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Zusammenfassung 
Die intestinale Homöostase hängt vom Zusammenspiel zwischen der Darmmikrobiota, 

dem Epithel und den Immunzellen ab. Kürzlich wurde eine neue Rolle von Oncostatin 

M (OSM), einem entzündungsfördernden Zytokin, bei Entzündungen im Darm von 

Mäusen und Menschen entdeckt. Frühere Studien haben gezeigt, dass OSM ein 

entscheidender Faktor für chronische Entzündungen bei Anti-TNF-α-refraktärer Kolitis 

ist. Die bemerkenswerten Unterschiede in den Signal- und Verteilungsprofilen von 

OSM und OSMR erfordern weitere Untersuchungen in verschiedenen Zelltypen, um 

ihr klinisches und therapeutisches Potenzial zu bewerten. Daher wurde in dieser Arbeit 

die Rolle von OSM und OSMR bei der Darmentzündung durch die Kombination von 

In-vitro- und In-vivo-Techniken untersucht. Für die In-vivo-Modellierung der Krankheit 

wurde das Helicobacter hepaticus (H.h.) Colitis-Modell verwendet, da es sowohl 

immun- als auch dysbiosebedingte Aspekte der IBD vereint. So konnten wir die 

Expression von OSM und OSMR als Reaktion auf die Entzündung und in bestimmten 

Organen und Zelluntergruppen messen. Darüber hinaus zeigte diese Arbeit, dass die 

OSM-OSMR-Achse in Darmepithelzellen (IECs) während einer chronischen 

Darmentzündung von Bedeutung ist. In-vitro-Untersuchungen zeigten, dass IL-22 das 

zentrale Zytokin ist, das die OSMR in IECs induziert und aufrechterhält. Darüber 

hinaus zeigten In-vivo-Experimente mit Il22-defizienten Mäusen, VillincreERT x Il22ra1fl/fl 

-Mäusen sowie die Blockade von IL-22 eine erhebliche Verringerung der OSMR in 

Epithelzellen während der Kolitis und eine geringere Pathologie. Darüber hinaus ist die 

OSMR-Signalübertragung in IECs während der Entzündung von Bedeutung, da ihre 

Auslöschung die Darmentzündung reduziert. Darüber hinaus führen Dysregulationen 

des OSM-OSMR-Signalwegs bei entzündlichen Darmerkrankungen (IBD) zu 

verstärkter Leukozytenrekrutierung und -aktivierung, Geweberetention und 

Gewebeumbau. Insgesamt hat diese Arbeit gezeigt, dass der OSM-OSMR-Signalweg 

unterschiedliche transkriptionelle Reaktionen in IECs auslöst und dass eine 
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differenzierte Ausrichtung auf den OSMR-Signalweg ein potenzieller therapeutischer 

Ansatz bei IBD sein könnte. 
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Abstract  
Intestinal homeostasis depends on the interplay between the gut microbiota, 

epithelium, and immune cells. A novel role of Oncostatin M (OSM), a pro-inflammatory 

cytokine, has recently been identified in mouse and human intestinal inflammation. 

Previous studies have shown OSM as a critical driver of chronic inflammation in anti-

TNF-α-refractory colitis. The notable differences in the signaling and distribution 

profiles of OSM and OSMR required further investigation in different cell types to 

evaluate their clinical and therapeutic potential. Therefore, this work evaluated the role 

of OSM and OSMR in intestinal inflammation by combining in vitro and in vivo 

techniques. For in vivo modeling of the disease, the Helicobacter hepaticus (H.h) colitis 

model was used, as it combines both immune and dysbiosis-driven aspects of IBD. 

This allowed us to measure OSM and OSMR expression in response to inflammation 

and within specific organs and cell subsets. Furthermore, this work showed that the 

OSM-OSMR axis is relevant in intestinal epithelial cells (IECs) during chronic intestinal 

inflammation. In vitro investigations showed that IL-22 is the central cytokine inducing 

and maintaining the OSMR in IECs. Moreover, in vivo experiments using Il22 deficient 

mice, VillincreERT x Il22ra1fl/fl mice, as well as blockade of IL-22 showed a substantial 

reduction of OSMR in epithelial cells during colitis and decreased pathology. 

Furthermore, OSMR signaling is relevant in IECs during inflammation, as eradicating 

it reduces intestinal inflammation. Additionally, dysregulations of the OSM-OSMR 

pathway in inflammatory bowel disease (IBD) lead to enhanced leukocyte recruitment 

and activation, tissue retention, and tissue remodeling. Collectively, this work showed 

that the OSM-OSMR pathway drives distinct transcriptional responses in IECs, and 

differential targeting of the OSMR might be a potential therapeutic approach in IBD.  
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1 Introduction 

1.1 The immune system 
 
All life forms must defend against microbial assaults to survive. Therefore, highly 

effective strategies were designed to limit microorganisms' invasion of the host. The 

immune system, a complex system regulated by multifaceted and intricate networks, was 

developed to target explicit microbial invaders directly. The immune system is composed 

of different cells and molecules that defend the host against infections and prevents 

collateral damage to the host while promoting wound healing, tissue homeostasis, and 

regeneration1-3.  

 
The immune system is divided into two main types of responses to invading pathogens. 

The first response is the innate immune response, which provides the hosts with 

immediate defense and uses innate lymphoid cells (ILCs), natural killer cells, phagocytic 

cells such as monocytes, neutrophils, and macrophages, as well as cells that release 

inflammatory mediators such as mast cells, basophils, and eosinophils4, 5. The innate 

immune system also composes of various molecular components such as complements, 

acute-phase proteins, and cytokines. The adaptive immune system provides the host 

with a precise response and memory to respond to subsequent exposure rapidly and 

vigorously. The adaptive immune responses involve antigen-specific B and T cells and 

specialized cells, known as antigen-presenting cells (APCs) that display the antigen to 

lymphocytes. The B lymphocytes secrete immunoglobulins, which are antigen-specific 

antibodies responsible for eliminating extracellular microorganisms4-6.  

 
Studies have shown that innate immunity instructs adaptive immunity by interacting with 

antigen-presenting cells and T cells. This interaction is an important process that occurs 

at several stages throughout the immune response and is essential for the restoration of 

homeostasis. Consequently, if not adequately balanced, an overproduction of 

immunoregulatory mediators may be deleterious to the host, while an underproduction 

of these immunoregulators will leave the host susceptible to infections7-12. 
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1.1.1 The intestinal immune system 
 
The gastrointestinal tract is a major site for immunological processes. It is characterized 

by copious dietary and bacterial antigens. The intestine contains a significant number of 

immune cells compared to other tissues in the body. It is also one of the most challenged 

as it is continually exposed to a variety of antigens and prospective immune stimuli. 

Notably, the intestine of a healthy host is home to various commensals that are 

indispensable for digestive processes and immunological functions13-17. Remarkably, the 

intestine has an efficiently regulated immune response that effectively promotes the 

appropriate protection and tolerance towards commensals and pathogens. However, 

upon dysfunction, the host is subjected to an inappropriate and injurious activation of the 

immune response that is represented by the inflammatory bowel diseases, such as 

ulcerative colitis, Crohn’s disease, as well as celiac disease and the enterocolitides 

characterizing many rare immunological and genetic disorders14, 16. 

 
1.1.2 The anatomy and function of the intestines  
 
The intestines consist of different segments that have distinct endoscopic appearances. 

The large and small intestines are in a continuous tube lined by one single layer of 

columnar epithelium15, 18. Combined, they stretch from the lower aperture of the stomach 

to the anus. The small intestine is separated into different segments: the duodenum, 

nearest to the stomach; the jejunum; and the ileum. The duodenum and the jejunum 

have long villi covered by surface epithelium with extensive brush borders comprised of 

microvilli embedded with digestive enzymes, which aid in the digestion and absorption 

of metabolites from the diet. These two segments are responsible for most of the 

digestive processes. Thus, these segments' damage contributes to celiac disease and 

leads to malnutrition, malabsorption, and protein leakage15, 18-20. The ileum consists of 

shorter villi and has lower levels of brush border enzymes. The ileum is responsible for 

the absorption of vitamin B12 and bile salts19.  

 
The large intestine, also known as the colon, begins at the cecum, which is labeled as 

the entry point. The remainder of the colon is divided into the ascending (proximal) colon, 
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the transverse colon, the descending (distal) colon, and the sigmoid colon21. Unlike the 

small intestine, the cecum does not contain any villi and functions as a reservoir for 

commensals involved in the fermentative digestion of complex carbohydrates 

indigestible in the small intestines22, 23. Of note, the villi are also absent from the different 

segments of the large intestine. The ascending and transverse colon are responsible for 

absorbing water and other vital nutrients from the indigestible material from the small 

intestine and the formation and solidification of stool24, 25. The primary function of the 

descending colon is to store feces, while the sigmoid colon contracts to aid in the 

movement of the stool into the rectum. 

 
Moreover, the intestines can be divided into distinct cellular compartments involved in 

different physiological functions. The mucosa of the intestines comprises the epithelium 

(described further in section 1.3), lamina propria (LP), and muscularis mucosa26. These 

cellular compartments contain most immune cells and are predominantly responsible for 

immune response. Furthermore, the immune responses are initiated in gut-associated 

lymphoid tissue (GALT), which are organized structures such as Peyer's Patches, 

isolated lymphoid follicles, and crypto patches27, 28. Additionally, the GALT is the 

inductive site for initiating adaptive immune responses27, 28.  

 
1.1.3 The intestinal microbiota  
 
The intestinal microbiota refers to the diverse community of microorganisms, including 

protozoa, fungi, viruses, archaea, and bacteria found in the colon29, 30. The adult human 

colon contains an incredible number of organisms, including ~1014 bacteria as well as 

viral and fungal species, resulting in a metagenome >100 larger than the host genome30-

33. Importantly, the gut microbiota plays a vital role in the intestine's protection, 

development, and homeostasis. Exemplarily, commensal bacteria are recognized as 

essential for the breakdown, absorption, and storage of nutrients, modulation of immune 

responses, regulation of gut maturation and integrity, and the prevention of pathogenic 

bacterial growth17, 29, 30, 32, 34. Studies have demonstrated that in the absence of the 

microbiota, germ-free (GF) mice demonstrate abnormal development of the GALT and 
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multiple immune compartments, including LP T-cell populations30, 35-37. Therefore, 

preserving the relationship between the host and the gut microbiota is crucial for mucosal 

development and health, as perturbations to the microbiota-host interactions may lead 

to dysbiosis, which influences the pathophysiology of an increasing list of diseases, 

including inflammatory bowel disease13, 38, 39. 

 
1.2 Inflammatory bowel disease 
 
Inflammatory bowel disease (IBD) is a term that refers to a group of complicated chronic 

and relapsing inflammatory diseases that destruct the gastrointestinal tract (GI)40, 41. 

IBDs such as Crohn's disease (CD) and ulcerative colitis (UC) are found predominantly 

in clinically immunocompetent individuals whose symptoms arise from a robust, 

cytokine-driven inflammation of the gut40, 41. Studies have shown that Crohn’s disease 

can affect any part of the gastrointestinal tract; however, it more commonly affects the 

small bowel and colon with discontinuous ulceration. In addition, ulcerative colitis 

primarily affects the colon and rectum, with continuous mucosa inflammation41, 42. 

Previous data insinuated that Crohn’s disease was a modified T-helper-1 (Th1) and Th17 

disease with cytokines such as interleukin-6 (IL-6), IL-12, IL-17, IL-23, tumor necrosis 

factor (TNF), and gamma-interferon (IFN-γ)40, 43-52. Moreover, ulcerative colitis was 

described as Th2 driven with cytokines, IL-4 and IL-13, and the innate immune products 

TNF, IL-1β, IL-6, and chemokines40, 43-52. The commonality of both diseases is epithelial 

barrier dysfunction, resulting in luminal contents entering the lamina propria26, 53-57. 

Subsequently, this leads to dendritic cells activating the different inflammatory T cell 

types listed above and macrophages producing proinflammatory cytokines, which 

activate natural killer (NK) cells40, 43-52, 26, 53-57. All in all, these events result in the 

perpetuation of intestinal inflammation. To date, as the modulation of intestinal 

inflammation remains to be elucidated, single-cell technology is being used to discover 

novel cell types and their involvements in IBD33, 58, 59. Exemplarily, using Single-cell RNA-

sequencing, Lee et al. showed that CD8+ T cell signature was associated with increased 

disease severity by transcriptionally profiling circulating T cells isolated from patients with 

IBD60. 



 5 

 

IBD is vastly prevalent in western countries; however, an accelerated increase in its 

incidence has been reported in Asia. IBD is gradually emerging and spreading in both 

developed and developing countries44, 61. Though the exact cause of IBD is unknown, a 

combination of genetics, environmental factors, and the immune system is believed to 

be the triggers for the inflammation in the GI tract40, 44, 61, 62. Of note, the family 

aggregation has been recognized as a factor found predominantly in Crohn’s disease 

rather than ulcerative colitis. In Crohn’s disease, first-degree relatives of individuals 

affected are found to be approximately five folds or higher at risk of being affected52, 62-

64. In addition, genome-wide association (GWA) studies for IBD susceptibility loci have 

identified a few genes that contribute to disease susceptibility. Specific mutations in the 

nucleotide-binding oligomerization domain-containing protein 2 (NOD2) gene, also 

labeled CARD15 and IBD1, were identified and associated with increased susceptibility 

to Crohn’s disease44, 65. While the NOD2 gene does not increase the risk of ulcerative 

colitis, GWA studies have shown that some epithelial barrier genes, such as LAMB1, 

ECM1, HNF4A, CDH1, and GNA12, are explicitly associated with ulcerative colitis44, 66-

70. 

 
1.2.1 Treatments for inflammatory bowel disease  
 
Though IBD is a multifactorial disorder with unknown etiology, it is clear that immune 

dysregulation contributes strongly towards inflammation. Although there are currently no 

curative therapies for IBD, conventional treatments are aimed at reducing inflammation. 

Small molecules such as aminosalicylates decrease the inflammation of the inner wall, 

while corticosteroids, which are non-selective systemic anti-inflammatory therapies, are 

used to reduce the aberrant production of cytokines71-76. Both therapeutic strategies 

effectively suppress acute intestinal inflammation and resolve symptoms; however, they 

cannot reduce IBD long-term or promote mucosal healing after damage71-76. 

 
One of the newer treatments of IBD that has yielded some successful outcomes is the 

anti–TNF-α antibodies which target the general inflammatory cytokine, TNF-α65, 77, 78. 



 6 

Though this therapy has aided in controlling IBD, it is essential to note that the loss of 

efficacy limits the therapy, and a specific subset of patients is refractory. Studies have 

shown that patients with IBD have a clear breakdown of the symbiotic relationship 

between their intestinal commensal microflora and their mucosal immune system77. In 

addition, one of the characteristics of IBD is the defect of the epithelial barrier. The mucin-

producing cells known as goblet cells have reportedly been depleted in both forms of 

IBD54, 55, 57, 79, 80. Notably, proinflammatory cytokine signaling furthers the breaking of the 

epithelial layer, which promotes and enhances the perpetuation of inflammation. A 

complete remission of IBD requires both the disappearance of inflammation and the 

repair of the damaged epithelium. Therefore, it is crucial for emerging therapies for IBD 

to not only focus on significant effector cytokines but also to consider the regeneration 

of the intestinal epithelium. 

 
1.2.2 Models to study inflammatory bowel disease  

A lot of the progresses in the understanding of different etiological factors and 

mechanisms regulating intestinal homeostasis and inflammation has been achieved 

through the usage of various animal models. In the case of IBD, a variety of models can 

be used to recapitulate some clinical aspects of the disease in humans81, 82. While these 

models represent a crucial source of information about biological systems, they do not 

fully represent the complexity of IBD in humans. Nevertheless, they are essential for 

understanding underlying mechanisms involved in the initiation and perpetuation of 

intestinal inflammation, as well as the validity of emerging therapeutics82. These models 

are classified into different groups: there are the chemically induced models (e.g., DSS 

(dextran sulfate sodium) or TNBS (trinitrobenzene sulfonic acid) colitis), the spontaneous 

models (IL-10 deficiency), the cell-transfer model (e.g., T cell transfer), and infection 

models (e.g., Citrobacter rodentium, Helicobacter hepaticus)81-88. In this thesis I used the 

Helicobacter hepaticus model of colitis.  
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1.2.3 Helicobacter Hepaticus model of colitis  

Helicobacter hepaticus (H.h), a microaerobic gram-negative spiral bacterium, was first 

isolatedin the early 1900s in the liver of A/JCr mice89, 90. The primary colonization sites 

of H.h is the cecum and proximal colon. Though H.h can colonize wild-type mice without 

causing inflammation, it can induce chronic typhlitis, colitis, and rectal prolapse in 

immunodeficient strains such as 129Rag-/- and Rag-/- mice86, 87, 91. Thus, H.h is a 

provocateur for inflammatory reactions against endogenous microbiota. Though H.h 

leads to typhlocolitis in IL-10-deficient mice87, 91, this model takes several months to 

manifest colitis, making it unsuitable for large-scale studies. Interestingly, oral infection 

of C57BL/6 mice with H.h did not cause inflammation, and mono-colonization of germ-

free IL-10-deficient mice does not induce intestinal inflammation, highlighting that 

different flora components are required for disease induction92,93. In 2006, Kullberg et al. 

demonstrated that infection of C57BL/6 mice with H.h and concurrent blockade of IL-10 

signals with a monoclonal antibody against IL-10R lead to chronic intestinal 

inflammation87. The authors showed that the inflammation in this model was driven by 

IL-23 and not IL-12 for the development of maximal pathology87. Notably, the 

inflammation is characterized by increased IL-17A and IFN-γ in the mucosal87, 94. 

Importantly, histological assessment of this model depicts goblet cell depletion, 

leukocyte infiltration, epithelial cell hyperplasia, submucosal immune cell infiltration, and 

edema (Figure 1). 

This model of colitis allows the study of effector pathways as it occurs in mice with normal 

innate and adaptive cells. However, there are evident difficulties in dissecting the role of 

specific cellular populations. Therefore, the cell conditional genetic knockouts or 

antibody-mediated ablation of cell types should be combined to understand fundamental 

pathways involved in disease development. 
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Figure 1: Representative hematoxylin/eosin (H&E)-stained sections of the colon. (A) C57BL/6 wild-

type mice at steady state with an intact epithelium. (B) C57BL/6 wild-type after 14 days of H.h + a-IL10R 

induced colitis. Arrows mark submucosal inflammatory cell infiltrates, LP infiltration, crypt abscess, 

epithelial hyperplasia, and goblet cell depletion. Original magnification 10X. Pictures originate from the 

experiments carried out in this thesis.  

1.3 The intestinal epithelium  
 
The intestinal epithelium is lined by a single layer of columnar intestinal epithelial cells 

(IECs) that forms a physical barrier between the intestinal lumen and connective tissue26, 

95. The main functions of the epithelium are to filter luminal contents and allow for their 

translocation into the circulation and to maintain and regulate the interaction of 

commensal or pathogenic microbial communities and mucosal immune by forming a 

barrier10-14. Moreover, IECs can sense and respond to microbial stimuli by secreting a 

variety of antimicrobial peptides to reinforce the barrier function and aid in the 

coordination of immune responses.  

 

The IECs are continuously replaced/renewed every 4-5 days by pluripotent intestinal 

epithelial stem cells (pluripotent IESCs) that reside in the base of crypts15, 16. These stem 

cells are long-lived Leu-rich repeat-containing G protein-coupled receptor 5 (Lgr5) 
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positive stem cells15, 16. They give rise to transit-amplifying cells known as progenitors 

that differentiate into mature IECs types. Each of these differentiated epithelial cell 

subtypes holds specific functions in maintaining homeostasis; these include absorptive 

enterocytes, goblet cells, enteroendocrine cells, paneth cells (of the small intestine), tuft 

cells, and microfold cells (M cells)54, 57.  

 
These IECs have distinct functions within the epithelium. Exemplarily, the secretory IECs 

consist of enteroendocrine, goblet, and paneth cells. The enteroendocrine cells are 

essential to link the central and enteric neuroendocrine systems by secreting various 

hormone regulators for digestive functions. The goblet and paneth cells are involved in 

the luminal secretion of mucins and antimicrobial proteins (AMPs) to generate and 

maintain a physical and biochemical barrier to microbial contact with the epithelial 

surface and underlying immune cells10, 12, 13, 17, 18 . Tuft cells serve as a sensor for lumenal 

contents, while M cells are responsible for the delivery of antigens directly to 

intraepithelial lymphocytes and the subepithelial lymphoid tissues10, 12, 13, 17, 18 . 

 
1.3.1 The intestinal barrier  
 
The first physical barrier pathogens encounter is the mucus layer. This layer is a hydrated 

mucus gel that covers the mucosal surface and protects the epithelial cells against 

digestive enzymes, microbial, and mechanical insults10, 12, 13. This layer protects the 

gastrointestinal tract by minimizing the interactions between the epithelium and 

commensal bacteria. The mucus layer is formed through the production of mucin 

glycoproteins produced by goblet cells, primarily by mucin 2 (MUC2) 26, 35, 96-99. Of note, 

MUC2 is the most abundant of the mucins and is crucial in the organization of the 

intestinal mucous layers at the epithelial surface of the colon. Interestingly, studies have 

shown that MUC2-deficient mice develop spontaneous colitis and are predisposed to 

inflammation-induced colorectal cancers100-102.  

 
Furthermore, the protective mucus layer contains not only AMPs but also secretory IgA 

that aids in forming a matrix to prevent penetration of the barrier by intestinal microbes18, 

27, 35, 36. In addition, the IECs express pattern recognition receptions (PRRs) that allow 
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the direct sensing of microbes. These PRRs include Toll-like receptors (TLRs) and 

nuclear oligomerization domain (NOD)-like receptors (NLRs) that recognize pathogen-

associated molecular patterns (PAMPs) such as lipopolysaccharide, flagella, 

peptidoglycans, and microbial nucleic acids, as well as damage-associated molecular 

patterns (DAMPs) release in response to tissue injury or stress35, 37-39. These signals are 

essential for the IECs, as defects in the PRRs or PRR signaling lead to bacterial 

translocation and altered microbiota composition, which alter intestinal homeostasis. 

 
Moreover, the intestinal barrier is made of a single layer of polarized IECs which creates 

a physical barrier. The adjacent epithelial cells are joined together by the apical junction 

complex (AJC), consisting of tight junctions (TJ) and adherens junctions79, 103. The tight 

junctions are the most apical structure of the apical complex and consist of various 

integral proteins such as claudins, occludins, and zonula occludens (ZO-1, ZO-2)104, 105 

. The TJ is responsible for maintaining the integrity of the epithelial barrier by regulating 

the paracellular transport of ions, metabolites, and macromolecules and thus controlling 

the flux of the intestinal elements95, 99, 103-105.  

 
1.3.2 The repair mechanism of the epithelium 
 
It is evident that the IECs are barraged with stressful factors such as, cytotoxic and 

pathogenic stresses. These stresses often trigger apoptotic and cell death pathways, 

which consequently lead to gut barrier damage and inflammatory responses. Moreover, 

the ability of the intestinal epithelium to maintain a functional barrier is crucial in 

preserving host homeostasis. The IECs must be able to rapidly reestablish the sealing 

of the epithelial barrier following physiological damages to prevent extensive destruction 

that may lead to uncontrolled immunological responses. 

 
The epithelial repair response can be divided into three main steps35, 54, 55, 106. Firstly, in 

the acute phase, the adjacent epithelial cells migrate to the site of injury to cover the 

affected area. This is known as the restitution phase and does not require cell 

proliferation. In this phase, the epithelial cells that migrate into the open area of the injury 

or ulcer dedifferentiate, reorganize their cytoskeleton and re-distribute to restore the 
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barrier integrity. The restoration phase is the most rapid response after injury and is 

modulated by various factors, including cytokines55, 107, cell adhesion molecules55, and 

growth factors55, 108. Secondly, after the restitution phase, epithelial cell proliferation is 

essential for replenishing the epithelium107-109. In this phase, the crypts' elongation and 

division near the injury are observed. The proliferation of the epithelial cells is promoted 

by various growth factors secreted from the mesenchymal cells and the local epithelial 

cells55, 106. The proliferation phase is crucial for progenitor cells' efficient and rapid 

expansion. Lastly, following the expansion/ proliferation phase, the appropriate lineage 

decision and maturation of the epithelial cells are needed to maintain the numerous 

functional activities of the mucosal epithelium55, 106. 

 
Collectively, it is evident that precise regulation of barrier function is a prerequisite for a 

healthy host. IECs have diverse functions which protect the host from infections and 

exposure to stimuli. However, in various diseases such as IBD, damage and impairment 

of the intestinal barrier occurs as recruited leukocytes interact directly with the epithelium, 

releasing inflammatory mediators and furthering the damage. This highlights the 

rancorous cycle between barrier dysfunction and inflammatory effects, which contributes 

to the perpetuation and aggravation of chronic inflammation in the intestines17, 26, 54, 55, 57, 

80, 110. Recent evidence suggests that some inflammatory cytokines, such as IL-22, 

associated with barrier function can paradoxically contribute to intestinal inflammation 

and further induce barrier damage. Thus, furthering our knowledge in understanding the 

mechanisms that promote or prevent epithelial damage will help in the development of 

therapies to improve barrier function and mucosal healing in IBD. 

 
1.3.3 Intestinal organoids as in vitro model  
 
The advancement of all biosciences must have reliable and acute in vitro and in vivo 

models. Culturing primary intestinal epithelial cells has been challenging in recent years 

as IECs would undergo anoikis (a form of programed cell death) rapidly following 

isolation. In 2009, Sato et al. established a platform that simplified the process of growing 

and maintaining intestinal crypt cultures known as organoids111. Organoids are defined 
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as miniature organs grown in vitro, originating from stem cells. They can self-organize in 

3D clusters and maintain the originating organ's functionality and molecular and cellular 

heterogeneity. Intestinal organoids, also known as mini-gut, are derived by culturing 

crypt-like domains consisting of intestinal stem cells (ISCs)-expressing Lgr5 (Figure 
2A)111, 112. Remarkably, intestinal organoids have the capability to mimic the structure 

and cellular composition of a functional intestinal epithelium. 

 
 

 
Figure 2: Scheme of an organoids. (A) Scheme of a small intestinal mature organoid depicting the lumen 
at the center of the epithelial monolayer with the budding of the crypt like domains. (B) A representative 
bright-field image of mouse small intestinal organoids after 4 days and of (C) human colon organoids after 
7 days. Pictures originate from organoids culture generated for this thesis. 
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The Organoid technology creates a novel way of modeling and studying the molecular 

pathogenesis of diseases such as IBD. With this technology, stem cells and biopsies 

from human tissues can be used to study IECs. Upon embedment in Matrigel™, a 

soluble basement membrane matrix that resembles the laminin/collagen IV-rich 

basement membrane extracellular environment found in many tissues, these organoids 

will self-assemble with the luminal surface of epithelium being in the center of the 

organoid while the basolateral side is on the outside (Figure 2B/C). 
 
Though the organoid system is a massive breakthrough in research and is helpful in 

studying the complexities of the intestinal epithelium during homeostasis and disease 

states, this model has some limitations. The structure of the organoids creates a 

challenge in exposing the apical aspect to experimentation113. Additionally, it is harder to 

capture the interactions of other cell types to the luminal side of the epithelium as this is 

in the center of the organoid. Though techniques such as using a micromanipulator and 

microinjection are used to solve this problem, they are time-consuming113, 114. Another 

significant drawback is the absence of the immune element needed to understand the 

mechanisms driving intestinal inflammation during CD and UC in vivo. It is evident that 

there are some drawbacks to this technique; however, organoids are still advantageous 

models for studying diseases. Encouragingly, intestinal organoids can support the host's 

genetic profile in vitro stably and can be maintained in long-term culture. Therefore, 

organoids can be used for drug discovery and provide a unique perspective into the 

progress of personalized medicine.  

 
1.4 The role of cytokines in homeostasis and inflammation  
 
Cytokines are soluble extracellular proteins or glycoproteins and are one of the essential 

messenger molecules produced by the immune response to protect the host from injury, 

inflammatory agents, or microbial invasion. Cytokines are produced by both the innate 

and adaptive immune cells and regulate the biological functions of target cells through 

autocrine or paracrine mechanisms. Cytokines have indispensable functions in infection, 

inflammation, autoimmunity, cancer, and repair processes to restore homeostasis7. 
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There are several types of cytokines, including chemokines, interferons, interleukins, 

lymphokines, and tumor necrosis factors. Cytokines can act synergistically or 

antagonistically and are redundant in their actions, implicating that similar functions can 

be stimulated by different cytokines11, 12, 115. They are often produced in a cascade and 

can be classified based on the essence of the immune response. In addition, individual 

cytokines perform specific roles based on cell type and location, stimulating their target 

cells to make additional cytokines10.  

 
Cytokines are classified into two categories, pro-inflammatory cytokines and anti-

inflammatory cytokines. The pro-inflammatory cytokines are necessary mediators for an 

anti-infectious response. However, an exacerbated production of these pro-inflammatory 

cytokines may be lethal and linked with poor outcomes in human diseases such as 

inflammatory bowel disease (IBD)11, 116. On the contrary, anti-inflammatory cytokines are 

responsible for controlling the cascade of pro-inflammatory mediators117, 118. However, 

excessive production is associated with severe immune depression that also leads to 

poor outcomes in patients following trauma, making it clear that a given cytokine's 

amount influences its properties12, 117, 118. Moreover, pro-inflammatory cytokines are 

produced mainly by activated macrophages and participate in the upregulation of 

inflammatory reactions12, 53.  

 
Some of the vital pro-inflammatory cytokines are IL-1, IL-6, TNF, IFN-γ , IL-12, IL-18α, 

transforming growth factorβ (TGFβ) and granulocyte-macrophage colony-stimulating 

factor (GM-CSF)10-12, 117 . On the other hand, anti-inflammatory cytokines are produced 

by various cells, including macrophages, T helper cells, and mast cells11, 119. Anti-

inflammatory cytokines provide sufficient control over pro-inflammatory activities. Some 

anti-inflammatory cytokines are IL-4, IL-10, IL-13, interferon alpha (IFNα), and TGFβ7, 10-

12, 117, 120. These cytokines have the ability to inhibit the release of pro-inflammatory 

cytokines by inducing the production of IL-1 receptor antagonist (IL-1ra) and the release 

of soluble TNF receptor (sTNFR), which in turn limit the pro-inflammatory activities of IL-

1 and TNF117. 
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Notably, a dynamic and capricious balance must exist between proinflammatory and 

anti-inflammatory cytokines to achieve control without inducing excessive damage to the 

host10, 11, 121, 122. Therefore, it is pivotal to identify and understand contextual drivers 

underlying the physiological cytokine responses in human diseases such as IBD to 

lessen the detrimental immunopathology in suffering patients. 

 
1.5 The role of Oncostatin M  

Oncostatin M (OSM) is a secreted glycoprotein that was first biochemically characterized 

from serum-free supernatant of U-937 histiocytic lymphoma cells in 1986123, 124. OSM is 

a multifunctional cytokine belonging to the IL-6 cytokine family that includes IL-6, 

leukemia inhibitory factor (LIF), IL-11, ciliary neurotrophic factor, cardiotrophin-1, and 

neutrophin-1/B-cell–stimulating factor-3125, 126. OSM is associated with multiple biological 

processes and cellular responses, including hematopoiesis, bone remodeling, 

differentiation, as well as chronic inflammatory conditions125, 126.  

 
1.5.1 Oncostatin M signaling and production 

OSM displays the broadest signaling profile out of all the IL-6-type cytokines studied thus 

far. OSM activates the Janus kinase/signal transducer and activator of transcription 

(JAK/STAT), the mitogen-activated protein kinases ERK1/ERK2, the stress-activated 

protein kinases p38 and c-Jun N-terminal kinase (JNK), the phosphatidylinositol-3-

kinase (PI3K)/Akt, and the protein kinase C delta pathways126-128. In addition, STATs 1, 

3, and 5 are also phosphorylated and translocate to the nucleus, where they control 

transcription of diverse target genes. Consequently, STAT3 and ERK1/2 phosphorylation 

can drive the expression of suppressor cytokine signaling-3 (SOCS3), negatively 

regulates OSM (Figure 3)126-128. These biological activities of OSM are induced upon 

binding to receptor complexes that are dependent on glycoprotein-130 (gp130). Notably, 

OSM binds gp130 with low affinity ; thus, the recruitment of a second receptor chain is 

essential for its biological activities126, 127. OSM forms two distinct heterodimers of gp130 

with either leukemia inhibiting factor receptor (LIFR) or OSM receptor-beta (OSMR 𝛽)128, 

129 .  
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Figure 3: OSM production and signaling. OSM is largely produced by hematopoietic cells. OSM-

Induced signal transduction through the OSMR-gp130 or the LIFR-gp130 Receptor Complex. Once 

connected, OSM triggers activation of Jak1 and Jak2, which leads to further phosphorylation of ERK1/2, 

JNK, p38, STAT1, STAT3, and STAT5. The STATs 1, 3, and 5 phosphorylate and translocate to the 

nucleus, controlling the transcription of diverse target genes. Notably, STAT3 and ERK1/2 are both drivers 

of SOCS3, which negatively regulates OSM-induced signaling. Figure adapted from West et al, 2018 126. 
 

The gp130/LIFR complex is known as the OSM receptor type I, while the gp130/OSMR𝛽 

complex as the OSM receptor type II in the human system130, 131. Studies have shown 

that the order of the complexes does not reflect a biological hierarchy, rather the date of 

discovery130, 131. The signaling of the type I and type II receptors are qualitatively 

distinctive and contribute to the specific effects of OSM in different tissues and cellular 

microenvironments. The OSM receptor is widely expressed in both tissue (heart, lung, 
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adipose tissue, skin, bladder, mammary tissue, adrenal gland, and prostate gland 

(GTExRNA-seqdataset: https://www.gtexportal.org/home/gene/OSMR) and cellular 

levels (epithelial, endothelial, smooth muscle cells, fibroblasts, and many tumor cell 

lines)126. In addition, OSM is produced largely from hematopoietic cells, including 

activated T cells, monocytes, dendritic cells, neutrophils, activated mast cells, and 

eosinophils (Figure 3)132. Notably, OSM expression is also regulated by PRRs. 

Exemplarily, the stimulation of human dendritic cells with lipopolysaccharide (LPS) or 

whole bacteria results in the secretion of a considerable amount of OSM 126.  

Interestingly, unlike the human OSM, which activates both OSMRβ and LIFR, the mouse 

OSM ligand does not signal through the mouse LIFR but signals only through its specific 

murine OSMRβ. This indicates functional dissimilarities in the OSM biochemistry and 

functional differences in its biology between humans and mice123, 125-127.  

 
1.5.2 OSM a novel cytokine in inflammatory bowel disease pathogenesis  

Dysregulations of both OSM and OSMR expression have been associated with different 

diseases. Many studies have explored OSM functions in cancer, bone metabolism, liver 

regeneration, chronic inflammation, and cardiovascular diseases. For example, a gain in 

the OSMR gene has been associated with worse clinical outcomes in cervical squamous 

cell carcinoma127. Furthermore, high OSM levels have been detected in various 

inflammatory diseases in humans, including rheumatoid arthritis, atherosclerosis, and 

inflammatory bowel disease123, 125-127. 

 
Although the exact etiology of IBD has not yet been unraveled, a complex interplay 

between multiple pathogenic factors contributes to IBD pathophysiology. A breakthrough 

study by West et al. identified OSM and OSMR expression in IBD patients as predictive 

biomarkers for anti-TNF responsiveness in IBD132. The authors identified that the 

manifestation/expression of OSM in the intestinal fibroblast, specifically, stroma cells 

was strongly correlated with the presence and severity of intestinal inflammation in IBD 

versus healthy controls. In addition, the authors demonstrated that compared to non-IBD 

controls, IL-6, IL-1α, IL-1β, and OSM were the four cytokines that were significantly 
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enriched in the inflamed tissue of the UC and CD patient cohorts. Since OSM was one 

of the cytokines that was the least described in the gut, the authors studied its role in 

IBD. They confirmed that, relative to the healthy colonic mucosa, in IBD patients, OSM 

was the most highly and consistently expressed cytokine. Moreover, West et al. 

observed that the increased levels of OSM and OSMR were associated with an 

upregulation of various gene clusters related to leukocyte recruitment, highlighting the 

importance of the OSM-OSMR axis in IBD pathogenesis132. Furthermore, they used 

the H.h model of colitis to confirm the findings from the human study. The data showed 

that inflamed mice had significantly increased OSM and OSMR expression compared to 

the wild-type control mice. Notably, OSM expression and numbers of OSMR-positive 

stromal cells expressing pro-inflammatory cytokines such as IL-1β and IL-6 were also 

increased in H.h treated mice compared to the steady state controls, which was 

consistent with the observations in the human samples. Moreover, human stroma cells 

increased the expression of pro-inflammatory chemokines in response to OSM, and the 

addition of TNF further increased this response. This finding suggested that the binding 

of OSM to its receptor on the stromal cells triggered pro-inflammatory synergism, 

contributing to increased intestinal pathology. Respectively, during late-phase 

inflammation, OSM-deficient mice demonstrated significantly less intestinal pathology in 

response to H.h–induced colitis compared to OSM-sufficient mice, highlighting the 

importance of OSM and OSMR for propagating inflammation and development of chronic 

disease126, 132. 

 

In contrast, a study by Biegel et al. has shown that OSM and OSMR are important in IBD 

since they promote STAT-3-dependent intestinal cell epithelial proliferation and wound 

healing133. The authors argued that OSM is essential in epithelial repair and modulating 

a barrier-protective host response in intestinal inflammation. However, these results 

were generated using transformed epithelial cell lines and not primary cells lines. This 

suggests that the actions of OSM are complex and depend on specific tissue and cell 

types. Moreover, the exact function and mechanism of action of OSM in IBD are 

undefined. Notably, there is little data on the regulation of OSMR receptor expression, 
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its signal transduction, and its specific biological functions in IECs. Taking together 

OSM's different signaling and distribution profiles, further investigations are required to 

analyze its clinical and therapeutic potential. 

 
1.6 The role of IL-22  
 
IL-22 is part of the IL-10 cytokine family, which comprises nine members and is divided 

into three subgroups based on their biological functions. The first group contains IL-10, 

whose main function primarily is to repress excessive inflammatory responses. The 

second group is the IL-20 subfamily cytokines, composed of IL-19, IL-20, IL-22, IL-24, 

and IL-26 43, 134. This group of cytokines is responsible for enhancing tissue remodeling 

and wound healing to aid in supporting and restoring homeostasis of epithelial layers 

during infection and inflammatory responses. Lastly, the third group is the type III IFN 

group which contains IL-28A, IL-28B, and IL-29 also referred to as IFN-λ2, IFN-λ3, and 

IFN-λ143, 134-138. These cytokines are responsible for the induction of antiviral responses 

and act on epithelial cells43, 134-138. 

 
1.6.1 The production of IL-22  
 
IL-22 is mainly produced by lymphocytes. Studies have shown that Th17 CD4+T cells 

can express both IL-17 and IL-22. Intriguingly, Th22 CD4+T cells can express IL-22 

without producing IL-17. Other cells such as CD8+T cells, TCR γδ T cells, dendritic cells 

(DCs), neutrophils, NK cells, and group 3 innate lymphoid cell (ILC) populations, 

including ILC3 and lymphoid tissue inducer (LTi) cells are also producers of IL-22 (Figure 
4)43, 138-144. IL-22 production by CD4+ cells is mediated mainly by proinflammatory 

cytokines such as IL-23, IL-6, TNFα, IL-1β, TGFβ, and IL-1743, 134, 136, 139, 141, 145, 146. 

Additionally, signal transducer and activator of transcription (STAT) 3, RAR-related 

orphan receptor (ROR)γt and aryl hydrocarbon receptor (AhR), and T regulatory cells 

(Tregs) are also known to regulate IL-22 expression134, 138, 147, 148 . Notably, in Th17 cells, 

TGFβ, in the presence or absence of IL-6, plays an essential role in the production of 

both IL-17 as well as IL-22. While the presence of TNF-α and IL-6 leads naïve T cells to 

differentiate into Th22 cells to produce IL-2243, 141, 149.  
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Figure 4: Scheme depicting IL-22 production and regulation. An overview of the cells that produces 

IL-22 such as CD4+ and γδ T cells as well as NK cells and ILC3s. IL-22 acts on the intestinal epithelial 

cells and releases of antimicrobial peptides (AMPs), regulating the microbiota, and maintaining gut barrier 

homeostasis. Figure adapted from Parks et al, 2016 150.  

 
1.6.2 IL-22 signaling  
 
 IL-22 signaling is through a heterodimeric receptor consisting of IL-22Rα1 and IL-10Rβ2 

(Figure 4-5) The IL-22RA1 subunit is also used by IL-20 and -24, while the shared IL-

10RB subunit is also used by IL-10 and -26, and IFNλ43, 134, 135, 137, 138. Interestingly, IL-

22 must first bind the IL-22Rα1 subunit, which would lead to conformational changes that 

would allow the complex to bind to the IL-10Rβ2 subunit151. In addition, IL-22BP, also 

known as IL-22RA2, has been identified as the secreted IL-22R homolog that binds to 

IL-22 with high affinity to neutralize its activity (Figure 4-5)135, 139, 144, 152. Furthermore, 

upon binding, IL-22 induces the phosphorylation of the Jak1 and Tyk2 kinases as well 

as the STAT1, STAT3, and STAT5 transcription factors. Notably, IL-22 also activates the 

protein kinase B (AKT)/ mechanistic target of rapamycin(mTOR) and MAPK pathways135, 
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138, 141, 147, 148. However, STAT3 signaling is the main signaling pathway involved in IL-22 

activity on epithelial cells (Figure 5). Upon activating of the Jak-STAT signal transduction 

pathway, IL-22 can induce the production of antimicrobial peptides, as well as anti-

apoptotic and proliferative pathways, to assist in the prevention of tissue destruction and 

aid in the repair and restoration of epithelial homeostasis. IL-22 is a potent inducer of 

antimicrobial peptides, including lipocalin-2, RegIIIβ (regenerating islet-derived protein 

3), RegIIIγ , and mucins , as well as antimicrobial proteins (AMPs), such as the 

S100proteins, which are a vital part of host defense135, 138, 139, 143, 144, 153-155. 

 
 

Figure 5: Scheme of the IL-22 downstream signaling pathways. IL-22 binds to its receptor complex, 

which leads to the activation of downstream signal transduction pathways. The binding of IL-22 activates 

JAK1 and TYK2 phosphorylation, which further phosphorylates, ERK1/2, MEK1/2, JNK, and p38 kinase 

(depending on the cell type), STAT1, STAT3, and STAT5. The phosphorylation of these downstream 

pathways leads to the dimerization and translocation of STATs to the nucleus. Typically, STAT3 is the 

primary transcription factor activated by IL-22 signaling, while STAT1 and STAT5 may also be activated 

to a lesser extent. Figure adapted from Xuan et al, 2021 156. 
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IL22 is classified as an inflammatory cytokine as its level upon tissue injury is significantly 

enhanced. Importantly, IL-22 can be dual-natured depending on the inflammation. In liver 

inflammation, IL-22 has been reported to provide protection to the hepatocytes157. 

However, in dermal inflammation, IL-22 has been reported to be a potent driver and 

pathogenic158. In addition, IL-22 is highly expressed during chronic inflammatory 

diseases. IL-22 plays an essential role in the generation of the innate immune response 

against numerous infections. Notably, IL-22 also facilitates tissue repair by enhancing 

epithelial cell proliferation, such as goblet cells, to increase mucus production and 

epithelial cell survival53, 135, 139-141, 153, 159, 160.  

 
1.6.3 The role of IL-22 in inflammatory bowel disease  
 
Surprisingly, IL-22 demonstrates a dual nature in IBD, as in some cases, IL-22 signaling 

fluctuates from having a reparative function to having pathological functions. Notably, 

IBD has long been defined as a Th1-mediated disease due to the increased level of IFN-

γ161. It has now become apparent that though IFN-γ plays a role in the pathology, IL-22 

is also a potent contributor. Andoh et al. demonstrated that in CD and UC patients, IL-

22 is highly upregulated in their sera and their lesions43. A study carried out by Zenewicz 

et al. showed that mice double-deficient for Il22-/- and Rag -/- that received IL-22 deficient 

T cells had substantially higher disease compared to mice that received IL-22 wild-type 

T cells. This study highlighted that IL-22 is important and confers protections162. In a 

CD45RBhigh CD4 T cell–mediated colitis model, the authors found that in the absence of 

innate IL-22, adaptive IL-22 was also capable of providing protection162.  

 
In contrast, A study by Eken et al. showed that in a colitis model where the mice were 

both IL-23R-/- and Rag-/- deficient, the neutralization of IL-22 ameliorated the colitis163. 

However, the colitis was restored when IL-22 was re-introduced in these mice. They also 

noted that IL-22 was able to induce even after the inhibition of IL12p40 (IL12/IL23). Their 

study highlighted the role of IL-22 in the pathogenicity of IBD. In general, in acute 

inflammatory settings, IL-22 displays protective roles by increasing mucin and 

antimicrobial peptide production to protect the host. However, in Chronic inflammation, 
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IL-22 is pathogenic, as it drives proliferation and inhibits apoptosis which can lead to 

hyperplasia and be detrimental to the host138, 139, 141, 142, 153, 164. Importantly, a study by 

Morrison et al. found that the neutralization of IL-22 in the H.h +a-IL10R colitis model 

prevented the development of inflammation in the colon but not in the cecum165. In 

addition, this study further showed that IL-17A had a disease-protective role in the 

cecum, while IL-22 was found to be pathogenic in the colon, highlighting that different 

Th17-type cytokines may have anti-inflammatory or proinflammatory effects in different 

locations of the intestine during H.h.–induced colitis165. Overall, further insight and 

understanding into IL-22 biology is advantageous for potential therapeutics of IBD. 
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2 Aim 
OSM has both pro- and anti-inflammatory effects in IBD. However, the mechanism of 

action of OSM and OSMR in IBD are not well defined. Though some studies in 

transformed epithelial cell lines have shown that OSM may have protective effects on 

intestinal epithelial cells during inflammation, the regulation of the OSM receptor 

expression, signal transduction, and specific biological functions in intestinal epithelial 

cells are still unclear. Therefore, the aim of this PhD thesis was: 

 

To explore the impact of OSM on tissue resident cells under steady-state and 
inflammatory conditions by investigating and identifying:  
 

1. Which cells other than the stromal cells express the OSMR? 
 

2. Which signals promote OSMR expression on these non-stromal cells? 
 

3. Which impact or relevance does OSM and OSMR have on these cells’ 
adaptation and function in intestinal inflammation? 
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3 Material and Methods 

3.1 Human studies  
 
The local ethics officials in the application EA1/200/17 approved all human sample 

collections and usage in this thesis. In addition, the collection of the human samples 

complied with the recommendations of the World Medical Association (Declaration of 

Helsinki, in the revised version decided upon by the World Medical Association in its 52nd 

General Assembly in October 2000 in Edinburgh/Scotland and supplemented by the 

"Clarification" Washington 2002 § 29). This project does not contain any experiment 

done on human embryonic stem cells.  

 
3.2 Mice 
 
All Female C57BL/6 mice were purchased from the Jackson laboratories. In addition, 

The Osmrfl/fl was obtained from Jackson laboratories (B6;129-Osmrtm1.1Nat/J) and 

typed via real time PCR to confirm the deletion. The Osmrfl/fl mice or Ai9(166) referred to 

in this thesis as DsRed  mice were crossed with the VillincreERT2(167) Col1a2creERT(168) or 

the Cdh5cre(169) all purchased from Jackson laboratories, in order to generate the cell 

specific OSMR deficient mouse lines. Rag2-/-(170) and Rorcfl/f(l171, 172) were crossed and 

used to gain insights on the innate immune cells. The VillinCre(173)x Stat3fl/fl(174) mice were 

used from organoids isolation. Additionally, Stat1fl/fl(175) and VillincreERT2 x Stat3fl/fl were 

used in the in vivo experiments to understand the downstream pathway of OSMR. Lastly, 

VillinCreERT x Il22ra1fl/fl(176) and Il22-/-(177) mice were used to understand the role of IL-22 in 

the OSM-OSMR pathway. For in vivo experiments, mice were cohoused for at least 4 

weeks before the initiation of the H.hepaticus and anti-IL-10R (clone:1B1.2, Hölzel 

Diagnostika) induced colitis. The respective mice received the appropriate amount of 

tamoxifen (Sigma aldrich) for 1 week after the cohousing of the mice and before the 

initiation of colitis. Tamoxifen was prepared following the Jackson laboratories 

protocol166, 178 (material for tamoxifen preparation are listed in Table 1).  
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All mice used in this thesis were bred under specific pathogen-free conditions in the 

animal facility of the Federal Institute for Risk Assessment (Berlin, Germany) and the 

Research Institute for Experimental Medicine (FEM) of the Charité (Berlin, Germany). 

Animal experiments were conducted according to the German animal protection laws 

and were approved by the responsible governmental authority (Landesamt für 

Gesundheit und Soziales) in the application G 0291/18.  

 
3.3 In vivo experiments  
 
3.3.1 Helicobacter hepaticus culture and infection 
 
Glycerol-stocked Helicobacter hepaticus (DSMZ, DSMZ no.: 22909) was grown on blood 

agar plates under microaerobic conditions at 37°C. Cultures were examined by 

microscopy for bacteria quality and purity and transferred into a tryptone soya broth 

(TSB) supplemented with 10% FCS, 10 μg/mL Vancomycin, 5 μg/mL Trimethoprim, and 

2.5 IU/mL Polymyxin B (Table 1) in microaerophilic conditions at 37°C in a shaking 

incubator at 180 rpm.  

The mice were gavaged with 1x108 colony forming units (c.f.u.) of H.h on two consecutive 

days using a 22 G curved blunted needle. Additionally, the mice were treated with weekly 

intraperitoneal injection (i.p) of 1mg anti-IL10R antibody (clone 1B1.2).  

Subsequently, the mice were sacrificed at the indicated time points and tissues (colon, 

SI, cecum, liver, spleen, and MLN) were harvested for analysis. Approximately, ~0.3 cm 

of samples from the SI and colon (proximal, middle, and distal) as well as the cecum 

were collected into 4 % (w/v) formaldehyde in saline solution for histological assessment 

as well as in RNA Later for gene expression analysis. Cecal contents and poop were 

collected and frozen for assessment of H.hepaticus colonization analysis. 

3.3.2 In vivo blocking experiments  
 
For the in vivo blocking of IL-22, mice were injected intraperitoneally with 450 μg of anti-

IL-22 antibody (clone 8E11, provided by Genentech in collaboration with Nathaniel West) 
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on days 0 and 3 for 7 days of colitis, while for 14 days of colitis the mice were treated 

with anti-IL-22 on days 7 and 10. For the blocking of IL-12p40, mice were treated with 1 

mg of anti-IL-12p40 (clone C17.8, produced by the Deutsches Rheuma-

Forschungszentrum (DRFZ)) on day 0 for 7 days colitis. For the mentioned experiments, 

the control-inflamed mice received the respective concentration of rat IgG isotype 

(Jackson laboratories). For the blocking of OSM in vivo, the mice were injected with 0.5 

mg of anti-OSM (clone 24A8) on day 14 for the duration of a 18 days colitis while the 

control mice received the respective amount of anti-gp120 (provided by Genentech in 

collaboration with Nathaniel West). Further details of the antibodies are on Table 1.  

 
Table 1. 

Reagent or Resource Source Identifier 
Helicobacter hepaticus culture 
Vancomycin hydrochloride Carlroth 1404-93-9 

Trimethoprim, 98%, Acros Organics™ Fisher 

scientific 

15345602 

Polymyxin B sulfate salt Sigma P4932-1MU 

Tryptone Soya Broth Fisher 

Scientific 

10525943 

Oxoid# Blood Agar Base No. 2 Fisher 

Scientific 

CM0271B or 10269522 

Tryptone Soya Broth Fisher 

Scientific 

CM0129B or 10525943 

Thermo Scientific Oxoid LAKED HORSE 

BLOOD 

Fisher 

Scientific 

SR0048C 

Helicobacter hepaticus  DSMZ DSMZ no.: 22909 

Blocking antibodies  
Clone/Cat# Target Source 
C17.8 anti-IL-12p40 DRFZ Lab Managers 

8E11 anti-IL-22 DRFZ Lab Managers 

https://www.sigmaaldrich.com/catalog/substance/polymyxinbsulfatesalt138561140520511
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Cat# 012-000-002 Rat Gamma 

globulin 

Jackson laboratories 

24A8 anti-OSM Genentech 

Unknown anti-gp120  Genentech 

1B1.2 anti-mouse 

IL-10R 

(CD210) 

Hölzel Diagnostika 

Handels GmbH 

Other material  
Tamoxifen sigmaaldrich T5648-1G 

corn oil sigma C8267-500ML 

 

3.3.3 Scoring of mouse colitis  
 
The histological assessment of mouse colitis was performed as described previously by 

Izcue et al179. In brief, three pieces of mouse colon (proximal, middle, and distal colon) 

were collected and formalin-fixed, paraffin-embedded, and stained with hematoxylin and 

eosin. Then, these blocks were graded on a scale of 0 to 3 for four parameters: leukocyte 

infiltration, area affected, epithelial hyperplasia and goblet cell depletion, and features of 

severe disease activity. The features of disease activity were characterized by the 

formation of crypt abscesses, interstitial edema, and submucosal leukocyte infiltration 

(Table 2A-D). Each colon section receives an overall score for the added four 

parameters of 0 to 12. Finally, the data from the three colon sections are averaged and 

the mean of these values from each mouse was used for statistical analysis. The 

histological scoring was conducted in a blinded fashion and confirmed by an independent 

blinded observer. 
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Table 2.  
 

 
 

3.4 Cell culture  
 
3.4.1 Cell lines and reagents 
 
3.4.1.1 Culturing of the Caco2 cell line  
 

The human epithelial colorectal adenocarcinoma cell line (Caco-2) was cultured in 

DMEM (Invitrogen) supplemented with 10% fetal calf serum (FCS), 2 mM glutamine, 

10,000 U/ml penicillin/streptomycin. The cell line was maintained at 37 °C and in a 

humidified atmosphere of 5% CO2. The cells were starved for 24 hours prior to 

A. EPITHELIUM HYPERPLASIA and/or GOBLET CELL DEPLETION 
  0 None      None 
   1 Mild (1.5x)   Mild (25%) 
    2 Moderate (2-3x)  Marked (25-50%) 
  3 Severe (>3x)   Substantial (>50%) 
 
      B. INFLAMMATION IN LAMINA PROPRIA 
  0 None - few leucocytes  
   1 Mild - some increase in leucocytes at tips of crypts OR many  
                                    lymphoid follicles 
    2 Moderate - marked infiltrate (notable broadening of crypt) 
  3 Severe - dense infiltrate throughout 
 
      C.  AREA AFFECTED (% of section) 
  0 None  
   1 up to 25% 
    2 25-50% 
  3 >50% 
 
      D. MARKERS OF SEVERE INFLAMMATION 
  0 None  
   1 Submucosal inflammation OR Few crypt abscesses (<5) 
  2 Submucosal inflammation AND Few Crypt Abscesses (<5) 
    2 Many crypt abscesses (<5) OR Extensive submucosal inflammation  
                                    OR Crypt branching  

  3          Many crypt abscesses (<5) AND Extensive submucosal inflammation /  
                        Crypt branching  

  3          Ulceration OR Extensive fibrosis 
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stimulations with the above cytokines. The cells were stimulated for 15 min with the 100 

μg/μl of recombinant human OSM, IFN-γ, or IL-22 (all from Peprotech) (Table 3). Protein 

cell lysates were prepared using RIPA buffer with 1x phosphatase and 1x protease 

inhibitors without EDTA (all from Thermofischer). 

 
Table 3.  

Reagent or Resource Source Identifier 
Mouse Cytokines  
Recombinant mouse IL-1β  Peprotech 211-11B 

Recombinant mouse IFN-α  Miltenyi Biotec 130-093-131 

Recombinant mouse IFN-γ  BioLegend 575304 

Recombinant mouse IL-12  Miltenyi Biotec 130-096-707 

Recombinant mouse IL-13  Peprotech 210-13 

Recombinant mouse IL-17A  Peprotech 210-17 

Recombinant mouse IL-18  R&D Systems Inc. 9139-IL 

Recombinant mouse IL-22   BioLegend 576202 

Recombinant mouse IL-23  Peprotech  200-23 

Recombinant mouse IL-33   BioLegend 580502 

Recombinant mouse IL-4  Miltenyi Biotec 130-097-759 

Recombinant mouse IL-6   BioLegend 575704 

Recombinant mouse IL-7  Miltenyi Biotec 130-094-066 

Recombinant mouse OSM   BioLegend 762804 

Recombinant mouse TNF-α   BioLegend 575204 

Recombinant mouse IL-2  Miltenyi Biotec 130-098-221 

Bacterial lysate 
Bacteria lysate Escherichia coli Nissle Prepared in house   

Bacterial lysate Helicobacter hepaticus Prepared in house   

SCFA mix contains: Sodium 

propionate, Sodium butyrate, Sodium 

acetate, Sodium 

Prepared in house   

TLR-ligands 
Flagellin InvivoGen tlrl-epstfla 
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LPS B5 InvivoGen tlrl-b5lps 

R848 ((Resiquimod) InvivoGen tlrl-r848 

Human cytokines      

Recombinant human TNFa  Peprotech 041525 I2817 

Recombinant human IFN-γ  Peprotech 300-02-20ug 

recombinant human IL-22 peprotech 200-22-10 

 

3.5 Organoid isolation  
 
Small intestine and colon organoids were generated and cultured, as described 

previously, with some modifications180. The mice’s bowels were opened vertically, cut 

horizontally into 2 – 5 mm pieces, and washed several times (10 – 20 times) with cold 

phosphate-buffered saline (PBS). Then, the tissue fragments were incubated in 10 mM 

of ethylenediaminetetraacetic acid (EDTA) with PBS. After the EDTA solution was 

removed, the crypts were liberated using mechanical disruption by vigorous pipetting 

and centrifugation steps. The crypts were screened through an 80 μm filter, centrifuged, 

suspended in ice-cold Matrigel Growth Factor Reduced (GFR) Basement Membrane 

Matrix, Phenol red-free, LDEV-free; Corning), and seeded in 24-well plates (500 crypts 

per 50 μL of Matrigel per well). Following the polymerization of the Matrigel (15 minutes 

at 37°C), 500 μl of crypt culture medium (advanced Dulbecco’s modified Eagle 

medium/F12 supplemented with 10 mmol/L HEPES, Glutamax, 1× N2 ( all from Thermo 

Fischer Scientific), 1× B27 (Invitrogen), penicillin/streptomycin (Gibco), EGF (Miltenyi), 

1.25 mmol/L N-acetylcysteine (Sigma), was overlaid containing optimized growth factor 

combinations: The murine small intestinal crypts contained 20% R-spondin and 10% 

Noggin conditioned media. While the murine colonic crypts media contained Gastrin 

(Sigma), Nicotinamide (Sigma), TGFB receptor inhibitor A83-01, PGDE2 (both from 

Tocris), 20% R-spondin, 10% Noggin, and 50% of Wnt-3A conditioned medium. Rho-

kinase inhibitor Y-27632 (Abmole) was included in both the small intestinal crypts and 

colonic crypts media for the first two days to avoid anoikis. The medium was changed 

every two days, and organoids were passaged by mechanical sheering through P1000 

pipet tip connected to P200 pipet tip without a filter into single- crypts every 1-2 weeks 
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with a 1:2 split ratio. Please refer to Table 4 for source and identifier of the above-

mentioned reagents.  

 
Table 4. 

Reagent or Resource Source Identifier 
Organoids  

  

Advanced DMEM/F-12-10 x 500 mL ThermoFisher Cat# 12634028 

GlutaMAX Supplement-100 mL ThermoFisher Cat# 35050061 

Rho kinase inhibitor Y-27632 Abmole Cat# 1254 

Trypsin-EDTA Gibco Cat# 25200072 

TrypLE Gibco Cat# 12605010 

B27 Invitrogen Cat# 17504-044 

Primocin Invitrogen Cat# ant-pm-1 

Na2HPO4 Sigma Cat# S5136-1KG 

KH2PO4 Sigma Cat# P5655-500G 

NaCl Sigma Cat# S5886-1KG 

KCl Sigma Cat# P5405-1KG 

Sucrose Sigma Cat# S1888-1KG 

D-sorbitol Sigma Cat# 240850-100G 

N-acetylcysteine Sigma Cat# A9165-25g 

Nicotinamide Sigma Cat# N0636-100g 

Gastrin Sigma Cat# G9145-1mg 

p38 inhibitor (SB 202190) Tocris-über 

Biotechne 

Cat# S7067 

TGFB receptor inhibitor A83-01 Tocris-über 

Biotechne 

Cat# 2939 

PGDE2 Tocris-über 

Biotechne 

Cat# 2296 

Corning® Matrigel® Growth Factor Reduced 

(GFR) Basement Membrane Matrix, Phenol 

Red-free, *LDEV-free, 

Corning Cat# 356231 

B27 Invitrogen Cat# 17504-044 
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N-2 Supplement ThermoFischer 

Scientific 

Cat# 17502048 

 
 
3.6 Cell isolation  
 
3.6.1 Mouse colon tissue preparation and cell isolation 
 
Mice were euthanized by cervical dislocation and colons were removed and placed in 

ice-cold PBS. Colons were opened longitudinally, cleaned thoroughly with ice-cold PBS 

and cut into 2 mm pieces and washed in EDTA solution (RPMI ,10% FCS, and 5 mM 

EDTA) in a shaker at 37°C for 30 min to remove the epithelial cells. This step was 

performed in a shaking incubator at 37°C, and was repeated, with all supernatants being 

collected as epithelial washes. The remaining tissue was washed twice using RPMI 

containing 10% FCS, and 15 mM HEPES at room temperature. The tissue was then 

vortexed vigorously for 10 seconds and collected in C-tubes (Miltenyi) in complete RPMI, 

10% FCS, 15 mM HEPES, and collagenase VIII (~500U/mL) for 35 min in a shaking 

incubator at 37°C to liberate the cell populations. Solutions were then passed through 

100 µM cell strainers and washed with ice-cold PBS. Cells were suspended in 3 ml of 

the 30% fraction of a 30%/40%/70% Percoll (ThermoFisher, Table 5) gradient and 

carefully placed on top of 4 ml of the 40% fraction in 15 ml tubes. Percoll gradient 

separation was performed by 20 min centrifugation at 900 x g at 10° C. Cells at the 

30%/40% interface were collected as the stroma-enriched fraction, while cells at the 

40%/70% interface were collected as the lamina propria leukocyte enriched fraction. The 

different cell fractions were then washed with ice-cold PBS. 

 
3.6.2 Epithelial cell isolation  
 
The mice’s bowels were opened vertically, cut horizontally into 2 – 5 mm pieces, and 

washed with cold phosphate-buffered saline (PBS). Then, the tissue fragments were 

incubated in 10 mM EDTA–PBS on ice for 60 min, shaking every 30 min. The tissue was 

shaken vigorously, and the supernatant was collected as fraction 1 in a new conical tube. 

The tissue was incubated in fresh EDTA–PBS, and a new fraction was collected. The 
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two fractions were pulled, washed twice in PBS, and centrifuged at 300g for 5 min. 

Samples were either lysed with Qiazol for RNA isolation or lysed with RIPA for protein 

isolation.  

 

Table 5. 
Reagent or Resource Source Identifier 
Cell culture and isolation     
Bovine Serum Albumin,Fraction V, 
PAN Bio 

PAN Biotech Cat# P06-1391500 

1,4-Dithiothreitol (DTT) Roth Cat# 6908.3 
HEPES (1M)-100 mL Pan Biotech Cat# P05-01100 
Trypsin-EDTA Gibco Cat# 25200072 
HBSS(Hanks' Balanced Salt 
Solution ), no calcium, no 
magnesium, no phenol red 

Thermofischer/GIBCO Cat# 14175129 

RPMI 1640 Medium, GlutaMAX™ 
Supplement (1x) 

Gibco Cat# 61870-044 

Penicillin-Streptomycin (10,000 
U/mL)-10 

Gibco Cat# 15140122 

D-Glucose Sigma now Merck Cat# G8270-100g 
Ionomycin, calcium salt (From 
Streptomyces con 

FISHER 
BIOREAGENTS 

Cat# BP2527-5 

Brefeldin A Cayman Cat# Cay11861-25 
PMA Sigma Cat# P1585-1MG 
Collagenase from Clostridium 
histolyticum (Collagenase VIII) 

Sigma Aldrich Cat# C2139-1G 

EDTA Sigma E5134 
FCS Sigma F7524 
Penicillin-Streptomycin ThermoFisher Cat. No. # 15140148 
Percoll ThermoFisher 17-0891-01 
DMEM, high glucose, GlutaMAX 
supplement- 

Gibco 61965059 
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3.7 Gene expression analysis 
 

3.7.1 RNA Isolation of intestinal epithelial cells and cDNA synthesis 

RNA was isolated using the QIAzol Lysing Reagent (Qiagen Kit following the 

manufacturer’s instructions. Samples were collected in RNA Later (Qiagen) or directly 

lysed with a phenol/guanidine-based reagent known as QIAzol. Upon lysis with QIAzol, 

the samples were homogenized, and chloroform was added to separate the homogenate 

into aqueous and organic phases by centrifugation. After centrifugation, the upper 

aqueous phase was collected, RNA was precipitated by the addition of isopropanol and 

GlycoBlue™ (ThermoFisher, RNase-free glycogen). The pellet was washed with 75 % 

ethanol and re-dissolved in RNase-free water. Then, the RNA concentration was 

measured using the NanoDrop. Lastly, the RNA samples were stored at -20 °C, for long-

term at -80°C, or directly used for cDNA synthesis. Please refer to Table 6 for additional 

product information.  

3.6.2 cDNA Synthesis of large/high cell numbers 
 
For all tested target-specific preamplification approaches, reverse transcription was 

conducted by High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). For 

this, 500 ng of RNA was combined with High-Capacity cDNA Reverse Transcription Kit 

reagents according to the manufacturers’ instructions. The samples were diluted 1:60 

and qPCR were run using PowerUp™ SYBR™ Green Master Mix (ThermoFisher 

Scientific) on an Applied Biosystems QuantStudio 5. The data were analyzed and gene 

expression was expressed relative to ACTB. 

 

Table 6. 
Reagent or Resource Source Identifier 
RNA Isolation and cDNA synthesis    

2-Propanol min. 99,5 %, zur Synthese Roth 9866.2 
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2-Propanol min. 99,5 %, zur Synthese Roth 9866.1 

Chloroform Sigma 319988-1L 

EthanolROTIPURAN®, min. 99,8 %, 

p.a., Glas 

Roth 9065.1 

GlycoBlue™ Coprecipitant ThermoFisher AM9516 

High-Capacity cDNA Reverse 

Transcription Kit-200 reactions 

Applied 

Biosystems 

4368814 

Monarch® RNA Cleanup Kit (10 μg) New England 

Biolabs 

T2030L 

NUCLEASE FREE WATER 1 * 1 l 

Herst.ar 

Omega PD092 

QIAzol Lysis Reagent (200ml) qiagen 79306 

RNAlater RNA Stabilization Reagent (50 

ml) 

Qiagen 76104 

RNeasy Micro Kit (50) Qiagen 74004 

RNeasy Mini Kit Qiagen 74106 

Trizol Life Technologies 15596026 

 

3.7.3 RNA Isolation of mouse colon tissue and qPCR 
 
Colon tissues were collected in RNA later and were placed at -80°C. The frozen tissues 

were homogenized and RNA was extracted using the Qiagen Mini RNA kit (Qiagen, 

listed in Table 6) according to the manufacturer’s instructions. Then, 1 ug of RNA was 

reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit 

(ThermoFisher Scientific). The samples were diluted 1:50 and qPCR was performed 

using PowerUp™ SYBR™ Green Master Mix (ThermoFisher Scientific) or TaqMan 

Universal Master Mix II, with UNG (Themo Fischer Scientific) using the Taqman Gene 

Expression Assays (Themo Fischer Scientific) on an Applied Biosystems QuantStudio 

5. The data were analyzed and gene expression was expressed relative to ACTB. Please 

refer to Table 7 for primer information.  
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Table 7. 
Reagent or Resource Source Identifier 
Oligonucleotides 

  

quantitative PCR Murine forward 

primer_Actb: 

GATGTATGAAGGCTTTGGTC 

KiCqStart® SYBR® G

reen Primers 

ST03816663 

quantitative PCR Murine reverse primer 

_Actb: TGTGCACTTTTATTGGTCTC 

KiCqStart® SYBR® G

reen Primers 

ST03816664 

quantitative PCR Murine forward 

primer_Socs3: 

CCAAAGAAATAACCACTCCC 

KiCqStart® SYBR® G

reen Primers 

ST03816673 

quantitative PCR Murine reverse primer 

_Socs3: GATCTGCGAGGTTTCATTAG 

KiCqStart® SYBR® G

reen Primers 

ST03816674 

quantitative PCR Murine forward primer 

_Ifng: CTAGCTCTGAGACAATGAAC 

KiCqStart® SYBR® G

reen Primers 

ST03947811 

quantitative PCR Murine reverse primer 

_Ifng: CTCTTTTCTTCCACATCTATGC 

KiCqStart® SYBR® G

reen Primers 

ST03947812 

quantitative PCR Murine forward 

primer_Il10rb:ATAGAATCCCTTGCTGA

GTC 

KiCqStart® SYBR® G

reen Primers 

ST03947819 

quantitative PCR Murine reverse primer 

_Il10rb:CTTGAAACTTCTCATTAGTCCC 

KiCqStart® SYBR® G

reen Primers 

ST03947820 

quantitative PCR Murine forward 

primer_Il22:ATCAGTGCTACCTGATGAA

G 

KiCqStart® SYBR® G

reen Primers 

ST03947831 

quantitative PCR Murine reverse primer 

_Il22:CATTCTTCTGGATGTTCTGG 

KiCqStart® SYBR® G

reen Primers 

ST03947832 

quantitative PCR Murine forward 

primer_Il22ra1:CTGTTATCTGGGCTACA

AATAC 

KiCqStart® SYBR® G

reen Primers 

ST03947835 

quantitative PCR Murine reverse primer 

_Il22ra1:GTACGTGTTCTTGGATGAAG 

KiCqStart® SYBR® G

reen Primers 

ST03947836 
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quantitative PCR Murine forward primer 

_Lifr:GATTTGTCTGCTGACTTCTTC 

KiCqStart® SYBR® G

reen Primers 

ST03947851 

quantitative PCR Murine reverse 

primer_Lifr:GTGCTGAACGGTATCTTTA

C 

KiCqStart® SYBR® G

reen Primers 

ST03947852 

quantitative PCR Murine forward 

primer_Osm:GAACACAGAATCACTCTT

GG 

KiCqStart® SYBR® G

reen Primers 

ST03947871 

quantitative PCR Murine reverse primer 

_Osm:TGTCTTAAAGCATCCAGTTG 

KiCqStart® SYBR® G

reen Primers 

ST03947872 

quantitative PCR Murine forward 

primer_Osmr:CCATAGAGTTCATCCAAA

GG 

KiCqStart® SYBR® G

reen Primers 

ST03947877 

quantitative PCR Murine reverse primer 

_Osmr:GATCACTGAAGAGGTAGTTTG 

KiCqStart® SYBR® G

reen Primers 

ST03947878 

quantitative PCR Murine forward primer 

_Reg3b:TATCTCAGGTTCAAGGTGAAG 

KiCqStart® SYBR® G

reen Primers 

ST04183442 

quantitative PCR Murine reverse primer 

_Reg3b:GTATCTGAAACAAGGCATAGC 

KiCqStart® SYBR® G

reen Primers 

ST04183443 

quantitative PCR Murine forward 

primer_Reg3g:AACAGTGGCCAATATGT

ATG 

KiCqStart® SYBR® G

reen Primers 

ST04183444 

quantitative PCR Murine reverse primer 

_Reg3g:TCTCTCTCCACTTCAGAAATC 

KiCqStart® SYBR® G

reen Primers 

ST04183445 

quantitative PCR Murine forward 

primer_Il22ra2:CACTAGAGAAGGAGCA

AAAAG 

KiCqStart® SYBR® G

reen Primers 

ST05070559 

quantitative PCR Murine reverse primer 

_Il22ra2:TAGCTGGAATGAGGTATCAG 

KiCqStart® SYBR® G

reen Primers 

ST05070560 

Taqman Oncostatin M receptor Thermofischer/Taqma

n 

4453320 / 

Mm01307326_m1 
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Taqman Actin, beta Thermofischer/Taqma

n 

4453320 / 

Mm01205647_g1 

Taqman Oncostatin M Thermofischer/Taqma

n 

4453320/Mm01193966

_m1 

TaqMan Universal Master Mix II, with 

UNG 

Thermofischer/Taqma

n 

4440038 

 
 

3.7.5 Reverse transcription of low RNA quantity 
 
Small intestinal and colonic organoids were stimulated with the mentioned cytokines 

listed in Table 3. After stimulation the organoids were washed and lysed using QIAzol 

Lysis Reagent (Qiagen), and RNA was isolated according to the manufacturer’s 

instructions. cDNA synthesis and pre-amplification were performed using the SMART-

PCR approach, as described previously181, 182. In brief, 100ng of total RNA was mixed 

with 1 mM dNTPs (ThermoFisher Scientific) and 10µM of oligo-dT primer (5′-

AAGCAGTGGTATCAACGCAGAGTACT30VN-3′, where “N” is any base and “V” is 

either “A,” “C” or “G”; Biomers), denatured and placed on ice. Then, the First-strand 

synthesis for each sample was achieved using 5 U/μl Maxima H minus reverse 

transcriptase (200 U/μl, Invitrogen), 1 U/μl Recombinant RNasin Ribonuclease Inhibitor 

(PROMEGA), 1x SuperScript VI Reverse Transcriptase (5×, ThermoFisher Scientific), 1 

M betaine (5 M, Sigma), 10 mM MgCl2 (1 mM, ThermoFisher Scientific), 1 μM ISPCR-

TSO (Template Switching Oligos): 5′-

AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3′; two riboguanosines (rG) and one 

LNA-modified guanosine (+G), and nuclease-free water (Invitrogen). Subsequently, the 

reverse transcriptase was inactivated, and an adapter – based PCR pre-amplification 

was carried out using 1x KAPA HiFi HotStart ReadyMix (2×, KAPA ROCHE), 200 nM 

ISPCR primers (10 μM, 5′AAGCAGTGGTATCAACGCAGAGT-3′, Biomers) and 

nuclease-free water (Invitrogen). Finally, cDNA was treated with Exonuclease I (NEB) 

following the manufacturer’s instructions. All items are listed in Table 8. 
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Table 8. 
Reagent or Resource Source Identifier 

SMART-PCR  
  

13243159 - EP0753 - Maxima H Minus RT 

4x10000u 

ThermoFisher EP0753 

Exonuclease I (E. coli) NEB M0293L 

384-well PCR plate for index sorting/ direct lysis Sarstedt 72.1984.202 

2x KAPA HiFi HotStart Ready Mix ROCHE 7958935001( 

KK2602) 

SuperScript VI Reverse Transcriptase (with 5X RT 

buffer, 1 mL 0.1 M DTT, 500 µL) 

ThermoFisher 18090050 

100µM TSO: 5′-

AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-

3′; two riboguanosines (rG) and one LNA-modified 

guanosine (+G) 

Biomers 
 

5M betaine Sigma-Aldrich B0300-1VL 

Recombinant RNasin Ribonuclease Inhibitor, 

10000 u 

PROMEGA N2515 

adapter-oligo-dT (5′–

AAGCAGTGGTATCAACGCAGAGTAC(T30)VN-3′) 

Biomers 
 

1M Magnesium chlorides (in RNase-free water) ThermoFisher AM9530G 

dNTP Mix (10 mM each) (for RNA) ThermoFisher R0191 

Maxima H Minus Reverse Transcriptase (200 

U/µL) 

Thermofischer EP0753 

PowerUp™ SYBR™ Green Master Mix ThermoFisher  A25742 

KAPA SYBR FAST Sigma KK4605 

 
 
 
 

https://www.thermofisher.com/order/catalog/product/EP0753
http://www.thermofisher.com/order/catalog/product/A25742
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3.7.5 Single cell RNA-library preparation and sequencing 
 
The lamina propria mononuclear cells (LPMC), stromal, and epithelial cells were FACS-

sorted and were individually hash-tagged per mouse group and per cell type. Then, the 

single cell suspensions were obtained and applied to the 10x Genomics workflow for cell 

capturing and scRNA gene expression (GEX) and CITE-Seq library preparation using 

the Chromium Single Cell 5’ Library & Gel Bead Kit version 2 and the Single Cell 5’ 

Feature Barcode Library Kit (10x Genomics). After cDNA amplification, the Cite-Seq 

libraries were prepared separately using the Dual Index Kit TN Set A while, the final GEX 

libraries were obtained after fragmentation, adapter ligation, and final Index PCR using 

the Dual Index Kit TT Set A. Qubit HS DNA assay kit (Life Technologies) was used for 

library quantification and fragment sizes were determined using the Fragment Analyzer 

with the HS NGS Fragment Kit (1-6000bp) (Agilent). Furthermore, the sequencing was 

performed on a NextSeq2000 device (Illumina) applying the sequencing conditions 

recommended by 10x Genomics for libraries prepared with Next Gem Reagent Kits v2. 

Finally, NEXTSeq 1000/2000 P3 reagent kits (100 Cycles, Illumina) were used for 5’ 

GEX and Cite-Seq libraries with the following sequencing settings: read1: 26nt, read2: 

90nt, index1: 10nt, index2: 10nt. 

 
3.7.6 Bulk RNA sequencing sample preparation  
 
For the sequencing analysis of the VillinCreERT2 x Osmrfl/fl and VillincreERT2 x Osmrfl/+, the 

EpCAM+ epithelial cells were FACS-sorted and lysed in the RLT lysis buffer and RNA 

was extracted using the RNeasy Micro Kit (Qiagen, Table 6) according to the 

manufacturer’s protocol. The quality of the RNA was tested and analyzed according to 

the manufacturer’s protocol. The continuation of the protocol was done together with the 

Novogene Experimental Department. In brief, the mRNA was purified from total RNA 

using poly-T oligo-attached magnetic beads. After fragmentation, the first strand cDNA 

was synthesized using random hexamer primers, followed by the second strand cDNA 

synthesis using either dUTP for directional library or dTTP for non-directional library. For 

the non-directional library, it was ready after end repair, A-tailing, adapter ligation, size 

selection, amplification, and purification. For the directional library, it was ready after end 
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repair, A-tailing, adapter ligation, size selection, USER (Uracil-Specific Excision 

Reagent) enzyme digestion, amplification, and purification. The library was checked with 

Qubit and real-time PCR for quantification and bio-analyzer for size distribution 

detection. Quantified libraries will be pooled and sequenced on Illumina platforms, 

according to effective library concentration and data amount. Clustering and sequencing 

(Novogene Experimental Department) of the index-coded samples was performed 

according to the manufacturer’s instructions. After cluster generation, the library 

preparations were sequenced on an Illumina platform and paired-end reads were 

generated. 
 
3.7.7 Bulk RNA sequencing data analysis  
 
Data analysis for the bulk RNA sequencing was done in collaboration with Novogene. 

First, the sequenced reads/raw reads were filtered by removing the reads containing 

adapters, N > 10%, where N represents base that were undetermined, and low-quality 

reads where the quality value was over 50% bases of the read is <= 5. The mapping of 

the clean reads was carried out using the HISAT2 software for the alignment of the 

sequencing data analysis. The analysis of differentially expressed genes were done by 

the normalization of the read counts, model dependent P-value estimation, and the FDR 

value estimation based on multiple hypothesis testing.  

 
3.7.8 Osmr and Il22 detection by in situ hybridization 
 
The RNAScope Reagent Kit was used in order to detect both the mouse and human 

Osmr mRNA. In brief, paraffin sections were cut, dried for 1 hour at 60°C, and dewaxed 

prior to unmasking with Target Retrieval buffer and protease. Pretreated sections were 

hybridized with specific probes to Omsr or Il22 and Ppib (positive control) and the 

irrelevant probe to dapb as a negative control. The punctae were analyzed and 

quantified using Ilastik, a software for image classification and segmentation and 

ImageJ. The RNAScope in situ hybridization protocol was performed in collaboration with 

the iPATH department at the Charité.  
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3.8 Analysis of protein expression 
 
3.8.1 Bicinchoninic Acid Assay 
 
The bicinchoninic acid assay (BCA) Kit (Serva) was used to determine the total protein 

concentration in the respective cell lysates. The cells were initially lysed with RIPA mixed 

with phosphatase and protease inhibitor cocktail (ThermoFisher). Then, the samples 

were diluted at a 1:20 ratio with the protein lysis buffer mentioned in a 96-well microplate 

with a V-shaped bottom. After diluting the samples, bovine serum albumin (BSA)(Serva) 

was used to create a standard curve (in a serial dilution). Then, 25 μl of the samples and 

the standards were transferred to a flat-bottom 96-well microplate. The BCA solution was 

then prepared according to manufacturers’ instructions. 200 mL of this solution was 

added to the flat-bottom 96-well plate. The plate was incubated at 37 °C for 30 min. The 

protein concentration was detected using the Molecular Devices ThermoMax Microplate 

Reader at 550 nm wavelength. The data was then used to calculate the protein 

concentration of the samples via linear regression using the dilution series of the 

standard’s concentrations linear curve. Please refer to Table 9 for further product details. 

 

Table 9. 
Reagent or Resource Source Identifier 
Western blot and protein isolation 

  

RIPA Lysis and Extraction Buffer ThermoFisher Cat# 89900 

Methanol carlroth Cat# 0082.3 

BCA Protein Assay Macro Kit Serva Cat# 39228.01 

Tris Buffered Saline with Tween Cell Signaling Cat# 9997S 

Halt™ Phosphatase Inhibitor Cocktail ThermoFisher Cat# 78420 

Halt™ Protease Inhibitor Cocktail (100X) ThermoFisher Cat# 87786 

SuperSignal™ West Pico PLUS 

Chemiluminescent Substrate 

ThermoFisher  Cat# 34577 

Nonfat Dry Milk Cell Signaling Cat# 9999S 

Immobilon Blotting Filter Paper Sigma Cat# IBFP0813C 

Immobilon-NC Transfer Membrane Sigma Aldrich Cat# IPVH00010 

http://thermofisher.com/
https://www.thermofisher.com/order/catalog/product/34577
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2-Mercaptoethanol (electrophoresis grade) Serva Cat# 28626.01 

Laemmli Buffer 10x, for SDS PAGE Serva Cat# 42556.04 

SERVAGel™ Neutral HSEprecast gel, 12 

sample wells 

Serva Cat# 43245.01 

SERVA Pink Color Protein Standard II Serva Cat# 39259.01 

MagicMark™ XP Western Protein Standard ThermoFisher Cat# LC5602 

 

3.8.2 Western-Blots 
 
For immunoblotting of STAT1, STAT3, pSTAT1, pSTAT3, and β-actin, cells were lysed 

in RIPA buffer including protease inhibitors (ThermoFisher) and phosphatase inhibitor 

cocktail (ThermoFisher). Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

(SDS–PAGE) was performed with gels containing 10% polyacrylamide. Proteins were 

transferred to polyvinylidene fluoride (PVDF) (Carl Roth) membranes for 1- 2 h at 

200 mA. Membranes were blocked with 5% dry milk (Cell Signaling) in a Tris-buffered 

saline with Tween20 (TBST) solution for 1 h at room temperature. Then, the membranes 

were incubated overnight with primary antibodies at 4°C on a rotator. All primary 

antibodies (anti-phospho-Stat3 Tyr705) (polyclonal) or anti-Stat3 Ab (polyclonal) (both 

from Cell Signaling Technology) were diluted 1:1000 in 5% BSA-TBST solution. After, 

the membranes were washed with 1X TBST solution and incubated in a 1:2000 diluted 

HRP-linked secondary antibodies (Cell Signaling) in 5% dry milk-TBST solution for 1 h 

at room temperature. Protein detection was visualized using chemiluminescent substrate 

(ThermoFisher) and the luminescent image analyzer LAS-4000 mini). Lastly, the 

densitometric analysis was performed using the ImageJ (1.48V) software (National 

Institutes of Health, USA). Please refer to Table 9 product information and Table 10 

antibody information.  

 
Table 10. 

Reagent or Resource Source Identifier 
Western-blot antibodies  

  

β-Actin (13E5) Rabbit mAb  Cell Signaling 

Technology  

Cat# 4970, 

RRID:AB_2223172 
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Anti-rabbit IgG, HRP-linked Antibody Cell Signaling 

Technology  

Cat# 7074, 

RRID:AB_2099233 

STAT3 (D3Z2G) Rabbit mAb Cell Signaling 

Technology  

Cat# 12640, 

RRID:AB_2629499 

STAT1 (D1K9Y) Rabbit mAb Cell Signaling 

Technology  

Cat# 14994, 

RRID:AB_2737027 

Phospho-Stat3 (Tyr705) (D3A7) XP 

Rabbit mAb 

Cell Signaling 

Technology  

Cat# 9145, 

RRID:AB_2491009 

Phospho-Stat1 (Tyr701) (D4A7) 

Rabbit mAb 

Cell Signaling 

Technology  

Cat# 7649, 

RRID:AB_10950970 

 
 
3.8.3 Calprotectin and Lipocalin ELISA 
 
Stool samples were collected and stored at –20°C until analysis. Briefly, approximately 

100 mg of feces were homogenized in 1 mL of extraction buffer consisting of PBS and 

1x protease inhibitor cocktail (Serva). In short, 96-well flat bottom ELISA plates 

(eBioscience) were coated for 12 hours at 4 °C with 100 µl/well with the appropriate 

antibody. For example, for the detection of lipocalin, the plates were coated with a 

capture purified anti-mouse NGAL antibody highly specific to lipocalin (see Table 11). 

Next, the plate was brought to room temperature and washed with PBS/Tween. Next, 

200 µl/well blocking buffer containing 1% BSA was used to block non-specific binding. 

The plate was sealed and incubated at room temperature for 1 hour. After, the plate was 

washed and the standards and samples were added and incubated at room temperature 

for 2-4 hours at room temperature or at 4 °C overnight. Then the detection biotin anti-

mouse NGAL was used for detection, followed by HRP Avidin (all from Biolegend). 

Finally, the TMB substrate reagents were used together with the TMB stop solution to 

stop the reaction. The plate was immediately taken to the microplate reader set to 450 

nm to read the optical density. The samples were prepared following the same 

procedures as indicated above in order to detect fecal calprotectin protein expression. 

However, the detection of the fecal calprotectin level was analyzed with the Mouse 
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S100A8/S100A9 Heterodimer ELISA Kit (RD) following the manufacturer’s instructions. 

All product information is listed in Table 11. 
 
Table 11. 

Reagent or Resource Source Identifier 
ELISA 

  

Mouse S100A8/S100A9 Heterodimer DuoSet 

ELISA, 5 Plate; 1 Kit (for 5 Plates) 

RD DY8596-05 

Biotin anti-mouse NGAL (Lipocalin-2) 532304 BIOLEGEND 532304 

Purified anti-mouse NGAL (Lipocalin-2) 532202 BIOLEGEND 532202 

Recombinant Mouse NGAL (Lipocalin-2) 

(ELISA Std.) 

BIOLEGEND 563601 

Stop Solution for TMB Substrate Biolegend 423001 

TMB Substrate Set, Biolegend Biolegend 421101 

 

3.9 FACS staining and cell sorting  
 
Fresh LPMCs, spleenocytes, mLN, stroma, and epithelial cells were prepared 

accordingly and distributed for surface, transcription factor (TF), and intracellular 

cytokine staining (ICS). For staining of the surface markers, the cells were centrifuged at 

300 x g for 5 min at 4°C, resuspended in 50µl surface antibody mix (Table 12) and 

incubated for 30 min at 4°C. Next, for the myeloid panel the cells were fixed with BD lysis 

buffer (BD) for 30 min. Then, the cells were washed and centrifuged for 5 min at 4°C. 

Subsequently, the cells were then mixed with Precision Count Beads (Biolegend) and 

taken to the BD FACSymphony for acquisition. 
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Table 12.  
Reagent or Resource Source Identifier 

Myeloid surface antibodies and material 

Mouse anti-CD19 Antibody Biolegend Cat# 115543, 

RRID:AB_11218994 

Mouse anti-CD8a Antibody Biolegend Cat# 100748, RRID:AB_2562100 

Mouse anti-NK-1.1 Antibody Biolegend Cat# 108736, RRID:AB_2563159 

Zombie Aqua™ Fixable Viability Kit Biolegend 423102 

Mouse anti-CD3 Biolegend Cat# 100214, RRID:AB_493645 

Mouse anti-Ly-6G/Ly-6C (Gr-1)  Biolegend Cat# 108424, RRID:AB_2137485 

Mouse anti-CD45 Antibody  Biolegend Cat# 103128, RRID:AB_493715 

Mouse/human anti - CD11b  Biolegend Cat# 101218, RRID:AB_389327 

Mouse anti-Ly-6C  Biolegend Cat# 128018, RRID:AB_1732082 

Mouse anti-CD44  Biolegend Cat# 103010, RRID:AB_312961 

Mouse anti-CD11c  Biolegend Cat# 117348, RRID:AB_2563655 

Mouse anti-CD170 (Siglec-F)  Biolegend Cat# 155506, RRID:AB_2750235 

Mouse anti-CD4  Biolegend Cat# 100538, RRID:AB_893325 

Mouse anti-I-A/I-E  Biolegend Cat# 107616, RRID:AB_493523 

Precision Count Beads(TM) 100 tests Biolegend 424902 

BD FACS Lysing Solution BD 349202 

 

For the stromal panel, protein expressions were analyzed using the FoxP3 staining buffer 

set (eBioscience) according to the manufacturer’s instructions. The cells were first 

stained with the surface antibodies (Table 13), followed by fixation with 1x 

Fixation/Permeabilization buffer. Then, intracellular staining with fluorochrome-labeled 

antibodies (Table 13) against the listed transcription factors above in 1x permeabilization 

buffer for 30-45 min at 4°C. Cells were washed with 1x permeabilization buffer and 

immediately analyzed at the BD FACSymphony.  
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Table 13. 
Reagent or Resource Source Identifier 

Stromal and epithelial surface and intracellular 
antibodies 

  

Mouse anti-CD326 (EpCAM)  Biolegend Cat# 118208, 

RRID:AB_1134107 

eBioscience™ Fixable Viability 

Dye eFluor™ 780 

eBioscience Cat# 65-0865-18 

Mouse anti-CD45 Antibody  Biolegend Cat# 103128, RRID:AB_493715 

Mouse anti-Podoplanin  Biolegend Cat# 127410, 

RRID:AB_10613649 

Mouse anti-CD31  Biolegend Cat# 102408, RRID:AB_312903 

Mouse anti-CD54 Antibody Biolegend Cat# 116121, 

RRID:AB_2715949  

Mouse anti-Ki67 BD Bioscience Cat# 563462, 

RRID:AB_2738221 

Calcein AM Viability Dye Ebioscience Cat# 65-0853-78 

Other material      

eBioscience Foxp3 / 

Transcription Factor Staining 

Buffer Set-1 kit 

Invitrogen Cat# 00-5523-00 

 

For the acquisition and analysis of the ILC panel, cells were stimulated for 30 min at 

37°C with PMA (Sigma, 5ng/ml) and Ionomycin (Sigma, 500ng/ml). Subsequently, 

brefeldin A (Cayman, Cay11861-25, 5µg/ml), IL-23 (20 ng/ml; Prepotech), and IL1b (10 

ng/ml; Prepotech) (Table 3) was added to the cells for an additional 4 h. After, the cells 

were stained with the appropriate surface marker antibodies (Table 14) for 20 min at 

37°C. After washing, biotin was stained with fluorochrome labelled streptavidin for 10 

min at 4°C. Next, the cells were fixed for 45 min at room temperature, permeabilized and 

TF markers (Table 13) were stained intracellularly at room temperature for 30 min using 

the Foxp3 / Transcription Factor Staining Buffer Set (eBioscience). Cells were 
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resuspended in 200 μl of PBS/BSA and taken directly to the BD FACSymphony or BD 

LSR Fortessa for acquisition. Lastly, flow cytometry analyses were performed using the 

FlowJo v.10.6.01 software. 

 
Table 14. 

Reagent or Resource Source Identifier 

ILC surface antibodies 

Mouse anti CD127 (IL-7Rα) 

Antibody 

Biolegend Cat# 135037, 

RRID:AB_2565269 

Mouse anti CD90.2 Antibody Biolegend Cat# 105349, 

RRID:AB_2800564) 

Mouse anti CD45 Antibody Biolegend Cat# 103151, 

RRID:AB_2565884 

eBioscience™ Fixable 

Viability Dye eFluor™ 780 

eBioscience Cat# 65-0865-18 

Mouse anti-CD19 Antibody Biolegend Cat# 115543, 

RRID:AB_11218994 

Mouse anti-Ly-6G/Ly-6C (Gr-

1)  

Biolegend Cat# 108424, 

RRID:AB_2137485 

Mouse anti-CD11c  Biolegend Cat# 117348, 

RRID:AB_2563655 

Mouse anti-F4/80 Biolegend Cat# 123105, 

RRID:AB_893499 

Mouse anti-FcERIa Biolegend Cat# 612803, 

RRID:AB_2870130 

Mouse anti-TCR 

gamma/delta (eBioGL3 (GL-

3, GL3) 

eBioscience Cat# 15-5711-82, 

RRID:AB_468804 

Mouse anti-CD4  Biolegend Cat# 100456, 

RRID:AB_2565845 
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Mouse anti-CD3 BD Bioscience Cat# 134303, 

RRID:AB_1626100 

ILC surface antibodies 
Mouse anti-Mouse RORγt BD Bioscience Cat# 562894, 

RRID:AB_2687545 

Mouse anti-Ki67 BD Bioscience Cat# 563462, 

RRID:AB_2738221 

Mouse anti-IL-17A Biolegend Cat#506927, 

RRID:AB_11126144 

Mouse anti-IFN-γ  Biolegend Cat# 505823, 

RRID:AB_2561299 

Mouse/human anti-Gata-3 

(TWAJ) 

eBioscience Cat# 12-9966-42, 

RRID:AB_1963600 

Mouse/human anti-T-bet  Biolegend Cat# 644824, 

RRID:AB_2561761 

Mouse anti-IL-22 

(1H8PWSR) 

eBioscience Cat# 12-7221-82, RRID: 

AB_10597428 

Mouse anti-EOMES 

(Dan11mag) 

ebioscience Cat# 53-4875-80, 

RRID:AB_2802207 

 

3.10 Cell sorting  
 
As mentioned in the previous sections, fresh LPMCs, stromal, and epithelial cells were 

isolated. The cells were stained accordingly for 20 min at 4°C in the dark with the 

appropriate antibody mixes. The cells were also hash-tagged for the single-cell RNA 

sequencing experiments according to their assigned group, following the 10x Genomics 

protocol. Subsequently, the cells were washed twice with PBS + 1% BSA for 10 min at 

a speed of 300 x g at 4°C. The cells were resuspended in MEM + 5 mM EDTA medium 

and filtered prior to the sorting. Next, 4',6-diamidino-2-phenylindole (DAPI) or propidium 

iodide (PI) was added to the cells for the viability assessment. Finally, the cells were 

sorted into MEM + 50% FCS medium, washed, and counted accordingly for single-cell 

RNA sequencing experiments.  



 51 

 
For the Bulk RNA sequencing experiments, the sorted cells were placed directly into RLT 

buffer. Subsequently, the RNA was extracted using the RNeasy Micro Kit according to 

the manufacturer’s protocol as indicated in section 3.7.6. The LPMCs were sorted on the 

FACS Aria I (BD Bioscience) with a 70-um nozzle. In contrast, the stromal and epithelial 

cells were sorted on the SH800S cell sorter (Sony Biotechnology) with a 100-um nozzle. 

 
3.11 Statistical analysis  
 
The sample sizes for the respective experiments are included in the figure legends. 

Statistical tests used are stated in each figure legend. If two or more groups are 

compared, then an Anova followed by a Tukey’s test was run for paired samples. When 

comparing unpaired samples from two or more groups, the Kruskal-Wallis analysis of 

variance with a Dunn’s post-hoc test were performed. The Mann Whitney U test was 

used to compare two unpaired samples, respectively. The Spearman analysis was used 

to look at the correlations of several gene expression in some samples. Results were 

considered statistically significant where P≤0.05 and non-significance was stated as “ns”. 

Statistical analyses were performed using Prism v.8 software.  

 

 

 

 

 

 

 

 

 



 52 

4 Results 

4.1 Epithelial cells upregulate the Oncostatin M receptor in intestinal 
inflammation. 
 
As the overexpression of Oncostatin M (OSM) is seen in numerous human inflammatory 

diseases123, 125, 126, 132, 133 and OSM is known to have both pro- and anti-inflammatory 

effects, the exact function and mechanism of action of OSM have proven to be perplexing 

and its role in IBD remains ill-defined. Furthermore, there is insufficient data on the 

regulation of the OSM-receptor (OSMR) expression, its specific biological functions, and 

its signal transduction in cells other than stromal cells.  

 
To explore the broad expression of OSMR in both immune and non-immune cells in the 

intestinal tissue, we performed single cell RNA sequencing of steady-state mice and 

mice treated with oral Helicobacter hepaticus (H.h) and systemic anti-IL-10 receptor 

blockade (H.h + αIL-10R model) for 18 days. We wanted to identify differences in the 

OSMR expression between stromal cells, IECs, and immune cells at steady-state and 

during inflammation. Colitis was induced for 18 days in six C57BL6/J mice while the other 

six mice were used as steady-state controls. The mice were sacrificed and pooled in 

groups of twos for cell isolations. Subsequently, the different cell populations were 

isolated, stained, and hashtagged (Figure 6A). Then, the stromal cells were FACS 

sorted and defined through negative expression of the classical hematopoietic cell 

marker CD45, the epithelial marker EpCAM, and positive for Calcein AM, a cell-permeant 

dye (CD45- EpCAM- Calcein+), the intestinal epithelial cells (IECs) were sorted as CD45- 

and EpCAM+, and the lamina propria mononuclear cells (LPMCs) were sorted as CD45+ 

and EpCAM-. Single-cell RNA sequencing was then performed on the isolated cell 

subsets, as previously described in section 3.7.5. The single-cell information was then 

visualized using uniform manifold approximation and projection (UMAP), a 

dimensionality reduction which clusters cell types based on the similarity of genetic 

transcripts. Three clusters emerged, depicting the distribution of the three different cell 

types (Figure 6B).  
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Figure 6: Intestinal epithelial cells express Osmr during inflammation. (A) Schematic 
representation of the experimental set-up for single-cell data retrieval for stromal cells, immune cells, 
and IECs from Inflamed and steady-state controlled mice. A total of 12 mice were used in this 
experiment, the mice were further divided into six mice per treatment group, with mice being pulled in 
twos. (B) A summary of the cell identified within the uniform manifold approximation and projection 
(UMAP) plot depicting the different cell clusters identified in the colon of the mice. Depicted are the 
three cell clusters that were sequenced (stroma cells depicted in blue, LPMCs in green, and epithelial 
cells in pink). (C) UMAP (left) and pie graphs (right) show the stromal cell cluster positive for Osmr in 
red and the Osmr negative cells in gray. (D) The LPMC cell cluster, and (E) the epithelial cell cluster 
depicting Osmr positive (red) and Osmr negative (grey) cells.  
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The data confirmed that Osmr transcripts are expressed on stromal cells at steady-state 

and during inflammation (Figure 6C). The LPMC fraction showed no expression of Osmr, 

neither at steady-state nor during inflammation (Figure 6D). Interestingly, the IECs did 

not express the Osmr at steady-state; however, during inflammation, IECs showed Osmr 

expression (Figure 6E).  

Next, we assessed the spatial and temporal expression of Osmr in mouse colon at 

steady-state and on days 3, 7, 14, 21, and 31 after colitis induction using RNA-Scope in 

situ hybridization and qPCRs of the IECs. The expression of Osmr increased during 

colitis and was strongly expressed in inflamed tissue and restricted predominantly to 

epithelial cells and stromal cells (Figure 7A-D). Moreover, the upregulation of Osmr in 

the different colon segments and the IECs strongly correlated with intestinal inflammation 

and was maintained for 31 days after colitis initiation (Figure 7B/D). Interestingly, the 

peak in the histopathology score in the H.h. induced colitis time kinetic was seen at days 

14 and 21 post colitis induction (Figure 7C). Additionally, as previously mentioned in 

section 1.5.1, the mouse OSM ligand does not signal through the murine LIFR but signals 

only through its specific murine OSMRβ, unlike the human OSM, which activates both 

OSMRβ and LIFR125-127. We further confirmed this phenomenon by looking at the Lifr 

expression in the inflamed mice. Notably, no significant differences were observed in the 

heterodimer partner Lifr as well as Il31 which uses the OSMR as one of its heterodimeric 

receptors183 (Figure 7E). Thus, we concluded that in the murine model of colitis, there is 

a long-term induction of the OSM-receptor in the epithelial cells.  
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Figure 7: The Osmr is induced in epithelial cells early during colitis. (A) The workflow for 
detecting and quantifying the Osmr expression in the mouse colon by ISH. Detection of Osmr 
expression in steady state and H.h +αIL-10R colitic mouse colon tissue using in situ hybridization (ISH, 
punctate brown signal). Tissues were counterstained with hematoxylin. The images were processed 
with Ilastik, and the expression of Osmr wasquantified with ImageJ. (B) ImageJ quantification of the 
Osmr expression in colitic mice compared to the expression in steady-state mice. The expression was 
normalized to the steady-state tissue area, error bars represent SEM, n=4 mice per time-point, from 
one experiment. (C) Histopathology scores of the colitic mice during the different time points, the data 
was normalized to the steady-state mice, error bars represent SEM, n=8 mice per time-point, from two 
independent experiments. (D) Q-PCR of the Osmr, (E) Il31, and Lifr expression in the epithelial washes 
in inflamed mice normalized to the steady-state mice, error bars represent SEM, n≥8 mice per time-
point, from 2-4 independent experiments, ND = Not detectable. 
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Subsequently, the relevance of the murine findings was assessed in human IBD 

samples. Using the RNAscope in situ hybridization (ISH) assay based on the Advanced 

Cell Diagnostics (ACD) technology, which is an improved method that localizes mRNA 

molecules with greater sensitivity and specificity in a faster time-frame than the 

conventional ISH methods184. We demonstrated that OSMR transcripts are expressed in 

the epithelium of IBD patients during inflammation (Figure 8A). Additionally, qPCR 

analysis of the epithelial cell fractions from the IBD patients showed a significant increase 

in the expression of the OSMR compared to the non-inflamed controls (Figure 8B). 

 

 

 
 
 

 

 

  
 
 
Figure 8:The OSMR is expressed in human epithelial cells during inflammation.(A) Detection of 
the OSMR expression in healthy and Ulcerative colitis mucosal samples using RNAscope in situ 
hybridization based on ACD (Advanced Cell Diagnostics) patented technology (punctate brown signal, 
upper panel; positive and negative control probes, lower panel). Data represents n=2. (B) Q-PCR gene 
expression analysis of OSMR in epithelial washes from healthy controls, IBD patients, or samples 
segregated according to underlying condition (UC and CD). The data represents n=3-10 per condition. 
P values derived from a Kruskal-Wallis, followed by Dunn’s multiple comparison test. 



 57 

Together, these results indicate that under homeostatic conditions, the intestinal 

epithelial cells do not express the OSMR; however, during inflammatory conditions, there 

is a significant expression of the OSMR in the epithelial cells. Nevertheless, it remains 

to be conclusively ascertained whether the expression of OSMR on the epithelial cells is 

pathogenic or protective during inflammation. Therefore, we hypothesized that we would 

only fully unveil the role of OSMR on epithelial cells through the use of conditional 

knockout mice.  

 
4.2 OSMR expression in IECs drives intestinal inflammation. 
 
In order to investigate the role of OSMR on different cell populations in vivo, we used 

transgenic mice with the Discosoma red Express 2 fluorescent protein (DsRed) to identify 

specific cell populations. We generated transgenic mice, such as the Col1a2creERT2 x Ai9 

henceforth referred to as DsRed, targeting stroma cell type, VillincreERT2 x DsRed, 

targeting epithelial cell type, and Cdh5cre x DsRed, targeting endothelial cell type (Figure 
9 A-C). The appropriate mice were given tamoxifen via intraperitoneal injection (i.p.) 

once every 24 hours for five consecutive days following the Jackson Laboratory protocol 

to induce the mentioned cell type-specific reporter expression166,178.  
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The appropriate cell fractions were isolated and analyzed by flow cytometry to track the 

DsRed labeled cells. FACS analysis of the stromal cell fraction showed that the 

Col1a2CreERT x DsRed mice had the highest frequency of DsRed positive cells compared 

to the other genotypes (Figure 9A). In addition, the VillinCreERT2 x DsRed mouse line 

showed the highest frequency of DsRed positive cells in the EpCAM+ epithelial cell 

fraction compared to the other genotypes (Figure 9B). Lastly, the Cdh5Cre x DsRed 

mouse line had the highest frequency of DsRed positive cells in the endothelial CD31+ 

cell fraction (Figure 9C). Overall, this demonstrated the efficiency of the targeted cell 

types in each mouse line. 

 
 
Figure 9: Confirmation of the conditional knockout mice. (A-C) The mice were treated with 
tamoxifen for 5 days and were analyzed on day 14 after the treatment. The different cell fractions, 
stromal cells, epithelial cells, and endothelial cells were collected, stained, and analyzed by flow 
cytometry. The stromal cell fractions were gated as CD45-, CD31-, EpCAM-, and Calcein+, while the 
epithelial cell fractions were gated as EpCAM+, CD45-, and Calcein+. Lastly, the endothelial cell 
fractions were gated as EpCAM-, CD45-,  CD31+, and Calcein+. (A) FACS analysis showing the stromal 
cell fraction, (B) epithelial cell fraction, and (C) endothelial cell fraction in the Col1a2CreERT x Ai9, 
VillinCreERT2 x Ai9, and Cdh5Cre x Ai9 mouse lines. The data represents one experiment, n≥ 4 per mouse 
line.  
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Figure 10: OSMR expression in epithelial cells promotes intestinal inflammation. (A) Scheme 
depicting the crossing of the different cell-specific reporter mouse lines (VillinCreERT2, Cdh5Cre, and 
Col1a2CreERT2) with Osmrfl/fl. (B) Histopathology scores for day 21 after colitis induction. The data is 
representative of two independent experiments, n=8-14 mice per group. P values reflect differences 
between inflamed Osmr deficient mice, and their respective wild-type mice derived from Kruskal-Wallis 
test, followed by Dunn’s multiple comparison test, error bars represent SEM. (C) Representative H&E-
stained colon of inflamed VillinCreERT2 x Osmrfl/fl mice and VillinCreERT2 x Osmrfl/+ animals on day 21. (D) 
Representative H&E-stained colon of inflamed Cdh5Cre x Osmrfl/fl mice and Cdh5Cre x Osmrfl/+ animals 
on day 21. (E) Representative H&E-stained colon of inflamed Col1a2CreERT2 x Osmrfl/fl mice and inflamed 
Col1a2CreERT2 x Osmrfl/+ animals on day 21. (F) The efficiency of the knockout in the epithelial washes of 
the VillinCreERT2 x Osmrfl/fl mice and VillinCreERT2 x Osmrfl/+ mice was analyzed by qPCR of the Osmr 
expression. The data is representative of two independent experiments, n=8-14 mice per group. P 
values derived from the Mann Whitney U-test. 
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In line with the validation of the cell-specific reporter mouse lines, we studied the 

relevance of the OSMR-expressing cell types in intestinal inflammation; we evaluated 

the VillinCreERT2 x Osmrfl/fl, Cdh5Cre x Osmrfl/fl, and Col1a2CreERT2 x Osmrfl/fl mouse lines 

(Figure 10A). The appropriate mice were treated with tamoxifen for five days, and colitis 

was induced for 21 days. Interestingly, we observed a significant decrease in the overall 

histopathology score in the VillinCreERT2 x Osmrfl/fl mice (Figure 10B/C). Furthermore, the 

removal of the Osmr from the stromal and endothelial cells showed no significant 

reduction in the histopathology score (Figure 10B/D/E). Lastly, we confirmed the 

efficiency of the OSMR knockout in the VillinCreERT2 x Osmrfl/fl and VillinCreERT2 x Osmrfl/+ 

by qPCR after tamoxifen injection and colitis induction for 21 days. Notably, the 

VillinCreERT2 x Osmrfl/fl had significantly lower Osmr expression compared to the 

VillinCreERT2 x Osmrfl/+ (Figure 10F). 

 
It has been well-described that during inflammation, there is a substantial increase in the 

infiltration of inflammatory cells, including monocytes, macrophages, neutrophils, 

eosinophils, and T cells45, 52, 143, 185-188. We therefore used different gating strategies 

(Figures 11&12) to identify the infiltrating leukocytes in  H.h + αIL-10R induced colitis132.  
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Figure 11: Flow-cytometry gating strategy scheme. (A) Gating strategy for identifying the myeloid 
cells in the LP of the mice. Representative data from the LP of colitis mice on day 21 after H.h colitis 
induction.1) Lymphocytes were first gated based on FSC-A and SSC-A, followed by 2) live-gated 
CD45+ colonic cells and the exclusion of 3) doublets. Then, 4) negative dendritic cells were further 
analyzed based on MHCII and CD11c expression. 5) CD11b+ and MHCII+ cells were gated on, 
followed by 6) eosinophil-positive cells based on Siglec-F expression. Siglec-F negative cells were 
further analyzed based on Ly6C+/GR1+ labeled as 7) neutrophil positive cells (purple). The negative 
neutrophil fraction was further gated on, and Ly6C+/MHCII+ monocytes were identified. 
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Figure 12: Flow cytometry gating strategy of LP of different T-cell populations. (A) 
Representative data from the LP of colitis mice on day 21 after H.h colitis induction.1) Lymphocytes 
were first gated based on FSC-A and SSC-A, followed by 2) live-gated CD45+ colonic cells and the 
exclusion of 3) doublets. Then, 4) CD3+/CD19- cells were identified. 5) CD4+ and CD3+ (blue) cells 
were gated on, followed by identifying 6) CD4 high/CD4+ T-cells. 7) CD8+/CD3+ cells were also gated 
to identify CD44high/CD8+ T cells (Purple). 
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Moreover, we investigated the accumulation of immune cells in the VillinCreERT2 x Osmr-

deficient mice mentioned. Interestingly, the VillinCreERT2 x Osmrfl/fl mice had significantly 

less immune cell accumulation compared to the VillinCreERT2 x Osmrfl/+ mice (Figure 
13A).  

 

  
 
Additionally, the putative fecal inflammatory biomarkers, neutrophil gelatinase-

associated lipocalin (NGAL), known as lipocalin 2 (LCN2) and calprotectin, were 

assessed in the VillinCreERT2 x Osmr deficient and sufficient mice. Our data showed 

significant decrease in the lipocalin and calprotectin levels in the fecal samples of 

the VillinCreERT2 x Osmrfl/fl mice (Figure 13B/C). In addition, no significant changes were 

 
 
Figure 13: OSMR expression in epithelial cells promotes the accumulation of immune cells and 
pro-inflammatory markers. (A) Flow cytometry was used to analyze the frequency and absolute 
numbers in the different mouse genotypes. Cells were identified as live-gated CD45+ colonic cells, 
eosinophil positive cells based on Siglec-F expression. Neutrophil-positive cells were characterized 
based on Ly6C+/GR1+, and MHCII positive monocytes were characterized as Ly6C+/MHCII+. 
CD44high/CD4+ T-cells and CD44high/CD8+ T-cells were also analyzed. The data is representative of two 
independent experiments, n≥ 5 mice per group. P values were derived from a Kruskal-Wallis, followed 
by Dunn’s multiple comparison test. (B) Calprotectin and (C) lipocalin ELISA from mouse fecal samples 
from the VillinCreERT2 x Osmrfl/fl vs VillinCreERT2 x Osmrfl/+ mice. (D) Calprotectin and (E) lipocalin ELISA 
from mouse fecal samples from the Col1a2CreERT2 x Osmrfl/fl vs Col1a2CreERT2 x Osmrfl/+ mice. (F) 
Calprotectin and (G) lipocalin ELISA from mouse fecal samples from the Cdh5Cre x Osmrfl/fl vs Cdh5Cre 
x Osmrfl/+ mice. The data is representative of two independent experiments, n≥ 7 mice per group. P 
value derived from the Mann Whitney U-test, ns= not significant. 
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observed in the lipocalin and calprotectin levels of the Col1a2CreERT2 x Osmrfl/fl mice or 

the Cdh5Cre x Osmrfl/fl compared to their respective controls (Figure 13D-G).  

 
Next, we investigated the changes in the gene expression of the IECs in inflamed 

VillinCreERT2 x Osmrfl/fl and the VillinCreERT2 x Osmrfl/+ using conventional bulk RNA 

sequencing. In brief, IECs were isolated from the mentioned mouse strains and RNA 

was isolated using the RNeasy Micro kit from Qiagen, following the manufacturer’s 

protocol. In line with our previous data, the bulk-RNA analysis of the VillinCreERT2 x Osmrfl/fl 

mice showed a decrease in the expression of chemokines and antimicrobial peptides 

(Figure 14A). In addition, the presence of OSM promoted robust defense and 

inflammatory responses (Figure 14B). Collectively, the results revealed the pathogenic 

characteristics of OSM and OSMR in IECs during inflammation.  

 

 

 
 
Figure 14: OSMR expression in epithelial cells drives the expression of chemokines and 
antimicrobial peptides (A) Volcano plot showing the proportion of differentially expressed genes on 
VillinCreERT2 x Osmrfl/fl mice colonic epithelial cells. (B) Top 20 biological processes associated with 
common differentially expressed genes on VillinCreERT2 x Osmrfl/fl mice colonic epithelial cells. Data 
collected from two independent experiments, n≥4.  
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4.3 IL-22 induces the OSMR expression in IECs during intestinal 

inflammation. 
 
Based on our findings, we sought to determine which signals were required to modulate 

the upregulation of OSMR in intestinal epithelial cells. Using the Fluidigm Biomark HD 

platform and qPCR, we established a high-throughput screening system with mouse 

intestinal organoids treated with various cytokines, TLR stimuli, and bacterial lysates. 

Our initial qPCR analysis of the stimulated colonic intestinal epithelial organoids showed 

IL-22 was the main cytokine that robustly induced the OSMR in epithelial cells in 

vitro (Figure 15A-B).  

 
IL-22 has been implicated in facilitating the restitution of epithelial cells in acute colonic 

infections and injury in the Citrobacter rodentium murine model and the dextran sulfate 

sodium (DSS)-induced murine colitis134, 135, 141, 153, 189-192. To address the question of 

whether IL-22 was expressed in our H.h + αIL-10R model, we looked at Il22 expression 

in the colon at steady-state and days 3, 7, 14, 21, and 31 after colitis induction. Our 

analysis showed that Il22 expression increased significantly in the H.h + αIL-10R colitis 

model on days 7 and 14 (Figure 15C). Moreover, IL-22bp is known for its ability to bind 

to IL-22 and interfere with its ability to bind to its receptor138, 141, 142, 144, 152, 153, 155. 

Therefore, the expression of Il22bp was measured to ensure that IL-22 in this H.h + αIL-

10R colitis mouse model was able to bind and modulate cell signaling. There were no 

significant differences in the Il22bp expression in the H.h + αIL-10R colitis model 

compared to the steady-state mice (day 0) (Figure 15C).  
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Figure 15: IL-22 induces the Osmr expression in colonic epithelial cells. (A, B) Mouse colon 
organoids were generated from female C57BL6/J mice and were stimulated with various stimuli as 
depicted. Organoids were stimulated with the depicted conditions for 24h (B) Detection of Osmr 
expression by q-PCR. The data is derived from one independent experiment with three independent 
biological replicates. (C) The expression of Il22 and Il22bp in colons of colitic mice (n=7-14 mice per 
time point and is representative of 2-5 independent experiments). Statistics: one sample t and Wilcoxon 
test were performed on the data; error bars represent SEM. (D) Detection of Il22 expression in inflamed 
Il22-/+ and Il22-/- mice mucosal samples using in situ hybridization (punctate brown signal). (E, F) Il22-/- 

or littermate WT inflamed mice from 7 days after the induction of colitis. E) Q-PCR gene expression 
analysis of Osmr, Re3g, and Reg3b in epithelial cells from inflamed mice normalized to epithelial cells 
isolated from steady-state mice. F) Q-PCR gene expression analysis of Il22 and Ifng in the colon tissue 
from inflamed mice normalized to steady-state mice. n≥ 5 mice per genotype, the data is representative 
of two independent experiments. Statistics: Mann-Whitney U test. (G, H) Inflamed VillinCreERT x Il22ra1fl/fl 

or VillinCreERT x Il22ra1fl/+ from 7 days after colitis induction. G) Q-PCR gene expression analysis of Osmr, 
Re3g, and Reg3b in epithelial cells from inflamed mice normalized to epithelial cells isolated from 
steady-state mice. (H) Q-PCR gene expression analysis of Il22 and Ifng in the colon tissue from 
inflamed mice normalized to steady-state mice. The data is representative of one independent 
experiment (n= 6 mice per genotype). Statistics: Mann-Whitney U test, ns= not significant.  
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To further understand the importance of IL-22 in orchestrating intestinal inflammation, 

we induced colitis for 7 days in IL-22–deficient animals (Figure 15D-F). We first 

confirmed the expression of IL-22 in the H.h + αIL-10R colitis mouse model using ISH of 

the colon tissue of the Il22-/- and Il22+/+ mice (Figure 15D). Markedly, Il22 expression 

was undetectable during inflammation in the colonic tissue of the Il22-/- mice, while the 

Il22+/+ inflamed mice showed Il22 expression in their colonic tissue (Figure 15D). Next, 

we showed that the Il22 deficient mice had significantly less expression of the Osmr as 

well as Reg3g and Reg3b, antimicrobial proteins upregulated downstream of IL-22 

signaling (Figure 15E). 

 
To further comprehend the significance of IL-22 in inducing the expression of OSMR in 

IECs, we used mice with the IL22RA1 deletion in epithelial cells (VillinCreERTxIl22ra1fl/fl) 

and induced colitis for 7 days. The VillinCreERT x Il22ra1 deficient mice showed reduced 

Osmr upregulation on epithelial cells in colitis as well as Reg3g and Reg3b (Figure 15G). 

Though we saw a decrease in the histopathology score of the VillinCreERT x Il22ra1 

deficient mice, the level of Ifng and Il22 in the colonic tissue of the mice were not 

significantly different, highlighting that the inflammation was not entirely ameliorated 

(Figure 15H). 
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To evaluate further the relevance of IL-22 in driving OSMR expression in intestinal 

inflammation, we used an anti-IL-22 antibody to block IL-22 in vivo. IL-22 was blocked at 

two different time points. We blocked IL-22 at the beginning of the colitis induction (day 

0) and analyzed the mice at day 7, while at the second time point, IL-22 was blocked 

after 7 days of colitis induction (day 7), and these mice were analyzed at day 14. Both 

blocking strategies strongly reduced Osmr as well as Reg3g and Reg3b expression on 

 

 
 
Figure 16: IL-22 blockade led to a decrease in the Osmr expression in colonic epithelial cells 
(A-C) Induction of colitis using the H.h +αIL-10R protocol. Mice were treated with anti-IL-22, and 
control mice were treated with isotype controls. Mice were analyzed on day 7 or day 14, which 
corresponds to peak disease severity. (A) Osmr (B) Reg3b (C) Reg3g expressions were quantified in 
epithelial washes by q-PCR. The data is representative of at least two independent experiments with 
n=≥8 per time point, P values derived from Mann-Whitney U test comparing the respective time points. 
(D) Detection of Osmr expression in anti-IL-22 or isotype treated mouse colon using in situ 
hybridization (punctate red depicting Osmr in stromal cells and blue depicting Osmr in epithelial cells, 
upper panel; Ilastik processed picture, lower panel). Data represents n=2. (E) Quantification showing 
the ratio of detected Osmr from anti-IL-22 (gray square) treated or isotype (black circles) treated mice. 
Statistics: Mann-Whitney U test. 
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epithelial cells during colitis induction (Figure 16 A-C). Further confirmation using ISH 

depicted a decrease of Osmr in the anti-IL-22 treated mice at day 7 after colitis induction 

(Figure 16D/E). 

  
Furthermore, we assessed the histology of the Il22 deficient and Il22 sufficient mice. The 

Il22-/- had a significantly lower histopathology score compared to their respective 

littermate inflamed controls (Figure 17A). In addition, the VillinCreERT x Il22ra1 deficient 

mice also had a significantly lower histopathology score compared to their respective 

control inflamed mice (Figure 17B). Interestingly, though the expression of Osmr was 

reduced, we did not see a significant reduction of Il22 and Ifng expression in the colonic 

tissue (Figure 17C/D).  

 

 
 
Figure 17: IL-22 is important for decreasing the histopathology scores in H.h induced colitis but 
does not impact the expression of Ifng in the colonic tissue. (A) Histopathology scoring of Il22−/− 
or littermate WT inflamed mice from 7 days after the induction of colitis, the data is representative of 
two independent experiments, n≥5 mice per genotype, P value derived from Mann-Whitney U 
test. (B) Histopathology scoring of Inflamed VillinCreERT x Il22ra1fl/fl or VillinCreERT x Il22ra1fl/+ from 7 days 
after colitis induction, the data is representative of one experiment, n=6 mice per genotype, P value 
derived from Mann-Whitney U test. (C, D) Q-PCR gene expression analysis of (C) Ifng and (D) Il22 
from mice treated with anti-IL-22 or isotype control. Mice were analyzed on days 7 or 14. The data is 
representative of at least two independent experiments with n=≥8, P values derived from Mann-Whitney 
U test comparing the respective time points, ns= not significant. 
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Using the Fluidigm Biomark HD platform, we further confirmed IL-22 as a cytokine that 

induces the OSMR expression in intestinal epithelial organoids (Figure 18A). Moreover, 

the platform allowed the authentication/validation of the efficiency of the various 

stimulants used in the experiment. We could check the response genes of the different 

stimuli to determine their potency. In turn, this fostered the indisputable insight that IL-

22 is responsible for the OSMR expression in IECs. Notably, IL-22 stimulation led to the 

upregulation of antimicrobial peptides, such as the IL22-responsive transcripts, Reg3b, 

and Socs3 in the intestinal organoids (Figure 18B). Furthermore, the stability of the 

OSMR after IL-22 removal was assessed using colonic organoids. Intriguingly, IL-22 is 

needed to maintain the OSMR expression on the intestinal organoids (Figure 18C).  
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To determine whether IL-22 induces OSMR in human epithelial cells, we stimulated 

human intestinal organoids with IL-22, IFN-γ, TNF, and LPS. Our data revealed only the 

stimulation with IL-22 induced OSMR in human epithelial organoids (Figure 19A/B). In 

addition, ISG15, an IFN-γ response gene, and REG3g were analyzed to confirm the 

viability/efficacy of the cytokine stimulations (Figure 19B). Moreover, IL-22 stimulation 

 
 
Figure 18: IL-22 induces as well as maintains the Osmr expression in colonic epithelial cells (A) 
Q-PCRs were performed on the Fluidigm Biomark platform using indicated primers. The data is derived 
from one independent experiment with three independent biological replicates. The expression was 
normalized to the median expression and log2 transformed. (B) Epithelial organoids generated from the 
colon of C57BL/6J WT mice were stimulated with 10 ng/µl IL-22 for 3 to 48h. The respective organoids 
were collected at 3h, 6h, 12h, 24h, and 48h after stimulation with IL-22 and analyzed by qPCR. The 
gene expression analysis of Osmr, Reg3g, and Socs3 from the different time points were normalized 
to the unstimulated control. (C) Intestinal epithelial organoids isolated from the colon of C57BL/6 mice 
were stimulated with 10 ng/mL of IL-22 for 48h. Then the organoids were cultured in a medium without 
IL-22 for 24h and subsequently passaged by the mechanical splitting technique. Samples were taken 
on days 0, 1, 4, 6, and 8. Q-PCR gene expression analysis of Osmr from the stimulated organoids was 
normalized to the unstimulated controls. Data is shown for n=1 biological replicate with n=2 technical 
replicates, error bars represent SEM.  
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led to the expression of OSMR and SOCS3 in human organoids (Figure 19C). To further 

investigate the relevance of these signals in human IBD, we confirmed the association 

between IL22, IFNG, IL23A, IL12A, IL12B, and OSMR expression in mucosal tissue 

samples from publicly available datasets of the RISK IBD cohort. The cohort is from the 

Gene Expression Omnibus (GEO) dataset GSE57945, composed of ileal biopsies from 

pediatric healthy control patients and patients newly diagnosed with ileal CD, colonic CD, 

and UC (Figure 19D/E). Together, these data identify IL-22 as a critical regulator and 

maintainer of the OSMR, at the transcript level in the intestinal epithelial cells. 
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Figure 19: IL-22 induces the OSMR expression in human colonic epithelial organoid. 
(A)Scheme depicting the workflow for human organoid culturing. (B) Human epithelial organoids were 
generated from human specimens (healthy, IBD samples; IBDome Cohort). Organoids were 
stimulated with the depicted conditions for 24h. Statistics: one-way ANOVA with Dunn’s multiple 
comparisons tests, error bars represent SEM, n=4. (C) Human epithelial organoids were stimulated 
with 10 ng/µl of IL-22 for 3 to 48h. The respective organoids were collected at 3h, 6h, 12h, 24h, and 
48h after stimulation with IL-22 and analyzed by qPCR. The qPCR gene expression analysis of OSMR 
and SOCS3 from the different time points were normalized to the unstimulated control. (D) Spearman 
correlation of OSMR expression with IL22 and IFNG, as well as (E) IL23A, IL12A, and IL12B in pooled 
healthy control and IBD biopsies assessed by RNAseq (RISK IBD cohort, n = 280).  
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4.4 IL-22 induction of OSMR is STAT3- dependent. 
 

The downstream signaling of IL-22 occurs through a plethora of signal transducers and 

transcription factors such as the Jak1, tyrosine kinase 2 (Tyk2), and transcription factor-

3 (STAT3), STAT1, STAT5, protein kinase B (AKT)/ mechanistic target of rapamycin 

(mTOR), and MAPK134, 138, 142, 147, 148, 164. Particularly, IL-22 predominantly signals 

through STAT3 to promote epithelial cell survival; however, several of the pro-

inflammatory effects are caused by STAT143, 189, 193. As our data demonstrated that IL-

22 is needed for OSMR upregulation on IECs, we questioned which downstream 

signaling factors were essential for OSMR on epithelial cells during inflammation. 

 

To address the downstream signaling factors driving OSMR induction in epithelial cells, 

we analyzed the promoter regions of mouse Osmr and detected STAT1 and STAT3 

binding sites upstream of the transcription start site (data not shown). The STAT3 

pathway was examined using the VillinCreERT2 x Stat3fl/fl and VillinCreERT2 x Stat3fl/+ and for 

the assessment of the STAT1 pathway, Stat1-/- and Stat1+/+ mice were used. Colitis was 

induced for 7 days in these mice, and the epithelial cells and tissues were analyzed. Our 

data revealed that the deletion of STAT3 from the IECs led to a significant reduction of 

OSMR as well as the IL-22 response genes Reg3g and Reg3b (Figure 20A). A 

significant reduction in the histopathology of these mice was also observed (Figure 
20B). Though we detected a decrease in the histopathology of the Stat1 deficient mice 

(Figure 20D), we can construe that the deficiency of Stat1 did not influence the OSMR 

expression in the IECs (Figure 20C). Furthermore, the phosphorylation of STAT3 was 

evaluated in the inflamed mice that received the anti-IL-22 blocking antibody and the 

inflamed mice that received the isotype control. Indeed, blocking IL-22 significantly 

decreased STAT3 phosphorylation and Osmr expression in the IECs (Figure 20 E-G).  
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Figure 20: OSMR induction in epithelial cells is STAT3-dependent. (A, B) Colitis was induced in 
the VillinCreERT2 x Stat3fl/fl or VillinCreERT2 x Stat3fl/+ using the H.h +αIL-10R protocol for 7 days. (A) Q-
PCR gene expression analysis of Osmr, Reg3g, and Reg3b in epithelial cells from inflamed mice 
normalized to epithelial cells isolated from steady-state mice. (B) Histopathology scoring of the 
inflamed VillinCreERT2 x Stat3fl/fl or VillinCreERT2 x Stat3fl/+. The data is representative of one experiment 
(n≥ 5 mice per genotype). Statistics: Mann-Whitney U test. (C, D) Colitis was induced in the Stat1-/- or 
Stat1+/+ for 7 days. C) Q-PCR gene expression analysis of Osmr, Reg3g, and Reg3b in epithelial cells 
from inflamed mice normalized to epithelial cells isolated from steady-state mice. (D) Histopathology 
scoring of the respective mice. The data is representative of one  experiment (n≥ 5 mice per genotype). 
Statistics: Mann-Whitney U test. (E-G) Protein and gene analysis of the intestinal epithelial cells from 
the anti-IL-22 or isotype-treated inflamed mice. (E) Western-blot membrane depicting STAT3 
phosphorylation. (F) Quantification of STAT3 phosphorylation using ImageJ. The relative band intensity 
of the inflamed mice was normalized to steady-state untreated mice. (G) Q-PCR gene expression 
analysis of Osmr in the epithelial washes. The data is representative of at least two independent 
experiments with n=≥8. Statistics: Mann-Whitney U test. 
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Next, we generated organoids from the villinCre x Stat3-deficient mice treated with and 

without IL-22. Our data showed that IL-22-mediated OSMR induction was impaired in 

the STAT3-deficient organoids as well as the IL-22 response genes (Figure 21A/B).  

 
 

 
 
Figure 21: In vitro experiments confirmation of Osmr dependency on STAT3. (A, B) Mouse colon 
organoids were generated from VillinCre x Stat3-/- or VillinCre x Stat3+/+ mice and were stimulated with the 
indicated conditions. (B) Quantification of Osmr by qPCR is depicted. The data is representative of three 
independent experiments done from three independent biological replicates. Statistics: Multiple Mann-
Whitney test using the Holm-Sidak method, error bars represent SEM. (C, D) Western-blot membrane 
depicting STAT3 (C) and STAT1 (D) phosphorylation in mouse colon organoids stimulated with the 
indicated cytokines. (E) Western blot of STAT1 phosphorylation in the Caco2 cell line (left) and 
C57BL/6J inflamed mice at days 7 and 14 (right).  
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Additionally, western-blot analysis of IL-22 stimulated organoids showed STAT3 

phosphorylation, while STAT1 phosphorylation was detected only with IFN-γ stimulation 

(Figure 21C/D). Interestingly, STAT1 phosphorylation was detected in the colorectal 

carcinoma derived Caco2 human cell line, while the epithelial cells from the H.h. and 

anti-IL-10R treated mice showed no detection (Figure 21E).  

 
Together, the data highlights the importance of STAT3 for OSMR induction on IECs. 

 
4.5 Type 3 innate lymphoid cells (ILC3s) drive early OSMR induction on 
IECs. 
 
The expression of OSMR on IECs at day 3, an early stage of colitis induction (Figure 
7C), hinted that the innate immune cells might be implicated in disease development. 

Therefore, we presumed that the innate immune cells might be responsible for promoting 

OSMR expression through the early production of IL-22. Markedly, the innate immune 

pathways, including the ILCs, are crucial regulators of homeostasis and inflammation 

and are critical drivers of intestinal inflammatory responses in H.h-driven colitis3, 194, 195. 

In addition, these cells are major sources of IL-22, at both steady-state and 

inflammation3, 194, 195.  

 
To determine whether the innate cells can directly induce OSMR expression on epithelial 

cells, we analyzed the expression of OSMR in the H.h + αIL-10R treated Rag-deficient 

(Rag2-/-) mice. Though IL-22 expression was modulated in the Rag deficient mice, Osmr 

was expressed in epithelial cells on days 7 and 14 post-infection (Figure 22A). 

Furthermore, the expression of Osmr was significantly lower in the Rag2-/- mice 

compared to the Rag2+/+ mice only at day 7 post-infection. Intriguingly, our data showed 

that a slight increase of Il22 expression at days 7-14 was sufficient to increase the Osmr 

expression in the IECs (Figure 22A). Interestingly, the Rag2-/- mice did not show Osm 

expression in the tissue during inflammation, highlighting the vital role of IL-22 in driving 

the OSM-receptor expression in IECs during inflammation (Figure 22A). In addition, the 

Rag2-/- mice showed less intestinal pathology to that observed in the wild-type inflamed 

Rag2+/+ mice (Figure 22B).  
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Figure 22: Colitis induction in RAG-2-deficient mice led to a decrease in inflammation but did not 
modulate OSMR expression. (A, B) Colitis was induced in the Rag2-/- or Rag2+/+ using the H.h +α-IL-
10R protocol for 7 and 14 days. (A) Q-PCR gene expression analysis of Osmr in the intestinal epithelial 
washes (left), Il22 expression (middle), and Osm expression (right) in the colon tissue from inflamed 
mice normalized to the steady-state mice. (B) Histopathology scoring of the Rag2-/- or Rag2+/+. The data 
is representative of two independent experiments, n=≥8, error bars represent SEM, P values derived 
from Mann–Whitney U tests comparing the groups to their respective experimental day. (C) 
Representative gating strategy of the different ILC populations. ILC subsets were identified by flow 
cytometry on mouse LPMCs (n = 6 per group). 1) Lymphocytes we first gated, followed by the removal 
of 2) doublets. Then, the ILC population was characterized as 3) CD45+, Lin- (i.e. CD19-, CD11c-, 
Ly6G/C-, F4/80-, FcERIa-) and live cells. Subsets were further defined based on specific transcription 
factor markers. 5) ILC3 were further gated as RORγt+ T-bet- and RORγt+ T-bet+ CD90+ Lin- TCRα- TCRγ-

. While, 6) ILC2 were categorized as GATA3+, RORγt-, T-bet-, CD90+ Eomes-, Lin-, TCRα-, TCRγ-. 7) 
ILC1 were identified as T-bet+ Eomes- RORγt- CD90+ Lin- TCRα- TCRγ-. 7) NKs were characterized as 
T-bet+ Eomes+ RORγt- CD90+ Lin- TCRα- TCRγ-.  
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Therefore, we sought to determine whether the innate lymphoid cells could candidly 

induce OSMR expression in epithelial cells by evaluating the early source of IL-22 in the 

colonic lamina propria through FACS analysis. All ILC subsets, ILC1, ILC2, ILC3 and NK 

cells, were identified from the colonic LP of steady-state and inflamed mice according to 

the transcription-factor-based gating strategy defined in Figure 22C. 

 

 
Our data showed that in the H.h + αIL-10R colitic mice, there was an increase in the IL-

22 positive cells on day 7 post-colitis induction (Figure 23A). Evidently, there was an 

increase in IL-22 production by the ILC cell population in the inflamed mice compared to 

the steady-state mice (Figure 23B). Importantly, the ILC3 cell population was 

 

 
 
 
Figure 23: Type three innate lymphoid cells are the primary source of IL-22 in H.h-induced colitis. 
(A) Absolute cell numbers of IL-22 expressing CD45+cells in naïve mice and after colitis induction using 
the H.h +αIL-10R protocol on day 7. Flow cytometry assessed cytokine expression after stimulation with 
PMA/Ionomycin, IL-23, and IL-1b. (B) Pie graph showing the cellular source of IL-22 on day 7 of colitis. 
(C) IL-22 production by ILC3 (RORγt+, Lin-, TCRα-, TCRγ-), ILC1 (T-bet+, Eomes-, RORγt-, Lin-, TCRα-, 
TCRγ-), ILC2 (GATA3+, RORγt-, T-bet-, CD90+ Eomes-, Lin-, TCRα-, TCRγ-) and NK cells (T-bet+, 
Eomes+, RORγt-, Lin-, TCRα-, TCRγ-). (D) IFN-g and (E) IL-17A production by ILC3, ILC1, ILC2, and NK 
cells. The data is representative of 1 independent experiment, n=6 per condition. Statistics: Mann–
Whitney U tests. 
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responsible for producing IL-22 in the H.h + αIL-10R colitis model (Figure 23C). As 

expected, the ILC1 and NK cells were responsible for IFN-γ production, while the ILC2s 

produced IL-17A during inflammation (Figure 23D/E). To further understand the role of 

the ILC3s in the H.h + αIL-10R colitis model, double deficient mice (Rag2-/- x Rorc-/-), 

which lack the critical ILC3-lineage-defining transcription factor and are hence ILC3 

deficient, were studied. The Rag2-/- x Rorc-/- mice showed a significant reduction in 

OSMR expression in the epithelial cells compared to the inflamed control mice (Figure 
23A). In addition, a decrease in Il22 expression as well as a decrease in the 

histopathological score was observed in the Rag2-/- x Rorc-/- inflamed mice (Figure 
23B/C). These results indicate that the group 3 ILCs are important drivers of IL-22 

production in the H.h + αIL-10R colitis model, which consequently drives OSMR 

expression on the IECs.  

 
IL-12 and IL-23 are essential drivers of early innate cell activation in intestinal 

inflammation and exemplify promising therapeutic targets in IBD. In addition, IL-23-

responsive innate lymphoid populations have been associated with mediating intestinal 

immune pathology87, 177, 196. Notably, ILC3s are essential in promoting epithelial barrier 

integrity and disease-driving responses by producing IL-22. The pathogenic role of ILC3s 

is highlighted by Geremia et al. to be IL-23 dependent186, 196. Furthermore, IL-23-

responsive ILC3s were found to be increased in the intestines of CD patients186, 196. 

 
To highlight the role of IL-12 and IL-23 in OSMR induction in IECs, we blocked IL-12p40 

and assessed whether OSMR was induced in IECs. Indeed, IL-12p40 blockade 

significantly reduced tissue expression of Il22 and consequently, Osmr expression in 

IECs (Figure 24D-E). We also observed a significant reduction in the histopathology 

score of the anti-IL-12p40 treated mice compared to the isotype treated controls (Figure 
24F). 

 
Together, our data support that the ILC3s are the primary producers of IL-22 in the H.h 

+ αIL-10R colitis model. In addition, IL-12/23 promotes innate immune cell expression of 

IL-22 during early colitis, which enhances OSMR induction in IECs. 
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4.6 OSMR enhances STAT3 activation in epithelial cells and inflammatory 
gene signature. 
 
To gain insight into whether the pathogenic effects of OSMR on the IECs were time-

dependent, we used the VillinCreERT2 x Osmrfl/fl mice and induced colitis for 7, 14, and 21 

days (Figure 25A). The VillinCreERT2 x Osmrfl/+ mice had a significant increase in Osm 

expression on day 7 of colitis compared to the knockout (Figure 25B). Additionally, the 

VillinCreERT2 x Osmrfl/fl mice showed significant reduction in the expression of Il22 at day 

14 and Ifng at day 21 (Figure 25B). Intriguingly, only at day 21 did we notice a significant 

 
 

 
 
Figure 24: The absence of type 3 innate lymphoid cells and the blockade of IL-12p40 ameliorated 
inflammation through the suppression of OSMR. (A-C) Induction of colitis using the H.h +α-IL-10R 
protocol in the Rag2-/- x Rorc-/- and Rag2-/- for 7 days. (A) Epithelial Osmr, Reg3g, and Reg3b 
expression were quantified by qPCR, as well as (B) Q-PCR analysis of Il22 and Ifng expression in the 
colon tissue. (C) Histopathology score of the respective mice. The data is from 1-2 independent 
experiments, n≥ 6, statistics: Mann–Whitney U tests. (D-F) Induction of colitis using the H.h +α-IL-10R 
protocol. Mice were treated with anti-IL-12p40 on day 0 or the isotype control (rIgG). (D) Osmr, Reg3g, 
and Reg3b expression were quantified in epithelial washes on day seven by qPCR as well as (E) Il22 
and Ifng expression was quantified in the colon tissue. (F) Histopathology score of the anti-IL-12p40 or 
isotype-treated mice. The data is from two independent experiments, n=6-14, Statistics: Mann–Whitney 
U tests.  
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difference in the expression of IL-22 regulated and STAT3 activated genes, Reg3g and 

Reg3b43, 147, 189, 197, 198. The VillinCreERT2 x Osmrfl/fl had lower Reg3g and Reg3b than the 

VillinCreERT2 x Osmrfl/+ mice (Figure 25C).  

 
Additionally, we investigated the proliferation of the IECs during inflammation at days 0, 

7, 14, and 21 using Ki67 as a proliferation marker. Interestingly, the data showed a 

significant decreased in Ki67 positive cells in the VillinCreERT2 x Osmrfl/fl compared to the 

VillinCreERT2 x Osmrfl/+ mice at day 21 (Figure 25D). Subsequently, the phosphorylation 

of STAT3 was significantly lower in the VillinCreERT2 x Osmrfl/fl mice at day 21 post colitis 

when compared to the VillinCreERT2 x Osmrfl/+ mice (Figure 25E). This outcome 

highlighted the late-phase effect of the OSMR on the downstream signaling pathway of 

STAT3. 

 
As the intestinal barrier function is essential for keeping homeostasis, we questioned 

whether OSMR on the IECs modulated the barrier integrity. Studies have shown that a 

compromised intestinal barrier, such as increased intestinal permeability, is strongly 

associated with IBD patients26, 53, 72, 199-201. A recent study by Turpin et al. found that 

intestinal permeability was 50% greater in IBD patients compared to their healthy 

relatives202. As tight junction proteins are known to play a central role in barrier 

regulation79, 99, 103, 105, 203, we screened for tight junction protein expression unbiasedly 

using immunoblotting at day 21 of colitis in the epithelial washes of the VillinCreERT2 x 

Osmrfl/fl and VillinCreERT2 x Osmrfl/+ mice. We found that the tight junction scaffolding ZO-

1 was significantly lower in the OSMR-sufficient inflamed mice compared to the inflamed 

knockout mice (Figure 25F).  

 
Additionally, our bulk RNA sequencing data showed that chemokines such as Ccl2, Ccl8, 

Cxcl9, and Cxcl11 were significant downregulated in the absence of OSMR in IECs 

(Figure 14A). IL-22 has been implicated to be functionally important in regulating the 

recruitment of neutrophils to the colon especially during inflammation where Il22 

expression is augmented204.  
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Figure 25: The Osmr is important during late-phase colitis. (A) Scheme depicting the colitis-
induced timeline in which the VillinCreERT2x Osmrfl/fl or VillinCreERT2x Osmrfl/+ were analyzed. (B) Osm, 
Il22, and Ifng expression were quantified in the mice's colonic tissue at day 0, 7, 14, and 21. (C) The 
expression of Reg3g and Reg3b in epithelial washes were also analyzed by qPCR on the days 
mentioned. The data represent 1-2 independent experiments, n≥ 7 mice per time-point. P values 
reflect differences between inflamed VillinCreERT2x Osmrfl/fl mice and their respective wild-type mice and 
are derived from Multiple Mann–Whitney U tests, error bars represent SEM. (D) STAT3 
phosphorylation and (F) ZO-1 in epithelial cells were assessed by immunoblotting. Statistic: Mann–
Whitney U tests, the data represents two independent experiments, n≥ 7 mice. (G) The expression of 
the Cxcl5 and Cxcl9 were analyzed by qPCR in the VillinCreERT2x Osmrfl/fl or VillinCreERT2x Osmrfl/+ at day 
21, as well as (G) tissue gene expression of Il22bp. The data is representative of two independent 
experiments, n≥ 7 mice. Statistic: Mann–Whitney U tests. 
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As mentioned previously, our data showed that in the absence of the OSMR on the IECs, 

Il22 expression was significantly reduced (Figure 25B); therefore, we investigated 

whether this effect modulated neutrophil attracting chemokines, such as CXCL5 and 

CXCL9. QPCR analysis showed a significant reduction of Cxcl5 and Cxcl9 in the IECs 

of the VillinCreERT2 x Osmrfl/fl compared to the VillinCreERT2 x Osmrfl/+ mice (Figure 25G). In 

keeping with the hypothesis that the OSMR is pathogenic during inflammation, this 

observation confirms that the OSMR is imperative for the expression of neutrophil-active 

chemokines during late phase colitis. 

 
Collectively, these data revealed that during inflammation, OSMR is expressed on the 

IECs and enhances STAT3 activation and inflammatory gene signatures. The effect of 

the OSMR on the IECs is pathogenic, and this pathogenesis is time-dependent as it is 

only seen in late-phase colitis.  
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5 Discussion  
It has become indisputable that cytokines are essential in the pathogenesis of IBD. 

Cytokines are critical regulators for cell signaling processes, and their therapeutic 

manipulation has shown promising results in reducing disease severity. IBD has been 

characterized as a chronic relapsing disorder in the GI tract with severe complications, 

including epithelial injury47, 53, 72, 205. Numerous pro-inflammatory cytokines have been 

reported to affect the IECs and cause apoptosis, decreasing the integrity of the epithelial 

barrier53, 199. In contrast, other studies have shown that some cytokines induce IEC 

activation and survival via downstream signaling and lead to mucosal healing189, 197. To 

date, several recombinant anti-inflammatory cytokines or antibodies specific for pro-

inflammatory cytokines have been used in the attempt to treat IBD. Several cytokine 

treatments, such as IL-10, IFNβ, and IL-11, had disappointing outcomes206-208. However, 

neutralizing antibodies specific for TNF (infliximab) showed discernable clinical 

improvement in IBD patients65, 78. Still, some IBD patients are nonresponsive to anti-TNF 

therapy, highlighting the need to identify new cytokine pathways involved in IBD.  

 
A significant discovery by West et al. found OSM, a proinflammatory cytokine as a novel 

biomarker in IBD that is correlated with disease severity and poor anti-TNF response132. 

The breakthrough study showed that out of 64 candidate cytokines, OSM was the most 

significantly expressed cytokine in IBD patients. They revealed that the expression of 

OSM was associated with an overexpression of OSMR on intestinal stromal cells132. 

They highlighted that this overexpression of OSMR on the stromal cells is the 

predominant cause of increased severity of intestinal inflammation in IBD patients.  

 
Though the implications of cytokines in inflammatory diseases have been studied 

extensively, there are still gaps in our knowledge about their involvement in IBD. West 

et al. were the first to show that the OSM-OSMR axis is involved in the pathogenesis of 

IBD. Their data uses OSM as a biomarker to help clinicians in determining whether to 

prescribe anti-TNF antibodies. Although the study used OSM deficient mice to show a 

decrease in mouse colitis, the OSM-OSMR pathway was not dissected fully. Therefore, 

the work done in this thesis further investigated the OSM-OSMR pathway on other cell 
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types and the effect that axis has on intestinal inflammation. This work ultimately shows 

that the OSM-OSMR pathway is crucial in epithelial cells and drives disease severity. 

 
5.1 The intestinal epithelial cells express the OSMR as a consequence of 

inflammation 
 
While stroma cells express the OSMR at steady-state and during intestinal inflammation, 

the data in this research showed that the intestinal epithelial cells only express the OSMR 

during intestinal inflammation (Figure 6E). One of the most critical functions of the IECs 

is maintaining homeostasis by forming a barrier that mediates the balance between gut 

microbes and the host’s immunity and tolerance26, 54, 55, 57, 80, 199. Therefore, we 

investigated whether the expression of the OSM receptor on the epithelial cells was 

pathogenic or protective. 

 
West et al. had clearly shown that OSMR is overexpressed on stromal cells during 

intestinal inflammation132. However, Biegel et al. showed that OSM was essential for 

repair after injury in a colon carcinoma cell line133.. Therefore, we combined scRNAseq 

and conditional deletion to remove the OSMR on the IECs (VillinCreERT2 x Osmrfl/fl) to 

explore the relevance of the OSM-OSMR axis on IECs during intestinal inflammation. 

One of the key findings was that the histopathology score was significantly lower in the 

VillinCreERT2 x Osmrfl/fl mice compared to the VillinCreERT2 x Osmrfl/+ during H.hepaticus-

induced colitis (Figure 10B). Additionally, the VillinCreERT2 x Osmrfl/+ mice showed severe 

goblet cell depletion, a common pathologic finding in IBD98, 209. Importantly, goblet cells 

are essential for the production and secretion of mucin, which protects the mucosa from 

invading pathogens98, 209. Van der Sluis et al. showed that MUC2 deficient mice 

developed spontaneous chronic colitis, emphasizing that the loss of appropriate mucin 

secretion and production is associated with chronic inflammation101. Moreover, the loss 

of goblet cells observed in the VillinCreERT2 x Osmrfl/+ during colitis confirms the 

assumption that the expression of the OSMR on the epithelium is detrimental during 

inflammation.  
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In addition, the epithelial washes from the IBD patients had significantly higher OSMR 

expression compared to the controls from healthy patients. Furthermore, visual analysis 

of in situ hybridization depicted in Figure 8 showed that during colitis, the OSMR can be 

seen on the epithelium of the IBD patients, an observation that is not seen in healthy 

patients. This finding revealed that the expression of the OSMR on the membranes of 

the IECs is relevant in intestinal inflammation in mice and humans.  

 
Our initial findings highlighted a pathogenic effect of the OSM-OSMR pathway on IECs 

during inflammation. 

 
5.2 IL-22 drives the OSMR expression IECs during inflammation 
 
The hypothesis brought forth by this study is that the expression of the OSMR on 

epithelial cells during inflammation had a pathogenic effect. This result led to further 

exploration of the underlining signals driving the OSMR expression on the IECs. 

 
West et al. had previously described that OSM drove the expression of OSMR on mouse 

colon stroma cell cultures ex vivo132. Therefore, through the exploitation of the organoids 

technology and stimulation using various stimulants aided in identifying the potential 

signal inducers of the OSMR in IECs. Surprisingly, in both human and mouse organoids, 

IL-22 was the key cytokine driving OSMR expression in IECs (Figure 15B). Previous 

studies have shown that while IL-22 is constitutively expressed in human and mouse 

small intestines under healthy conditions 134, 135, 138, 141, 144, 153, 160. In addition, the 

expression of IL-22 is detected in the colon during inflammatory conditions such as 

IBD134, 135, 138, 141, 144, 153, 160. Verifiably, in the H.hepaticus colitic C57B/6J mice, IL-22 was 

significantly expressed compared to the steady-state C57B/6J mice (Figure 15C). 

Intriguingly, IL-22 deficient mice (Il22-/-) (Figure 15E) and mice receiving the anti-IL-22 

blocking antibody (Figure 16) had significantly lower epithelial OSMR expression than 

their respective controls. This data coherently depicted that IL-22 was an essential 

inducer of the OSMR on epithelial cells during intestinal inflammation, and that this 

interaction is pernicious in IBD.  
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Various studies have shown that IL-22 has both protective and pathogenic roles in 

intestinal inflammation. For example, in acute intestinal infections such as the Citrobacter 

rodentium infectious model, IL-22 plays a beneficial role by potentiating host defense via 

the expression of anti-microbial peptides210, 211. Additionally, in the DSS colitis model, IL-

22 is protective as it facilitates the restitution of the epithelium190. Based on these 

findings, it is equitable to assume that IL-22 is advantageous where fast colonic epithelial 

repair is necessary. However, human IBD is characterized by chronic immune-mediated 

inflammatory responses and not as an acute injury that can be resolved rapidly. In 

contrast to its beneficial roles, studies have shown that while IL-22 can be protective, it 

can promote colitis context-dependently. For example, a study by Kamanaka et al. 

showed that in an adaptive transfer colitis model where Treg-depleted memory/effector 

CD4+CD45RBlo T cells are transferred into Rag deficient mice, IL-22 was pathogenic; 

however, in CD4+CD45RBhi naïve T cells were transfer experiments, IL-22 was 

protective212. 

 
Our data revealed that during H.h. induced colitis, IL-22 is pathogenic. This finding 

coincides with the observations made by Morrison et al. which showed that IL-22 was 

pathogenic in the H.h.-induced colitis model, as it promoted the development of 

inflammation in the colon165. During H.h. colitis, IL-22 deficient mice and the mice that 

received the IL-22 blocking antibody showed not only lower expression of OSMR but 

significantly lower histopathology scores compared with the respective IL-22 sufficient 

inflamed controls and isotype controls. Conclusively, IL-22 promotes the expression of 

the OSMR on IECs and this contributes to intestinal inflammation.  

 
5.3 ILC3s produce IL-22 in the H. hepaticus colitis model  
 
The main source of IL-22 in the H.h colitis model was the group 3 innate lymphoid cells 

(ILC3s). Human ILC3s are described by their expression of the RAR-related orphan 

receptor-γt (RORγt)213 and surface expression of CD117 (c-kit)214. ILC3s respond to IL-

23 and IL-1β stimulations and produce Th17/Th22 cytokines IL-17A, IL-17F, and IL-22145, 
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149, 210, 213, 214. Our data revealed that compared to the Rag deficient mice (Rag-/-), mice 

that were Rag-/- x Rorcfl/fl deficient produced significantly lower IL-22 expression. This 

decrease in IL-22 was linked to the lower expression of the OSMR in the epithelium. The 

data highlighted the pathogenic role of the ILC3s production of IL-22 in H.hepaticus 

colitis. In line with our data, a study by Longman et al. has revealed that colonic ILC3 

from UC and CD patients leads to higher expression of IL-22 than in healthy 

individuals215. In addition, in innate colitis models such as the anti-CD40 model, IL-22 

production by ILC3s was found to be pathogenic216. 

 
Together, the role of ILC3-derived IL-22 in the intestine cannot be easily labeled as 

protective or pathogenic without context. Though ILC3 production of IL-22 can be 

protective in promoting epithelial barrier integrity, inappropriate and prolonged activation 

of ILC3 can cause intestinal damage through excessive production of IL-22155, 216, 217. 

Overall, our data showed that ILC3s were the main producers of IL-22 in the H.hepaticus 

colitis model and this production of IL-22 is pathogenic as it leads to the OSMR 

expression on the IECs.  

 
5.4 The role of IL-12 and IL-23 in the H.h colitis model  
 
In human IBD, the expression of IL-12 is upregulated and correlates strongly with an 

increase in disease activity218. In animal models, such as the H.h colitis model, IL-23 is 

essential to manifest chronic intestinal inflammation87. Notably, IL-23 is vital in driving 

Th17 responses. Th17 cells have been recognized as essential drivers of intestinal 

inflammation. In mice, Th17 cells, which produce IL-17 and express RORγt, are the 

critical source for IL-22149, 158, 177, 219. While IL-23 is essential in Th17 cell expansion, IL-

12 is vital in differentiating naive T cells to Th1 cells50, 218. Monoclonal antibodies 

targeting IL-12p40 are available in the clinics and were designed to inhibit both the IL-12 

and IL-23 signaling pathways to treat IBD220-222.  

 
Our data showed that blocking IL-12p40 led to a significant reduction of IL-22, 

consequently reducing the OSMR in epithelial cells. Although speculative, this decrease 
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in the OSMR could be the reason for the decrease in the histopathology of the mice that 

received the anti-IL12p40 blocking antibody. Moreover, our data revealed that by 

modulating the continuous presence of IL-22 expression during inflammation, OSMR 

expression on the epithelium diminishes, leading to restorative effects. 

 
5.5 The OSM-OSMR axis is pathogenic in intestinal inflammation  
 
It is paradoxical but not surprising that OSM can play both pathogenic and protective 

roles in inflammatory conditions. The mechanism by which OSM mediates barrier 

dysfunction was initially unknown. Although Biegel et al. had shown that treatment of 

human colorectal cancer-derived IEC lines with OSM was necessary for regrowth/wound 

healing after injury; the in vivo mechanism had not been shown114. In addition, the lack 

of primary cells in their study made it difficult to determine whether their findings were 

translatable or related to transformed epithelial cells.  

 
The strength of this Ph.D. study is that, for the first time, we could show mechanistically 

how OSM and OSMR promote epithelial cell destruction, which subsequently leads to 

inflammation. Many studies have made it evident that chemokines are essential for 

activating, recruiting, and retaining leukocytes along a chemotactic gradient7, 10, 48. For 

example, West et al. have shown that in IBD, as the level of OSM increases, so does 

leukocyte enhancement, contributing to a substantial infiltrate of immune cells. Our study 

showed for the first time that during inflammation, the OSMR is induced by IL-22. Then, 

OSM binds to its receptor and activates the STAT3 downstream pathway. Importantly, 

STAT3 has been shown to be essential for epithelial homeostasis and repair189, 197, 223. 

Although OSM activates many downstream pathways, it is a potent activator of 

STAT3126, 132, 133. Our data showed that when the OSMR is removed from the epithelial 

cells during inflammation, so does the proliferation of the IECS and phosphorylation of 

STAT3 (Figure 25D/E).  

 
This activation of STAT3 by OSM on the epithelial cells subsequently leads to chemokine 

recruitment such as CCL2, CXCL5, CXCL9, and CXCL11. Intriguingly, our data showed 



 91 

that CXCL5, a chemokine that has been reported to be involved in IBD pathogenesis, 

specifically in UC patients224-226, is modulated by the OSM-OSMR axis during 

inflammation. We found that in the OSMR deficient mice (VillinCreERT2 x Osmrfl/fl), CXCL5 

was significantly lower compared to the OSMR sufficient mice. In addition, the OSMR-

deficient mice had lower histopathology scores and lower neutrophil, macrophages, 

eosinophils, and T-cell accumulation than the OSMR-sufficient mice (VillinCreERT2 x 

Osmrfl/+) (Figure 25G). It has been well-studied that CXCL5 is not only upregulated in 

UC patients but is expressed explicitly by colonic epithelial cells in these patients227. 

CXCL5 is responsible for neutrophil activation and recruitment in IBD patients10, 48, 225.  

 
Neutrophil infiltration strongly correlates with disease severity in UC patients185. During 

IBD, uncontrolled accumulation and persistence of neutrophils is associated with the 

degeneration of crypts and overt deterioration of the epithelium and further extensive 

mucosal erosion185, 228. This impedes the clearance of the gut leukocytes thereby, 

delaying the resolution of gut inflammation. Consistent with this, markers such as fecal 

calprotectin and neutrophil gelatinase-associated lipocalin (NGAL) are widely used as 

biomarkers for IBD229-239 . Neutrophils mainly produce calprotectin, an abundant calcium-

binding protein belonging to the S100 family, with S100A8 and S100A9 forming hetero-

oligomers capable of binding zinc 232-237, 239. Additionally, marked elevated calprotectin 

levels have been detected in IBD patients' feces, indicating a neutrophilic influx from the 

mucosal lining into the gut lumen during intestinal inflammation232-237, 239. Furthermore, 

lipocalin, initially described as a neutrophil protein, is produced by several cell types, 

including epithelial cells, which is particularly important in IBD229-232. During inflammation, 

lipocalin is secreted in high concentrations into the gut lumen229-232. Our data showed 

that removal of the OSMR from the epithelial cells during inflammation led to significantly 

lower fecal calprotectin and lipocalin detection (Figure 13B/C). In line with this 

observation, bulk RNA sequencing data from mice that received the anti-OSM blocking 

antibody during colitis showed various matrix metalloproteinases (MMPs) and genes 

related to neutrophil biology dependent on the presence of OSM (data not shown).  
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Interestingly, the effect of OSM and OSMR happens in a time-dependent manner. For 

example, removing the OSMR from the epithelial cells during inflammation in early-

phase colitis did not lead to any significant changes in genes or protein expressions 

(Figure 25). Observational changes were only seen when colitis was established and 

maintained for 21 days. This indicates that therapeutically, time should be heavily 

considered when targeting OSM in IBD patients.  

 
5.6 Limitations and future research opportunities 
 
The strong therapeutic potential of the OSM-OSMR pathway brought forth by this study 

triggers further exploration of their involvement in other cell types context-dependently. 

Combinedly, the mouse and human data generated showed various similarities; 

however, it is pertinent to accentuate the limitations of this study. The problematic 

translatability of the various mouse genotypes and the colitis model used in this study 

are of particular importance. Though using mouse models to understand underlying 

mechanisms is advantageous, the diversity of the different IBD models causes an 

inadequate representation of the disease. For example, while in the H.hepaticus-induced 

colitis model, IL-22 is pathogenic, in models such as DSS colitis, IL-22 is protective. This 

hinders the translation of the findings to human IBD and makes it difficult to understand 

the OSM-OSMR pathway in the IECs. Our colonic epithelial organoids data showed that 

IL-22 induced the OSM receptor expression in humans and mice; However, we cannot 

certainly confirm that this follows the exact mechanisms as seen in mice, as there are 

considerable physiological differences. This limitation is fundamental and reflects the 

general problem with translational research. 

 
Furthermore, although we could identify that IECs express the OSMR during 

inflammation, future work should focus on identifying which types of IECs expressed the 

OSMR. This question can be directly addressed in collaboration with a bioinformatician 

by doing a detailed analysis of the single-cell sequencing experiments in figure 6. 
Moreover, the molecular signatures induced on the IECs upon OSM stimulation should 

be further clarified. This can be clarified by next-generation sequencing of stimulated 
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mouse and human organoids. As the sequencing experiments of the stimulated 

organoids have already been carried out in this project, this question can be addressed 

quickly in the future. Identifying which epithelial cells express the receptor during 

inflammation and the effects of OSM on these cells will further shed light on our 

understanding of the underlying mechanisms driving the disease. 

 
5.7 Concluding remarks  
 
As mucosal OSM is strongly correlated with increased disease severity, it is undeniable 

that OSM is an important cytokine that should be evaluated for its therapeutic potential 

in IBD. However, based on this research, IL-22 is also essential, and it can be argued 

that its therapeutic potential in IBD should also be assessed. Although both OSM and IL-

22 could be potential targets for IBD, it is tempting to speculate that they would not be 

ideal treatments for IBD. For example, as OSM acts as an inflammatory mediator in 

various contexts, its therapeutic utility has been investigated in systemic sclerosis. A 

randomized phase two study found that the anti-OSM monoclonal antibody 

(GSK2330811) was inadequate to ameliorate systemic sclerosis. The biological effects 

of the anti-OSM antibody in patients with systemic sclerosis were the same as in the 

placebo group240. Importantly, treatment with the anti-OSM antibody led to adverse 

effects such as a dose-related decrease in hemoglobin and platelet count240. Although 

these observations were made in patients with systemic sclerosis, it is vital to note the 

side effects of treating with an anti-OSM antibody and the further complications it can 

produce in IBD patients. 

 
Furthermore, IL-22 would not be a therapy of choice, as a breakthrough study by 

Gronke et al. showed that IL-22 produced by ILC3s and γδ T cells was required to initiate 

DNA damage response (DDR) following DNA damage241. Since IBD patients are at 

increased risk of developing colorectal cancer242, 243, inhibiting IL-22 would lead to more 

damage and further impairment in the DDR in IECs. Although speculative, treatment with 

an anti-OSMR antibody would be the ideal therapeutic option for regulating extra-

intestinal manifestations of IBD. Currently, an anti-OSMR treatment known as 
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Vixarelimab is in the pipeline and shows promising results for treating prurigo nodularis, 

a chronic skin disease244. In addition, a phase two randomized, double-blinded study 

showed that the anti-OSMR antibody, vixarelimab, was well-tolerated by the participants, 

and no dose-limiting adverse effects were observed. 

 
Overall, OSM and OSMR are over-expressed in IBD patients. The over-expression of 

the OSM and OSMR on intestinal stromal cells had been correlated with patients that 

are resistant to anti-TNF treatment126, 132. For the first time we were able to show that 

during chronic intestinal inflammation, the OSM-OSMR axis is also relevant in intestinal 

epithelial cells. We showed that IL-22 promoted the OSMR on the IECs, OSM is 

produced by leukocytes and subsequently binds to its receptor and activated the STAT3 

downstream pathways. Consequently, chemokines such as CXCL5 and CXCL9 activate 

and recruit neutrophils, which strongly contribute to barrier defect and IBD severity 

(Figure 26). Therefore, this Ph.D. thesis further confirmed/ supported that OSM could 

be a predictive biomarker and OSMR should be considered as a potential therapeutic 

target for IBD.  

 

 



 95 

5.7 Graphical summary  

  

 

 

 

 
 

 
 
Figure 26: Graphical depiction of OSMR expression on intestinal epithelial cells. Upon 
inflammatory insults, gut leukocytes are recruited and lead to immune responses. IL-12/IL-23 leads 
to T-cell responses such as CD4+ T cells, while the innate immune system leads to ILC3 production. 
ILC3s produce IL-22, subsequently leading to the expression of the OSMR on IECs. IL-22 is 
important for both the induction and maintenance of the OSMR on the IECs. Next, OSM binds to its 
receptor and leads to STAT3 phosphorylation. This interaction leads to chemokine production, such 
as CXCL5, CXCL9, and CXCL11, which then amplifies the inflammatory responses that cause 
barrier defects, epithelial hyperplasia, and tissue remodeling. 
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