Trp is metabolized 

along the kynurenine pathway (KP) in the liver, making it the metabolically most active pathway 

(Badaway, 2015). Although only accounting for 5 – 10 % of the Trp degradation under physiologic 

conditions, the extrahepatic KP gains increasing significance under immune activation. Yet widely 

distributed, it does not contain all the enzymes present in the liver, so that the type of derivative 

produced is determined by the presence of the KP enzymes (Badawy, 2017). The flux of Trp down the 

KP also is influenced by the amount of Trp in the free (not bound to albumin) state that is immediately 

available for tissue uptake (Badawy, 2017; Badawy, 2015).  

This ratio between free and bound Trp even influences the passage of Trp into the brain where it will 

be metabolized into serotonin (5-hydroxy-tryptamine, 5-HT) by Trp hydroxylase 2 enzyme (TpH2), the 

final derivative of another Trp degradation pathway (Etienne et al., 1976; Yuwiler et al., 1977; Palego 

et al., 2016; Agus et al., 2018). Enterochromaffin cells (ECs) in the gut express the Trp hydroxylase 1 

enzyme (TpH1) and synthesize most of the body’s serotonin (> 90 %) that cannot cross the blood-brain 

barrier. As a neurotransmitter, serotonin mediates the communication between the gut and both 

extrinsic and intrinsic neurons to regulate secretory and peristaltic reflexes (Agus et al., 2018). 

Next to the oral intake of Trp from sources such as bananas, milk, tuna, bread, or peanuts, Trp can be 

produced by bacterial members of the microbiota including E. coli (Agus et al., 2018), via the so-called 

shikimate pathway shared between bacteria, plants, and even fungi. Phosphoenolpyruvate (PEP) and 

erythrose 4-phosphate (E-4P) are converted in a seven-step metabolic process to yield chorismite as 

the precursor for tyrosine (Tyr), phenylalanine (Phe), and Trp (Ely and Pittard, 1979; Palego et al., 

2016). The microbiota also metabolizes Trp into indole and indole derivatives, representing the third 

pathway of Trp metabolism (Agus et al., 2018; Lanis et al., 2017). These function as ligands of the aryl 

hydrocarbon receptor (AhR) transcription factor (Miller, 1997; Heath-Pagliuso et al., 1998). The AhR 

signaling pathway regulates both intestinal immune responses and barrier integrity and thus maintains 

intestinal homeostasis. Next to indoles, AhR can also be activated by xenobiotics or other dietary 

components, but the contribution of the microbiota is highlighted by the finding that no AhR ligands 

are present in the intestines of germ-free mice. Instead, members of the cytochrome p450 protein 

family can modify the ligands in a way to abolish AhR signaling. One such member is cytochrome p450 
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family 1 subfamily A member 1 (Cyp1A1), that, in turn being transcriptionally regulated by AhR, creates 

a negative feedback loop for this pathway (Agus et al., 2018; Lanis et al., 2017). 

The central metabolite Kyn of the aforementioned KP also serves as an AhR ligand (Lanis et al., 2017). 

The rate-limiting step of the KP is the oxidation of the indole ring, that converts Trp to N-

formylkynurenine. The respective enzymes are IDO1, found in most peripheral tissues and the immune 

system, and tryptophan 2,3-dioxygenase (TDO) in the liver. While both use molecular O2 as a co-

substrate, only TDO requires heme as a co-factor (Badawy and Evans, 1973; Hirata and Hayaishi, 1975; 

Palego et al., 2016; Badawy, 2017). In contrast to the wide expression of IDO1, the isoform IDO2 is 

restricted to APCs, liver, kidney, and few brain tissues. If IDO2 contributes to Trp conversion to Kyn, its 

contribution is only minimal, but both IDO isoforms are of immunologic importance (Badawy, 2015). 

All further metabolites and enzymes of the KP can be taken from Figure 1.1.  

 

Figure 1.1 Tryptophan metabolism through the kynurenine pathway (KP) 
Overview of the Trp derivatives and the respective enzymes. 
Figure adapted from Badawy (2015). 

Importantly, the different metabolites have been associated with either cytoprotective (kynurenic acid 

(KA)), or toxic (e.g. quinolinic acid (QA), 3-hydroxykynurenine (3-HK)) effects (Palego et al., 2016). 
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Particularly noteworthy is the immunomodulating effect of KP metabolites, so that the former concept 

of fetal tolerance during pregnancy had to be revised and a Trp utilization concept was suggested 

instead. Pregnancies are based on an increased demand for protein building blocks which would be 

counteracted by Trp depletion (Badawy, 2017). The KP pathway results in the formation of 

nicotinamide (vitamin B3) and nicotinamide adenine dinucleotide (NAD+) (Bender, 1983), the latter is 

important not only for the energy balance of the cell, but also is involved in DNA repair, and 

inflammation. During redox reactions, NAD+ is reduced to NADH that, in turn, drives biochemical 

reactions by means of its cellular reducing power. Thus, NAD+ can be an interesting target in 

inflammatory disorders (Navarro et al., 2021). 

 

Trp in inflammation 

Importantly, the consequences of IDO activation also combine metabolic and immunomodulating 

functions, as balancing Trp catabolism aids in mediating immune tolerance during pregnancy, and Trp 

retention protects from extensive tissue damage via preventing aberrant immune activation (Palego 

et al., 2016). It was shown that a Trp-free diet administered to mice alleviated central nervous system 

(CNS) autoimmunity via impairing encephalitogenic T cell responses which seemed to have been 

microbiota-dependent (Sonner et al., 2019). Along the same lines, IDO1 can be activated by IFNγ (Feng 

and Taylor, 1989), that is induced during colitis, and the resulting depletion of Trp suppresses T cell 

proliferation. IDO1 expression in IECs likewise ameliorates colitis in mice. Indeed, next to its pro-

inflammatory actions, IFNγ may direct inflammatory resolution also via inducing IL-10 receptor (IL-10R) 

on IECs which is crucial for wound healing and barrier integrity. This IL-10R expression is attributable 

to the IDO1-mediated conversion of Trp to Kyn, which in turn activates the AhR (Lanis et al., 2017).  

The many properties of Trp derivatives and the respective catabolizing enzymes have been exploited 

for different kinds of therapies such as administration of a derivative and pharmacological modulation 

of the enzyme activity or the receptors to which the derivatives bind (Modoux et al., 2021). For 

instance, a combined treatment of IDO1 inhibitors and immune checkpoint inhibitors is under 

investigation for cancer treatment whose efficacy may potentially be enhanced when additionally 

combining with an interleukin-4-induced-1 (IL-4l1) inhibitor (Modoux et al., 2021). Another promising 

strategy may represent the research on probiotics to make use of bacteria producing AhR agonists as 

the inoculation of Lactobacillus strains has been proven to attenuate colitis in a mouse model (Lamas 

et al., 2016). 
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1.5 Aim 

Up to date, there is no treatment available to cure a patient from IBD, and current therapy options set 

the patient at the risk of developing severe side effects. Since inflammation is frequently accompanied 

by a change in metabolism, the growing field of immunometabolism may revolutionize the ongoing 

research by combining drugs and nutritional supplementation to boost the therapy response and to 

limit side effects at the same time. Another striking progress may be achieved by the discovery of new 

biomarkers as changes in metabolite levels whose determination is cheap and non-invasive.  

The study by Nikolaus et al. (2017) has reported on lower serum Trp levels and an increased Kyn to Trp 

ratio in IBD patients which, together with the increased IDO1 expression, indicates an increased Trp 

catabolism via the KP. Further studies on mice have shown that tryptophan malnutrition enhances the 

susceptibility to DSS colitis (Hashimoto et al., 2012); and Trp supplementation, in turn, has alleviated 

the DSS colitis phenotype in mice presumably via signaling through the AhR pathway (Islam et al., 

2017). It has yet been insufficiently investigated how Trp can directly act on immune signaling in IECs, 

despite their importance as barrier keepers. To my knowledge, most research on intestinal 

inflammation has focused on the ability of Trp derivatives to activate AhR, and no investigation on the 

impact of Trp on the cGAS/STING pathway has been published as of 2023. 

The mentioned reports raised the question whether decreased Trp levels affect the epithelial immune 

response and thereby contribute to the IBD disease phenotype. The overall aim of this project is to 

elucidate the importance of Trp for different immune pathways in IECs, and thus to provide an 

understanding whether the Trp pathway might serve as a target for IBD therapy. The project therefore 

addressed the following major questions: 

I) Does Trp starvation affect the immune response of the intestinal epithelium? 

The clinical finding of reduced serum Trp levels was translated into an in vitro research model of both 

intestinal epithelial cells and organoids. The immunocompetence was assessed by exposing the 

cultures to Trp starvation and subsequently to different inflammatory triggers.  

II) How does Trp starvation affect the cGAS/STING pathway on the mechanistical level? 

After initial data hinted at a connection between Trp and STING, the cause by which Trp starvation 

might impair the cGAS/STING response on the molecular level was investigated. In specific, the 

dependence on the induction of autophagy was tested as well as the possible involvement of oxidative 

stress and inhibition of protein translation. 
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2. Materials and Methods  

A list of all materials used is given in the appendix section. 

 

2.1 Cell biological methods 

Cell culture  

ModeK cells 

Unless otherwise stated, all in vitro experiments were performed on ModeK cells. This epithelial cell 

line was derived from a murine SI and immortalized via SV40-6 retrovirus-mediated large T gene 

transfer. The resulting cell line closely resembles in vivo murine enterocytes with regard to both 

morphological and phenotypic characteristics and also expresses major histocompatibility complex 

(MHC) I molecules and, upon IFN-γ stimulation, also MHC II molecules (Vidal et al., 1993). Therefore, 

ModeK cells provide a suitable in vitro model to study the role of enterocytes in immunity. 

The ModeK iXBP1 cell line was created by transfecting ModeK cells with an SFG∆U3hygro iXBP-specific 

RNAi retroviral vector; and the KD efficacy was confirmed by qPCR. An empty control vector was used 

to generate the corresponding iCtrl ModeK cells (Kaser et al., 2008; Lee et al., 2003). To create the 

Atg16l1 KO cell line, the gene was knocked out using the clustered regularly interspaced short 

palindromic repeats (CRISPR) / CRISPR-associated protein 9 (Cas) technique as described below.  

ModeK cells were both grown and seeded in Dulbecco's Modified Eagle Medium (DMEM) GlutaMAX 

medium supplemented with 10 % fetal bovine serum (FBS), 1 % penicillin / streptomycin (P/S) [10,000 

µg/mL], 1% non-essential amino acids (NEAA) [100 X], and 1 % N-2-hydroxyethylpiperazine-N-2-ethane 

sulfonic acid (HEPES) buffer [1 M] and incubated at 37 °C with 5 % CO2. 

Customized starvation medium 

For nutritional intervention studies, the cells were cultured in specific amino acid-free medium, which 

was prepared from customized DMEM powder (Cell Culture Technologies, Switzerland) to which the 

following components were added: sodium bicarbonate, glucose, L-glutamine, L-serine, L-tryptophan, 

glycine at concentrations resembling regular DMEM (listed in the appendix section). The corresponding 

starvation medium lacks the stated ingredient. This powder was dissolved in ddH2O and sterile filtrated 

before use, only supplemented with 10 % dialyzed FBS, and does not contain sodium pyruvate. The 

FBS was purchased as dialyzed by tangential flow filtration with 10,000 mw cut-off to reduce the 

concentration of small molecules.  
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CRISPR/Cas 

The Atg16l1 gene was knocked out in ModeK cells using the GeneArt CRISPR kit with TOP10 competent 

cells and cluster of differentiation 4 (CD4) selection marker from Invitrogen with little modifications to 

its manual. In specific, the primers coding for Atg16l1-specific CRISPR RNA (crRNA) were annealed, and 

then cloned into the linearized Cas9 nuclease reporter vector using the T4 DNA ligase. The resulting 

vector was transformed into competent TOP10 E. coli and plated on agar containing ampicillin (Amp) 

allowing for selection of successfully transformed resistant bacteria. The next day, half a colony was 

scraped off and incubated in lysogeny broth (LB) -Amp medium and grown overnight. By means of the 

GeneJET Plasmid Miniprep Kit by ThermoScientific, the plasmid was isolated, amplified by polymerase 

chain reaction (PCR) and then Sanger sequenced for quality control. The plasmid containing the right 

Atg16l1-targeting crRNA was amplified by incubating the remaining other half of the corresponding E. 

coli colony in LB-Amp medium and let grown for two days. The plasmid was isolated by using the 

Midiprep kit from Invitrogen, and then transfected into ModeK cells. The successfully transfected cells 

were selected by means of CD4 beads and diluted accordingly to plate a single cell into each well of a 

96-well plate in 100 µL growth medium. The Atg16l1 KO was confirmed by WB of different clones. 

Table 1 Information on the primer used for the crRNA targeting the Atg16l1 gene 
Abbreviations used: PAM - protospacer adjacent motif, gRNA – guide RNA 

Primer information 

Gene Atg16l1, chromosome 1; Targeted exons: 1, 3; Direction (+); PAM: AGG; Binding sites: 1 

 Orientation Sequence 

Atg16l1-gRNA-T1 Forward GTCACATCGCGGAGGAACTGGTTTT 

reverse CAGTTCCTCCGCGATGTGACCGGTG 
 

  

Crypt isolation 

A C57BL/6 mouse was sacrificed by cervical dislocation and the ileum was harvested. After the fat was 

removed, the ileum was cut open longitudinally, washed with phosphate buffered saline (PBS), and cut 

into small pieces of approximately 1 mm length. The pieces were transferred to a falcon containing 20 

mL ice cold PBS and the falcon was shaken a couple of times. The supernatant was discarded, and new 

PBS was added. This washing step was repeated 3 times, and the tissue sections were subsequently 

transferred to a new falcon tube containing 30 mL of 15 mM ethylenediamine tetraacetic acid (EDTA) 

-PBS and incubated on ice for 40 min. All further steps were performed on ice. The supernatant was 

discarded, and the tissue sections were washed by pipetting up and down in 10 mL PBS. The 

supernatant was collected in another falcon, and this washing procedure was repeated 5 times. The 

fractions were filtered through a 100 µm cell strainer and then centrifuged at 400 g for 3 min at 4 °C. 

After discarding the supernatant, the cell pellet was resuspended in Advanced DMEM/F12 (ADF) to 
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allow for seeding the organoids. For the first passage, Y-27632 [10 µM] was added to the growth 

medium. 

 

Organoid culture 

The murine SI organoids were seeded in 40 µL Matrigel diluted with ADF (1:2) in 24-well plates and 

cultured at 37 °C with 5 % CO2. The 3D growth medium (ENR medium) consisted of ADF, 1 % P/S, 20 % 

R-Spondin conditional medium, 10 % Noggin conditional medium, 1 % HEPES buffer, 1 % GlutaMax, N-

acetylcysteine (NAC) [1 mM], and human epidermal growth factor (hEGF) [50 ng/mL]. 

The organoids were passaged by mechanical breaking. Therefore, the medium was removed, and 500 

µL ice-cold PBS were added to the well. The Matrigel was broken by scraping and pipetting up and 

down rigorously a couple of times. The organoid wells of the same genotype were collected in one 

falcon and centrifuged at 400 rpm for 3 min. The supernatant was removed, and the pellet was 

resuspended in an adequate amount of ADF, and the cell clusters were broken to single cells by 

pipetting rigorously a couple of times. An adequate amount of Matrigel was added and the organoids 

were seeded. The growth medium was added after the gel had solidified.  

All organoid experiments were performed in collaboration with Mrs. Guang Yang (UKSH, IKMB). 

Customized starvation medium 

ADF medium lacking all AAs and glucose was received from Dr. Felix Sommer (UKSH, IKMB) to which 

glucose and all AAs, except for the one indicated, were added at the same concentration as contained 

in regular ADF (listed in the appendix section). HEPES [20 mM] was added to reach a pH value of 7, and 

further rhNoggin [100 ng/mL], rhR-Spondin [1 µg/mL], and rhEGF [50 ng/mL] were supplemented. The 

starvation group was compared to ENR medium with recombinant Noggin and R-Spondin 

supplementation, and to control starvation medium. 

 

MTS assay 

ModeK cells were seeded at 1.25 * 104 cells in 100 µL/well in a 96-well plate and allowed to grow 

confluent for 48 h. The medium was changed to customized DMEM containing the indicated Trp 

concentrations and supplemented with 10 % dialyzed FBS. After 24 h, the cell viability assay was 

performed. Therefore, the medium was removed and 100 µL of working solution containing 80 µL PBS, 

19 µL (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 

(MTS), and 1 µL phenazine methosulfate (PMS) (MTS CellTiter 96 Aqueous Proliferation Assay, 

Promega) was added to each well including blanks. After an incubation time of 3 h at 37 °C, the 



30 
 

absorbance was measured at 490 nm optical density (OD) in a plate reader. The percentage of viable 

cells was calculated using untreated (Trp-containing medium) cells as reference. 

 

Transfections 

siRNA 

ModeK cells were plated in P/S-free growth medium at a density of 0.5 * 105 cells in 500 µL/well (24-

well plate) or at 2 * 105 cells in 2 mL/well (6-well plate) and allowed to adhere. The next day, small 

interfering RNA (siRNA) was transfected into the cells with Lipofectamine RNAiMAX reagent from 

Invitrogen for KD studies. For protein quantification, a total of 25 pmol siRNA was used per well of a 6-

well plate complexed with 7.5 µL Lipofectamine RNAiMAX; whereas 5 pmol siRNA with 1.5 µL 

Lipofectamine RNAiMAX was used per well of a 24-well plate for transcriptome analysis. The siRNA-

lipid complex was diluted with Opti-Mem to make up transfection volumes of 50 µL or 250 µL for the 

respective well format and was incubated for 24 h until additional stimulation or harvest. The 

knockdown (KD) efficiency of the target was determined by either quantitative PCR (qPCR) or Western 

blot (WB) with non-targeting control siRNA as reference. 

dsDNA and cGAMP 

The cGAS/STING pathway was activated by transfecting cGAMP (2’3’ or 3’3’) or E. coli-derived dsDNA 

into the cells using Lyovec. ModeK cells were plated in growth medium at a density of 0.5 * 105 cells in 

500 µL/well (24-well plate) or at 2 * 105 cells in 2 mL/well (6-well plate). When adherent, the cells were 

washed with PBS and incubated in either Trp-containing or -deficient DMEM for 24 h prior to 

transfection. The transfection volume containing either 1 µg/mL dsDNA or 10 µg/mL cGAMP was 

complexed with Lyovec equaled 1/20 of the volume ratio. After incubation for 9 h, the cells were 

harvested for protein lysates or RNA isolation. 

 

2.2 Molecular biological methods 

RNA isolation 

ModeK cells 

Using 24-well plates, the indicated ModeK cell line was seeded at 0.5 * 105 cells in 500 µL/well for 

transfection experiments, or at 0.75 * 105 cells in 500 µL/well for stimulation experiments, 

respectively. In order to analyze the transcriptome, the Monarch RNA extraction kit was used to isolate 

the RNA of ModeK cells. Therefore, the cells were washed with cold PBS and then frozen in DNA/RNA 

protection reagent at -80 °C until further proceeding. 
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The plate was thawed at room temperature (RT) and an equal volume of lysis buffer was added to each 

well containing the protection reagent. The samples were pipetted onto genomic DNA (gDNA) removal 

columns and spun down. An equal amount of pure EtOH was added to each flow-through and mixed 

by pipetting. The mixtures were then transferred onto RNA purification columns and spun down. The 

columns were washed with wash buffer prior to incubation with DNase, after which RNA priming buffer 

was added to each column and then spun down. Following two washing steps, the RNA was eluted by 

nuclease-free water and the concentrations were determined by measuring the absorbance. 

 

cDNA synthesis 

In order to allow for quantification, the RNA was reverse transcribed to synthesize complementary 

DNA (cDNA). Each sample was diluted with nuclease-free H2O to obtain 10 µl of equally concentrated 

RNA. The first master mix containing oligo dTs (0.125 µL/sample), deoxynucleotide triphosphates 

(dNTPs) (0.5 µL/sample), and nuclease-free H2O (2.375 µL/sample) was added to each sample after 

which they were vortexed and then centrifuged. Subsequently, the samples were incubated for 5 min 

at 65 °C in a PCR cycler. The second master mix of RT buffer (2 µL/sample) and reverse-transcriptase 

(0.5 µL/sample) was added to each sample which were then run at a PCR program (10 min at 25 °C, 15 

min at 50 °C, 5 min at 85 °C, hold at 4 °C; 1 cycle) and afterwards diluted to 10 ng/µL with nuclease-

free H2O before frozen at -20 °C until required. 

 

qPCR 

The cDNA samples were analyzed for expression of the gene of interest and 18S ribosomal RNA (rRNA) 

as housekeeping control using TaqMan assays and SteponePlus qPCR. The TaqMan master mix was 

added as 0.5 µL gene expression assay (20X) and 4.5 µL gene expression master mix (2X) to 10 ng cDNA 

sample. Thereby, each sample was run in duplicates (10 µL/well) on a 96-well plate (PCR stage (40 

cycles): 10 sec at 95 °C, 1 min at 60 °C; followed by melting point curve analysis). Each independent 

experiment included three technical replicates. 

 

Consumption release rate (CORE)/Analysis of Medium Exchange Rates 

The metabolite measurements were performed in collaboration with Dr. Björn Becker (LIH, 

Luxembourg). 

The metabolites were extracted by mixing 20 µl of the medium sample with 180 µl extraction solvent 

(80 % MeOH/20 % mqH2O) which contained the internal standards [U-13C]-ribitol (50 µg/ml) and 

pentanedioc-d6 acid (20 µg/ml). The samples were vortexed for 10 s, incubated in a thermomixer at 
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4°C and shaken at 1350 rpm for 15 min, and then centrifuged for 5 min at max speed. Subsequently, 

50 µl of the supernatant was transferred onto a GC-vial and dried overnight using SpeedVac. 

Metabolites were derivatized by means of a multi-purpose sample preparation robot (Gerstel). The 

dried medium extracts were dissolved in 30 µl pyridine that contained 20 mg/mL methoxyamine 

hydrochloride (Sigma-Aldrich), and the samples were shaken for 120 min at 45 °C. Subsequently, 30 µl 

N-methyl-N-trimethylsilyl-trifluoroacetamide (Macherey-Nagel) was added, and the samples were 

shaken for 30 min at 45 °C.  

Gas chromatography–mass spectrometry (GC-MS) analysis was conducted using an Agilent 7890A GC 

coupled to an Agilent 5975C inert XL Mass Selective Detector (Agilent Technologies) as described in 

detail in Becker et al. (2023, Preprint). Absolute uptake and release rates were calculated as described 

in Hiller et al. (2009). A description of the medium quantification and exchange rate calculation can be 

found in Meiser et al. (2016). 

 

Glucose tracing 

The glucose tracing experiments were performed in collaboration with Dr. Björn Becker (LIH, 

Luxembourg). 

Stable isotope tracing 

In a 12-well plate, cells were seeded in triplicates at a density of 2 * 105 cells/well using 1 mL/well in 

regular cell culture medium. The following day, the medium was changed to customized DMEM with 

or without 78 µM Trp (Cell Culture Technologies, Switzerland), with 17 mM [U-13C]-glucose tracer 

(Cambridge Isotope Laboratories), and 10 % dialyzed FBS. After 24 h, the metabolites of one set of 

triplicates were extracted for subsequent liquid chromatography–mass spectrometry (LC-MS) analysis, 

and another parallel set of triplicates was used for normalization based on the packed cell volume 

(PCV) which takes both the cell count and cell volume into account. 

LC-MS analysis of metabolite levels and mass isotopologue distribution 

The cells in the 12-well plates were washed using 1 mL ice-cold PBS per well and then incubated with 

400 µL extraction solvent (MeOH:acetonitrile:H2O, 50:30:20) for 5 min at 4 °C under agitation. Then, 

the extracts were centrifuged at full speed for 10 min at 4 °C, and the supernatant was used for the 

LC-MS analysis. A description of the LC-MS instrumentation and analysis can be found in Green et al. 

(2023) and Meiser et al. (2016) with the exception that both an internal standard and the PCV were 

used for data normalization. 
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2.3 Biochemical methods 

Quantification of protein expression was done by WB, prior to which the total protein concentration 

was determined by Lowry assay. 

 

Protein lysates and total protein concentration determination 

ModeK cell lysates 

ModeK cells of the indicated genotype were seeded in a 6-well plate in 2 mL/well at either 2 * 105 cells 

for transfections, or at 3 * 105 cells for stimulations. 

Initially, the cells were washed with ice-cold PBS and, subsequently, 60 µL of lysis buffer 

(radioimmunoprecipitation assay (RIPA) buffer and 1 % phosphatase and protease inhibitor) was 

added per well. The cell lysates were scratched off with a cell scraper and transferred to an Eppendorf 

tube. The samples were incubated on ice and vortexed before they were sonicated for 10 sec each. 

After centrifugation for 15 min at max speed at 4 °C, a fixed amount of supernatant was transferred to 

a new Eppendorf tube. 

Organoid lysates 

The organoids were harvested using 500 µL Cell Recovery Solution to collect three wells in one 15 mL 

falcon. After pipetting up and down to break the Matrigel, the organoids were incubated on ice for 1 

h. The organoids were then centrifuged at 400 g for 3 min at 4 °C, and the supernatants were discarded. 

The pellets were resuspended in 500 µL ice-cold PBS, transferred to Eppendorf tubes, and centrifuged 

again. Afterwards, the supernatant was discarded and the pellets were resuspended in 40 µL lysis 

buffer (RIPA buffer and 1 % phosphatase and protease inhibitor). As for the ModeK cells, the samples 

were sonicated for 10 sec, centrifuged at max speed for 15 min at 4 °C, and finally, a fixed amount of 

supernatant was collected in a new Eppendorf tube. 

Protein concentration  

The total protein concentration was determined by means of Lowry assay. In a 96-well plate, 5 µL of 

bovine serum albumin (BSA) standards at concentrations varying from 5 mg/mL to 0.078 mg/mL were 

added in duplicates, and the samples were, diluted 1:6, also loaded in duplicates. PBS served as blank. 

A total of 25 µL of reagents S+A mix (0.5 µl S/sample, and 24.5 µL A/sample) and 200 µL reagent B 

were added per well. After a short incubation at RT, the absorbance was measured at 750 nm.  

The protein samples were diluted in PBS to reach the same concentrations and then diluted in Laemmli 

buffer (5x Laemmli buffer: 0.5 M Tris-HCL pH 6.8, glycerol, 0.25 g SDS dissolved in 1 ml Tris-HCL, 0.25 
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% bromophenol blue β-mercaptoethanol (β-ME)). The protein samples were incubated at 95 °C for 5 

min and then either frozen at –20 °C or directly run by gel electrophoresis. 

 

WB 

SDS-PAGE and transfer 

Unless otherwise stated, 12 % bis-acrylamide gels were used for the sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). When frozen, the protein samples were again heated 

up at 95 °C for 5 min prior to loading at 20 µg per well onto the bis-acrylamide gel. The gels were 

immersed in Tris-glycine-SDS (TGS) buffer and proteins were separated at 80 V, which was increased 

to 120 V upon reaching the separation gel. The gels were transferred onto a 0.45 µm polyvinylidene 

difluoride (PVDF) membrane by semi-dry transfer (for which the sandwich consisted of a bottom filter 

paper was soaked in anode buffer 2, another filter paper soaked in anode buffer 1 on top, PVDF 

membrane, gel, and a cathode buffer-soaked filter paper on the top; buffer recipes are given in the 

appendix section). The transfer was performed at 25 V and 0.3 A for 60 min. After blocking the 

membrane in 5 % skim milk dissolved in tris-buffered saline with tween (TBS-T) (0.1% Tween 20) for 1 

h, the membranes were incubated with the specific primary antibodies (Table 13) dissolved in either 5 

% skim milk or 5 % ovalbumin in TBS-T overnight in the cold room. 

Immunodetection 

The next day, the membranes were washed three times with TBS-T for 10 min, before they were 

incubated with the respective secondary antibody (Table 13) for 1 h at RT. The membranes were 

washed again three times with TBS-T, before chemiluminescent detection with enhanced 

chemiluminescence (ECL) substrate using the Chemidoc. If necessary, blots were stripped in 

ThermoFisher stripping buffer for 20 min, briefly washed with TBS-T, blocked, and re-probed with 

primary antibody. 

 

2.4 Cohorts and bioinformatical analysis 

The bioinformatical analysis performed in collaboration with Dr. Jan Taubenheim (CAU, IEM) was 

based on patient samples of the two cohorts eMED and FUTURE. All timepoints and patient activities 

of the respective cohort were combined. The WARS1 expression in the gut was associated with the 

tryptophan serum levels by using linear mixed effect models with following formula 

`WARS1_expression ~ Cohort+ Diagnosis*Trp_concentration + (1|Patient)`. The modeling was 

performed using the lme4 package (v1.1-29) in R (v4.2.1). The model was tested against a null model 

and a simplified version with only Trp_concentration in the fixed term using log-likelihood ratio test 
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using the R package car (v3.0-13). The WARS1 expression was measured as transcript per million (TPM) 

and was log2 transform to fulfill the assumption of normally distributed residuals of the model. 

Diagnostic plotting was performed to check normality and homoscedasticity of residuals. Plotting was 

performed with the R package ggplot2 (v3.3.6). 

eMED cohort 

The eMED cohort, as published in Zeissig et al. (2019), recruited 18 active IBD patients (CD n = 9, UC n 

= 9) who received the anti-integrin α4β7-antibody vedolizumab treatment, and 20 active IBD patients 

(CD n = 8, UC n = 12) who were administered the anti-TNFα antibody infliximab as a control for 

longitudinal investigation. The blood samples and sigmoidal colon biopsies were taken at baseline, and 

right before the treatments at weeks 2, 6, and 14. 

FUTURE cohort 

The FUTURE cohort refers to a 12-week, open-label, prospective phase 2a clinical trial that was 

conducted at both the University Medical Center Schleswig-Holstein in Kiel, Germany, and at the 

Asklepios Westklinikum in Hamburg, Germany for a period of 21 months in 2016 to 2019. It recruited 

16 active IBD patients at the age of 21 - 66 who were treated with the trans-signaling inhibitor 

olamkicept (sgp130Fc) biweekly for 12 weeks. Blood as well as sigmoid mucosal biopsies were taken 

at both 4 h and 24 h after therapy. The clinical disease activity was determined at baseline, 2 w, 6 w, 

and 14 w. A more detailed description can be found in Schreiber et al. (2021). 

 

2.5 Statistical analysis 

All statistical analysis was performed using GraphPad Prism software version 5.03. The student’s paired 

t-test was used for comparisons between two groups of the same genotype, whereas the student’s 

unpaired t-test was used to compare two different genotypes. Each independent experiment consisted 

of three technical replicates which were averaged, and the statistical analysis was performed on at 

least three biological replicates. All data are expressed as mean ± standard error of the mean (SEM). 

The statistical significance is indicated with asterisks, expressed as *p ≤ 0.05, **p ≤ 0.01, ***p ≤0.001, 

****p≤0.0001. 
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3. Results 

Considering the association between Trp metabolism and inflammation, the aim of this project was to 

investigate how a drop in Trp levels influences the cellular response to different immunologic stimuli 

in vitro. 

 

3.1 The intestinal mucosa of IBD patients exhibits shortage of Trp 

Taking the findings by Nikolaus et al. (2017) as a basis, who described that IBD patients feature lower 

Trp serum levels, it remained to be investigated whether the intestine as a nutrient rich environment 

experiences a shortage of Trp levels in the first place. Therefore, a bioinformatics approach was used 

to estimate whether the intestinal mucosa of IBD patients experiences Trp shortage. The serum Trp 

levels were correlated with mucosal WARS1 expression in the patients of two cohorts (Figure 3.1). A 

description of the cohorts can be found in the methods section. As WARS1 is upregulated in response 

to Trp reduction (Adam et al., 2018), its over-expression can be used as an indication of Trp shortage. 
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Figure 3.1 IBD patients have reduced mucosal Trp levels 
Serum Trp levels and mucosal WARS1 expression was correlated in IBD patients of the two cohorts eMED (n = 
38) and FUTURE (n = 16). The bioinformatical analysis was done in collaboration with Dr. Jan Taubenheim (CAU, 
IEM). 

All timepoints and patient activities of the two IBD cohorts eMED (published in Zeissig et al., 2019) and 

FUTURE (published in Schreiber et al., 2021) were combined for this analysis. As expected, the mucosal 

WARS1 expression negatively correlated with the serum Trp levels. As for the eMED cohort, both CD 

and UC featured the same association. The FUTURE cohort, however, only showed this correlation in 

CD patients. Caution must be taken with this interpretation because the FUTURE cohort included only 

a few patients (Figure 3.1). Thus, it can be concluded that IBD patients not only have reduced serum 

Trp levels but are likely to exhibit a reduction of Trp in the intestinal mucosa as well.  

 



38 
 

3.2 Trp starvation decreases the cell viability in vitro 

Based on this, the investigation was continued using the murine SI cell line ModeK to decipher the 

impact of Trp starvation on the cellular level. The ModeK cell line was cultured in customized DMEM 

medium either containing 78.4 µM (matches Trp concentration in regular DMEM) or 0 µM Trp for 24 

h, supplemented with dialyzed FBS to ensure that only a minimal amount of Trp was included. The cell 

condition was analyzed with MTS assay and the phenotype was checked under the microscope, while 

Wars induction served as a marker for successful Trp starvation (Figure 3.2). 

 

Figure 3.2 Trp starvation for 24 h induces Wars expression and decreases cell viability 
(A) ModeK WT cells were cultured in the presence or absence of Trp for 24 h, and then analyzed for Wars 
expression by qPCR. Data are presented as mean ± SEM normalized to Trp+ of three independent experiments 
(n = 3).  
(B) MTS assay was performed of iCtrl cells cultured in media containing different Trp concentrations. Data are 
presented as mean ± SEM normalized to 78 µM Trp of three independent experiments (n = 3).  
(C) The phenotype of ModeK WT cells was observed under the microscope after 24 h culture in the presence or 
absence of Trp. Pictures were taken with a light microscope at 100x magnification. 

Although not significantly, Trp starvation markedly induced Wars mRNA expression as compared to 

controls, meaning that the starvation was successful. As observed under the microscope, Trp 

starvation induced cell death which was further determined by MTS assay. At Trp concentrations of 10 

µM or lower, the cell viability seemed unaffected, whereas the cell viability was reduced to 

approximately 70 % when Trp was omitted completely (Figure 3.2).   
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3.3 Trp starvation sensitizes cells to NF-κB activation 

Based on the finding that inflammation negatively correlates with serum Trp levels, the consequences 

of Trp starvation were investigated in an in vitro model. Therefore, the murine SI cell line ModeK was 

cultured for 24 h with customized medium deprived of Trp before stimulation with either LPS or IL-1β 

(Figure 3.3), both of which are well established models of in vitro inflammation and known to activate 

NF-κB.  
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Figure 3.3 Trp starvation potentiates NF-κB activation 
ModeK cells were cultured with [78.4 µM] or without [0 µM] Trp for 24 h and then stimulated with either LPS 
[100 ng/mL] or IL-1β [50 ng/mL].  
(A-F) Target mRNA levels were determined by means of qPCR after a stimulation time of 3 h.  
(A,C,D,F) Data are presented as mean ± SEM normalized to Trp+ Ctrl of five independent experiments (n = 5). *p 
≤ 0.05; **p ≤ 0.01. 
(B,E) Data are presented as mean ± SEM normalized to Trp+ Ctrl of three independent experiments ( n = 3). *p ≤ 
0.05; **p ≤ 0.01. 
(G) WB of target proteins after a stimulation time of 2 h. Image is representative of two independent 
experiments (n = 2). 
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Stimulation with LPS or IL-1β successfully induced the expression of the inflammatory cytokines C-X-C 

motif chemokine ligand (Cxcl)10, Cxcl1, and IL-6 as measured with qPCR. Strikingly, the inflammatory 

response to both LPS and IL-1β stimulation of Trp-deprived cells was even higher than that of cells 

cultured with Trp, except IL-6 levels induced by LPS (Figure 3.3). Activation of the NF-κB pathway was 

confirmed by WB analysis and showed a strong phosphorylation of IκBα upon LPS or IL-1β challenge. 

Blotting of the autophagy marker LC3 serves as control for Trp starvation (Figure 3.3): LC3-I is the 

cytosolic form of LC3 and LC3-II is conjugated with PE which is why increasing LC3-II indicates 

autophagosome formation (Mizushima and Yoshimori, 2007). 

 

3.4 Trp starvation lowers STING protein levels 

Next, the stimulation was extended to IFNs in order to assess whether Trp starvation influences other 

inflammatory pathways as well. ModeK cells were starved of Trp for 24 h and subsequently treated 

with either Ifnβ [100 ng/mL] or Ifnγ [100 ng/mL] to determine the induced expression of Cxcl10, Cxcl1, 

and IL-6 by qPCR (Figure 3.4). 

 

Figure 3.4 Trp starvation impairs Cxcl10 induction after IFN treatment 
After 24 h Trp starvation, ModeK cells were treated with either Ifnβ [100 ng/mL] or Ifnγ [100 ng/mL] for 3 h and 
the expression of target mRNAs was measured with qPCR.  
(A-C,F) Data are presented as mean normalized to Trp+ Ctrl of three independent experiments (n = 3). *p ≤ 0.05; 
**p ≤ 0.01. 
(D,E) Data are presented as mean ± SEM normalized to Trp+ Ctrl of five independent experiments (n = 5). *p ≤ 
0.05; **p ≤ 0.01. 
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As previously observed with IL-1β stimulation, both Ifnγ and Ifnβ induced stronger IL-6 expression in 

Trp-starved cells as compared to controls. Cxcl10 induction by either Ifnγ or Ifnβ, however, was 

reduced in cells cultured without Trp (Figure 3.4). 

The impaired Cxcl10 response to IFN stimulation led to the hypothesis that Trp may impact on the 

cGAS/STING pathway. To investigate an association between Trp and STING, ModeK cells were 

cultured with different Trp concentrations [0, 1, 10, 20, 40, 78 µM] for 24 h and then analyzed for 

STING expression by WB. Additionally, murine SI organoids were starved of Trp (Figure 3.5). 

 

Figure 3.5 Trp starvation reduces STING expression in ModeK cells and murine SI organoids 
(A) ModeK cells were cultured in medium containing different Trp concentrations for 24 h and then analyzed by 
means of WB. Image is representative of six independent experiments (n = 6). 
(B) Control murine SI organoids were cultivated in normal organoid medium (ENR), or customized control 3D 
medium (Ctrl). The organoids were starved by cultivation in customized medium lacking Trp. After 48 h, protein 
lysates were prepared and analyzed with WB. Image is representative of three independent experiments (n = 3). 
The organoid experiments were performed in collaboration with Mrs. Guang Yang (IKMB). 

The autophagy marker LC3 indicates successful induction of autophagy upon Trp starvation to validate 

the Trp titration. Whereas Trp deprivation did not have an impact on TBK1 protein levels, ModeK cells 

exhibited a striking reduction in STING protein levels when cultured with 1 µM Trp or less (Figure 3.5A). 

The finding was validated in murine SI organoids who also showed markedly reduced STING levels 

under conditions of Trp deprivation (Figure 3.5). 

 

STING is quickly degraded after its activation, and both its activation and subsequent degradation 

depend on its phosphorylation by TBK1 (Chen et al., 2016). In order to test whether the loss of STING 

is due to its previous activation, the cytokine levels were measured after 24 h of Trp starvation (Figure 

3.6A-B). Further, TBK1 was knocked down by siRNA to prevent the phosphorylation of STING, and the 

protein levels were analyzed with WB (Figure 3.6D). 
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Figure 3.6 Trp starvation-induced STING loss does not depend on TBK1 
(A-B) ModeK cells were cultured without Trp for 24 h and then analyzed for cytokine expression by qPCR.  
(A) Data are presented as mean ± SEM normalized to Trp+ of seven independent experiments (n = 7). *p ≤ 0.05; 
**p ≤ 0.01.  
(B) Data are presented as mean ± SEM normalized to Trp+ of five independent experiments (Ifnb: n = 5). *p ≤ 
0.05; **p ≤ 0.01. 
(C-D) ModeK cells were transfected with siRNA against TBK1. After 24 h, the medium was changed to Trp 
starvation medium or control, and cells were lysed after another 24 h. Image is representative of three 
independent experiments (n = 3). 

Trp starvation for 24 h elicited neither Cxcl10 nor Ifnβ expression in ModeK cells (Figure 3.6A+B). 

Likewise, a KD of TBK1 did not rescue STING levels in Trp-starved cells (Figure 3.6D). 

 

3.5 Trp starvation impairs the cGAS/STING response 

Owing to the reduction of STING, it was hypothesized that Trp starvation renders the cell in an 

immunocompromised state by impairing the cGAS/STING response. The ability of Trp-deprived cells to 

mount a STING response was tested by using the direct STING agonist 5,6-dimethylxanthenone-4-

acetic acid (DMXAA) after 24 h of Trp starvation. The activation was read out by phosphorylation of 

both STING and TBK1 and the induction of cytokine expression (Figure 3.7). 
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Figure 3.7 Trp-starved cells scarcely respond to DMXAA 
ModeK cells were cultured with or without Trp for 24 h before stimulation with DMXAA [100 µg/mL] for (A) 2 h 
or (B-C) 3 h, respectively. 
(A) Image is representative of four independent experiments (n = 4). 
(B) Data are presented as mean ± SEM normalized to Trp+ Ctrl of seven independent experiments (n = 7). *p ≤ 
0.05; **p ≤ 0.01. 
(C) Data are presented as mean ± SEM normalized to Trp+ Ctrl of six independent experiments (n = 6). *p ≤ 0.05; 
**p ≤ 0.01. 

Cells cultured under normal conditions responded well to DMXAA stimulation as shown by 

phosphorylation of both STING and TBK1, and upregulated Cxcl10 and Ifnβ levels. On the contrary, 

cells deprived for Trp had significantly lower STING levels and in this way reduced STING and TBK1 

phosphorylation compared to controls. They further showed impaired expression of Cxcl10 and Ifnβ 

relative to controls (Figure 3.7). 

The functional response was further validated by transfecting the cells with 2’3’ cGAMP and 3’3’ 

cGAMP. Additional transfection with dsDNA enabled testing the functionality of the whole cGAS/STING 

pathway since DMXAA does not involve cGAS activation (Figure 3.8).   
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Figure 3.8 Trp starvation impairs the cGAS/STING response 
After starving ModeK cells for Trp for 24 h, they were transfected with dsDNA [1 µg/mL], 2’3’ cGAMP [10 
µg/mL], or 3’3’ cGAMP [10 µg/mL] for 9 h.  
(A) Image is representative of four independent experiments (n = 4) with the exception of 2’3’ cGAMP 
stimulation representing two independent experiments (n = 2). 
(B-E) Data are presented as mean ± SEM normalized to Trp+ Ctrl of three independent experiments (n = 3). *p ≤ 
0.05; **p ≤ 0.01. 
(F-G) Data are presented as mean ± SEM normalized to Trp+ Ctrl of or two independent experiments (n = 2). *p 
≤ 0.05; **p ≤ 0.01. 

Stimulation of 2’3’ cGAMP or 3’3’ cGAMP validated the results obtained for DMXAA. Accordingly, 

STING and TBK1 phosphorylation in response to dsDNA was drastically reduced in Trp-starved cells 

compared to controls, as well as induction of Cxcl10 and Ifnβ (Figure 3.8), meaning that Trp-deprived 

cells feature an impaired cGAS/STING pathway. 
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3.6 Replenishing Trp restores STING expression 

In order to test whether Trp starvation leaves a stable imprint, ModeK cells were deprived of Trp for 

48 h, and then cultured in Trp-containing medium for 24 h to analyze STING levels by WB (Figure 3.9). 

 

Figure 3.9 Replenishing Trp levels rescues the phenotype 
After ModeK cells were cultured with or without Trp for 48 h, the medium was changed to Trp-containing 
medium and cells were lysed 24 h to be analyzed by WB. 
(A) Experimental setup. 
(B) Image is representative of three independent WB experiment (n = 3). 

STING expression was lost in the cells that were starved of Trp for 2 d. When the starved cells were 

then cultured with Trp for 1 d as a rescue approach, STING expression was restored although not yet 

equal to control levels (Figure 3.9). This indicates that the phenotype is reversible. 

 

3.7 Starvation-induced STING decrease is specific to Trp 

In enterocytes, Trp can be metabolized along the KP. Although boosted under inflammatory 

conditions, it is important to exclude that the observed phenotype stems from a lack of a Trp 

metabolite rather than from a lack of Trp itself. The importance of a KP metabolite for STING 

expression was tested by supplementing L-Kyn to Trp-starved ModeK cells (Figure 3.10). 
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Figure 3.10 Starvation-induced STING decrease is specific to Trp 
ModeK cells were cultured with or without Trp and additionally supplemented with L-Kyn [50 µM] for 24 h. 
(A) Image is representative of three independent WB experiments (n = 3). 

The addition of L-Kyn did not influence STING protein levels in either control or Trp-lacking ModeK cells 

(Figure 3.12). 

 

3.8 Trp starvation does not affect the cellular ATP levels 

Starvation in general often is associated with a state of energy deficiency. Hence, the hypothesis was 

raised that a reduction in Trp leads to an energy deficient state and thereby decreases STING 

expression. This was tested by means of a U-13C-labeled glucose tracing and simultaneous Trp 

starvation in ModeK cells (Figures 3.11-3.13). First, the glycolysis pathway activity was compared 

between cells cultured in Trp-containing and non-containing medium (Figure 3.11).  
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Figure 3.11 Trp starvation does not affect the glycolytic activity in ModeK cells 
(A) Glycolysis pathway overview. 
(B-H) Simultaneous Trp starvation and glucose [U-13C] tracing for 24 h in ModeK cells. 
(B) Intracellular Trp levels determined by Peak area/PCV. 
(C-G) Intracellular labeling of the indicated metabolites of the glycolytic pathway. 
(H) The PDH ratio calculated by citrate levels/pyruvate levels. 
Data are presented as mean ± SEM of three independent experiments (n = 3). *p ≤ 0.05, **p ≤ 0.01, ***p 
≤0.001. 
Data were obtained in collaboration with Dr. Björn Becker (LIH Luxembourg). 
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The successful Trp starvation was verified as intracellular Trp was hardly detectable in Trp-starved cells 

(Figure 3.11B). The lactate labeling differed only slightly between the two groups. Albeit significant, 

the labeling of the M+3 fraction of pyruvate scarcely decreased in Trp-deprived cells, and likewise, 

pyruvate dehydrogenase (PDH) activity rose (Figure 3.11C+H). This scarce difference suggests that the 

glycolytic activity is not affected by Trp starvation. Next, the metabolite labeling involved in the 

tricarboxylic acid cycle (TCA) cycle was determined (Figure 3.12). 
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Figure 3.12 TCA cycle activity is reduced under Trp starvation 
(A) Overview of TCA cycle metabolites. 
(B-H) Simultaneous Trp starvation and glucose [U-13C] tracing for 24 h in ModeK cells. 
(B-F) Intracellular labeling of the indicated metabolites of the TCA cycle. 
(G) TCA activity determined by the ratio between labeled fractions of citrate. 
(H) The PC ratio calculated by pyruvate levels/aspartate labeling. 
Data are presented as mean ± SEM of three independent experiments (n = 3). *p ≤ 0.05, **p ≤ 0.01, ***p 
≤0.001. 
Data were obtained in collaboration with Dr. Björn Becker (LIH Luxembourg). 
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In contrast to glycolysis, TCA cycle activity was strongly decreased in cells lacking Trp (Figure 3.12G). 

The labeling of the four metabolites citrate, α-ketoglutarate (α-KG), succinate, and malate were 

reduced in Trp-starved cells compared controls, especially in the fractions M+2, and M+3 or M+4, 

respectively (Figure 3.12B-E). The pyruvate carboxylase (PC) activity, however, as well as aspartate 

(Asp) labeling were unaltered between Trp-containing and non-containing cells (Figure 12F,H). 

The actual cellular energy state can only be recorded by measuring the overall ATP levels as a 

consequence of the ATP generation and consumption (Figure 3.13). 

 

 

Figure 3.13 Intracellular ATP levels are not affected by Trp starvation 
Intracellular labeling of AMP, ADP, and ATP after simultaneous Trp starvation and glucose [U-13C] tracing for 24 
h in ModeK cells. Data are presented as mean ± SEM of three independent experiments (n = 3). *p ≤ 0.05, **p ≤ 
0.01, ***p ≤0.001. 
Data were obtained in collaboration with Dr. Björn Becker (LIH Luxembourg). 
 

There was no significant difference in either adenosine monophosphate (AMP), adenosine 

diphosphate (ADP), or ATP labeling between cells cultured in the presence or absence of Trp (Figure 

3.13). It can thus be assumed that Trp-starvation does not render cells in an energy-deficient state.  

The energy dependency was further investigated by adding nicotinamide (NAM) to the cell culture as 

a rescue approach (Figure 3.14). NAM represents the final metabolite of the KP and can serve as an 

energy source for the cell (Badawy, 2015; Navarro et al., 2021). The work on T cells by Murray and 

Srinivasan (1995) was taken as inspiration for the concentrations of NAM supplementation in cell 

culture. 
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Figure 3.14 Supplementation of the Trp derivative NAM does not restore STING levels 
ModeK WT cells were cultured with or without Trp and additionally supplemented with NAM. 
(A) Experimental setup. 
(B) Cells were treated as depicted in (A) with 10 mM NAM and 100 µg/mL DMXAA for 3 h before RNA was 
extracted for qPCR analysis. Data are presented as mean ± SEM normalized to Trp+ Ctrl of two independent 
experiments, respectively (n = 2). 
(C) Cells were treated as depicted in (A) with 10 mM NAM and 100 µg/mL DMXAA for 2 h and then lysed for WB 
analysis. Image is representative of one independent experiment (n = 1). 

The qPCR analysis revealed an even lower Cxcl10 response to DMXAA stimulation in cells 

supplemented with NAM although less obvious in WB. In line with the ATP measurement, 

supplementation with NAM as an energy source rescued neither STING levels nor STING response in 

Trp-starved cells (Figure 3.14). Hence, the energy state does not appear as the underlying mechanism 

by which Trp starvation impacts on STING. 

 

3.9 Autophagy inhibition does not rescue STING levels 

As starvation induces autophagy, and STING is degraded via autophagy under homeostatic conditions, 

it can be speculated that autophagy represents the underlying mechanism by which STING is decreased 

under conditions of Trp starvation. First, different autophagy inducers were compared for their 

influence on STING (Figure 3.15). 
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Figure 3.15 General autophagy inducers do not lead to a decrease in STING 
ModeK cells were cultured with Trp (control), without Trp (Trp-), or without FBS (FBS-) for 24 h, or cultured in 
HBSS for 2 h, or stimulated with rapamycin (Rapa) [1 µM] for 6 h, before lysed and analyzed by WB. 
Image is representative of three independent experiments (n = 3), with the exception of HBSS stimulation 
representing two replicates (n = 2). 

Unlike cells lacking Trp, cells in which autophagy was induced either by omitting FBS supplementation, 

by incubation in Hanks' balanced salt solution (HBSS), or by rapamycin stimulation, did not show a 

decrease in STING (Figure 3.15). 

Thus, the association between autophagy and STING may be specific to Trp starvation rather than a 

general phenomenon of starvation or autophagy induction. The specific role of autophagy in lowering 

STING levels was tested by titrating Trp in autophagy-deficient ModeK cells (Figure 3.16). The Atg16l1 

gene was therefore knocked out using the CRISPR/Cas9 system and confirmed by WB (Figure 3.16). 

Out of all genes crucial for a functional autophagic machinery, the ATG16L1 T300A variant has been 

confirmed as a CD risk gene (Hampe et al., 2007) and was thus chosen to enable translational IBD 

research. 
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Figure 3.16 STING is reduced in autophagy-deficient cells upon Trp starvation 
ModeK WT and Atg16l1 KO cells were cultured with various Trp concentrations [78 – 0 µM] for 24 h and then 
analyzed by WB. 
Image is representative of three independent experiments (n = 3). 

ModeK Atg16l1 KO cells, unable to induce autophagy as validated by the lack of LC3-II, featured 

strikingly elevated STING levels under baseline conditions compared to WT controls. However, 

reducing the Trp content in the medium also lowered STING detection in these KO cells (Figure 3.16). 

Next, the response to DMXAA was assessed in Atg16l1 KO cells to investigate whether the 

accumulation of STING owing to the defective autophagic machinery is functional (Figure 3.17). Since 

their STING levels even under Trp deprivation seemed to be higher than those of WT cells, one might 

speculate that the decrease does not result in an immunocompromised state and therefore can be 

neglected. 
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Figure 3.17 Trp starvation-induced STING decrease does not depend on Atg16l1-mediated autophagy 
After depriving ModeK WT and Atg16l1 KO cells of Trp for 24, they were stimulated with DMXAA [100 µg/mL]. 
(A) After a stimulation time of 2 h, cells were lysed and analyzed by WB. Image is representative of three 
independent experiments (n = 3). 
(B) Cells were stimulated for 3 h before RNA extraction and investigation by qPCR. Data are presented as mean 
± SEM normalized to WT Trp+ Ctrl of three independent experiments, respectively (n = 3). *p ≤ 0.05; **p ≤ 0.01 

As expected, DMXAA-stimulated Atg16l1 KO cells exhibited an increase in both pSTING and pTBK1 

compared to WT controls even under Trp starvation conditions (Figure 3.17A). This, however, is not 

reflected by increased Cxcl10 expression. Interestingly, even Atg16l1 KO cells cultured with Trp had a 

decreased Cxcl10 response compared to WT cells (Figure 3.17B). 

The dependence of Trp starvation-mediated STING decrease on autophagy was further investigated 

by inhibiting the GCN2 pathway to prevent sensing of the Trp shortage. Therefore, cells were 

transfected with siRNA against Eif2αk4 (gene encoding GCN2) and 24 h later starved of Trp. Additional 

24 h later, cells were stimulated with DMXAA (Figure 3.18). 
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Figure 3.18 Trp starvation-induced STING loss is independent of Gcn2-mediated autophagy 
(A) ModeK WT cells were transfected with siRNA against Eif2ak4 for 24 h. The medium was changed to +/- Trp 
and 24 h later, cells were stimulated with DMXAA [100 µg/mL] for 3 h and then harvested for RNA extraction. 
(B) Cells were treated as depicted in (A) and analyzed by qPCR for target gene expression. Data are presented as 
mean ± SEM normalized to Trp+ Ctrl of three independent experiments (n = 3). *p ≤ 0.05; **p ≤ 0.01  

The successful KD of Ei2fak4 was confirmed by qPCR analysis. The abrogated GCN2 pathway did not 

rescue Cxcl10 induction upon DMXAA treatment in cells cultured without Trp (Figure 3.18). 

 

3.10 Trp starvation does not affect STING via ER stress 

Several publications have reported on an effect of oxidative stress on STING that includes post-

translational modifications rendering STING unfunctional (Jia et al., 2020; Zamorano Cuervo et al., 

2021). It was thus speculated that Trp starvation may induce cellular stress that impacts on STING. 

First, the potential upregulation of stress markers upon Trp starvation was determined by qPCR. The 

impact of stress on the Trp pathway was further investigated by using iXBP1 cells as a model of chronic 

ER stress that further enables translational research given that XBP1 variants have been associated 

with human IBD (Kaser et al., 2008). The demand for Trp by stressed cells was assessed by measuring 

the Trp consumption rate in cell supernatants (Figure 3.19). 
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Figure 3.19 Cellular stress and Trp starvation positively correlate 
(A) ModeK WT cells were cultured without Trp for 24 h and then analyzed by qPCR. Data are presented as mean 
± SEM normalized to Trp+ Ctrl of four independent experiments, respectively (n = 4). *p ≤ 0.05; **p ≤ 0.01. 
(B) ModeK iCtrl and iXBP1 cells were treated with tunicamycin (TM) or IFNγ for 24 h. The Trp CORE in the cell 
culture supernatants were determined by GC-MS. Data are presented as mean ± SEM of three independent 
experiments (n = 3). *p ≤ 0.05, **p ≤ 0.01, ***p ≤0.001. Data were obtained in collaboration with Dr. Björn 
Becker (LIH, Luxembourg). 

Trp starvation led to an increase in the stress marker Atf4 in WT cells (Figure 3.19A). Induction of cellular 

stress by tunicamycin (TM) treatment or XBP1 deficiency led to an increased Trp consumption rate 

(Figure 3.19B). 

 

Figure 3.20 ER-stressed cells are more sensitive to Trp reduction 

ModeK iCtrl and iXBP1 cells were cultured with various Trp concentrations [78 – 0 µM] for 24 h and then 
analyzed by WB. 
Image is representative of three independent experiments (n = 3). 

Chronically stressed iXBP1 cells had reduced STING protein levels compared to iCtrl cells under baseline 

conditions. They also seemed to be more sensitive to Trp reduction as they started to lose STING when 

Trp was reduced to 10 µM, whereas the decrease in control cells is only visible when cultured with 1 

µM Trp or lower (Figure 3.20).  
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The functional response of the STING pathway to DMXAA stimulation was assessed in both iCtrl and 

iXBP1 cells cultured with or without Trp (Figure 3.21) 

 

Figure 3.21 ER-stressed cells are more sensitive to Trp starvation 
After depriving ModeK iCtrl and iXBP1 cells for Trp for 24, they were stimulated with DMXAA [100 µg/mL]. 
(A) After a stimulation time of 2 h, cells were lysed and analyzed by WB. Image is representative of three 
independent experiments (n = 3). 
(B) Cells were stimulated for 3 h before RNA extraction and investigation by qPCR. Data are presented as mean 
± SEM normalized to iCtrl Trp+ of three independent experiments (n = 3). 

ModeK iXBP1 cells had lower STING levels than iCtrl cells under Trp-containing conditions, and even 

lower under Trp starvation conditions. Likewise, their ability to phosphorylate TBK1 was reduced as 

well. However, Cxcl10 expression in iXBP1 cells in response to DMXAA treatment differed only slightly 

from controls (Figure 3.21).  

Since there is an association between Trp and intracellular stress, it was speculated that Trp starvation 

may lead to an increase in reactive oxygen species (ROS) which then impairs STING response. 

Therefore, the ROS scavenger NAC was used to rescue a potential induction of oxidative stress (Figure 

3.22). 
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Figure 3.22 The impaired STING response under Trp starvation is independent of oxidative stress 
ModeK iCtrl and iXBP1 cells were cultured with or without Trp and supplemented with 5 mM NAC for 24 h.  
Cells were then stimulated with 100 µg/mL DMXAA and additional 5 mM NAC for (C) 2 h or (D) 3 h. 
(A) Experimental setup. 
(B) Image is representative of two independent experiments (n = 2). 
(C) Image is representative of three independent experiments (n = 3). 
(D) Data are presented as mean ± SEM normalized to iCtrl Trp+ of three independent experiment with three 
technical replicates (n = 3). 

NAC addition to either Trp-containing or non-containing medium influenced STING in neither iCtrl nor 

iXBP1 cell lines (Figure 3.22B). Neither was NAC supplementation able to significantly change DMXAA-

induced STING response as shown by both WB and qPCR analysis (Figure 3.22C+D). 

It is important to mention that NAC supplementation led to a drastically increased cell death in iXBP1 

cells as observed under the microscope (Figure 3.23). 
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Figure 3.23 NAC supplementation increased the cell death in Trp-starved iXBP1 cells 
ModeK iCtrl and iXBP1 cells were supplemented with 5 mM NAC at the onset of Trp starvation, and once more 
after 24 h together with DMXAA treatment as shown in Fig. 3.22A. Only DMXAA-negative controls are shown. 
Pictures were taken with a light microscope at 100x magnification. 

This indicates that NAC supplementation does not provide benefit to stressed, Trp-starved cells. 

 

3.11 Trp starvation decreases Tmem173 mRNA levels 

It remains to be investigated whether Trp starvation influences STING on the transcriptional, 

translational, or post-translational level. Therefore, the Tmem173 mRNA expression pattern was 

analyzed under Trp starvation compared to the control condition. 
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Figure 3.24 Trp starvation impacts on Tmem173 mRNA levels 
(A) Tmem173 mRNA expression was determined in ModeK WT cells cultured with or without Trp for 24 h and 
subsequently stimulated with DMXAA for 3 h [100 µg/mL]. Data are presented as mean ± SEM normalized to 
Trp+ Ctrl of five independent experiments (n = 5). 
(B) ModeK WT cells were starved of Trp for 24 h and then analyzed by qPCR for c-myc expression. Data are 
presented as mean ± SEM normalized to Trp+ Ctrl of two independent experiments (n = 2). 
 

Trp deprivation significantly decreased Tmem173 mRNA levels compared to the control (Figure 3.24). 

It has been reported that cellular Myc (c-myc) overexpression can increase STING (Wang et al., 2016), 

thus, c-myc expression was analyzed under Trp starvation. However, cells starved of Trp increased c-

myc expression and yet decreased STING at both mRNA and protein level (Figure 3.24). 

Another factor known to negatively influence Tmem173 RNA is the nuclear factor erythroid 2-related 

factor 2 (Nrf2) (Olagnier et al., 2018), which is a transcription factor with outmost importance in 

regulating the oxidative stress response (Olagnier et al., 2018; Sun et al., 2020). Since the oxidative 

stress comprises many pathways and molecules, NAC as added in previous experiments may only 

provide rescue under specific conditions. Thus, the Nrf2 pathway was investigated to test whether Trp 

starvation induces STING decrease by influencing Tmem173 mRNA stability via Nrf2. To do so, WT cells 

were first transfected with siRNA against Nfe2l2 (gene encoding Nrf2) and 24 h later starved of Trp. 

After another 24 h, cells were stimulated with DMXAA and then analyzed by qPCR (Figure 3.25). 
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Figure 3.25 Trp starvation does not impair STING response via engaging Nrf2 pathway 
ModeK WT cells were first transfected with Nfe2l2 siRNA for 24 h, then starved of Trp for 24 h, and 
subsequently stimulated with DMXAA for 3 h to then be analyzed for gene expression. 
(A) Experimental setup. 
(B) qPCR data are represented as mean ± SEM normalized to Ctrl Trp+ of two independent experiments, each 
with three technical replicates (n = 2). 

The successful KD of Nrf2 was confirmed by gene expression analysis of both Nfe2l2 and the Nrf2-

responsive gene glutamate-cysteine ligase modifier subunit (Gclm). Unexpectedly, abrogation of Nrf2 

pathway also impaired Cxcl10 induction upon DMXAA treatment in Trp-containing cells and in this way 

also abolished the STING response in Trp-lacking cells (Figure 3.25). It will be intriguing to investigate 

the influence of other transcription factors on Tmem173 under Trp starvation. 
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3.12 Trp starvation requires protein translation for STING degradation 

Next, cycloheximide (CHX) treatment was used, which blocks the translation of proteins, to further 

shed light on the level at which Trp starvation affects STING (Figure 3.26).  

 

Figure 3.26 Trp starvation requires protein translation for STING degradation 

(A) ModeK WT cells were cultured in either Trp-containing or non-containing medium and simultaneously 
treated with 50 µg/mL CHX for 24 h. Image is representative of three independent experiments (n = 3). 

CHX treatment successfully blocked protein translation as indicated by the loss of c-myc and LC3-I. 

STING was still detectable after 24 h treatment with CHX indicating that STING features a long half-life 

time. Interestingly, CHX reversed the Trp starvation-induced loss of STING (Figure 3.26). Together, 

these findings strongly support the idea that Trp starvation leads to the synthesis of a factor which is 

required for STING degradation. 
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4. Discussion 

4.1 Trp levels are decreased in the inflamed intestinal epithelium 

The study by Nikolaus et al. (2017) found that serum Trp levels negatively correlated with both the 

inflammatory status and disease activity of IBD patients, and low serum Trp seemed to be a potential 

biomarker to indicate the need for surgery. The Kyn/Trp ratio is increased in IBD compared to the 

control, and line with this, the expression of IDO1 was upregulated in biopsies of active disease patients 

compared to healthy controls and points towards an increased Trp catabolism. Further downstream, 

the metabolite QA was increased in both UC and CD, whereas both picolinic acid (PIC) and kynurenic 

acid (KYA) were diminished in CD only. Significant differences in the dietary intake of Trp between 

inactive and active disease patients were excluded, but the reduced expression of the transporter 

solute carrier family 6 member 19/system B(0) neutral amino acid transporter 1 (SLC6A19/BOAT1) may 

hint at an impaired intestinal absorption of Trp (Nikolaus et al., 2017). 

The fecal metabolite composition was investigated by Bosch et al. (2018) who have analyzed the AA 

contents of pediatric IBD patients compared to healthy controls regarding their informative value as 

diagnostic biomarkers. The IBD patients featured elevated levels of Trp, Phe, leucine, Tyr, valine, and 

histidine. These AAs correlated with IBD diagnosis to some extent, but not with disease activity. Their 

observation that UC patients had higher fecal AA levels than CD patients, made it possible to 

hypothesize that colonic leakage may play a bigger role in the AA loss than an impaired uptake in the 

SI (Bosch et al., 2018).  

While the previously mentioned reports have focused on measuring serum or stool Trp levels, it 

remained unclear whether the availability of Trp is also altered in the intestinal mucosa itself. This 

question was addressed by an analysis of transcriptomic data from two different cohorts of IBD 

patients and controls (Zeissig et al., 2019; Schreiber et al., 2021). Upregulation of WARS1 transcription, 

the gene encoding tryptophanyl-tRNA synthase, was taken as a proxy for low mucosal Trp levels. 

Indeed, WARS1 expression of the intestinal mucosa was upregulated in active IBD patients and also 

negatively correlated with serum Trp levels, indicating that the intestinal mucosa experiences a drop 

in Trp as well (Figure 3.1).  
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4.2 Trp starvation sensitizes cells to NF-kB activation 

The hypothesis was raised that a reduction in mucosal Trp leads to an immunocompromised state in 

which the increased microbial burden cannot be cleared and thus resolution of inflammation cannot 

be initiated. In order to get an insight into the underlying mechanisms, it is necessary to translate the 

clinical findings into an in vitro model. Therefore, a cell culture model was established in which the 

murine SI cell line ModeK was cultured in specific Trp-lacking or Trp-containing control medium (Figure 

3.2).  

The general correlation of reduced Trp levels and an increased inflammatory state tempted to screen 

the cellular response to different immunologic stimuli after Trp starvation. The cells cultured without 

Trp for 24 h showed a markedly increased response to both LPS and IL-1β compared to control cells as 

Cxcl10, Cxcl1, and IL-6 mRNA expressions increased (Figure 3.3). WB analysis of pIκBα confirmed the 

activation of NF-κB (Figure 3.3G). 

Trp starvation significantly upregulated IL-6 transcripts in response to IL-1β and, although not 

significant, did so even without additional stimulation (Figure 3.3). A relationship between Trp and IL-

6 was already observed in 1993 when Maes and colleagues described that patients with major 

depressions were found to have reduced Trp plasma levels compared to healthy control subjects, 

similar to the aforementioned negative correlation of serum Trp to IBD disease activity, and Trp further 

negatively correlated with IL-6 levels. IL-6, which is increased upon NF-κB activation, can induce IDO1 

via the JAK/STAT pathway to catabolize Trp to Kyn and in this way may also reduce 5-HT levels. Kyn, in 

turn, can cross the blood-brain barrier (BBB) where it can be further metabolized to KYA and QA both 

of which are known for their neuroregulatory functions. Thus, it is tempting to speculate that the 

reduction in Trp stems from an increased Trp turnover under this inflammatory condition (Maes et al., 

1993; Anderson et al., 2013). However, a diet containing half of the Trp concentration than 

recommended led to an upregulation of both IL-6 and IL-1α in aged mice (Yusufu et al., 2021). This 

challenges the hypothesis of an overactivated Trp metabolism and again fuels the discussion whether 

Trp deprivation is a cause or consequence of inflammation.  

Current research mainly focuses on Trp supplementation rather than starvation, which may be 

compared to the present study as a logical reverse. While the results presented here show a 

potentiated NF-κB activation upon Trp deprivation, other studies reported that Trp supplementation 

alleviated LPS-induced inflammation. In an investigation, rats were fed a diet supplemented with either 

0 %, 0.2 %, or 0.4 % Trp for 35 days and were then intraperitoneally injected with 100 µg/kg LPS and 

slaughtered 4 h later. Analysis of the ileal tissue revealed that 0.2 % or 0.4 % Trp supplementation was 

able to decrease the concentrations of the LPS-induced inflammatory cytokines TNF-α, IL-1β, IL-6, and 

IL-8, and increased IL-10 concentration. As Trp and some of its derivatives have been attributed with 
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antioxidant properties, they further investigated the expression of ER stress markers and apoptosis-

related genes. Trp supplementation led to a decrease of GRP78, ATF6, caspase-1 and -3, and NLR family 

pyrin domain containing 3 (NLRP3) expression in response to LPS challenge compared to LPS-injected 

without additional Trp (Liu et al., 2022). In another study, mice were fed 200 mg/kg Trp for a period of 

14 days and were subsequently intraperitoneally injected with 10 mg/kg LPS for 6 h. Both the 

inflammation and its associated damage was alleviated in the Trp-receiving group compared to the 

control. Mechanistically, cells isolated from a pig’s jejunum required functional calcium-sensing 

receptor (CaSR) activation to induce β-defensin expression in response to Trp supplementation. This 

regulation was mediated via the AMP-activated protein kinase (AMPK) and JNK pathways by the Trp 

metabolites Kyn and 5-HT; and Trp supplementation also led to a decrease in NF-κB pathway activity 

(Gao et al., 2021). This is in agreement with a previous investigation that used a Caco2 cell monolayer 

model incubated with different Trp concentrations and also induced epithelial damage via LPS 

treatment. LPS downregulated the expression of the tight junction proteins claudin-1, occludin, and 

zonula occludens-1 (ZO-1), but upregulated NF-κB expression. While the high Trp concentration [80 

µM] could not rescue LPS-mediated inflammatory damage, low [20 µM] and medium [40 µM] 

concentrations of Trp successfully ameliorated the barrier integrity as they inhibited the NF-κB 

pathway but activated the ERK1/2-MAP pathway. All Trp concentrations tested restored claudin-1 

expression levels (Chen et al., 2019). 

Further research is required to determine whether the elevated NF-κB response under Trp starvation 

would alleviate or exacerbate colitis since the activation of NF-κB plays a dual role in inflammation. A 

study on murine colitis demonstrated that the effect of NF-κB activation is dependent on the timing 

and cell type. Whereas the inhibition of epithelial NF-κB activation did not influence the severity of 

chronic inflammation, it was detrimental in acute DSS-mediated inflammation (Eckmann et al., 2008). 

Moreover, the occurrence of spontaneous colitis in IL-10 KO mice as a model of chronic colitis showed 

opposing roles of NF-κB in myeloid cells and in IECs: the deletion of IKKβ in myeloid cells, but not in 

IECs, alleviated inflammation. NF-κB might mediate its protective effects via protection against 

apoptosis and presumably via increasing the amount of infiltrating immune cells and the consequent 

secretion of mediators of barrier protection and tissue healing (Eckmann et al., 2008). These results 

highlight the dual function of the NF-κB pathway in the gut mucosa where it contributes to both 

inflammation and mucosal healing. Therefore, careful evaluation of the circumstances is necessary 

prior to targeting the NF-κB pathway in the treatment of IBD. 
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4.3 Trp starvation impairs the cGAS/STING response 

The immunocompetence of Trp-starved cells was assessed by IFN stimulation, which showed that, 

compared to controls, the response of Trp-starved cells to IFNs is compromised as Cxcl10 levels were 

reduced (Figure 3.4). A pathway that leads to the production of IFN I is the cGAS/STING pathway, thus, 

it was tempting to specifically investigate the impact of Trp starvation on STING. Moreover, while it is 

known that activation of the cGAS/STING pathway can engage IDO to promote tolerance to the 

commensals (Chen et al., 2016), information on how Trp, in turn, influences the STING pathway is 

scarce. 

ModeK WT cells and murine SI organoids both experienced a striking reduction in STING levels when 

cultured with either low or no Trp, whereas TBK1 levels remained unchanged (Figure 3.5). The 

advantage of intestinal organoids is that they provide a tool to investigate the mixture of differentiated 

cell types including enterocytes, goblet cells, Paneth cells, and enteroendocrine cells (Bartfeld, 2016). 

In future experiments, it may be interesting to differentiate organoids towards a specific cell type to 

allow for a more detailed investigation of the significance of Trp for the STING pathway. Since both 

ModeK cells and organoids exhibited the same phenotype, the mechanism by which Trp starvation 

affects STING is likely to be rather generally valid in the murine intestinal tissue. Possible mechanisms 

may comprise an activation of STING together with the failure to replenish its levels, degradation of 

STING as a recycling approach to generate energy and protein building blocks, or a rather direct 

inhibition of STING by either acting on the transcriptional or translational level. 

For instance, starvation of arginine has been shown to trigger cGAS/STING activation in a prostate 

cancer cell line. Here, arginine starvation induced a leakage of nuclear DNA into the cytosol because 

of impaired OXPHOS, which led to increased ROS levels and genomic damage. Arginine starvation 

suppressed DNA repair enzymes and triggered excessive autophagy. Increased removal of broken 

nuclear membranes and elevated leakage of nuclear DNA led to an activation of the cGAS/STING 

pathway (Hsu et al., 2021). It was thus hypothesized that Trp starvation may activate STING by a similar 

mechanism. The enzyme TBK1 is responsible for STING phosphorylation leading to STING activation 

and its degradation soon after (Chen et al., 2016). The reduction of STING in response to Trp starvation, 

however, was independent of TBK1 (Figure 3.6). The functional response under Trp starvation will be 

discussed next to determine the relevance of the STING decrease. 

The loss of STING raises the hypothesis that cells lacking Trp are immunocompromised. Therefore, the 

functional response of STING to DMXAA was assessed next. The flavonoid DMXAA is a direct agonist 

of murine STING only (Wu et al., 2020). Indeed, the ability of Trp-deprived cells to phosphorylate both 

STING and TBK1, and to mount a Cxcl10 or Ifnβ response upon DMXAA stimulation was compromised 

(Figure 3.7). The effect of DMXAA was validated by activating STING with cGAMP transfection, whereby 
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2’3’-cGAMP represents the second messenger endogenously generated by cGAS and 3’3’-cGAMP is of 

exogenous source such as bacteria (Wu et al., 2020). Additionally, cells were transfected with dsDNA 

that will be processed by cGAS and is thus suitable to investigate the whole cGAS/STING pathway (Wu 

et al., 2020). Consistently, Trp starvation led to an impaired STING response when stimulated with 

either dsDNA, 2’3’ cGAMP, or 3’3’ cGAMP (Figure 3.8). 

It remains to be investigated whether a reduction in both Trp and STING correlate in a multicellular 

organism. As opposed to our experimental setup, the supplementation of Trp or its metabolites has 

been investigated in murine colitis models. The administration of Trp was shown to alleviate DSS colitis 

in mice via signaling through AhR (Islam et al., 2017), and administration of Kyn to 2,4,6-

trinitrobenzene sulfonic acid (TNBS)-challenged mice upregulated the Treg population and thereby 

repressed inflammation (Tashita et al., 2020). In DSS-challenged piglets, Trp supplementation has 

markedly reduced the induction of the pro-inflammatory cytokines IFN-γ, TNF-α, IL-1β, and IL-6 and 

thereby reduced inflammation (Kim et al., 2010). It is thus tempting to speculate that Trp starvation in 

turn would exacerbate colitis. In line with this, Hashimoto et al. (2012) have shown that a Trp-free diet 

fed to mice led to an enhanced susceptibility to DSS colitis without elucidating the exact mechanism. 

On the one hand, the loss of STING may be harmful as Tmem173 KO in mice resulted in enhanced 

susceptibility to DSS colitis. On the other hand, Tmem173 and IL-10 double KO resulted in protection 

against exacerbated inflammation (Ahn et al., 2017). Considering the augmented NF-κB response of 

Trp-deprived cells, it will be intriguing to perform infection experiments with different types of 

pathogens in order to understand the impact of Trp starvation on the immunocompetence. The 

comparison of Trp-starved mice to STINGΔIEC mice could reveal whether Trp starvation mediates its 

effects mainly via impairing STING. Little is known about the crosstalk between the TLR4 and 

cGAS/STING pathways, but it was reported that STING activation primed bone marrow-derived 

dendritic cells (BMDCs) to enhance IFN response after LPS treatment (Tesser et al., 2021). In contrast, 

STING inhibition in BMDCs or Tmem173 KO in bone marrow-derived macrophages (BMDMs) did not 

affect the response to LPS, suggesting that the two pathways synergize on the TBK1 level which, 

however, does not depend on STING (Ishikawa and Barber, 2008; Tesser et al., 2021). 

Some bacteria are Trp auxotrophs (Agus et al., 2018; Palego et al., 2016) and in this way will not be 

affected by Trp shortage itself, but rather by the metabolites arising from an increased Trp catabolism. 

As such, augmented IDO activity was found to inhibit the growth of Toxoplasma gondii via Kyn-induced 

apoptosis (Pfefferkorn, 1984; Majumdar et al., 2019). On the other hand, IDO induction via cGAS/STING 

in dendritic cells (DCs) can also promote tolerogenic responses of Tregs depending on the 

circumstances (Huang et al., 2013). Moreover, the intracellular pathogen Listeria monocytogenes even 

uses the IFN response to favor its growth. Mice with an abrogated IFN response were less susceptible 
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to L. monocytogenes infection (Auerbuch et al., 2004; O`Connell et al., 2004), whereas IFNs are known 

to be essential to fight viral infections (Decker et al., 2002). Thus, the concrete consequence elicited 

by Trp starvation is likely dependent on the type of prevailing pathogen as well as the duration of the 

infection. Given this importance of both Trp and cGAS/STING in IBD, further experiments were 

conducted to shed light on the underlying mechanism by which Trp affects STING.  
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4.4 Replenishing Trp restores STING after starvation 

With regard to a clinical phenotype, it was important to assess whether the effect of Trp starvation on 

STING was reversible or irreversible. Restoring Trp availability for uptake after its starvation 

reconstituted the STING expression (Figure 3.9), indicating that the phenotype is reversible.   

Next, the contribution of Trp versus its derivatives on STING protein levels was assessed. Trp 

metabolites have become a great focus of attention in different settings. The commonly accepted 

depletion hypothesis during infection had to be revised since prokaryotes are capable of Trp synthesis, 

therefore Trp depletion alone is unlikely to protect against pathogens. Indeed, it is more likely that the 

formed Kyn metabolites and NAD+ confer protection against pathogens (Badawy, 2017). Although the 

classification of metabolites into either protective or toxic for the cell is not straight-forward but rather 

depends on the dose, general associations have been made. Particularly the AhR ligands, including Kyn, 

KYA, xanthurenic acid, and cinnabarinic acid, are known to modulate inflammatory reactions towards 

induction of resolution or immune tolerance. KYA further exerts antioxidant functions and PIC as well 

features immunomodulatory properties via chelating metals such as Cu, Ni, and Pb. On the contrary, 

the metabolites 3-HK, 3-hydroxyanthranillic acid (3-HAA), and QA can generate ROS and thus have 

been attributed to elicit damaging effects. The final metabolite NAD+ is key to mitochondrial ATP 

production and thus cell viability (Török et al., 2020; Tanaka et al., 2021).  

The addition of L-Kyn [50 µM] to Trp-depleted medium did not maintain STING levels as compared to 

dimethyl sulfoxide (DMSO) controls, and supplementation of L-Kyn to Trp-containing control medium 

also did not affect STING protein levels as detected with WB (Figure 3.10). This leads to the conclusion 

that Trp itself rather than its Kyn derivatives is required for the cell to maintain STING expression. 

These results match the expectation because enterocytes do not metabolize Trp along the KP under 

basal conditions as IDO only is induced in inflammatory settings (Badawy, 2017). Nevertheless, it was 

important to exclude the contribution of Kyn in this setting to keep the focus on Trp. 
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4.5 Trp starvation does not affect cellular ATP levels  

Metabolic remodeling has been extensively investigated in the field of cancer research (Eleftheriadis 

et al., 2014). With regard to starvation studies, cancer cells deprived of serine were found to have 

suppressed aerobic glycolysis activity along with an increased flux to the TCA cycle and consequently 

reduced ATP levels. Nevertheless, cell survival was assured by activation of tumor protein (p53) and 

arrest in the G1 cell cycle (Maddocks et al., 2013). Therefore, when studying immunocompromised 

settings and/or starvation, it is of outmost importance to assess the metabolic state and in particular 

the energy state of the cell to exclude indirect effects arising from a general lack of energy. The 

metabolic activity and the energy levels of Trp-starved cells compared to the control were measured 

by means of a [U-13C] glucose tracing (Figures 3.11-3.13). When interpreting the tracing data, it is 

important to keep in mind that the starvation and tracing was performed simultaneously for a duration 

of 24 h, whereas in most other applications a pre-starvation of 24 h was performed. Trp-deprived cells 

did not show elevated lactate labeling (Figure 3.11G) which means that Trp starvation does not lead 

to a Warburg effect. The labeling of pyruvate was slightly reduced in Trp-deprived cells compared to 

controls, as well as of the TCA cycle intermediates citrate, α-KG, succinate, and malate. Consequently, 

TCA cycle activity was found to be reduced under Trp starvation (Figure 3.12), which indicates that the 

cell may exhibit less recourses to generate ATP. Thus, the relative ATP labeling was measured to assess 

the overall energy state of the cell, showing that cells lacking Trp did not exhibit reduced AMP, ADP, 

or ATP labeling (Figure 3.13). MTS assay results indicated that both the mitochondrial activity and cell 

proliferation were reduced under Trp starvation (Figure 3.2B). Taken together, it is plausible that 

ModeK cells lacking Trp enter the quiescent cell cycle state and therefore require less ATP, whereas 

cells with Trp available for uptake keep on proliferating. This leads to the assumption that decreased 

ATP consumption balances out a possibly decreased ATP synthesis so that the overall energy state may 

remain equal between the two groups.  

The role of Trp in metabolism has so far been addressed indirectly by focusing on the effect of IDO. In 

mixed-lymphocyte reactions of T cells, activated IDO engaged GCN2 and p53 to decrease glycolysis and 

further led to a cell cycle arrest mediated by p21. This may ensure optimal ATP generation despite the 

lack of Trp as the reduced levels of pyruvate are shuttled into the TCA cycle rather than being converted 

to lactate. IDO further blocked the synthesis of lipids and AAs, and thus inhibited the synthesis of 

molecules important for cell proliferation to save energy (Eleftheriadis et al., 2014). Nevertheless, the 

IDO-induced Trp deprivation is not directly comparable to the model presented in this project that 

uses Trp-free cell culture medium in which IDO is not activated. Despite the differences in cell types 

and methods, this study agrees with our hypothesis that Trp starvation leads to a proliferation arrest 

and the therefore reduced energy demand balances out a possibly decreased energy generation. It will 
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nevertheless be worthwhile to determine mitochondrial ATP production in cells cultured in the 

absence or presence of Trp to shed light on the impact of Trp starvation on mitochondrial homeostasis. 

Whereas most research on intracellular Trp has concentrated on the cytoplasmic Trp levels, little is 

known about the free Trp concentrations inside the mitochondria and to what extent these levels are 

reduced under Trp starvation. However, Trp depletion caused by IFNγ-induced IDO1 activity was 

shown to only upregulate the cytoplasmic WARS1 expression without influencing WARS2 which binds 

mitochondrial tRNATrp (Adam et al., 2018). 

The energy state of Trp-deprived cells was again verified indirectly with NAM supplementation, which 

is a precursor of NAD+. On top of serving as a signaling molecule, NAD+ as the final metabolite of the 

KP also generates energy for the cell (Navarro et al., 2021). Even though the amount of NAM 

synthesized in IECs at baseline may be scarce, NAM supplementation to Trp-lacking cells may generate 

an insight into the cellular energy state. As expected from ATP labeling, NAM supplementation did not 

restore STING levels in Trp-starved cells. NAM treatment even impaired the Cxcl10 expression in 

response to DMXAA in Trp-containing cells (Figure 3.14), conforming with previous publications. In a 

study on whole human blood stimulated with endotoxin [1 ng/mL] (the concentration represents 

septic patients), supplementation with NAM inhibited the cytokine response in a dose-dependent 

manner. NAM at 40 mmol/L nearly completely abolished the secretion of the pro-inflammatory 

cytokines IL-1β, IL-6, and TNFα, and, to a lesser extent, IL-8 (Ungerstedt et al., 2003). The connection 

between NAD+ and the cGAS/STING pathway has been investigated in a mouse model of Alzheimer`s 

disease (AD). The APP/PS1 mutant transgenic mice had elevated levels of cytoplasmic DNA which were 

reduced after nicotinamide riboside (NR) treatment, a precursor of NAD+. NR likely exerted its 

protective functions via induction of mitophagy and via improving double-strand break repair 

mechanisms. This, in turn, also decreased the activation of the cGAS/STING pathway. Furthermore, NR 

also reduced STING protein levels in 12 months old AD mice (Hou et al., 2021). This finding confirms 

the results presented in this project showing that both the lack of Trp and the Trp metabolite NAD+ 

have suppressive functions on the cGAS/SITNG pathway. The correction of the cellular energy state 

during Trp starvation therefore requires supplementation with another energy source. These findings 

indicate that analyzing the energy state of Trp-starved cells is complex and may require additional 

approaches other than supplementing NAD+ precursors due to the ambivalent effects of NAD+ in the 

setting. 
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4.6 Inhibition of autophagy does not restore STING levels under Trp starvation 

AA depletion is sensed via GCN2, a protein crucially involved in coordinating the integrated stress 

response. Activation of this pathway results in a global translational arrest after phosphorylation of 

eIF2α, and induction of autophagy (Wek et al., 1989; Dever et al., 1992; Wek et al., 1995).  

Since STING is regularly degraded by autophagy after its activation (Saitoh et al., 2009; Prabakaran et 

al., 2018), it was hypothesized that the induction of autophagy in response to AA depletion leads to 

STING degradation. First, the effects of autophagy induction by different stimuli were compared to 

assess whether STING loss is a general phenomenon mediated by excessive autophagy. Surprisingly, 

only Trp starvation lowered STING protein levels, as neither complete starvation in HBSS nor rapamycin 

treatment had a significant effect on STING and serum starvation even led to an increase in STING 

(Figure 3.15). It therefore is possible that the decrease in STING is not a general mechanism elicited by 

the cell to either save energy or to recycle protein building blocks, but rather a direct process 

specifically induced by Trp starvation. To further study whether the Trp starvation-mediated STING 

loss is dependent on autophagy, we created a KO of the CD risk gene Atg16l1 in ModeK cells using a 

CRISPR/Cas9-based system. 

Atg16l1 KO ModeK cells exhibited strikingly elevated STING levels at baseline conditions compared to 

WT controls, presumably because STING turnover by autophagy is inhibited. However, even though 

STING accumulated when Trp was available for uptake, Atg16l1 KO cells also showed lower STING 

levels when cultured without Trp (Figure 3.16). In order to investigate the functionality of the 

accumulated STING, we stimulated cells with DMXAA in the presence and absence of Trp. Interestingly, 

although Atg16l1 KO cells responded to DMXAA stimulation with markedly higher pSTING and pTBK1 

levels than WT cells, this was not reflected in Cxcl10 mRNA levels. The cytokine response of Atg16l1 

KO cells compared to WT control cells was reduced when cells were cultured either in Trp-containing 

or Trp-free medium (Figure 3.17). This raises the assumption that Atg16l1 may regulate the cytokine 

production downstream of TBK1 activation, and in the future, it will be interesting to further measure 

IRF3 activation. However, it seems as if Trp starvation does not engage the autophagic machinery to 

lower STING levels.  

Autophagy-deficient mouse models have already been exploited, and although these mice have been 

more susceptible to DSS colitis, signs of spontaneous inflammation only occurred when both 

autophagy and the UPR were impaired in IECs (Haq et al., 2019). In line with this, boosting the 

autophagic response with pharmaceuticals such as rapamycin was shown to be beneficial in murine 

colitis (Haq et al., 2019). Other previous studies found autophagy-deficient IECs to be unaffected 

during steady state, but TNF-α treatment led to increased cell death, suggesting that autophagy 

protects against exacerbated inflammatory cell damage (Haq et al., 2019). In accordance, when 
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macrophages were treated with LPS, Atg16l1 deficiency led to increased IL-1β production compared 

to autophagy-competent controls. Likewise, a hematopoietic KO of Atg16l1 rendered mice more 

susceptible to DSS-induced colitis owing to the elevated inflammatory state which could be alleviated 

by anti-IL-1β and anti-IL-18 antibody injection (Saitoh et al., 2008). The stimulation of Atg16l1∆IEC 

intestinal organoids with IL-22 augmented the IFN-I response via cGAS-STING-mediated sensing of 

dsDNA. This upregulation, however, was independent of STING levels as these were equally elevated 

in both Atg16l1∆IEC and Atg16l1fl/fl organoids upon IL-22 stimulation (Aden et al., 2018). In contrast, 

direct dsDNA stimulation of Atg16l1-deficient murine embryonic fibroblasts (MEFs) did not affect Ifnβ 

production (Saitoh et al., 2009). Interestingly, the autophagic protein Atg9a was found to co-localize 

with STING after its activation by dsDNA in MEFs. Although loss of Atg9a did not influence the 

translocation of activated STING from the ER to the Golgi apparatus, the assembly of STING with TBK1 

was markedly promoted which in turn resulted in augmented IRF3 phosphorylation and the 

subsequent transcription of the inflammatory mediators Ifnβ, IL-6, and Cxcl10 (Saitoh et al., 2009).  

This highlights how closely the STING pathway and the autophagic machinery are interrelated, hence, 

the involvement other autophagy-related proteins was tested. GCN2 was already shown to modulate 

intestinal inflammation (Ravindran et al., 2016), and a lack of the sensor GCN2 should abrogate the 

induction of autophagy resulting from AA depletion. However, repressing the GCN2 pathway by 

knocking down eukaryotic translation initiation factor 2 α kinase 4 (Eif2αk4) (encoding GCN2), did not 

restore DMXAA-mediated STING activation in Trp-deprived cells (Figure 3.18). This was surprising as 

GCN2-dependent sensing of AA deprivation has previously been shown to suppress inflammation in 

DSS-challenged mice on a low protein diet. Here, the protective effect was in part due to an impaired 

TH17 response without affecting the TH1 response and was dependent on ROS scavenging and 

autophagy (Ravindran et al., 2016). Reasons for this difference might be due to the duration of AA 

deprivation, and in the obvious inequality of the model complexity. 

To sum it up, autophagy is unlikely to be the main mechanism by which Trp starvation leads to 

decreased STING protein levels, as a KO of neither Atg16l1, nor Eif2αk4 could rescue the phenotype. 

Nevertheless, the KO of Eif2αk4 also led to an increase in ROS in the study of Ravindran et al. (2016), 

leaving open the opportunity that increased ROS has impacted on STING in the present study. Indeed, 

the negative influence of oxidative stress on the STING pathway has been described previously 

(Zamorano Cuervo et al., 2021), and the correlation between Trp and cellular stress will be discussed 

next. 
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4.7 Trp starvation affects STING independent of oxidative stress  

ROS refers to a diverse group of reactive molecules and comprise O2
-, H2O2, O, O3, hypohalous acids, 

and organic peroxides. The many cell functions they influence range from ageing, over cell death, to 

inflammation, whereby they can be both enhancing and alleviative. They are also produced under 

steady state from different sources as they are fundamental to cell signaling and feature an atomic 

specificity as they bind to atomic targets in macromolecules which allows for influencing many 

pathways simultaneously. ROS also participate in activating transcription. During intestinal 

inflammation, ROS can arise in high amounts and, on one hand, restrict microbial invasion, but on the 

other hand damage the epithelium. Low levels of ROS, instead, can suppress inflammation via 

preventing NF-κB activation. The clinical importance of ROS is highlighted by the fact that ROS are 

either produced or scavenged by many medical drugs (Nathan and Cunningham-Bussel, 2013; Gusarov 

et al., 2021).  

Oxidative damage can also impact on the cGAS/STING pathway as it can lead to oxidative 

posttranslational modifications of STING. Whereas reversible oxidation of human STING Cys148 takes 

place under basal conditions but is required for subsequent 2’3’-cGAMP binding, oxidative stress or 

2’3’-cGAMP stimulation of human STING can lead to its oxidation of Cys206 rendering it inactive and 

thus preventing hyperstimulation. STING that is oxidized at Cys206 undergoes a conformational change 

towards disulfide bonds-containing inactive polymers and it is assumed that this structurally hinders 

the binding of TBK1 and thus prevents STING phosphorylation at Ser366 (Zamorano Cuervo et al., 2021).  

Antioxidative functions have been attributed to IDO because the enzyme uses O2
- as cofactor and 

substrate, and because it initiates the metabolism of Trp along the KP. Of the Trp metabolites, 

especially 5-hydroxytryptophan (5HTrp), 3-HK, xanthurenic acid (XA), and 3-HAA were able to prevent 

oxidation of soybean phosphatidylcholine (PtdCho) liposomes in an in vitro experiment. As only 

hydroxylated Trp metabolites scavenged peroxyl radicals, the antioxidant activity may be mediated by 

their phenolic moiety (Christen et al., 1990). However, with regard to the high concentration of other 

antioxidants, the extent to which these metabolites contribute to cellular defense mechanisms is yet 

unclear, also keeping in mind that the KP in extrahepatic tissue is only boosted under inflammatory 

conditions (Christen et al., 1990). 

Thus, we hypothesized that Trp may be needed to protect the cell from oxidative damage, and that a 

lack of Trp likewise results in cellular stress. In ModeK cells, Trp deprivation led to an increase in Atf4 

transcripts (Figure 3.19A), which indicates cellular stress and, more importantly, is part of the GCN2-

peIF2α-ATF4 axis to upregulate WARS (Adam et al., 2018). Further experiments were conducted with 

iXBP1 cells, which represent a model to study chronic ER stress and moreover are highly relevant for 

translational IBD research as genetic variants of XBP1 have been associated with both CD and UC (Kaser 
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et al., 2008). Inducing cellular stress by TM or knocking down Xbp1 resulted in a greater Trp uptake 

(Figure 3.19B). Considering that ER stress is enhanced in inflamed tissue (Kaser et al., 2008), it is 

surprising that the expression of the neutral AA transporter SLC6A19/BOAT1 by which Trp is taken up 

in the intestine was downregulated in both CD and UC patients (Nikolaus et al., 2017). This discrepancy 

to the here presented results maybe stems from the fact that they used colon biopsies to measure the 

gene expression. Further, iXBP1 cells were more susceptible to Trp reduction as a decrease in STING 

was observable when Trp was reduced to at least 10 µM, compared to 1 µM in iCtrl cells (Figure 3.20). 

iXBP1 cells had slightly elevated levels of Cxcl10 at baseline as compared to iCtrl cells. Under Trp control 

conditions, DMXAA-stimulated iXBP1 cells had a slightly diminished Cxcl10 mRNA expression than iCtrl 

cells, although not significant. Similar to iCtrl cells, DMXAA-induced STING response was compromised 

in iXBP1 cells under Trp starvation (Figure 3.21), which matches the expectation derived from the Trp 

titration experiment. It is published that a KO of Xbp1 restricted to the intestinal epithelium worsened 

DSS colitis, increased ER stress, caused apoptosis of Paneth cells, and a state of hyperresponsiveness 

to TNFα and flagellin in IECs (Kaser et al., 2008). The different capabilities to mount an immune 

response may be found in the different types of stimuli used.  

 In order to indirectly assess a possible oxidative damage of STING elicited by Trp starvation, the ROS 

scavenger NAC was used. Inside the cell, NAC is converted to cysteine and ultimately leads to the 

synthesis of the antioxidant glutathione (GSH) (Niraula and Kim, 2019). A rescue approach using NAC 

supplementation failed to restore STING, or pSTING or Cxcl10 levels after DMXAA stimulation (Figure 

3.22), indicating that Trp starvation does not lead to oxidative damage of STING. Thereby it is important 

to mention that adding NAC to the growth media leads to its acidification which in turn impacts on the 

organisms’ health (Gusarov et al., 2021), and likewise led to an increased cell death in iXBP1 cells 

(Figure 3.23). It is therefore recommended to repeat these cell culture experiments with pH-adjusted 

NAC. When interpreting the results of the IFN response, it also is important to consider the effect NAC 

has on degradation pathways. Importantly, NAC can inhibit 26S proteasome function, which is 

responsible for degrading IκBα that, in turn, releases NF-κB. In this way, NAC treatment can result in 

IκBα accumulation and consequently prevent NF-κB activation (Pajonk et al., 2002). Based on this, NAC 

supplementation may partially have counteracted STING-mediated IFN response, even though the 

STING pathway mainly engages the TBK1-IRF3 axis and induces NF-κB to a lesser extent (Chen et al., 

2016). It therefore is necessary to validate these experiments with a different kind of ROS scavenger, 

and further it is advisable to directly measure ROS levels that may arise due to Trp deprivation.  

A potential clinical translation of these in vitro findings must consider several aspects, which are mostly 

derived from animal models with a short life span: (1) A lifespan expansion by 3.8 % on average after 

administration of a NAC-supplemented diet [1 mg/mL] was found in an investigation using Drosophila 
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flies. This was limited to female flies which contrasts with a previous study and may be owing to 

differences in Drosophila strains. Common to both female and male flies, however, was the 

observation that a high dose of NAC [10 mg/mL] was toxic and even shortened the lifespan by 72 % in 

female and by 32 % in male flies. An explanation for the toxicity may be the elevated levels of the NAC 

derivative cysteine that is known to damage the kidney (Niraula and Kim, 2019). (2) Another study on 

C. elegans showed that dietary supplementation of NAC or the natural antioxidant GSH even 

accelerated the aging when administered chronically. Remarkably, also aged worms did not benefit 

from NAC supplementation that was started during their adulthood (Gusarov et al., 2021). (3) Likewise, 

chronic supplementation with antioxidants so far has almost always failed in long-term clinical trials 

one example being stroke-induced ischemia injury (reviewed in Schmidt et al., 2015). Since 

mitochondria are a key source of ROS, the detrimental effect of antioxidants may be related to the 

repressive effect they have on mitochondrial function. Moreover, antioxidants suppress cellular 

signaling cascades including those involved in stress resistance and homeostasis. Instead of 

supplementing, it may be advisable to restrict exogenous thiols in order to boost the cellular defense 

mechanisms when needed. Indeed, animals are capable of balancing their redox status by synthesizing 

enough GSH in response to sudden increases in ROS (Gusarov et al., 2021). Thus, caution should be 

taken when supplementing NAC as it is widely available for human use but lacks specific guidelines 

(Niraula and Kim, 2019).  
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4.8 Trp starvation decreases Tmem173 mRNA expression 

Although the data so far provided evidence that the Trp starvation-mediated STING decrease neither 

solely depends on autophagy nor on oxidative damage, it yet remains to be elucidated whether Trp 

shortage affects STING on the transcriptional or another post-translational level. Trp depletion 

markedly decreased Tmem173 mRNA levels and further abolished Tmem173 mRNA upregulation in 

response to DMXAA stimulation (Figure 3.24). It is tempting to speculate that Trp shortage blocks 

STING synthesis either by inhibiting its transcription factors, or by activating other factors that 

negatively impact on Tmem173 mRNA stability. Transcription factors that were identified to increase 

human STING promoter activity are both c-myc and cyclic-AMP response element binding (CREB) 

(Wang et al., 2016). C-myc was upregulated in response to Trp deprivation (Figure 3.24), which is 

similar to a previous report on AA starvation. Omitting either proline, isoleucine, methionine, leucine, 

or any of the essential AAs from the cell culture medium significantly increased c-myc mRNA. Although 

the overall protein synthesis was reduced and c-myc is known to have a short half-life time, the 

accumulation of the c-myc mRNA was dependent on protein synthesis (Pohjanpelto and Hölttä, 1990). 

It has been published that, compared to controls, a KD of either CREB or c-myc with siRNA reduced 

STING at mRNA and protein levels by 75-80 % and 40-45 %, respectively. Likewise, an overexpression 

of CREB increased STING mRNA and protein levels by approximately 1.4-fold, and c-myc 

overexpression did so by 1.4 - 1.9-fold (Wang et al., 2016). Nevertheless, Trp starvation unexpectedly 

led to a decrease in STING despite a striking upregulation of c-myc (Figure 3.24).  

Amongst the signaling pathways that can be activated by AAs is the Nrf2 pathway (He et al., 2018). The 

transcription factor Nrf2 is inactivated by Kelch-like ECH-associated protein 1 (Keap1) and readily 

degraded by the proteasome under homeostatic conditions. Upon inactivation of Keap1 during 

oxidative stress, Nrf2 is activated to induce genes involved in antioxidant processes to relieve cellular 

stress (Olagnier et al., 2018; Sun et al., 2020). Under inflammatory conditions, the activation of Nrf2 

lowers the risk of colitis-associated cancer via preventing excessive tissue damage upon DSS challenge. 

Its chronic activation in the colonic epithelium, however, may promote tumor growth owing to stress 

adaptation (Stachel et al., 2014). In human macrophages, stimulation with LPS initiated metabolic 

changes and the accumulation of itaconate and its derivative 4-octyl-itaconate (4-OI) can activate the 

Nrf2 pathway via binding of Keap1. Nrf2, in turn, did not directly bind to Tmem173 mRNA but rather 

affected its stability (Olagnier et al., 2018). Even though Nrf2 activation did not alter Tmem173 

expression in murine macrophages in the study of Olagnier et al. (2018), the investigation by Sun et al. 

(2020) showed that the Nrf2 activator RTA-408 could decrease STING expression without affecting the 

IFN-β production during murine osteoclastogenesis.  
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Taking these reports as a basis, it was intriguing to investigate whether the Nrf2-STING axis exists in 

murine IECs and whether this could explain the Trp starvation-mediated downregulation of STING. The 

data presented so far have shown a marked decrease in Tmem173 mRNA under Trp starvation (Figure 

3.24). Although STING reduction could not be rescued by the addition of NAC (Figure 3.22), the 

limitations of NAC still render the contribution of Nrf2 a plausible mechanism. Assuming that Nrf2 

activation can downregulate Tmem173 mRNA, Nfe2l2 KO is expected to upregulate Tmem173 mRNA 

and consequently IFN production. SiRNA against Nfe2l2 neither rescued Tmem173 mRNA expression 

nor the Cxcl10 response after DMXAA treatment in Trp-deprived cells. Nevertheless, there seems to 

be a connection between Nrf2 and STING in murine IECs as the DMXAA-induced Cxcl10 signal also was 

abolished in the siNfe2l2-treated cells cultured with Trp (Figure 3.25). This contrasts with the study of 

Sun et al. (2020) who observed an effect of Nrf2 on STING but not on the consequent IFN release. Thus, 

the interplay between STING and the oxidative stress response and particularly Nrf2 seems to be highly 

complex and dependent on the respective conditions and microenvironments.  
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4.9 Inhibition of protein synthesis rescues Trp starvation-induced STING loss 

As an essential AA, the cell requires Trp for protein synthesis, which raises the question whether the 

observed STING loss results from a halt of protein synthesis. Importantly, regulation of STING on the 

synthesis level will only affect total STING levels when it is not replenished after its half-life time is 

exceeded. Therefore, ModeK cells were treated with CHX, which blocks the translation elongation 

(Schneider-Poetsch et al., 2010) and is commonly used to study the half-life time of proteins. STING 

was previously described to feature a half-life time exceeding 12 h (Pokatayev et al., 2020). The clear 

detection of STING by WB after 24 h of CHX treatment (Figure 3.26) provides evidence that it is stable 

for a longer period than the selected starvation period, so that a decrease in Tmem173 mRNA 

expression alone cannot account for the decrease at protein level. 

Trp starvation led to decreased STING levels but in combination with CHX, the loss of STING was 

abrogated (Figure 3.26). Thus, the synthesis of selected proteins can still occur in response to Trp 

starvation and even is required to impact on STING, raising the assumption that Trp starvation leads 

to the synthesis of factors yet to be defined that in turn degrade STING. As proteins involved in 

degradative processes are readily available, a blockage in recycling seems unlikely. The observation 

that Tmem173 mRNA also is downregulated leads to the suggestion that under Trp starvation some 

factors are induced that target STING on both transcriptional and post-translational levels. It therefore 

is desirable to verify the CHX results with actinomycin D (ActD) which blocks RNA transcription by RNA 

polymerase (Olagnier et al., 2018) to elucidate whether the STING-degrading factor is newly 

transcribed or translated.  

This raises the question how protein synthesis continues to occur despite the lack of Trp. A similar 

issue with respect to cancer cells has been regarded by the Opitz group who investigated the apparent 

contradiction how tumors can exploit Trp degradation as evasion strategy but at the same time 

manage to maintain their high proliferation rate (Adam et al., 2018). Trp is incorporated into proteins 

after attachment to its tRNA by WARS that competes for Trp utilization with Trp-metabolizing enzymes 

(Hoagland et al., 1958; Jorgensen et al., 2000; Adam et al., 2018). In the occasion of Trp shortage, 

uncharged tRNAs accumulate and activate the kinase GCN2, which in turn phosphorylates eIF2α. The 

activation of eIF2α leads to a translational arrest but still induces the expression of ATF4, amongst 

others (Wek et al., 1989; Dever et al., 1992; Wek et al., 1995; Adam et al., 2018). ATF4 is suggested to 

increase WARS expression, and activation of the GCN2-peIF2α-ATF4 axis also increases Trp transporter 

expression, both mediating an adaptation mechanism to secure protein synthesis under starvation 

conditions (Adam et al., 2018). WARS further mediates an alternative decoding mechanism by which 

protein synthesis across tryptophan codons can continue to occur despite Trp shortage in the tumor. 

In the absence of Trp, WARS can use phenylalanine as a substrate to generate protein substitutants by 
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means of the W>F codon reassignment. Tests with cancer cells confirmed the functionality of these 

substitutant proteins and further showed that, when presented on the cell surface, they can be 

successfully recognized by APCs (Pataskar et al., 2022). It will thus be intriguing to extend the study of 

the tumor microenvironment to chronic inflammation to investigate the prevalence of these 

substitutants. If somatic W>F substitutants may arise from lower Trp serum levels observed in IBD, 

analyzing both their functionality and effects on immune responses might open new treatment targets.  
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4.10 Conclusion 

To put it in a nutshell, the intestinal mucosa of IBD patients is likely to experience a reduction of Trp 

levels, highlighting the urge to investigate the importance of this essential AA for intestinal 

homeostasis and further encouraging research on Trp as a cheap and non-invasive biomarker for 

inflammatory diseases. In in vitro assays on murine enterocytes, Trp starvation sensitized cells to NF-

κB activation on the one hand, but on the other hand it decreased STING at both protein and mRNA 

levels and consequently impaired the cGAS/STING response. However, the effect of Trp on STING was 

reversible as it could be rescued by restoring Trp levels. It can be excluded that Trp starvation activates 

autophagy to degrade STING, neither does it induce ROS. Moreover, the ATP levels of Trp-starved cells 

seemed to be unaffected, and protein synthesis of key proteins seemed to continue to occur. Indeed, 

inhibition of protein translation abrogated the downregulation of STING in response to Trp deprivation, 

and further confirmed that the half-life time of STING exceeded the selected starvation period. These 

results taken together raise the assumption that Trp starvation leads to the synthesis of another 

factor(s) that negatively acts on STING at both mRNA and protein level and was absent when protein 

translation was blocked. In the future, it will be crucial to determine the STING degrading factor, and 

it will be interesting to determine STING promoter activity, and to test other factors that act on 

Tmem173 mRNA stability. Thus, this project has underlined the crucial role and diverse effects of Trp 

in intestinal immunity in vitro and thereby paves the way for further investigations on targeting Trp 

metabolism as a novel strategy for combined treatment options for IBD. Depending on the presence 

and type of infection accompanying IBD, it may be beneficial to either boost or block Trp metabolism.  
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4.11 Outlook 

While the STING decrease under Trp starvation was verified in organoids, as next steps it would be 

advisable to confirm the functional response as well as to elucidate the underlying mechanism in 

organoids since they provide a more complex 3D model that also includes different differentiated 

intestinal cell types. Approaches to do so comprise RNA sequencing of Trp-starved and infected 

organoids in combination with a metabolic screening compared to controls to enable correlating the 

gene expression with the respective metabolite levels. Whereas the data presented here provide the 

hint that also the intestinal tissue of IBD patients exhibits a reduction in Trp levels, it still remains 

unknown whether Trp starvation is a cause or consequence of inflammation. Owing to the negative 

correlation between Trp levels and disease activity, Trp may represent an interesting candidate for 

biomarker discovery in the future that would allow a cheap and non-invasive strategy. In order to 

translate these findings into the clinics, it first will be necessary to perform animal experiments to 

verify these findings in vivo. This will further reveal the effect of Trp starvation on other cell types and 

their relative contributions as the dynamic interplay can only be studied in a living multicellular 

organism. Thereby, a Trp-free diet administered to mice for a certain period will reveal whether Trp 

starvation can cause intestinal inflammation; and simultaneous Trp starvation and infection will 

elucidate the immune competence of mice. It, however, will not allow any direct conclusions to be 

drawn as IBD is a complex disease with different subtypes and different prevailing immune signatures. 

Therein lies the unique possibility to personalize the treatment strategy with either inhibitors of Trp 

metabolism or Trp supplementation since nutritional intervention provide a cheap and well-tolerated 

opportunity to benefit combined therapy. 
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Appendix 

Materials 

Chemicals  

Table 2 List of chemicals 

Substance Supplier Catalogue Number CAS Number 

0.5M EDTA pH 8.0 Invitrogen 15575-020  

3-Hydroxyanthranilic acid  Sigma Aldrich 148776-250MG  

6-Aminocaproic acid 99% powder Merck A2504-100g 60-32-2 

Agar-agar, bacteriological  Carl Roth 2266.2 9002-18-0 

Anthranilic acid Sigma Aldrich 10680-25G 118-92-3 

Ammonium persulfate (APS) Serva 13376.01 7727-54-0 

BisAcrylamide 30% BioRad 1610158  

BIS-TRIS Carl Roth 9140.2 6976-37-0 

Bromophenol blue AppliChem A2331,0025 115-39-9 

Dithiotheitol (DTT) Serva 20710,03 578517 

Dimethylsulfoxid (DMSO) Carl Roth A994.2 67-68-5 

Ethanol absolute Supelco 1.00983.1000 64-17-5 

Glycerol AppliChem A2926,0500 56-81-5 

Glycine BioUltra Sigma Aldrich 50046-50G 56-40-6 

Hydrochloric acid 32% Supelco 1.00319.1000  

Hydrogen peroxide solution 3% Sigma Aldrich 88597-100ML-F 7722-84-1 

Methanol ChemSolute 1428.2500 67-56-1 

Paraformaldehyde Sigma Aldrich 15127-5g 30525-89-4 

Propionic acid Sigma Aldrich 94425-1ML-F 79-09-4 

Roti-Stock 20 % SDS Carl Roth 1057.1  

Saponin Sigma Aldrich 47036-50G-F 8047-15-2 

SDS Pellets Carl Roth CN30.3 151-21-3 

Sodium acetate Sigma Aldrich S2889-250G 127-09-3 

Sodium butyrate Sigma Aldrich B5887-250mg 156-54-7 

Sodium chloride Sigma Aldrich S9625-5kg 7647-14-5 

Sodium citrate tribasic dihydrate Sigma Aldrich S4641-500G  

Sodium dihydrogen phosphate 
dihydrate 

Supelco 1.06342.1000  

Sodium deoxycholate Sigma Aldrich 30970-100G  

Sodium hydrogen sulfite Sigma Aldrich 8.06356.1000  

Sodium hydroxide pellets Merck 1.06482.1000 1310-73-2 

Sodium propionate Sigma Aldrich P5436-100G  

Sulfuric acid Sigma Aldrich 258105-500ML 7664-93-9 

Tetramethylethylenediamine 
(TEMED) 

BioRad 1610801 
 

110-18-9 

Trichloroacetic acid, Bio Ultra Sigma Aldrich 91228-100G  

Trifluoressigsäure (TFA) Carl Roth P088.1  

Tris (hydroxymethyl) aminomethane Merck 1.08382.1000 77-86-1 

Triton x-100 Sigma Aldrich T9284-500ML 9002-93-1 

Trypan Blue Solution Gibco 15250-061 72-57-1 

Tween 20 Merck 8.22184.0500  
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Consumables  

Table 3 List of consumables 

Substance Supplier Catalogue Number 

Advanced DMEM/F12 Gibco 12634-010 

Amersham ECL Prime WB Reagents Cytiva RPN2232 

Amersham 0.2 PVDF Membran  Cytiva 10600021 

Bacilol Paul Hartmann AG 973380 

Blotting-Pads, Sorte 707, thik WB Filter VWR 732-0597 

Blotto, non-fat dry milk Santa Cruz sc-2325 

Clarity Max Western ECL Substrate  Biorad 1705062 

Cell culture flasks and plates Sarstedt  

CryoStor® CS10 Stem cell 7930 

Dialyzed Fetal Bovine Serum  Sigma Aldrich / Merck F0392-100ML 

DMEM GlutaMax Thermofisher 61965-059 

DPBS Gibco 14190-169 

Eppendorf tubes Sarstedt  

Falcons Sarstedt  

Foetal Bovine Serum (FBS) - Triple 0.1 µm Serana S-FBS-SA-015 

Halt™ Protease Inhibitor Cocktail (100X) Thermo Scientific 87786 

HEPES Sigma Aldrich H0887-100ML 

LB-Medium Carl Roth X968.2 

Lipofectamine 3000 Transfection Reagent Thermo Fisher L3000-008 

Lipofectamine RNAiMAX  Invitrogen 13778-150 

Lyovec  Invivogen lyec-1 

Matrigel Growth factor reduced, Phenol red 
free 

BD 356231 

NEAA, non-essential amino acids Gibco 11140-035 

Nuclease-free Water  Qiagen AM9937 

Optimem Gibco 31985-062 

Penicillin-Streptomycin Life Technologies 15140-122 

Phosphate Buffered Saline (PBS) tablet Sigma Aldrich P4417-50TAB 

PrimeTime Gene Expression Master Mix IDT 1055771 

Restore™ WB Stripping-Puffer Thermofisher 21059 

RIPA Lysis and Extraction Buffer  Thermo Scientific 89901 

Page Ruler Plus Prestained Protein Ladder Thermo Fisher 26619 

Pipette tips Starlab  

RNase ZAP 250ml Sigma R2020-250ML 

Rotiphorese 50x TAE Puffer Carl Roth CL86.1 

Serological pipettes Sarstedt  

TGS 10x Biorad  

Thin Blot Paper Biorad 1620118 

Trypsin EDTA Gibco 25200-056 
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Kits 

Table 4 List of kits 

Kit Supplier Catalogue Number 

CellTiter 96® AQueous Non-Radioactive Cell 
Proliferation Assay (MTS) 

Promega G5421 

Monarch Total RNA Miniprep Kit Bio Labs T2010S 

Maxima H Minus FirstStrand cDNA Kit Thermo Scientific K1652 

GeneJET Plasmid Miniprep Kit  ThermoScientific  K0503 

GeneArt® CRISPR Nuclease Vector with CD4 
Enrichment Kit 

Life Technologies A21175 

HiPure Plasmid Filter Midiprep Kit  Life Technologies K210015 
 

 

Media/Buffer compositions 

The media and buffers were prepared according to the following protocols: 

Table 5 Overview of buffer compositions 

Buffer Composition 

5x Loading buffer Tris at pH 6.8 [250 mM], SDS [10 %], Glycerol [50 %], DTT [500 mM], 
Bromphenolblau 

4x Separation buffer Tris at pH 8.8 [1.5 M], SDS [0.4 %] 

4x Stacking buffer Tris at pH 6.8 [0.5 M], SDS [0.4 %] 

Cathode buffer Tris [25 mM], 6-aminocapronic acid [40 mM], methanol [20 %] 

Anode buffer 1 Tris [30 mM], methanol [20 %] 

Anode buffer 2 Tris [300 mM], methanol [20 %] 

10x TBS Tris at pH 7.6 [200 mM], NaCl [1.37 M] 

TBS-T 1x TBS + 0.1 % Tween20 

LB medium Tryptone [10 g], Yeast [5 g], NaCl [5 g] in 1 L dH2O 

LB agar Tryptone [10 g], Yeast [5 g], NaCl [5 g], agar [15 g] in 1 L dH2O 
 

Table 6 Protocol to cast gels for SDS-PAGE 

12 % gel Composition 

Separation gel 3.5 mL dH2O, 2.5 mL 4x separation buffer, 4 mL Bis-acrylamide, 10 µL 
TEMED, 100 µL APS (10 %) 

Stacking gel 1.95 mL dH2O, 0.75 mL 4x stacking buffer, 300 µL Bis-acrylamide, 3 µL 
TEMED, 30 µL APS (10 %) 

 

 

  



99 
 

Table 7 Overview of the organoid media compositions 

Organoid media Composition 

2x basal medium 46.8 mL Advanced DMEM/F12, 1 mL HEPES [1 M], 1 mL Glutamax 
[100x], 1 mL P/S, 200 µL NAC [500 mM] 

ENR conditioned 
medium 
 

70 % 2x basal medium, 10 % Noggin conditioned medium, 20 % R-
Spondin conditioned medium, 0.1 % rhEGF [50 µg/mL] 

Customized starvation 
medium 

Glucose and amino acid concentrations given in the table below, 20 
mM HEPES, 100 ng/mL rhNoggin, 1 µg/mL rhR-Spondin, 50 ng/mL 
rhEGF 

 

Following components were added to prepare the cell starvation and control media: 

Table 8 Components added to the customized DMEM powder to prepare starvation medium for ModeK cells 

Substance Supplier Catalogue 
Number cell culture 

D-(+)-Glucose Sigma Aldrich G7021-100G 3060.0 

Glycine Sigma 50046-50G 30.0 

L-Glutamine  Sigma G3126-10G 292.3 

L-Serine  Sigma 84959-25G 42.0 

L-Tryptophan Sigma T0254-5G 16.0 

Sodium Bicarbonate 99,5%  Sigma S6297 
 

3700.0 
 

 

Following components were added to prepare the organoid starvation and control media: 

  



100 
 

Table 9 Components added to the customized ADF medium to prepare starvation medium for organoids 

Substance Supplier Catalogue 
Number organoids 

Glycine Sigma 50046-50G 18.75 

L-Alanine (25g) Carl Roth 3076,1 4.45 

L-Arginin Monohydrochlorid 
(CellPure) 

Carl Roth 1689,1 147.5 

L-Asparagin Monohydrat 
(CellPure) 

Carl Roth KK37.1 7.5 

L-Asparaginsäure (CellPure) Carl Roth 1690,1 6.65 

L-Cystein Hydrochlorid 
Monohydrat (CellPure) 

Carl Roth 1694,1 17.56 

L-Cystin -dihydrochlorid Merck C6727-25G 31.29 

L-Glutaminsäure (CellPure) Carl Roth 1743,1 7.35 

L-Histidin Hydrochlorid 
Monohydrat 

Carl Roth 1697,1 31.48 

L-Isoleucin (CellPure) Carl Roth 1698,1 54.47 

L-Leucin (CellPure) Carl Roth 1699,1 59.05 

L-Lysin Hydrochlorid Carl Roth 1700,1 91.25 

L-Methionin (CellPure) Carl Roth 1702,1 17.24 

L-Phenylalanin (CellPure) Carl Roth 1709,1 35.48 

L-Prolin Carl Roth 1713,1 17.25 

L-Serine  Sigma 84959-25G 26.25 

L-Threonin (CellPure) Carl Roth 1738,1 53.45 

L-Tryptophan Sigma T0254-5G 9.02 

L-Tyrosin Dinatriumsalz Hydrat Sigma Aldrich T1145 55.79 

L-Valin (CellPure) Carl Roth 1742,1 52.85 
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Stimulants and inhibitors 

Table 10 List of stimulants and inhibitors used in cell culture experiments 

Substance Supplier Catalogue number 

2'3'-cGAMP Invivogen tlrl-nacga23-02 

3'3'-cGAMP Invivogen tlrl-nacga 

3-Hydroxy-DL-kynurenin Sigma Aldrich H1771-25MG 

Bafilomycin A1 Enzo BML-CM110-0100 

Cycloheximide (CHX) Merck 239765-1ML 

DMXAA Hölzel HY-10964  

dsDNA InvivoGen tlrl-ecdna 

hEGF R&D 236-EG-01M 

L-Kynurenine  InvivoGen tlrl-kyn 

LPS Sigma L2880-10MG 

N-Acetyl-L-cystein (NAC) Merck A7250-25g 

Nicotinamide Sigma Aldrich N0636-100G 

rhNoggin PeproTech 120-10C 

rhR-Spondin PeproTech 120-38 

rm IFN gamma Immunotools 12343534 

rm IFN-beta Protein (with carrier) R&D Systems 8234-MB-010 

rm IL-1ß PeproTech 211-11B 

Rapamycin Sigma R0395-1MG 

Tunicamycin Enzo BML-CC104 

Y-27632 Abcam ab120129 
 

siRNAs 

Following siRNAs were used for KD studies: 

Table 11 List of siRNAs used in cell culture experiments 

Name Supplier Order number 

FlexiTube GeneSolution GS27103 for Eif2ak4  Qiagen 1027416 

FlexiTube GeneSolution GS18024 for Nfe2l2 Qiagen 1027416 

TBK1 Qiagen 3255271 
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qPCR Assays/Primers 

Table 12 List of qPCR assays and primers 

Gene name ID RefSeq Number Supplier 

18S rRNA Mm03928990_g1  Invitrogen 

Atf4 Mm.PT.58.31755577 NM_009716(1) IDT 

Eif2ak4 Mm.PT.58.10993494 NM_001177806(2) IDT 

c-myc Mm.PT.58.13590978  IDT 

Cxcl10 Mm.PT.58.43575827 NM_021274(1) IDT 

Tmem173  Mm.PT.58.12798185 NM_028261(1) IDT 

Cxcl1 Mm.PT.58.42076891 NM_008176(1) IDT 

Gclm Mm.PT.58.17443532  NM_008129(1) IDT 

Ifnb1 Mm.PT.58.30132453  IDT 

IL-6 Mm.PT.58.10005566 NM_031168 IDT 

Wars Wars_Mm00457097_m1  Thermo Fisher 
Scientific 

Nfe2l2 Mm.PT.58.29108649  NM_010902(1) IDT 
 
 

Antibodies for WB 

Table 13 List of primary and secondary antibodies used in WB 

Primary Antibodies Supplier Catalogue number Dilution factor 

Atg16L1 (D6D5) CST 8089 1,000 

beta-actin (mono mouse) Sigma A-5441 10,000 

cGAS (D3080)   CST 31659 1,000 

c-Myc (D84C12) CST 5605S 1,000 

IkBa (L35A5)   CST 4814S 1,000 

LC3A/B    CST 4108 1,000 

NFkB P65 XP (D14E12)  CST 8242T 1,000 

p-IkBa (Ser32)   CST 2859 1,000 

P-P65 (S536)    CST 3033S 1,000 

p-STING (S365) (D8F4W) CST 72971 1,000 

p-TBK1 / NAK (S172) (D52C2)  CST 5483 1,000 

STING (D2P2F)   CST 13647 1,000 

TBK1 /NAK   CST 3013 1,000 

    

Secondary Antibodies Supplier Catalogue number Dilution factor 

ECL Anti-rabbit IgG Horseradish 
peroxidase-linked 

Cytiva NA934V 1,000 

ECL Anti-mouse IgG Horseradish 
peroxidase-linked 

Cytiva NA931V 1,000 
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