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CHAPTER 1 

 

       Introduction 

 

 

 

1.1 Anatomy and function of the digestive tract 

 

The human digestive system is essential for ingestion, digestion, absorption, and elimination of 

food. The digestive system's alimentary tract comprises the oral cavity, throat, esophagus, stomach, 

small and large intestines, rectum, and anus. From the initial breakdown of food in the oral cavity 

through mastication and enzymatic actions, to the absorption of nutrients in the small intestine, the 

formation and movement of feces and water reabsorption in the large intestine, each stage presents 

unique challenges and opportunities for study.  

 

The physical barrier of the gut is a system of cellular and molecular structures that protect the 

gastrointestinal (GI) tract from potentially harmful substances, food antigens, and pathogens by 

partitioning our body from the external environment while allowing nutrient and water absorption. 

The intestinal barrier consists of three specialized compartments that cooperate to maintain gut 

homeostasis: the luminal mucus layer, the gut epithelial layer, and a lamina propria layer that 

contains the mucosal immune system and supporting cells including fibroblasts, muscle cells, and 

enteric neurons (Fig 1.1).  
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Figure 1.1 Composition of colon mucosal layer 

 

Representative anatomy of colonic epithelial barrier. Colonocytes and goblet cells form the crypt. 

Goblet cells produce mucus as well as other protective proteins such as Calcium-activated Chloride 

Channel Regulator 1 (CLCA1), Resistin-like molecule β (RELMβ), Zymogen granule protein 16 

(ZG16), and Anterior gradient 2 (Agr2). 

 

Figure from (Allaire et al., 2018) 

 

  



3  

 

The intestinal epithelial layer of the small intestine is organized into millions of structural crypt-

villus units. Each crypt-villus unit consists of a crypt, which is an invagination structure located in 

the intestinal mucosa, and a villus, which is a finger-like projection extending into the intestinal 

lumen. The crypts contain stem cells at their base that continuously proliferate and give rise to 

various differentiated epithelial cell types that each carry out unique functions. Enterocytes are the 

most prominent cells that line the inner surface of small and large intestines and are equipped with 

microvilli at the apical surface that function to increase surface to enhance nutrient uptake. 

Enterocytes express various transporters and channels to move macromolecules from the intestinal 

lumen into underlying tissues via non-selective fluid phase pinocytosis or receptor-mediated 

endocytosis. There are also various secretory cells: Goblet cells secrete mucus that protects 

epithelial cells by forming an antibacterial gradient and preserving antibodies (Zhou et al., 2020), 

Paneth cells that produce antimicrobial peptides (AMP) including defensins and lysozyme, and 

enteroendocrine cells that release hormones and neuropeptides that regulate functions including 

digestion, motility, and satiety. In addition, chemosensory tuft cells express taste receptors and are 

also involved in immune surveillance (Hendel et al., 2022). Microfold (M) cells, located in follicle-

associated epithelium (FAE) covering Peyer's patches, play an important role in antigen sampling 

(Mabbott et al., 2013) and initiate adaptive immune responses against pathogens (Rios et al., 2016). 

Of these cells, Paneth cells and M cells are restricted to the small intestine, whereas the others can 

be found in both the colon and the small intestine. To enhance this physical barrier further, the 

epithelial cells form tight junctions with their neighboring cells that consist of protein complexes 

that seal the intercellular space to maintain barrier function and regulate ion transport and selective 

permeability. 

 

The digestive tract is not only responsible for digestion and nutrient absorption but also plays a 

crucial role in immunity. The wall of the digestive tract has four layers: mucosa, submucosa, 

muscularis mucosa, and serosa. The mucosa-associated lymphoid tissue (MALT) is positioned 
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along mucosal surfaces including the GI tract, the respiratory tract, and the genitourinary tract, 

serving as a frontline defense against invading pathogens. These immune structures are 

predominant in the gut. The gastrointestinal mucosa, with its large surface area ( >30m2 in humans), 

is the body’s largest immunologically active site (Helander & Fandriks, 2014). Gut-associated 

lymphoid tissue (GALT), including Peyer's patches, mesenteric lymph nodes, and isolated 

lymphoid follicles, help facilitate immune activation and regulation in the gut. 

 

Although maintaining a physical barrier between the host and the outside world is critical, 

constituents of the gut lumen also play an important role in gut homeostasis and immune regulation. 

Within the lumen are trillions of gut resident microbes that may outnumber the cells of our own 

body. These bacteria not only aid in digestion and metabolism but interact closely with the mucosal 

immune system. This crosstalk between microbiota and gut immunity occurs through various 

mechanisms to help maintain overall gut homeostasis. For example, bacteria such as Clostridia 

have been shown to shape the phenotypic and functional plasticity of regulatory T cells (Treg) and 

innate lymphoid cells (ILCs) (Gury-BenAri et al., 2016). In addition, polysaccharides produced by 

Helicobacter hepaticus induce an anti-inflammatory gene signature in murine intestinal 

macrophages (Danne et al., 2017). Secondly, the gut microbiota also plays an important role in 

maintaining the integrity of the intestinal barrier. For example, a reduction in bile acid-metabolizing 

bacteria will lead to an altered bile acid pool composition, which can negatively impact intestinal 

barrier function. Secondary bile acids, such as deoxycholic acid (DCA) and lithocholic acid (LCA), 

play a crucial role in modulating epithelial integrity by regulating immune responses, maintaining 

epithelial cell turnover, and influencing mucus secretion (Kiriyama & Nochi, 2023). When the 

microbial conversion of primary to secondary bile acids is disrupted, this can result in increased 

inflammation, impaired mucus layer integrity, and heightened gut permeability (Michaels & 

Madsen, 2023). 
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Given the proximity of the intestinal luminal contents to host tissues, the intestinal immune system 

must strike a delicate balance between immune defense against pathogens and immunological 

tolerance toward harmless dietary antigens and commensal microbes. Failure to maintain this 

balance can result in immune-mediated diseases such as celiac disease or inflammatory bowel 

disease (IBD), as discussed in Chapter 1.5. These interactions are initiated early in life with gut 

microbes interacting with immune cells in the GALT that essentially “trains” the immune system 

to tolerate most resident microbes in large part via Treg cells and other immunoregulatory 

mechanisms that help prevent inappropriate immune responses to innocuous antigens. 

 

Further research in this field holds great promise for uncovering novel therapeutic targets that 

leverage these interactions to help regulate immunity in settings of chronic intestinal inflammation. 

 

1.2 The constellation of intestinal immune cells 

 

In the gut resides a diverse array of immune cells, encompassing both innate and adaptive 

components. This includes adaptive immune cells (i.e., T cells and B cells) as well as innate immune 

cells such as macrophages, dendritic cells (DCs), intraepithelial lymphocytes (IELs), ILCs, and 

mast cells.  

 

1.2.1 Adaptive immune system in the gut 

 

Adaptive immune cells initiate highly specific responses to antigens encountered in the GI tract. 

These cells allow for targeted immune responses leading to cytokine, chemokine, and antibody 

release that can further amplify both innate and adaptive immunity. CD4+ T cells (helper T cells) 

assist in activating and directing the function of other immune cells. In the context of intestinal 

immunity, CD4+ T cells play diverse roles including assisting B cells in antibody production, 
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activating macrophages, and crosstalk with the gut microbiota. Subsets of CD4+ T cells, including 

T helper (Th)1, Th2, Th17, and Treg cells contribute to various aspects of gut immunity as 

discussed below.  

 

CD4+ T cells are activated when they recognize a specific antigen presented by major 

histocompatibility complex class II (MHC-II) molecules on antigen-presenting cells (APCs) via 

peptide-specific T cell receptors. In addition to antigen recognition, naive T cells require co-

stimulatory signals from APCs, including interactions between CD28 on T cells and B7 molecules 

on APCs. Finally, cytokine stimulation during activation drives the differentiation of naive T cells 

into distinct subsets. Each Th cell subset is characterized by specific transcription factors that 

regulate their differentiation and function. For instance, interleukin (IL)-12, interferon (IFN)-γ, and 

signal transducer and activator of transcription (STAT)4 signaling are critical for Th1 cell 

differentiation. Th1 cells express the transcription factor T-bet and produce pro-inflammatory 

cytokines IFN-γ and tumor necrosis factor (TNF) and help orchestrate cell-mediated immune 

responses against intracellular pathogens. Similarly, IL-4 and STAT6 signaling promote Th2 cell 

differentiation, upregulate the lineage defining transcription factor GATA Binding Protein 3 

(GATA-3), and are involved in promoting antibody production and driving immune responses 

against extracellular parasites and allergens. For Th17 cells, IL-6, transforming growth factor-beta 

(TGF-), and IL-23 promote the development of these cells leading to expression of retinoic acid 

receptor-related orphan receptor gamma-t (RORt) and IL-17/IL-22 production. This Th cell subset 

is highly involved in mucosal defense, barrier integrity, and immune regulation in the gut.  

 

In the gut, naïve T cells can also transition into Tregs that acquire critical tolerogenic properties to 

specific antigens in the gut via STAT-5 signaling. These “induced” Tregs express the transcription 

factor forkhead box P3 (FOXP3) and promote immune tolerance. There are different subsets of 

Tregs in the intestine, each with distinct origins, functions, and roles in promoting overall immune 
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homeostasis in the gut. The primary subsets of Tregs found in the intestine include natural Tregs 

(nTreg) and induced Tregs (iTreg). nTreg cells are typically of thymic origin, whereas iTreg cells 

differentiate from conventional CD4+ T cells in peripheral tissues, particularly in the GALT. Based 

on the antigens they encounter, peripheral iTregs can further differentiate into FOXP3+ iTregs, 

CD4+CD25+Foxp3- T regulatory (Tr)1 cells and Th3 cells (Lourenco & La Cava, 2011). Many of 

the IL-10 producing Tregs are Tr1 cells, are most abundant in the small intestine, and can attenuate 

T cell proliferation and ameliorate colitis symptoms (Alfen et al., 2018). Furthermore, TGF-

producing Th3 cells can directly suppress Th1 and Th2 cells and help protect the integrity of the 

intestinal mucosa by facilitating B cell-mediated immunoglobulin (Ig)A secretion (Barenkamp, 

1986).  

 

Tregs are pivotal in maintaining intestinal immune homeostasis through several specialized 

mechanisms. They secrete inhibitory cytokines such as IL-10, TGF-β, and IL-35, which suppress 

pro-inflammatory responses and promote tolerance to dietary antigens and commensal microbiota. 

In the gut, Tregs can sequester IL-2, depriving effector T cells of this essential growth factor, 

leading to their apoptosis and preventing excessive immune reactions (Pandiyan et al., 2007). 

Additionally, Tregs express ectoenzymes CD39 and CD73, which hydrolyze extracellular ATP into 

adenosine, a molecule that inhibits effector T cell functions, thereby reducing inflammation in the 

intestinal mucosa (Kobie et al., 2006). Through direct cell-contact mechanisms involving CTLA-4 

and LAG-3, Tregs can modulate the activity of APCs, leading to the induction of tolerogenic 

phenotypes that are crucial for preventing inappropriate immune responses to harmless antigens 

(Goldmann et al., 2024; Huang et al., 2004; Wing et al., 2008). These combined actions of Tregs 

are essential for preventing inflammatory diseases in the gut. 

 

While Tregs exert immunomodulatory effects through suppressive cytokines, direct cytolysis, and 

metabolic disruption, intestinal B cells play multifaceted roles ranging from antibody production 
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and antigen presentation to immune regulation and tissue repair. The majority of intestinal B cells 

reside in GALT structures, with a small proportion in the lamina propria. There are several types 

of B cells in the intestinal environment tailored for specialized functions, including plasma cells, 

memory B cells and regulatory B cells. IgA is the dominant antibody isotype produced by plasma 

cells, amounting to 80-90% of all Ig-producing cells (Brandtzaeg et al., 1999). Unlike IgG and IgA 

in serum, IgA is produced as polymeric IgA (pIgA) in the gut. In the gut lumen, these antibodies 

can bind and coat microbes and other antigens, providing protection for the epithelial monolayer 

through neutralization and exclusion (Stokes et al., 1975).  

 

In conclusion, the adaptive immune system in the intestine forms a sophisticated network essential 

for maintaining intestinal homeostasis and mounting effective immune responses against pathogens 

while tolerating commensal microbes and dietary antigens. 

 

1.2.2 Innate immunity in the gut 

 

Innate immune cells in the gut provide immediate defense against bacterial and viral pathogens via 

pattern recognition receptors and help shape adaptive immune responses. One of the key innate 

immune cell populations in the gut is macrophages, which can be phagocytic without resulting in 

an overt inflammatory response. The majority of these macrophages can be found in the lamina 

propria, where they survey for foreign invaders and facilitate epithelial cell renewal by producing 

TGF-β (Beck et al., 2003; Wahl et al., 1990). Intestinal macrophages undergo a differentiation 

program that originates from recently egressed Ly6Chi CX3CR1int MHCII− (P1) monocytes, and 

then upregulate MHCII to become more pro-inflammatory Ly6ChiMHCIIhi P2 monocytes. In the 

next stage they downregulate Ly6C to become P3 macrophages followed by upregulation of 

CX3CR1 and become mature P4 macrophages that exhibit anti-inflammatory properties (Bain et 

al., 2013). Intestinal macrophages can be influenced by their local environment to promote or help 
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maintain these pro-inflammatory or anti-inflammatory phenotypes. Pro-inflammatory 

macrophages produce cytokines such as TNF-α, IL-1β, and IL-6 (Cros et al., 2010; Wong et al., 

2011), which help initiate and amplify immune responses against pathogens. Anti-inflammatory or 

regulatory macrophages produce immunosuppressive cytokines such as IL-10 and TGF-β (Arango 

Duque & Descoteaux, 2014) that help dampen excessive inflammation and promote immune 

tolerance. Gut macrophages also serve as APCs that capture and present antigens to T cells in the 

GALT to initiate adaptive immune responses. 

 

Dendritic cells (DCs), first described in 1973 (Steinman & Cohn, 1973), are bone marrow derived 

APCs that have two major subsets: conventional dendritic cells (cDCs) which are important in 

antigen sampling and presentation, and plasmacytoid dendritic cells (pDCs) which are specialized 

in secreting type I interferons (Ye et al., 2020). Intestinal cDCs reside in the lamina propria and can 

be further divided into cDC1s and cDC2s based on the expression of surface markers and functions. 

In mice, cDC1 cells typically express CD8α (in lymphoid tissue) or CD103 (in non-lymphoid tissues), 

along with low CD11b and high CLEC9A and XCR1; in contrast, cDC2 cells are CD11b⁺ and often 

CD172a (SIRPα)⁺, sometimes expressing CD4 in lymphoid organs. In humans, cDC1 (CD141⁺ or 

BDCA-3⁺ DCs) also characteristically express CLEC9A and XCR1 and lack CD1c, whereas cDC2 

(CD1c⁺ or BDCA-1⁺ DCs) have higher CD1c and lack CLEC9A (Wculek et al., 2020). Functionally, 

cDC1 specialize in cross-presenting extracellular antigens on MHC class I, producing IL-12, and 

eliciting potent CD8⁺ T-cell responses, which makes them key players in anti-viral and anti-tumor 

immunity. By contrast, cDC2 are adept at presenting antigens on MHC class II to CD4⁺ T cells, 

producing a broad cytokine repertoire (such as IL-1β, IL-6, and IL-23), and shaping helper T-cell 

responses (Th2, Th17, or Treg), thereby providing a more diversified immune regulation against a wide 

range of pathogens. Through their interactions with T cells, intestinal DCs initiate and modulate 

adaptive immune responses, leading to the activation of effector T cells, Tregs, and other immune 

cell subsets (Rescigno & Di Sabatino, 2009). In addition to their role in antigen presentation and T 
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cell activation, intestinal DCs also contribute to the maintenance of immune tolerance within the 

gut by promoting Treg differentiation and expansion. 

 

DCs frequently transport antigens from an important subset of lymphocytes located within the 

epithelial layer of the gut mucosa, called intraepithelial lymphocytes (IELs). IELs represent a front-

line barrier to confine antigen entry into the mucosal tissue. Natural IELs develop in the thymus 

and are comprised of both T cell receptor-αβ (TCRαβ)+ T cells and TCRγδ+ T cells that express 

CD8αα or are negative for both CD4 and CD8 (Cheroutre et al., 2011). Natural IEL precursors 

upregulate intestinal homing receptors and relocate to the intestinal epithelium after their 

maturation in the thymus. The induced IELs develop from naïve T cells that are activated in 

response to peripheral antigens and migrate to the gut. Both natural and induced IELs have 

protective and pathological effects in the gut. On one hand, they protect barrier integrity by 

preventing uncontrolled immune cell infiltration and fight pathogens at entry ports; on the other 

hand, they can exert excessive cytotoxicity that can give rise to autoimmune pathology. 

 

Another abundant cell type in the mucosal layers of the gut, particularly in the lamina propria and 

submucosa, are mast cells. These cells are derived from multipotential stem cells in the bone 

marrow and migrate into tissues, often adjacent to blood vessels or close to epithelial surfaces to 

rapidly respond to changes in their environment. Mast cells can be activated through the binding 

of IgE to high-affinity receptors (FcεRI) on their surface. When the IgE-bound receptors encounter 

specific antigens, it triggers degranulation and the release of inflammatory mediators. Some of 

these mediators are cytokines such as IL-4 and TNF-α, others include histamines, proteases, growth 

factors, etc. In the gut, mast cells can contribute to food allergies and other allergic reactions. They 

have been implicated in the pathogenesis of IBD due to the inflammatory mediators they release 

but since they can also release AMP and participate in wound repair, the extent of their contribution 

to gut inflammation in these patients is not entirely clear (Hamilton et al., 2014). 
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Figure 1.2 ILC development and differentiation 

 

Common lymphoid progenitors (CLP) give rise to common innate lymphoid progenitors (CILP), 

which then differentiate into various ILC subsets. CLIP can differentiate into NK cell precursors 

(NKP) cells or into common helper innate lymphoid progenitors (CHILP). NKP cells generate 

cytotoxic NK cells, while CHILP give rise to innate lymphoid cell precursors (ILCP) and lymphoid 

tissue inducer progenitors (LTiP). Based on the expression of transcription factors, ILCP can 

generate ILC1, ILC2 and ILC3. LTiP differentiate into LTi cells.  
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1.3 ILC discovery and development  

 

ILCs are the innate counterparts of effector T cells except they lack antigen-specific receptors and 

mostly function in barrier tissues such as the intestinal and respiratory mucosa where they can 

respond rapidly to various signals or inducer cytokines. ILCs develop in the bone marrow from 

common lymphocyte progenitors (CLPs) and then diverge in their developmental trajectory that is 

dependent on cytokines in the milieu and lineage defining transcription factors (Fig 1.2). For 

instance, ILC1s and natural killer (NK) cells contribute to immune responses against intracellular 

pathogens and ILC1s in particular require the transcription factor T-bet and produce IFN-γ. 

Conventional NK cells also express T-bet but T-bet deficiency in mice only leads to impaired 

maturation of peripheral NK cells suggesting other factors are required for their development and 

maintenance (Matsuda et al., 2006). NK cells resemble CD8+ T cells in that they produce perforin 

whereas ILC1s are non-cytotoxic.  

 

Like Th2 cells, ILC2s express the transcription factor GATA3 and produce type 2 cytokines 

including IL-4, IL-5, and IL-13. They respond to parasitic infections and their activation depends 

on different receptors for activating cytokines in different tissues. ILC2s in lung and fat tissue 

express Thy1, Killer Cell Lectin-Like Receptor G1 (KLRG1), and IL-33R (also called ST2), which 

allows them to respond effectively to IL-33, a cytokine released during tissue damage or infection. 

In the gut, ILC2s often express CCR9, which helps guide them to the gut mucosa by responding to 

the chemokine CCL25 (Pu et al., 2021). CD25 and CD127 are also expressed and are important for 

gut ILC2 development and survival. Colonic ILC2 express ST2 as well which permits 

responsiveness to IL-33 and deficiency of IL-33/ST2 protects mice against dextran sodium sulfate 

(DSS) -induced colitis (Ngo Thi Phuong et al., 2021),(Qiu et al., 2020). A small proportion of ILC2s 
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have been reported to be a source of IL-10 in the intestine but this has not been explored further 

(Bando et al., 2020). 

 

The last of the ILC subtypes are ILC3s. They express the transcription factor RORt and produce 

IL-17 and IL-22 in response to IL-23. ILC3s are involved in responses to extracellular pathogens 

and intestinal commensal microbiota. ILC3s can be further divided into several subsets. Lymphoid 

tissue inducer (LTi) cells, named for their important role in secondary lymphoid tissue formation 

at the fetal stage, were discovered first by Mebius et al. in 1997 (Mebius et al., 1997). In the adult 

stage, a group of phenotypically similar cells that are involved rather in antigen presentation are 

identified as LTi-like cells (Melo-Gonzalez et al., 2019). Both populations are regarded as subsets 

of type 3 ILCs (ILC3s) because of the expression of RORγt, and the production of IL-22 (Marchesi 

et al., 2009).  

 

In mice, LTi cells or LTi-like cells can be distinguished from other ILC3s by their expression of a 

chemokine receptor, CCR6. The CCR6- populations can be further distinguished by the expression 

of natural cytotoxicity receptors (NCR). The human NCRs consist of three type I transmembrane 

receptors, named NKp46, NKp44, and NKp30, which are encoded by NCR1, NCR2, and NCR3, 

respectively (Cantoni et al., 1999; Pende et al., 1999; Sato et al., 2001), whereas NKp46 is the 

only NCR expressed in mice. NCR+ ILC3s are dependent on T-bet and produce granulocyte-

macrophage colony-stimulating factor (GM-CSF) (Mortha et al., 2014), IFN-γ and IL-22 (Klose et 

al., 2013; Rankin et al., 2013).  

 

One of the key features of ILCs is their plasticity. Depending on the environment, ILCs can acquire 

characteristics of other subsets. For example, ILC2s can be converted to IFN-γ producing ILC1s 

under the influence of IL-12 (Silver et al., 2016) or to IL-17 producing ILC3s under high levels of 

TGF-β. ILC3s have also been reported to switch to ILC1s and ILC2s. Conversion to ILC1-like cells 
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has also been reported following stimulation with IL-1β and IL-23, which drives IFN-γ production 

(Vonarbourg et al., 2010).  

 

1.4 Function of ILC3s in the intestine 

 

The predominant ILC subset in both human and mouse intestinal mucosa is the ILC3s. NCR- ILC3 

produce IL-22 and IL-17 and elevated levels of IL-17 have been observed in patients with Crohn's 

disease, suggesting that dysregulation of Th17 cells and/or other sources of IL-17 may potentiate 

an overactive immune response resulting in chronic inflammation in the gut. IL-17 produced by 

RORγt+ ILC3s also enhances proinflammatory neutrophil recruitment (Muir et al., 2016). In 

addition to IL-17, RORγt+ ILC3s are recognized as the primary source of GM-CSF, which is crucial 

for DC development and mononuclear phagocyte effector functions (Mortha et al., 2014; Zhan et 

al., 2012). Beyond these inflammatory mediators, ILC3s also exert crucial regulatory functions that 

help maintain intestinal immune balance. Depletion of CX3CR1-positive mononuclear phagocytes 

precipitates severe colitis, a condition that can be reversed by administering exogenous IL-22, 

indicating a protective role for ILC3-derived cytokines in intestinal inflammation (Longman et al., 

2014). Additionally, IL-2 production by ILC3s is crucial for Treg cells to maintain survival and 

suppressor function (Zhou et al., 2019). A subset of ILC3s expressing MHC class II molecules can 

also directly interact with CD4+ T cells, inducing apoptosis to limit pathological T cell responses 

and thereby further curbing potential overactivity (Hepworth et al., 2015). In addition to these 

immunomodulatory roles, emerging evidence suggests that ILC3s may also restrict the progression 

and invasion of colorectal cancer, highlighting their potential relevance in cancer 

immunosurveillance (Goc et al., 2021). The influence of gut resident ILC3s extends beyond cells 

of the immune system in promoting overall gut homeostasis. For instance, ILC3 derived IL-22 can 

promote AMP expression in epithelial cells (Zindl et al., 2013) and mucin production by goblet 

cells (Sugimoto et al., 2008), protecting the intestinal epithelium and enhancing epithelial wound 
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healing (Pickert et al., 2009). In summary, ILC3s are important immune regulators in the intestine 

and might represent a novel therapeutic target for IBD. 

 

1.5 Inflammatory bowel diseases 

 

IBD is a chronic inflammatory disorder of the GI tract characterized by recurrent episodes of 

inflammation and tissue damage. IBD consist of two major subsets: Ulcerative colitis (UC) (Fig 

1.3) and Crohn’s disease (CD). CD is characterized by lesions in any part of the GI tract from the 

mouth to the anus. The transmural inflammation in CD extends through all layers of the bowel wall, 

leading to complications such as strictures, fistulas, and abscesses (Seyedian et al., 2019). Common 

symptoms of CD include abdominal pain, diarrhea, weight loss, fatigue, and malnutrition. UC 

primarily affects the mucosal layer of the colon and rectum (Farmer et al., 1975), and as a result, 

individuals with UC commonly experience symptoms such as bloody diarrhea, abdominal pain, 

urgency to defecate, and tenesmus. UC is more associated with rectal bleeding, osteoporosis, and 

colon cancer. An estimated 2.4 million Americans have been diagnosed with IBD, and the 

prevalence of IBD has been increasing over the past few decades, especially among younger age 

groups (Lewis et al., 2023).  

 

The etiology of IBD is not fully understood, but it is believed to involve a complex interplay of 

environmental, microbial, immunological, and genetic factors. Environmental factors such as diet 

and smoking may trigger or exacerbate inflammation in susceptible individuals. The frequency of 

CD is significantly higher in more developed countries (M'Koma, 2013), and western fat and sugar-

rich food intake has been recognized as one of the risk factors for CD (Hibi & Ogata, 2006). In 

addition, alterations in the gut microbiota composition also contribute to the pathogenesis of IBD. 

Many animal models of IBD depend on the presence of an intestinal microbiota (Ni et al., 2017), 
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and certain bacteria species including Mycobacterium avium subsp. paratuberculosis and 

Clostridium difficile are reported to be increased in IBD patients (Melgar & Shanahan, 2010). 

 

Immune dysregulation is another component of IBD pathology. As introduced in Chapter 1.2, 

immunological abnormalities in both innate and adaptive immune cells, including DC, 

macrophages, T cells, B cells, neutrophils, and cytokine imbalance contribute to chronic 

inflammation and tissue damage in the gut. For instance, DCs from patients with Crohn's disease 

preferentially induce Th1/Th17 responses (Sakuraba et al., 2009). Intraepithelial cells (IECs) 

isolated from about 70% of patients with CD lack the expression of Thymic stromal lymphopoietin 

(TSLP) and fail to control DC-mediated proinflammatory responses, leading to increased Th1 

responses (Rimoldi et al., 2005). Macrophages also present different phenotypes in inflamed tissue, 

expressing high levels of costimulatory molecules such as B7.1 (CD80) and B7.2 (CD86) (Rugtveit 

et al., 1997). Apart from these features, CD is widely considered to be associated with a 

predominant Th1-type immune response characterized by pro-inflammatory cytokine profile 

represented by IFN-γ, TNF-α and IL-12 (Shih & Targan, 2008); whereas UC is characterized by a 

predominantly characterized by a Th2-type immune response, featured by the activation of Th2 

cells and production of cytokines such as IL-4, IL-5 and IL-13 (Kasaian et al., 2014). In summary, 

understanding the specific immune pathways involved in each condition is essential for developing 

targeted therapeutic approaches to effectively manage these chronic inflammatory disorders of the 

GI tract. 

 

Genetic predisposition plays an important role in IBD development. Genome-wide association 

studies (GWAS) and next generation sequencing studies have identified over 240 susceptibility 

genetic loci, many of which associated with both CD and UC (Jostins et al., 2012; Peters et al., 

2017; Rivas et al., 2011). The first and most replicated gene locus associated with adult IBD is 

nucleotide-binding oligomerization domain 2 (NOD2), which is involved in microbial sensing and 

autophagy induction upon bacterial entry (Kaser & Blumberg, 2011). Multiple single genetic 
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mutations that can lead to monogenic IBD have also been identified, including IL10, IL10RA, 

IL10RB, and STAT3 (Nambu & Muise, 2020). Many of the identified genetic variants encode for 

key proteins involved in regulating innate and adaptive immune responses. 

 

In summary, the pathogenesis of IBD encompasses environmental triggers, microbial dysbiosis, 

dysregulated immune responses, and genetic susceptibility. Further investigations are needed to 

unravel the complex mechanisms driving IBD pathogenesis and to identify the right targets for 

developing novel therapeutics that can manage this debilitating condition. 
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Figure 1.3 Inflammatory bowel diseases 

 

The major two forms of IBD include ulcerative colitis and Crohn’s disease. Ulcerative colitis has 

lesions restricted to the colon, whereas Crohn’s disease can affect any part of the gastrointestinal 

tract. The etiology of IBD is associated with multiple factors. Genetic susceptibility, environmental 

factors, microbiota dysbiosis and dysregulated innate or adaptive immune response all contribute 

to the pathogenesis of IBD.  
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1.6 Role of IL-10 in gastrointestinal immune homeostasis  

 

IL-10 is an anti-inflammatory cytokine identified in 1989 (Fiorentino et al., 1989) that can suppress 

the production of many pro-inflammatory cytokines including IFN, TNF, IL-1, and others (de 

Waal Malefyt et al., 1991). IL-10 can also suppress the expression of MHC class II and 

costimulatory molecules CD80 and CD86 on APCs and thereby inhibit their antigen presentation 

capacity (Koppelman et al., 1997). 

 

Th2 cells were first reported to produce IL-10 to inhibit cytokine production by Th1 cells 

(Fiorentino et al., 1989). Subsequently, several other cell types have been discovered to also 

produce IL-10, including Treg cells, B cells, macrophages/monocytes, ILCs, and others. In the 

small intestine, the major source of IL-10 is Tregs (Kamanaka et al., 2006). In fact, IL-10-deficient 

Tregs fail to prevent colitis induced by CD4+CD45RBhigh T cells (Murai et al., 2009), demonstrating 

the regulatory functions of Tregs are reliant on IL-10 secretion. Macrophages can also produce IL-

10 in both the small (Kamanaka et al., 2006) and large intestine (Krause et al., 2015). Studies have 

shown that intestinal CX3CR1high macrophages can suppress intestinal inflammation by IL-10 

signaling (Kayama et al., 2012). IL-10 can also influence macrophages by inhibiting their 

microbicidal activities (Oswald et al., 1992) and antagonizing IFN-γ signals (Cunha et al., 1992).  

 

Most cell types that produce IL-10 also express its receptor, a heterodimeric receptor complex 

consisting of two subunits: IL-10R1 (also known as IL-10RA) and IL-10R2 (also known as IL-

10RB). IL-10RA is the ligand-binding subunit responsible for high-affinity binding to IL-10, 

whereas IL-10RB is required for signal transduction upon ligand binding (Kotenko et al., 1997). 

IL-10RB is expressed by various cell types in the gut, including epithelial cells and immune cells. 

As introduced in Chapter 1.5, the IL-10/IL-10R axis is important in regulating intestinal 

homeostasis in both humans and mice. Disruption of this axis globally leads to exaggerated 
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proinflammatory responses leading to spontaneous intestinal inflammation. The deficiency of IL-

10 or its receptor in mice leads to spontaneous colitis (Rennick & Fort, 2000; Spencer et al., 1998), 

and loss of function mutations in IL10 or IL10 receptor genes leads to very-early onset colitis in 

humans (Engelhardt & Grimbacher, 2014). Interestingly, depletion of IL-10 receptor signaling only 

in CX3CR1+ mononuclear phagocytes is sufficient to drive spontaneous colitis in mice (Zigmond 

et al., 2014), and depletion of macrophages in IL-10 deficient mice can suppress colitis 

development (Watanabe et al., 2003), indicating that IL-10 signaling and its interaction with 

macrophages are crucial for maintaining intestinal homeostasis. 

Because of the anti-inflammatory potential, genetically engineered IL-10 protein has been 

evaluated as a treatment for CD and several human clinical trials have been conducted. However, 

IL-10 supplementation does not result in significantly reduced remission rate (Buruiana et al., 2010), 

and it can only prevent but not treat established disease (Colombel et al., 2001). The reserved 

therapeutic effects may be attributed to the limited mucosal bioavailability of IL-10. 

 

1.7 Interrogate the mechanisms driving IBD pathogenesis using mice  

 

Experimental mouse models of IBD have been invaluable tools for studying the pathogenesis, 

mechanisms, and potential treatments of this complex group of disorders. Below is a brief overview 

of common experimental mouse models of IBD, many of which will be utilized in Chapter 2: 

 

1.7.1 Chemically Induced Colitis Models  

 

The most widely employed model of colitis is induced by dextran sodium sulfate (DSS), which was 

established in 1985 by Ohkusa’s group (Ohkusa, 1985). In this model, mice are administered 

drinking water containing DSS, and the concentration and/or duration of DSS exposure can vary 

depending on the mouse strain and severity of colitis desired. By disrupting the intestinal epithelium 

and allowing luminal contents to penetrate the mucosal layer, DSS treatment in mice exhibits 
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clinical symptoms similar to human UC, including soft stool, weight loss, and rectal bleeding. 

Unlike in human disease, adaptive lymphocytes are not required in this model, allowing the 

research of influences in the innate immune system. It can also be used to investigate inflammation-

associated carcinogenesis (IAC) in combination with injection of azoxymethane (AOM) (Neufert 

et al., 2007), a procarcinogen that induces DNA mutations particularly in the colon and initiates the 

carcinogenic process. Repeated on/off cycles of DSS following AOM injection leads to chronic 

inflammation that promotes tumor formation. Tumors in this model typically appear in the distal 

colon and rectum, mirroring the distribution seen in human colorectal cancer (CRC). Mice with 

AOM/DSS-induced CRC display histological features such as adenomas, adenocarcinomas, and 

dysplasia. 

 

1.7.2 Adoptive transfer of naïve CD4+ T cells induces colitis in immunodeficient mice 

 

In 1990, Powrie et al demonstrated that adoptive transfer of naïve CD4+CD45RBhigh T-cells from 

healthy wild-type (WT) mice to syngeneic severe combined immunodeficient (SCID) mice or 

recombination activating gene (RAG) 1/2-deficient mice induces systemic wasting disease as well 

as inflammation in colon and small bowel, whereas the CD4+CD45RBlow population has inhibitory 

effects on intestinal inflammation (Powrie & Mason, 1990). Studies with this model foster deeper 

insights into the concept of regulatory T cell populations. Disease progression in recipient mice is 

monitored by assessing clinical parameters such as body weight loss, stool consistency, rectal 

bleeding, and overall health status. Histological analysis of the colonic tissue is performed to 

evaluate inflammatory infiltration, epithelial damage, crypt hyperplasia, and other pathological 

features characteristic of colitis. Colitis in this model is primarily mediated by IL-23 and type-1 

cytokines such as IFN- and TNF-α (Izcue et al., 2008; Powrie et al., 1994), whereas the pathogenic 

TNF-α is derived from non-lymphocytes (Corazza et al., 1999). Tregs can fail to conduct their 

inhibitory roles in this model if they lose FOXP3 expression in the absence of IL-10 (Murai et al., 
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2009), or if effector CD4+ T cells fail to respond to Treg cell regulation because of an impaired 

TGF- signaling (Fantini et al., 2009). By employing the adoptive transfer model, researchers can 

delineate the regulatory or pathologic roles of specific T cell subsets, cytokines, signaling 

pathways, and immune cell interactions in the pathogenesis of IBD.  

 

1.7.3 Innate immune anti-CD40 antibody model 

 

Blockade of CD40-CD40L interactions can inhibit the development of colitis in SCID mice 

reconstituted with CD45RBhigh CD4+ T cells (De Jong et al., 2000; Liu et al., 2000), indicating that 

CD40 signaling is essential for inflammatory responses in the colon. In 2006, Fiona Powrie’s lab 

described the anti-CD40 antibody model of colitis whereby intestinal inflammation is triggered in 

lymphocyte-deficient mice by an agonist antibody to activate CD40 signaling (Uhlig et al., 2006). 

CD40 is extensively expressed by APCs in the lamina propria including B cells, macrophages, and 

DCs, and the administration of anti-CD40 antibodies bypasses the requirement for CD40L-

expressing T cells, providing the co-stimulatory signals necessary for immune cell activation. 

Following anti-CD40 antibody administration, mice develop symptoms of colitis, including weight 

loss, diarrhea, rectal bleeding, and histological evidence of intestinal inflammation. In this model, 

the systemic wasting disease is caused by IL-22 produced by IL-23R expressing ILC3s (Eken et 

al., 2014), and the colitis is mediated by IL-23 produced by CX3CR1+ mononuclear phagocytes 

(Hue et al., 2006; Koscso et al., 2016; Longman et al., 2014; Uhlig et al., 2006). The anti-CD40 

colitis model provides a valuable tool for studying the cell-cell interactions and the production of 

pro-inflammatory cytokines underlying immune dysregulation and intestinal inflammation in IBD. 

 

1.8 Objectives 
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The gut immune system plays a critical role in maintaining intestinal health and preventing disease. 

In chapter 1, a comprehensive review of the gut immune system is provided, focusing on the 

functions and interactions of both adaptive and innate immune cells. Key cytokines involved in 

immune regulation, particularly IL-10, and their influence on immune homeostasis are examined, 

alongside the impact of digestive disorders such as IBD. 

 

While the significance of IL-10 and ILC3 populations have been independently established, there 

is a notable gap in our understanding as to whether IL-10 production by ILC in the gut occurs and 

if it is critical to intestinal immune regulation. This dissertation aims to fill that gap by exploring 

the contribution of ILC3-derived IL-10 to gut immune regulation and its mechanisms of action in 

maintaining homeostasis. Utilizing unique genetic and fluorescent protein reporter mouse models, 

this research seeks to uncover how ILC3-derived IL-10 shapes immune responses, influences 

inflammation, and supports overall gut health. By addressing these questions, the dissertation will 

provide new insights into the complex interplay between ILC3s and other immune cells in the gut, 

offering potential therapeutic targets for digestive disorders. 
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CHAPTER 2 

 

 

Interleukin-10 production by innate lymphoid cells restricts intestinal inflammation in mice 

 

 

2.1 Introduction 

Inflammatory bowel diseases (IBD) are characterized by chronic relapsing-remitting inflammation 

in the gastrointestinal tract with the two prominent clinical disease phenotypes being ulcerative 

colitis (UC) and Crohn’s disease. The etiology of IBD is complex with environmental factors, 

microbial dysbiosis, immune dysregulation, and genetic susceptibility all contributing to disease 

pathogenesis (Sartor, 2006). Genome-wide association studies have identified over 200 loci 

associated with IBD risk (Jostins et al., 2012). Whole genome or exome sequencing of very-early 

onset IBD cases uncovered monogenic causes often resulting from either deleterious recessive or 

compound heterozygous mutations (Uhlig et al., 2014). For instance, loss-of-function mutations in 

interleukin-10 (IL10) or IL-10 receptor genes (i.e., IL10RA, IL10RB) are sufficient to cause IBD in 

both mice and humans highlighting the important role of this pathway in maintaining intestinal 

homeostasis (Glocker et al., 2009; Kuhn et al., 1993). IL-10 was initially found to antagonize the 

inflammatory responses and can be expressed by a variety of cells including epithelial cells, 

macrophages, and regulatory T cells (Treg cells).While many cell types are able to respond to IL-

10, signaling in CX3CR1+ mononuclear phagocytes is essential to prevent spontaneous colitis in 

mice (Zigmond et al., 2014). However, IL-10 production by these CX3CR1+ cells is dispensable to 

maintain immune homeostasis in the intestine, suggesting that another source of IL-10 is necessary.  

 In recent years, description of a unique class of lymphocytes, known as innate lymphoid cells 

(ILCs), were found to exhibit antigen-independent activation yet highly similar to helper T cells 

based on lineage defining transcription factors and cytokine profiles (Moro et al., 2010; Possot et 
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al., 2011). For instance, ILC1s resemble T helper 1 cells and secrete IFN to protect against 

intracellular pathogens (Klose et al., 2014), whereas ILC2s release Type 2 cytokines (e.g., IL-4, 

IL-5, IL-9, and IL-13) (Moro et al., 2010) and can combat helminth infections (Fallon et al., 2006). 

ILC3s express the transcription factor retinoic acid receptor-related orphan receptor gamma-t 

(RORt) and produce IL-22 and IL-17, which are reported to protect against intestinal inflammation 

in mice and humans (Verdier et al., 2012; Zenewicz et al., 2008).In addition to cytokine secretion, 

studies show that ILC3s regulate microbiota-specific CD4+ T effector and Treg cells via MHC class 

II-dependent interactions and IL-2 production (Hepworth et al., 2013; Lyu et al., 2022; Zhou et al., 

2019), establishing ILC3s as critical immune regulators in the intestine. Interestingly, a 

subpopulation of ILCs that did not appear to express the typical transcription factors (i.e., Tbx21, 

Rorc, Gata3) were recently shown to produce IL-10 and classified as ILCregs (Wang et al., 2017). 

However, a separate study suggested that these cells were misidentified and likely are ILC2s 

(Bando et al., 2020), which have also been shown to produce IL-10. Nevertheless, ILCs are known 

to exhibit plasticity (Vonarbourg et al., 2010) and the effects of ILC-derived IL-10 on intestinal 

immunomodulation are largely unknown. 

 In this study, we generated mice that express fluorescent protein reporters for both IL-10 and 

RORt to evaluate IL-10 expression by intestinal ILCs during homeostasis and inflammation. 

Furthermore, we selectively deleted Il10 in Rorc-expressing ILCs to determine whether this 

immunosuppressive cytokine plays a functional role in ILC3s or ex-ILC3s in vivo. 

 

2.2 Methods 

 

2.2.1 Animal models  

Il23r floxed mice were kindly provided by Philip Rosenstiel. Il10 floxed mice were kindly provided 

by Werner Muller. The following mice were purchased from The Jackson Laboratory (Bar Harbor, 

ME), and crossed to obtain strains described in the text: Rag1-/- mice (stock #002216); Il10GFP mice 
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(stock # 014530); Rosa26lsl-tdTomato (stock #007909); RorcCre (stock #022791); Ptprca Pepcb/BoyJ 

(CD45.1, stock #002014). Since developing thymocytes express Rorc and the use of RorcCre would 

also target Il10 in all T cell subsets (Sun et al., 2000) including Treg cells, which is required for 

intestinal immune homeostasis (Chaudhry et al., 2011), Il10 targeted mice were maintained on a 

Rag1-/- background. 

 

RorctdTomato mice were generated by inserting a tdTomato cDNA transgene harboring an FRT-

flanked neomycin selection cassette via homologous recombination within the open reading frame 

of the RORt isoform 3’ of the ATG start site using BAC clone RP23-263K17. The Neo cassette 

was removed by FLP-mediated recombination leaving one FRT site. The BAC targeting vector was 

confirmed by PCR after each modification step and by sequencing using primers designed to read 

from the outside of the homology arms and within the tdTomato transgene. All mice were housed 

in a specific-pathogen free vivarium at Vanderbilt University Medical Center (VUMC). All 

experiments were performed using 6–15-week-old female or male mice unless otherwise indicated. 

Littermates were used where noted. Experiments were approved by the VUMC Institutional Animal 

Care and Use Committee. 

 

2.2.2 Anti-CD40 antibody colitis induction 

Rag1-/-
 and Il10ILC3 mice of both sexes were used at 8-16 weeks of age of both sexes. Mice were 

injected ip with 100 g anti-CD40 (clone: FGK45, BioXCell, Lebanon, NH). In some experiments, 

mice were injected ip with 50 g anti-p19 (Clone: G23-8, BioXCell) or IgG1 isotype control 

(BioXCell) together with 100 g anti-CD40. Weight loss was measured relative to initial body 

weight at day 0 in all studies. Mice were sacrificed by carbon dioxide asphyxiation at defined 

endpoints. Colons were swiss rolled and fixed in 10% neutral buffered formalin. Paraffin-

embedded tissue sections were stained with hematoxylin and eosin (H&E) to evaluate tissue 
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pathology and scored by a pathologist blinded to genotype and treatment. Scores are the sum of the 

following individual injury parameters as previously described (Uhlig et al., 2006): epithelial 

hyperplasia, goblet cell depletion, lamina propria infiltrate, and epithelial cell damage using a scale 

of 0-3 for each where 0 = no pathology, 1 = mild changes, 2 = intermediate, 3 = severe changes.  

 

2.2.3 Adoptive T cell transfer 

CD4+ T cells were enriched using EasySep negative selection cell isolation kit (STEMCELL, 

Vancouver, BC) from splenocytes of WT C57BL/6 mice. 5x105 CD4+ T cells were injected 

intraperitoneally into Rag1-/- or Il10ILC3 mice. Mice were weighed weekly. Mice were euthanized 

if they lost more than 20% of their initial body weight or 6 weeks post-injection. H&E-stained cross 

sections of formalin-fixed/paraffin-embedded colon tissues were scored by a gastrointestinal 

pathologist blinded to genotype and treatment condition.  

 

2.2.4 Cell harvesting from tissue  

Spleens and mLNs were harvested and mechanically disrupted to prepare single cell suspensions. 

Colons were harvested and feces were washed away using cold PBS. Intestines were cut 

longitudinally and then into 1 cm pieces. To remove epithelial cells and intra-epithelial 

lymphocytes, intestinal pieces were put into pre-warmed RPMI media containing, 1% Pen/Strep, 5 

mM EDTA, 20 mM HEPES, 5% FBS, and 1 mM DTT for 20 minutes while shaking at 37°C. The 

contents were then strained through nylon mesh and placed into cold RPMI media containing 1% 

Pen/Strep, 2 mM EDTA, and 20 mM HEPES and shaken vigorously 15 times, and the contents 

were strained again. The intestinal pieces were then placed into pre-warmed RPMI media 

containing 1% Pen/Strep, 0.1 mgml-1 Liberase TL (Roche, Indianapolis, IN), 0.05% DNase I 

(Sigma-Aldrich, St. Louis, MO), and 20 mM HEPES for 30 min while shaking at 37°C. An equal 

volume of cold RPMI media containing 1% Pen/Strep, 5% FBS, 0.05% DNAse I, and 20 mM 

HEPES was added, and cells were filtered through a 70 m cell strainer, and spun down for 10 
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minutes at 350 x g at 4°C. The pellet was then resuspended in 40% percoll with 90% percoll 

underlaid and centrifuged at 685g for 25 min with no brake at 20°C. The interphase layer was 

recovered and washed with FACS buffer (PBS w/o Ca/Mg, 2mM EDTA, 2% FBS) and centrifuged 

at 350 x g for 10 min at 20°C. 

 

2.2.5 Flow cytometry and cell sorting 

Cells were stained with antibodies (Table 2.1) at 4°C for 15 min in the dark in fluorescent activated 

cell sorting (FACS) buffer. Cells were then washed 2X with flow cytometric analysis performed 

using a 4-Laser Fortessa (BD, Franklin Lakes, NJ) with FACSDiva software (BD). FACS was 

performed on a FACS Aria III (BD). Analyses were performed using FlowJo (BD). 

 

2.2.6 Single-cell Velocity mapping 

Count matrix for spliced and unspliced RNA was constructed from bam files using velocyto tool 

(La Manno et al., 2018) mapped to comprehensive gene annotation for cell cycle gene homology 

region (CHR) region. Generated count matrices were then concatenated, filtered and normalized 

using scVelo (Bergen et al., 2020). RNA velocity vector fields were computed using scVelo 

stochastic model of transcriptional dynamics. Velocities were then visualized on top of the 

Uniformed Manifold Approximation and Projection (UMAP) embeddings. 

 

2.2.7 AOM/DSS colitis-associated cancer 

Age- and sex- matched, cohoused 6- to 8-wk-old mice (Il10ILC3 or Rag1-/- mice on a C57BL/6 

background) were injected with AOM (Sigma) intraperitoneally at a dose of 12.5 mg/kg body 

weight. After 5 days, mice were treated with 2.5% DSS (TdB Labs, Uppsala, Sweden) in the 

drinking water for 5 days followed by 16 days of regular water. This cycle was repeated two 

additional times for a total of 3 DSS cycles.  



29  

Table 2.1 Antibodies used for flow cytometry  

 

Antigen Fluorochrome Clone Catalog # Manufacturer 

CCR6 Alexa647 29-2L17 129808 Biolegend 

IFN APC XMG1.2 505810 Biolegend 

Thy1.2 Apc-Cy7 30-H12 105328 Biolegend 

CD4 Apc-Cy7 GK1.5 100414 Biolegend 

CD11c BV421 BV421 117330 Biolegend 

CD127 BV421 A7R34 135024 Biolegend 

IL17A BV421 TC11-18H10.1 506926 Biolegend 

ST-2 BV421 DIH9 145309 Biolegend 

CD25 BV421 PC61 102034 Biolegend 

CD62L BV605 MEL-14 104437 Biolegend 

CD45.1 BV711 A20 110739 Biolegend 

CD45 BV785 30-F11  103149 Biolegend 

Live Dead eFluor™ 506   65-0866-14 Thermofisher 

CD3 FITC 145-2C11 100306 Biolegend 

CD11b FITC M1/70 101206 Biolegend 

B220 FITC RA3-6B2 103206 Biolegend 

IL22 PE Poly5164 516404 Biolegend 

CD3 PE-Cy7 145-2C11 100320 Biolegend 

MHCII PE-Cy7 M5/114.15.2 107629 Biolegend 

RORt  PE-eFluor610 B2D 61-6981-82 ThermoFisher 

NKp46 PerCP-Cy5.5 29A1.4 137610 Biolegend 

Ly6C PerCP/Cy5.5 HK1.4 128012 Biolegend 

CD5 PE-Cy7 53-7.3 100622 ThermoFisher 

CD8 PE-Cy7 53-6.7 129808 Biolegend 

NK1.1 PE-Cy7 PK136 108714 Biolegend 

CD11c FITC N418 117306 ThermoFisher 
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2.2.8 16S sequencing 

Fresh stool pellets were collected from live mice, flash-frozen and stored at -80°C until DNA 

extraction. DNA was extracted using the QIAmp PowerFecal DNA kit (Qiagen, Germantown, 

MD). 16S library preparation and 16S sequencing were performed by the Integrated Microbiome 

Resource at Dalhousie University in Canada (Comeau et al., 2017). Sequencing was performed for 

V4-V5 on an Illumina MiSeq, (300bp PE). Reads (Primer forward 

GTGYCAGCMGCCGCGGTAA, primer reverse CCGYCAATTYMTTTRAGTTT (Parada et al., 

2016; Walters et al., 2016)) were trimmed using Cutadapt (Martin, 2011) and untrimmed reads 

were discarded. Quality control results were summarized with MultiQC (Ewels et al., 2016) and 

trimmed reads loaded in QIIME version 2 2019.4 (Caporaso et al., 2010). Further quality control 

was done in QIIME by trimming reads based on the sample position where the quality dropped 

below a quality score of 30 using the dada2 plugin (Callahan et al., 2016). Rarefaction was 

performed to ensure even sampling with sequences classified for taxonomic analysis by training a 

Naïve Bayes classifier (Varoquaux et al., 2015) using the SILVA reference taxonomy dataset 

(Quast et al., 2013; Yilmaz et al., 2014) (release 132, 16S only, 99%, majority taxonomy all levels, 

primer sequences as above). Differential abundance was tested with the ANCOM plugin (Mandal 

et al., 2015), which assumes less then 25% of features are different between conditions. Preceding 

differential abundance testing, taxa were collapsed to the appropriate levels. Features that were 

detected less than 10 times in total or features detected in only one sample were excluded from 

analysis. A pseudo count of 1 was added to enable log transformation required for ANCOM. LDA 

Effect Size (LEfSe) was performed using Galaxy developed by the Huttenhower group (Segata et 

al., 2011). 

 

2.2.9 RNA sequencing 

Quality control for RNA was performed by the Vanderbilt Technologies for Advanced Genomics 

core using RNA 6000 Pico (Agilent, Santa Clara, CA), and for low-input RNA from colonic ILC3 
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cells followed by RNA amplification using Ovation RNA-seq System V2 (Tecan, Männedorf, 

Switzerland), and cDNA library preparation using a NEB library preparation kit. Paired end 150bp 

sequencing was performed on a NovaSeq 6000 (Illumina, San Diego, CA). Raw fastq data was 

analyzed using Basepair software (https://www.basepairtech.com/) with a pipeline that included 

the following steps. Raw reads were trimmed using fastp to remove low-quality bases from reads 

(quality < 10) and adapter sequences. Trimmed reads with a minimum length of 15bp were aligned 

to GRCm38 genome assembly using STAR (Dobin et al., 2013) with default parameters. 

Alignments were sorted and indexed using samtools (Li et al., 2009) and normalized bigwig files 

were created for visualization using deeptools (Ramirez et al., 2016) with a bin size of 5bp. Read 

counts were collected at gene annotations using featureCounts (Liao et al., 2014) and data was 

visualized using the IGV browser (Robinson et al., 2011). After removing lowly-expressed genes, 

differential expression analysis was performed using DESeq2 (Love et al., 2014). 

 

2.2.10 Quantitative RT-PCR (qRT-PCR)  

First strand cDNA synthesis was performed using SuperScript VILO IV MasterMix (Thermo 

Fisher Scientific, Waltham, MA). qRT-PCR was performed using PowerUp SYBR green (Sigma-

Aldrich) on a QuantStudio3 (Thermo Fisher Scientific) with primers in Table 2.2. Relative 

expression was quantified using the delta-delta Ct method with genes of interest referenced to 

TATA box binding protein gene (Tbp). 

 

2.2.11 In Situ hybridization  

RNA probes for in situ hybridization were purchased from Advanced Cell Diagnostics (Newark, 

CA) for murine Cx3cr1 (cat# 314221-C2) and Thy1 (cat # 430661). Hybridization was performed 

manually using the RNAscope Multiplex Fluorescent V2 Assay (Advanced Cell Diagnostics, Inc.) 

according to the manufacturer’s instructions. Briefly, 5 micron formalin fixed, paraffin embedded 

(FFPE) tissue sections were pretreated with heat and protease prior to hybridization with the target 

oligonucleotide probes. Preamplifier, amplifier and horse radish peroxidase (HRP)-AP-labeled 
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oligos were then hybridized sequentially, followed by chromogenic precipitate development. Each 

sample was quality controlled for RNA integrity with a RNAscope probe specific to Thy1 (C1) or 

Cx3cr1 (C2) RNA. Specific RNA staining signal was identified by red or green punctate dots. 

Samples were counterstained with DAPI. Whole-slide fluorescence images of RNAscope-probed 

tissues were captured on an Aperio VERSA 200 (Leica Biosystems, Vista, CA).  

 

Table 2.2 qPCR primers  

 

Oligo Name Sequence 5' to 3' 

Ccl26 F TTCTTCGATTTGGGTCTCCTTG 

Ccl26 R GTGCAGCTCTTGTCGGTGAA 

Tbp F CTTCCTGCCACAATGTCACAG  

Tbp R CCTTTCTCATGCTTGCTTCTCTG 

Tbx21 F AGCAAGGACGGCGAATGTT 

Tbx21 R GGGTGGACATATAAGCGGTTC 

Rorc F GACCCACACCTCACAAATTGA 

Rorc R AGTAGGCCACATTACACTGCT 
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2.3 Results  

 

2.3.1 IL-10 is produced by ILCs following intestinal inflammation induced by anti-CD40 

antibodies. 

For over three decades, IL-10 has been described as an immunomodulatory cytokine critical for 

immune regulation in the intestine (Kuhn et al., 1993). Various cell types can produce IL-10. For 

instance, regulatory T cells as well as a small percentage of ILC2s were shown to produce IL-10 at 

steady-state (Bando et al., 2020; Rubtsov et al., 2008). With the significance of IL10 expression by 

ILCs unknown, we sought to generate mice that would fluorescently label Rorc-expressing cells in 

vivo. To this end, we obtained mice expressing Cre recombinase driven by an Rorc promoter and 

crossed these mice with a lineage tracing tdTomato fluorescent reporter strain whereby a transgene 

possessing an upstream floxed stop sequence was inserted into the Rosa26 locus. In this strain, cells 

expressing Cre excise the stop sequence and irreversibly drive tdTomato expression. Exploiting 

this system necessitated the use of a RAG-deficient background since developing thymocytes 

express Rorc during selection/maturation (Eberl & Littman, 2004). We then bred this strain to an 

Il10GFP reporter to yield Rag1-/-;Il10GFP;Rosa26lsl-tdTomato;RorcCre mice (Fig 2.1A). We first employed 

a well-established model of intestinal inflammation using anti-CD40 antibodies. Prior reports have 

demonstrated a role for IL-23 that is largely produced by tissue resident CX3CR1+ mononuclear 

phagocytes and/or dendritic cells. Moreover, ILC3s respond to IL-23 and are also required for anti-

CD40-mediated intestinal pathology, as demonstrated via blocking antibodies and genetic 

approaches (Buonocore et al., 2010; Hue et al., 2006; Koscso et al., 2016; Longman et al., 2014; 

Uhlig et al., 2006). Following injection of anti-CD40, mice displayed rapid weight loss, intestinal 

inflammation, and upregulation of select cytokines in whole colon tissue, as expected (Figs 2.1B-

D, Table 2.3).  
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Figure 2.1 Induction of weight loss, intestinal inflammation and pro-inflammatory cytokines 

mediated by anti-CD40 antibodies.  

A) Schematic of anti-CD40 colitis model in Rag1-/-;Il10GFP;Rosa26lsl-tdTomato;RorcCre mice. B) Time 

course of body weight change following anti-CD40 treatment. C) Hematoxylin and Eosin (H&E)-

stained colonic sections (left) and inflammation score quantified by a pathologist blinded to 

genotype and treatment (right). (n  6), scale bar = 100m. D) Multiplexed qPCR of cytokine 

expression in mice treated with PBS versus anti-CD40 antibodies is shown. Fold change in 

expression was calculated using the 2-Ct method with Tbp as an internal reference control. *P < 

0.05; paired t-test. 
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Table 2.3 Pathology scoring 

 

 

Over the course of 7 days, there was an increase in Live,CD45+,Thy1.2+,CD127+ cells expressing 

GFP (Figs 2.2A-B). Since IL-23 produced by antigen presenting cells is a driver of disease 

pathology in anti-CD40 colitis, we selectively targeted Il23r in our Rag1-/-;Il10GFP;Rosa26lsl-

tdTomato;RorcCre mice. Mice lacking Il23r in ILC3s were largely protected from intestinal 

inflammation with a reduction in IL-10+ ILC3s (Figs 2.2C-E). Consistent with this, intraperitoneal 

injections of recombinant IL-23 were sufficient to increase the frequency of IL-10+ ILCs in the 

colon, albeit to a lesser extent than anti-CD40 (Figs 2.2F-G). 
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Figure 2.2 IL-10 production in ILCs during inflammation is partially regulated by IL-23. 

A) Representative flow cytometric analysis of GFP expressing cells gated on Live,CD45+,Thy1.2+ 

at day 0 and 7 days following anti-CD40 treatment (left) with longitudinal assessment of IL-10-

GFP expressing cells (right) (n  5). B) ILCs were identified in spleen and colon lamina propria of 

Rag1-/-;Il10GFP;Rosa26lsl-tdTomato;RorcCre mice based on Live,CD45+,FSC/SSC, Thy1.2+,CD127+. C) 

Experimental schematic of anti-CD40 model in Il23rILC3 mice. D) Weight loss during 

experimental time course depicted as % initial body weight. E) Histological score of Il23rILC3 and 

IL-23R-sufficient littermates (Rag1-/-) mice treated with PBS or anti-CD40. F) Representative flow 

cytometric analysis of IL-10-GFP expressing cells following anti-CD40 treatment in Il23rILC3 

mice (left) with quantification of IL-10+ Tomato+ ILCs (right). G) Experimental design of IL-23 

injections into Rag1-/- ILC fluorescent reporter mice with IL-10-GFP production in ILCs following 

PBS or IL-23 injection. Each dot represents an individual mouse. Data are pooled from 3 or more 

independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA: D; unpaired t-

test: A,E,F,G. 
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Of note, we frequently observed varying degrees of leakiness utilizing the Rosa26lsl-tdTomato strain 

that has recently been reported by others (Bedolla et al., 2024). In an effort to transcriptionally 

characterize the IL-10 producing population of ILCs, we performed RNA sequencing on sorted 

GFP+ (IL-10+) or GFP- (IL-10-) ILCs from the colonic lamina propria of 4 individual mice that had 

been treated with anti-CD40 for 7 days. There was considerable variability at the transcriptional 

level across transcription factors, cell surface markers, and cytokines traditionally assigned to 

distinct ILC subsets (Fig 2.3A). Examination of IL-10+ cells that were either positive or negative 

for tdTomato by flow cytometry revealed that nearly all IL-10+Tomato+ ILCs were NKp46+CCR6- 

whereas IL-10+Tomato- ILCs were positive for KLRG1 with most not expressing NKp46 or CCR6, 

similar to ILC2s (Figs 2.3B-C). We profiled cytokine production by IL-10+ ILCs sorted from the 

spleen or colonic lamina propria of 5 pooled mice following restimulation with PMA/ionomycin. 

The majority of IL-10+ ILCs also expressed IL-22 with some also being positive for IFN and/or 

IL-17 more indicative of an ILC3-like identity (Fig 2.3D). Interestingly, while the majority of GFP- 

ILCs sorted from the colon of anti-CD40 treated mice were expressing GATA3, a large percentage 

of sorted GFP+ cells were positive for RORt and GATA3 (Fig 2.3E).  
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Figure 2.3 RORt+,NKp46+ cells can produce IL-10 during inflammation. 

A) Heatmap showing normalized expression of differentially expressed genes between GFP+ and 

GFP- ILCs sorted from the colons of Rag1-/-;Il10GFP;Rosa26lsl-tdTomato;RorcCre mice 7 days post-anti-

CD40 treatment, n=4 mice per group. B) Representative flow cytometric analysis of IL-10-GFP 

expression on colon ILCs 7 days post anti-CD40 (left) assessed for expression of ILC3 markers 

(CCR6, NKp46) and ILC2 markers (KLRG1, IL-25R) (right) and quantified in C. D) IL-10-GFP+ 

ILCs sorted from the colon 7 days post-anti-CD40 treatment were pooled from 5 mice and 

restimulated with PMA/ionomycin for 4 hours in the presence of a Golgi inhibitor. Cells were then 

stained for intracellular IL-22, IFN, and IL-17A. E) Flow cytometry plot depicting GFP+ and GFP- 

ILCs that were sorted from pooled colons of 5 mice 7 days post-anti-CD40 treatment and stained 

for nuclear expression of RORt, TBET, and GATA3. Data are pooled from 2 or more independent 

experiments. Each dot represents an individual mouse. Bars are the mean  SEM. **P < 0.01, ***P 

< 0.001. unpaired t-test: C. 
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To see if these data may be relevant in humans, we examined single-cell RNA sequencing 

(scRNAseq) datasets from the intestine across several life stages including fetal, neonatal, pediatric, 

and adult as well as inflammatory conditions including IBD and necrotizing enterocolitis 

(Elmentaite et al., 2020; Gu et al., 2024; Martin et al., 2019). Although variable, the presence of 

IL10 transcripts in ILC3s were detected in adult small intestine with B cells and 

monocytes/macrophages also positive for IL10 (Fig 2.4A-E). In the Crohn’s disease dataset, we 

identified innate lymphoid cells (ILCs), T-cells, B-cells, plasma cells, mononuclear phagocytes 

(MNPs), plasmacytoid dendritic cells (pDCs), glia cells, and stromal cells in human ileum (Fig 

2.5A). Upon subsampling of RORC+ ILCs and mast cells (Fig 2.5B), we observed RORC+ ILCs 

expressing IL22 in both inflamed and non-involved regions (Fig 2.5C). Interestingly, only non-

involved RORC+ ILCs expressed IL17A compared to those from inflamed lesions and only a single 

RORC+ ILC3 expressing IL10 in the inflamed region of this dataset (Fig 2.5D). Collectively, these 

data suggest that a subset of ILCs can express IL-10 under specific conditions in mice. Whether 

the heterogeneity observed across traditional markers for both ILC2 and ILC3 defines an 

intermediate state of plasticity, activation state, or ex-ILC3s requires further investigation. 

Furthermore, with limited human samples we were not able to definitively ascertain the capacity 

of human RORt+ ILCs to express IL10 or assign biological relevance, highlighting the need for 

comprehensive analysis across multiple datasets. 

 

 

 

 

 

 

 

 



40  

 

Figure 2.4 scRNA-seq reveals distinct IL10 expression across major immune cell types and human 

developmental stages. 

Reanalysis of a previously published dataset (Elmentaite et al., 2020; Gu et al., 2024) showing A) UMAP 

visualization of the cellular composition of the human small intestine immune cells colored by major 

cell types. B) UMAP plot of IL10 expression in immune cells. Dot plot of IL10 expression in C) B cells 

and plasma cells, D) ILCs and T cells, and E) Myeloid cells. Color represents normalized mean 
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expression of IL10 in each cell type and each stage, and size indicates the proportion of cells 

expressing IL10.  

 

 

Figure 2.5 scRNA-seq analysis in patients with Crohn’s disease. 

Reanalysis of a previously published dataset (Martin et al., 2019) showing A) UMAP visualization of 

human single-cell RNA sequencing datasets, including non-involved ileum and Crohn’s disease lesions. 

ILCs: innate lymphoid cells, MNPs: mononuclear phagocytes, pDC: plasmacytoid dendritic cells. B) 

UMAP visualization of RORC+ ILCs and mast cell subclusters. C) IL22, IL17A, and IL10 expression on 

RORC+ ILC3 and mast cell clusters. Each dot represents a single cell. 
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2.3.2 Cell-specific targeting of Il10 in Rorc-expressing ILCs exacerbates anti-CD40-

induced colitis.  

 

Many cell types can be a source of IL-10 in the intestine and our observation that putative ILC3s 

can also produce IL-10 following anti-CD40 led us to question whether the latter was functionally 

relevant. To directly test this, we generated Rag1-/-;Il10flox/flox;Rosa26lsl-tdTomato;RorcCre (Il10ILC3) 

mice to selectively delete the Il10 gene in Rorc-expressing cells (Fig 2.6A). We confirmed selective 

targeting of Il10 by sorting CD45+Thy1.2- and CD45+Thy1.2+CD127+Tomato+ cells from Rag1-/-

;Il10wt/wt;Rosa26lsl-tdTomato;RorcCre and Il10ILC3 mice followed by PCR on 10 ng of DNA as 

performed by others (Rubtsov et al., 2008). There was a reduction in the floxed allele in the sorted 

ILC3s from Il10flox/flox mice but not in the non-ILC cells (Thy1.2-) from the same mouse confirming 

specificity of the RorcCre (Fig 2.6B). Following anti-CD40 treatment, there was a trend towards 

increased mortality in Il10ILC3 mice with equivalent weight loss following anti-CD40 treatment as 

compared to IL-10-sufficient littermates (Figs 2.6C-E). Furthermore, anti-CD40 treated Il10ILC3 

mice exhibited increased intestinal inflammation as compared to IL-10-sufficient littermates based 

on histology (Fig 2.6F, Table 2.3), suggesting that IL-10 production by Rorc-expressing ILCs 

limits intestinal inflammation driven by anti-CD40.  
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Figure 2.6 Selective deletion of Il10 in Rorc-expressing cells augments anti-CD40-mediated 

colitis. 

A) Schematic of Rag1-/-;Il10flox/flox;Rosa26lsl-tdTomato;RorcCre (Il10ILC3) mice. B) Confirmation of 

selective deletion of Il10 in ILC3s by PCR of sorted cells. C) Depiction of anti-CD40 model in 

Il10ILC3 mice and IL-10-sufficient littermate controls (Rag1-/-). D) Kaplan-Meier survival curve 

following PBS or anti-CD40 treatment of Rag1-/- and Il10ILC3 mice. E) Weight loss as a percentage 

of initial body weight over the course of 7 days following anti-CD40 administration. F) 

Representative H&E-stained colonic sections of Rag1-/- and Il10ILC3 mice following anti-CD40 

(left) with quantified histological score (right). Each dot represents an individual mouse. Data are 

pooled from four independent experiments. (PBS: n =2, anti-CD40 groups: n  8), Bars are the 

mean  SEM. *P < 0.05, **P < 0.01, ###, *** P < 0.001. Gehan-Breslow-Wilcoxon test: E; multiple 

comparisons: F. 
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2.3.3 IL-10 deficiency in ILC3s skews intestinal macrophages towards a pro-inflammatory 

phenotype and permits CD4+ T cell-mediated colitis. 

 

Although many cell types can respond to IL-10, loss of IL-10 receptor signaling specifically in 

CX3CR1+ mononuclear phagocytes is sufficient to drive spontaneous colitis in mice (Zigmond et 

al., 2014). This raises the possibility that IL-10 production by another cell type may directly 

regulate intestinal macrophage phenotypes. We investigated the contribution of IL-10-competent 

ILC3s to macrophage conditioning in the intestine by isolating leukocytes from the colonic lamina 

propria of Il10ILC3 mice and IL-10-sufficient littermates at baseline and found a significant increase 

in pro-inflammatory Ly6ChiMHCIIhi macrophages with a concomitant decrease in anti-

inflammatory Ly6CloMHCIIhi macrophages in Il10ILC3 mice gated on 

Live,CD45+,CD11b+,CD11c- cells (Figs 2.7A-B). Consistent with this observation, peritoneal 

macrophages from Il10ILC3 mice stimulated with LPS had a significant increase in Tnf (Fig 2.7C). 

To investigate whether this skewed macrophage phenotype in Il10ILC3 mice might promote colitis 

driven by adaptive immune cells, similar to previous studies (Nguyen et al., 2012; Shouval et al., 

2014), we injected unfractionated WT CD4+ T cells intraperitoneally into age-matched, co-housed 

Il10ILC3 and IL-10-sufficient Rag1-/- mice (Fig 2.8A). While Treg cell frequency in the colon was 

similar between recipient groups after 6 weeks (Fig 2.8B), Il10ILC3 mice developed severe colitis 

(Fig 2.8C). Of note, Il10ILC3 mice not injected with CD4 T cells were free of microscopic disease 

(Fig 2.6F). The phenotype of intestinal macrophages of Il10ILC3 mice transferred with total CD4+ 

T cells also exhibited increased Ly6ChiMHCIIhi macrophages and decreased Ly6CloMHCIIhi 

macrophages compared to IL-10 sufficient recipients with Ly6G+ neutrophils also being elevated 

(Figs 2.8D-E). Stimulation of CD4+ T cells isolated from the colons of transferred mice displayed 

elevated cytokine production with IL-17 being significantly upregulated in Il10ILC3 recipient mice 

(Fig 2.8F). Collectively, these data suggest that ILC3-derived IL-10 may prevent wild-type CD4+ 

T cells from becoming colitogenic by regulating intestinal macrophages. 
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Figure 2.7 IL-10 deficiency in Rorc-expressing ILCs drives intestinal macrophage 

dysfunction. 

A) Intestinal macrophages of Rag1-/-;Il10flox;Rosa26lsl-tdTomato;RorcCre mice were identified based on 

Live,CD45+,FSC/SSC, CD11b+, CD11c-. B) Representative flow cytometry plots depicting 

Ly6ChiMHCIIhi vs. Ly6CloMHCIIhi monocyte/macrophage in colonic tissue of Rag1-/- and Il10ILC3 

mice (left) and quantified (right) (n  4). C) Peritoneal macrophages were isolated from Rag1-/- and 

Il10ILC3 mice and stimulated with 100 ngml-1 LPS for 6 hours. cDNA was generated from purified 
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RNA and subjected to multiplex qPCR using select Taqman probes with Tbp set as an internal 

reference gene (n  6). *P < 0.05, **P < 0.01, ***P < 0.001; unpaired t-test: A,C. 
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Figure 2.8 IL-10 deficiency in Rorc-expressing ILCs permits T cell-mediated colitis. 

A) Schematic of WT total CD4+ T cell transfer into Rag1-/- and Il10ILC3 mice. B) Representative 

flow cytometry plots depicting the frequency of colonic Treg cells in Rag1-/- and Il10ILC3 mice 

transferred with unfractionated WT CD4+ T cells (n  7). C) Representative H&E-stained colonic 

sections of Rag1-/- and Il10ILC3 mice 8-weeks post T cell transfer (left) and quantified by a 

pathologist blinded to genotype and treatment (right) (n  9). D) Representative flow cytometry 

plots of colonic macrophage and E) neutrophil populations recovered from Rag1-/- and Il10ILC3 

mice 6 weeks post-transfer of unfractionated CD4+ T cells (n  4). F) Representative flow 

cytometry plot of CD4+ T cells recovered from transferred mice restimulated with PMA/ionomycin 

for 4 hours in the presence of a Golgi inhibitor and stained for intracellular TNF, IL-17A, and IFN. 

Each dot represents an individual mouse (n  3). Data are pooled from two or more independent 

experiments. Bars are the mean  SEM. *P < 0.05, **P < 0.01, ***P < 0.001; unpaired t-test: B-

F. 
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2.3.4 Loss of IL-10 in Rorc-expressing ILCs enhances inflammation-associated 

carcinogenesis. 

 

In patients with IBD, prolonged colonic inflammation in the colon has been found to significantly 

increase the risk of developing colitis-associated cancer (CAC). Our observation that Il10ILC3 mice 

injected with unfractionated CD4+ T cells develop intestinal inflammation led us to speculate that 

Il10ILC3 mice may be more susceptible to experimental CAC. Since our model requires the use of 

lymphopenic RAG-deficient mice, we first reconstituted the T cell compartment of Il10ILC3 and 

IL-10-sufficient littermate mice by injecting total CD3+ T cells isolated from the spleen of C57BL/6 

mice expressing tdTomato to prevent allo-reactivity against Tomato-expressing cells in recipient 

mice. We then subjected these mice to a single injection of the mutagen azoxymethane (AOM) 

followed by repeated on/off cycles of dextran sulfate sodium (DSS) to recapitulate the 

relapsing/remitting features of IBD (Fig 2.9A). In this experimental CAC model, Il10ILC3 mice 

displayed a slight increase in weight loss following each DSS cycle with similar frequency of CD3 

T cell reconstitution at the experimental endpoint (Figs 2.9B, C). While tumor number trended 

towards an increase in Il10ILC3 mice (Fig 2.9D), tumor volume and invasive adenocarcinomas were 

both increased in Il10ILC3 mice (Figs 2.9E, F).  
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Figure 2.9 Il10ILC3 mice exhibit enhanced susceptibility to inflammation-associated 

carcinogenesis. 

A) Cartoon of AOM/DSS colitis-associated cancer protocol in Rag1-/- and Il10ILC3 mice that were 

reconstituted with total WT CD3+ T cells. B) Weight curve shown as % initial body weight over 

the course of the experiment with gray box depicting each DSS cycle. C) Frequency of splenic 

CD3+ T cells at experimental endpoint. D) Tumor number and E) tumor volume determined at 

experimental endpoint. F) Representative H&E-stained colonic sections of Rag1-/- and Il10ILC3 

mice highlighting intestinal tumors (left) with dysplasia graded by a pathologist (right) 

(n=9/genotype). Each dot represents an individual mouse except for tumor volume where each data 

point is an individual tumor. Data are pooled from two independent experiments. Bars are the mean 

 SEM. **P < 0.01, unpaired t-test: C-E. 
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Since we observed alterations in intestinal macrophage phenotypes in Il10ILC3 mice, we sought to 

examine whether the increased tumor progression was attributed to T cells or other tumor 

associated immune cells such as antigen presenting cells (APCs). To this end, we profiled tumor 

and non-tumor tissue by qPCR that revealed an increase in several cytokines generally associated 

with activation of APCs including Gmcsf, Il12a, Il1b, Il23a, and Tnf in tumors of Il10ILC3 mice 

compared to non-tumor tissue (Fig 2.10). Thus, the enhanced tumor progression in Il10ILC3 mice 

following AOM/DSS may be in part due to increased activation of tumor-associated myeloid cells. 

This would be consistent with previous work establishing an essential role for CCL2, a potent 

chemoattractant for monocytes/macrophages, in AOM/DSS carcinogenesis (Popivanova et al., 

2009). Collectively, these data suggest that loss of IL-10 production by Rorc-expressing ILCs 

increases tumor progression in CAC.  
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Figure 2.10 Increased myeloid cytokines in tumors of Il10ILC3 mice.  

RNA isolated from non-tumor and tumor tissue of Rag1-/- 
and Il10ILC3 

mice following AOM/DSS 

administration was screened for various cytokine transcripts using Taqman probes. Each sample 

was normalized to Tbp as an internal control and fold change calculated using the 2
-Ct 

method 

against non-tumor tissue. Bars represent the mean ± SEM with each dot a tumor from an individual 

mouse. *P < 0.05, **P < 0.01; one-way ANOVA with multiple comparisons. 
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2.3.5 Ccl26 expression is upregulated in IL-10+ ILC3s.  

 

ILCs are known to exhibit plasticity. Since our observations pertaining to IL-10-producing ILCs 

were made using a RORt lineage tracing system, we wanted to define how ILCs more broadly 

transcriptionally change over time using RNA velocity analysis. Rag1-/- mice were treated with 

anti-CD40 for 0, 3, 5, and 7 days, then colonic lamina propria ILCs were sorted based on live, 

CD45+Thy1.2+ staining and subjected to scRNAseq for downstream velocity analysis (Fig 2.11A). 

Longitudinal sampling of colonic ILCs revealed time-dependent clustering post-anti-CD40 

treatment (Figs 2.11B, C) and although velocity analysis was able to identify 3 distinct ILC groups 

defined by expression of Tbx21, Gata3, and Rorc (Fig 2.11D), the data lacked the ability to resolve 

the ontogeny of IL-10 expressing ILCs. We next sought to determine how IL-10+ ILCs differed 

transcriptionally from IL-10- ILCs. To this end, Rag1-/-;Il10GFP;Rosa26lsl-tdTomato;RorcCre mice were 

treated with anti-CD40. On day 7, GFP+ (IL-10+) or GFP- (IL-10-) cells were sorted from colonic 

lamina propria of 4 individual mice pre-gated on Live,CD45+Thy1.2+Tomato+. While several genes 

were found to be differentially regulated between the groups, Ccl26 was one of the most 

significantly altered genes enriched in IL-10+ cells (Fig 2.12A). Similarly we analyzed transcripts 

of sorted Live,CD45+Thy1.2+Tomato+ ILCs from 3 Il10ILC3 mice with those from 3 IL-10-

sufficient littermates in the absence of any challenge or insult. We found a significant reduction in 

Il2 expression with a trend in decreased Ccl26 suggesting that this could be a cell-intrinsic effect 

(Fig 2.12B). CCL26 is also known as eotaxin-3 and while a previous report suggested that Ccl26 

may not be functional in mice (Pope et al., 2005), additional work has demonstrated a role in murine 

allergic airway inflammation (Moon et al., 2023). Given that anti-CD40 stimulates IL-23 release 

to drive intestinal inflammation in mice, we examined whether IL-23 could directly induce Ccl26 

in ILC3s. To test this possibility, we sorted Tomato+ ILC3s from the colons of untreated Rag1-/-

;Il10GFP;Rosa26lsl-tdTomato;RorcCre mice, then stimulated the cells ex vivo with IL-23. Ccl26 

expression was increased over baseline as determined by qPCR (Fig 2.12C). CCL26 has been 
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reported to be a ligand for CX3CR1, which is expressed on several types of immune cells including 

mononuclear phagocytes (Jung et al., 2000; Leonardi et al., 2018) and plays a role in cell 

recruitment (Moon et al., 2023; Nakayama et al., 2010). Taken together, anti-CD40-mediated 

induction of IL-10+ ILCs drives transcriptional changes of which Ccl26 was significantly increased.  
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Figure 2.11 Velocity map of intestinal ILCs following anti-CD40 treatment. 

A) Schematic of analysis pipeline. B) UMAP representation of colonic innate lymphoid scRNA-

seq data overlaid with anti-CD40 treatment timepoints, n=2 mice per time point. C) RNA velocity 

streamline plot for innate lymphoid cells overlaid on UMAP embeddings where each black arrow 

corresponds to vectors inferring average transitions. D) UMAP overlaid with the expression of 

three lineage markers of ILC subtypes – Rorc, Tbx21, and Gata3. 
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Figure 2.12 Ccr6 is enriched in IL-10 expressing ILCs. 

A) Volcano plot comparing transcripts in colonic GFP+ and GFP- ILCs sorted from Rag1-/-

;Il10GFP;Rosa26lsl-tdTomato;RorcCre mice 7 days post-anti-CD40 treatment, (n=4 mice/group). B) 

Volcano plot depicting differentially expressed genes in Live,CD45+,Thy1.2+,CD127+,Tomato+ 

ILCs isolated from colonic lamina propria of unmanipulated Rag1-/-;Il10flox/flox;Rosa26lsl-

tdTomato;RorcCre mice or IL-10-sufficient littermates. C) qPCR analysis for relative expression of 

Ccl26 in ILC3s sorted from the colonic lamina propria of Rag1-/-;Il10GFP;Rosa26lsl-tdTomato;RorcCre 

mice and stimulated for 0 or 24 hrs with 20 ngml-1 recombinant IL-23. Each dot is an individual 

mouse (n  3). Bars are the mean  SEM. *P < 0.05; paired t-test: C. 
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2.3.6 Thy1+ cells cluster near Cx3cr1+ cells after anti-CD40 treatment. 

Given the alterations in intestinal macrophage populations, combined with the role for IL-10R 

signaling in CX3CR1 mononuclear phagocytes, we reasoned that upregulation of Ccl26 in IL-10+ 

ILCs may function to bring these cell types in closer proximity in response to inflammation. 

Therefore, we performed RNA in situ hybridization against Cx3cr1 and Thy1 on day 7 after anti-

CD40 or PBS treatment since transcriptional data and cell surface staining suggest that IL-10 

producing ILCs may not be restricted to RORt+ ILCs. Following RNAscope labeling and whole 

slide imaging, we applied a machine learning algorithm to generate probability maps of all tissue 

as well as to exclude red blood cells and debris from analysis (Fig 2.13A). These probability maps 

were used in combination with the original captured 3-color images to identify individual cells 

based on their nuclei, with identified cells classified by the presence or absence of RNAscope signal 

(Figs 2.13B, C). We then applied spatial profiling to calculate cell-cell distances and co-positioning 

on an uninterrupted section of tissue (e.g., cells located within the same crypt) (Fig 2.13D, left). 

Euclidean distances were determined along with the number of nearest “neighbors” between 

Cx3cr1- and Thy1-positive cells. Interestingly, the proximity between a Cx3cr1+ cell and a Thy1+ 

cell was greater in anti-CD40 treated Il10ILC3 mice with the number of neighbors significantly 

decreased. This was in contrast to the increase in neighbors observed following anti-CD40 in IL-

10-sufficient mice (Fig 2.13D, right). This indicates that under anti-CD40-induced inflammatory 

conditions, the number of ILCs positioned near CX3CR1+ mononuclear phagocytes are increased. 

This would be in line with the idea that IL-10 production by ILCs provides negative feedback to 

CX3CR1+ monocytes to help attenuate the acute inflammatory response.  
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Figure 2.13 Increased number of ILCs found in close proximity to CX3CR1+ macrophages 

following anti-CD40 treatment in IL-10-sufficient but not Il10ILC3 mice. 

A) Schematic of analysis pipeline on colon sections 7 days post-PBS or anti-CD40 treatment in 

Rag1-/- (WT) or Il10ILC3 mice. B) 3-color fluorescence images captured on an Aperio VERSA 200 

of RNA in situ hybridization for murine Cx3cr1 (green), Thy1 (red), DAPI (gray) with cell 

boundaries outlined in blue. C) Zoomed in view of dashed yellow box from (B) highlighting 

RNAscope signal in nuclei. D) Spatial profiling of computationally defined Thy1 and Cx3cr1 

positive cells to calculate cell-cell distances located within the same crypt (left) with the mean 

Euclidian distances and number of nearest neighbors quantified (right). ***P < 0.001; unpaired t-

test: D.  
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2.3.7 Generation and validation of RorctdTomato reporter mice. 

 

Our data implicates a functional role for IL-10 in current or former Rorc-expressing ILCs in 

maintaining intestinal immune homeostasis. To further interrogate IL-10 production by Rorc-

expressing cells, we desired a mechanism by which we could unequivocally identify ILC3 for the 

purpose of adoptive transfer to rescue the immunological defects observed in Il10ILC3 mice that 

would also permit future investigations compatible with the Il10GFP reporter strain. Prior strategies 

used to generate Rorc reporter mice have utilized knock-in and transgenic approaches to 

incorporate GFP to label RORt+ cells with high fidelity (Eberl et al., 2004; Lochner et al., 2008). 

Thus, we developed a transgenic Rorc mouse expressing tdTomato using a bacterial artificial 

chromosome (BAC) covering 75kb upstream of the Rorc locus. Using sequencing data comparing 

Ror-t vs Ror , we incorporated tdTomato 3’ of the ATG start site of the RORt specific isoform 

(Fig 2.14A). We then performed pronuclear injections in C57BL/6 fertilized zygotes, and a founder 

was used to establish the colony. To validate this new transgenic reporter strain, we first examined 

CD4+CD8+ thymocytes and found over 90% expressed Tomato, as expected (not shown). We next 

sorted Tomato+ and Tomato- CD3+CD4+ T cells from the spleen of RorctdTomato mice and performed 

qPCR for Rorc and Tbx21. Tomato+ T cells expressed significantly higher levels of Rorc, and lower 

levels of Tbx21, as compared to Tomato- cells, as compared to Tomato- cells (Fig 2.14B). To 

determine if Tomato+ cells also expressed RORt protein, we sorted Tomato+ T cells from the 

thymus and stained for intracellular RORt. While the fixation/permeabilization required to label 

endogenous RORt reduced the tdTomato signal, around 90% of sorted Tomato+ cells expressed 

RORt (Fig 2.14C).  
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Figure 2.14 tdTomato+ cells from RorctdTomato transgenic mice express Rorc and RORt 

protein. 

A) Schematic of a targeting strategy of a bacterial artificial chromosome (BAC) covering the Rorc 

locus to introduce tdTomato 3’ of the ATG start site of the RORt specific isoform. B) qPCR 

analysis for Rorc and Tbx21 transcripts in sorted tomato+ or tomato- CD4+ splenic T cells from 

RorctdTomato mice (n = 3). C) Naïve CD4+ T cells from RorctdTomato mice cultured in vitro under Th17 

polarizing conditions for 4 days, sorted based on tdTomato, and stained for RORt protein for 

examination by flow cytometry. Data are pooled from three independent experiments. Bars are the 

mean  SEM. *P < 0.05, **P < 0.01, ***P < 0.001; unpaired t-test: B. 
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We then assessed the dynamics of Tomato expression in RorctdTomato mice by sorting tdTomato- 

naïve CD4+ T cells from the spleen and culturing these cells under Th1-, Th2-, or Th17-polarizing 

conditions. As expected, IFN-expressing Th1 cells and IL-4-expressing Th2 cells were Tomato-, 

while IL-17-producing Th17 cells exhibited a high percentage of Tomato+ cells (Fig 2.15A). Given 

the role of IL-6 in Th17 cell development in the intestine, we further validated RorctdTomato mice by 

generating Il6-/-;RorctdTomato mice. Here, we found a significant reduction in Tomato+ colonic CD4+ 

T cells in reporter mice lacking IL-6 (Fig 2.15B). We then compared ILC3 subsets based on 

expression of CCR6 and NKp46. The frequency of each ILC3 subset from RorctdTomato mice gated 

based on tomato expression were highly similar to ILC3 subsets from the same mouse gated on 

intracellular staining using an anti-RORt antibody (Figs 2.15C, D). RORt-expressing ILC3s are 

robust producers of IL-22 upon stimulation with IL-23. To examine whether RorctdTomato labels IL-

22-producing ILC3s, we isolated colonic lamina propria cells and stimulated them with IL-23. The 

IL-22-producing population was almost exclusively observed within the Lin-Thy1.2+Tomato+ cell 

population (Fig 2.16A). Finally, we validated the fidelity in demarcating RORt-expressing T 

cells (17 cells), which at mucosal barriers are readily identified by their expression of CD44 and 

PD-1 (Huang et al., 2023). Tomato+ cells among dT cells were preferentially of a CD44highPD-1+ 

phenotype in all organs tested, which included the colon, female genital tract, lung, and meninges 

(Fig 2.16B). Thus, the RorctdTomato transgenic reporter faithfully labels RORt-expressing cells of 

multiple lineages and subsets in various organs including IL-23-responsive ILC3s.  
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Figure 2.15 RorctdTomato transgenic mice faithfully mark endogenous RORt expression. 

A) tdTomato- naïve CD4+ T cells sorted from RorctdTomato mice and cultured in vitro under Th1-, Th2-, 

or Th17- polarizing conditions respectively. Representative flow cytometry plots showing frequency of 

tdTomato+ IFN producing Th1 cells, IL-4 producing Th2 cells, and IL-17 producing Th17 cells (left) 

and quantified (right) (n  6). B) Representative flow cytometry data showing tdTomato expression of 

colonic CD4+ T cells in RorctdTomato and RorctdTomato;Il6-/- mice (left) with quantification (right) (n  3). 

C) Representative flow cytometric analysis of splenic ILC3s from RorctdTomato mice assessed for 

expression of CCR6 and NKp46 compared to ILCs gated on RORt intracellular staining using cells 

from the same donor mouse (n  3). D) ILC subsets were assessed for the spleen, mLN, and cLP of 

RorctdTomato 
mice in unmanipulated 8-week-old mice. Initial gating was based on Live, CD45

+
,Lin

-
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,Thy1.2
+

,CD127
+

. ILCs were then classified based on staining for GATA3, TBET, and RORt. The 

RORt subset was further characterized based on expression of CCR6 and NKp46. Each dot represents 

an individual mouse. Data are pooled from 2 independent experiments. Bars are the mean  SEM. *P < 

0.05, **P < 0.01, ***P < 0.001; unpaired t-test: B,C; multiple comparisons: A. 
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Figure 2.16 Detection of ILC3s and T cells from various barrier sites in Rorc
tdTomato 

mice. 

A) IL-22 expression in Tomato+ ILC3s following overnight IL-23 treatment of colonic leukocytes 

isolated from RorctdTomato mice (Lin-1: B220, CD11b, CD11c; Lin-2: CD3, CD5, CD8, NK1.1) (n 

= 3). Each dot represents a biological replicate for in vitro data or an individual mouse for in vivo 

data. Data are pooled from three independent experiments. B) The indicated barrier tissues were 

evaluated for PD-1 and CD44 to distinguish the RORt+ 
17 subset (PD-1+CD44high, circled) as 

described previously (He et al., 1998). Populations of T cells expressing td-Tomato (red) were 

overlayed against total T cells (blue) from each tissue.  
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2.3.8 IL-10-sufficient ILC3s rescue aberrant macrophage phenotype and anti-CD40 colitis 

in Il10ILC3 mice. 

 

Based on the validation data from the new RorctdTomato reporter mouse, we sought to test whether 

adoptive transfer of Tomato+ ILC3s isolated from this strain could modulate the skewing of 

intestinal macrophage phenotype of Il10ILC3 mice as well as disease severity induced by anti-

CD40. To this end, we isolated cells from the spleen and mesenteric lymph nodes of 

CD45.1;RorctdTomato congenic reporter mice and sorted Lin-CD45+Thy1.1+CD127+Tomato+ ILC3s 

(Fig 2.17A) and injected 4,000 cells intraperitoneally into Il10ILC3 recipient mice two times (Fig 

2.17B). Mice were then treated with anti-CD40 the day after the last injection and euthanized on 

day 7. Il10ILC3 mice injected with WT ILC3s displayed improved survival with less colonic 

inflammation as compared to Il10ILC3 mice not administered WT ILC3s (Figs 2.17C,D, Table 

2.3). Importantly, injection of WT ILC3s into Il10ILC3 mice reduced the frequency of inflammatory 

Ly6ChiMHCIIhi intestinal macrophages (Fig 2.17E), with donor congenic CD45.1+ ILC3s detected 

in the intestine of recipient mice at the experimental endpoint (Fig 2.17F). 
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Figure 2.17 Transfer of WT ILC3s reverses pro-inflammatory macrophage phenotype and 

improves survival and inflammation following anti-CD40 treatment. 

A) Cells from the spleen and mLN of RorctdTomato 
mice were sorted based on FSC/SSC,Lin

-

,Thy1.2
+
,CD127

+
,Tomato

+
. Post-sort purity was always greater than 90%. B) Schematic depicting 

transfer of IL-10-sufficient CD45.1+Lin-Thy1.2+Tomato+ ILC3s into Il10ILC3 mice then treated 

with anti-CD40. C) Kaplan-Meier survival curve for Il10ILC3 mice treated with anti-CD40 

previously injected with/without IL-10-sufficient ILC3s (n  7). D) Representative H&E-stained 

colonic sections of Il10ILC3 mice +/- WT ILC3s treated with anti-CD40 (left) and scored (right) (n 

 4). E) Flow cytometry plots showing colonic macrophages defined by Ly6C and MHCII 

expression isolated from Il10ILC3 mice and Il10ILC3 mice transferred with IL-10-sufficient 

CD45.1+;tdTomato+ ILC3s (left) with Ly6ChiMHCIIhi, Ly6CloMHCIIhi monocyte/macrophage 

quantified (right) (n  3). E) Persistence of CD45.1+ ILC3s post-transfer into Il10ILC3 mice versus 

non-transferred Il10ILC3 mice. Each dot represents an individual mouse. Data are pooled from two 

independent experiments. *P < 0.05; Log-rank (Mantel-Cox) test: C; unpaired t-test: D,E.  
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CHAPTER 3 

 

 

Discussion 

 

 

3.1 Summary of findings  

 

 

Figure 3.1 Graphical abstract 

Interleukin-10-producing RORγt+ ILCs play a pivotal role in maintaining intestinal immune 

homeostasis. Under homeostatic conditions (left panel), IL-10+ ILCs secrete CCL26, fostering a 

stable intestinal microenvironment by interacting with CX3CR1hi macrophages and limiting 

effector T cell activation. During inflammatory conditions (center panel), IL-23 signaling enhances 

the IL-10 production by RORγt+ ILCs, reinforcing their regulatory function. In the absence of IL-

10 signaling (right panel), as demonstrated in Il10ΔILC3 mice, the regulatory effects are lost, resulting 

in pro-inflammatory skewing of intestinal macrophages, impaired suppression of effector T cell 

responses, increased mucosal inflammation, and susceptibility to colitis. 
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This study provides critical insights into the role of IL-10-producing ILCs, particularly those 

expressing RORγt, in maintaining intestinal immune homeostasis and modulating inflammatory 

responses. Using a lineage tracing reporter system, we identified a subset of ILCs capable of 

producing IL-10 under inflammatory conditions. These IL-10+ ILCs exhibited a unique phenotype, 

with RORγt+ ILC3s co-expressing GATA3 and lacking CCR6, while being positive for NKp46. 

This suggests a dynamic and context-dependent regulatory function, potentially driven by specific 

inflammatory signals. 

Genetic ablation of IL-10 in RORγt+ ILCs (Il10ΔILC3 mice) revealed their essential role in 

preventing immune dysregulation. Il10ΔILC3 mice exhibited increased susceptibility to colitis in both 

an innate immune model of colitis, highlighting the importance of IL-10 production by ILCs in 

controlling intestinal inflammation. Notably, these mice also demonstrated impaired Treg-

mediated suppression of inflammation, as adoptive transfer of unfractionated wild-type CD4+ T 

cells into Il10ΔILC3 mice resulted in colitis development even in the presence of Tregs.  

Further investigation into the mechanisms underlying these observations revealed that IL-10+ 

ILCs influence the phenotype and function of intestinal macrophages. At baseline, intestinal 

macrophages of Il10ΔILC3 mice exhibited a skewing towards a pro-inflammatory phenotype. This 

was further corroborated using peritoneal macrophages from Il10ΔILC3 mice that exhibited 

increased Tnf expression in response to LPS stimulation. What factor may link intestinal ILCs to 

macrophage phenotypes? Mechanistically, transcriptional profiling of IL-10+ and IL-10- ILCs 

identified Ccl26 as a gene significantly upregulated in the IL-10+ population. CCL26, which binds 

to CX3CR1, is known to promote cell migration and resolution of inflammation, suggesting that 

IL-10+ ILCs may facilitate interactions with CX3CR1+ mononuclear phagocytes to maintain 

immune homeostasis. Spatial mapping supported this hypothesis, showing increased proximity 

between CX3CR1+ and Thy1+ cells in IL-10-sufficient mice following anti-CD40 treatment, a 

phenomenon absent in Il10ΔILC3 mice. 
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3.2 Interpretation of findings  

Since their discovery, ILCs residing at mucosal surfaces have been shown to be important 

regulators of immunity. Initial observations largely relegated the contribution of RORt+ ILC3s to 

maintain intestinal homeostasis via IL-22 production that in turn stimulates the secretion of anti-

microbial peptides. However, intestinal ILC3s are more intimately involved in modulating mucosal 

immunity. This has been demonstrated through direct actions on CD4+ T cells and support of 

regulatory T cell maintenance via IL-2 production (Hepworth et al., 2013; Lyu et al., 2022; Zhou 

et al., 2019). Moreover, dysregulation of ILC3s is permissive for colorectal cancer (Goc et al., 

2021). Functionally, many features of ILC subsets overlap with their adaptive T cell relatives. As 

such, some features of T cells may also be found in ILCs. In recent years, conflicting data pertaining 

to an IL-10-producing subset has emerged, with some support for a distinct population of intestinal 

ILCregs (Wang et al., 2017), while others implicate ILC2s (Bando et al., 2020). The latter would 

not be surprising as retinoic acid is a potent inducer of IL-10 in airway ILC2s (Morita et al., 2019; 

Seehus et al., 2017). To provide additional insight into the identity of these cells and their functional 

implications, we focused our attention on Rorc-expressing ILCs. Using a lineage tracing reporter 

system expressing IL-10-GFP, we demonstrate that under certain inflammatory conditions a subset 

of ILCs can produce IL-10. Characterization of these cells indicates that those ILCs negative for 

tdTomato were enriched for expression of KLRG1 (a marker of ILC2) while ILCs positive for 

tdTomato were positive for NKp46 and negative for CCR6. Interestingly, many of the IL-10+ ILCs 

expressing RORt were also expressing GATA3. While unexpected, prior data in mice show a 

requirement of GATA3 to promote IL-7R expression and thereby sustaining ILC3s (Serafini et 

al., 2014) and uniquely supporting NKp46+ ILC3s while antagonizing lymphoid tissue-inducer 

(LTi)-like ILC3s (Zhong et al., 2016). This is consistent with our observations in IL-10+ ILC3s and 

it is possible that IL-10+ ILC3s upregulate GATA3 in response to specific inflammatory signals to 

support IL-22 production (Serafini et al., 2014). Importantly, selective targeting of Il10 in Rorc-

expressing ILCs had functional consequences. Not only were Il10ILC3 mice more susceptible to an 

innate immune model of colitis, but they were also permissive to render WT CD4+ T cells 

colitogenic even in the presence of Treg cells in an adoptive transfer model. This is highly unusual, 

as the presence of Treg cells generally prevents disease in most cases, except in settings that exhibit 

macrophage dysfunction (Nguyen et al., 2012; Shouval et al., 2014). This would suggest that 



70  

production of IL-10 by Treg cells is insufficient to overcome the role of inflammatory macrophages 

in the intestine or that IL-10 production by ILCs may also influence other innate cells. Even under 

homeostatic conditions, peritoneal macrophages recovered from Il10ILC3 mice exhibited increased 

Tnf expression in response to LPS stimulation. Given the role of intestinal microbes in adoptive T 

cell transfer colitis, this might explain these observations. TNF is known to be a critical driver of 

intestinal inflammation in humans with IBD and biologics neutralizing soluble TNF (i.e. 

adalimumab, infliximab, and certolizumab) are effective therapeutic strategies to induce remission.  

While Il10ILC3 mice exhibited no intestinal pathology at baseline, we did observe a 

skewing of intestinal macrophages towards a proinflammatory phenotype. In an attempt to 

understand the mechanism by which IL-10+ ILCs might promote immune homeostasis in the gut, 

we compared the transcriptional profiles of IL-10+ and IL-10- ILCs isolated from anti-CD40-treated 

mice by RNA sequencing. Ccl26 was one of the genes significantly upregulated in the IL-10+ 

population. CCL26 binds to CX3CR1 and can promote cell migration (Gaspar et al., 2013) as well 

as facilitate resolution of allergic airway inflammation (Moon et al., 2023). While the IL-10/IL-

10R axis has been extensively studied, data show that IL-10R signaling is required specifically in 

CX3CR1+ mononuclear phagocytes to maintain intestinal immune homeostasis (Zigmond et al., 

2014). While they can produce IL-10, targeting Il10 in CX3CR1+ mononuclear phagocytes was 

insufficient to cause disease. This suggests that, in addition to CX3CR1+ mononuclear phagocytes, 

other leukocytes are an important source of IL-10, which is likely to be context-dependent. Our 

data utilizing RNA in situ hybridization coupled with spatial mapping via machine learning 

revealed an increase of the number of Cx3cr1+ and Thy1+ “neighbors” following anti-CD40 

treatment in IL-10-sufficient mice but not in Il10ILC3 mice. Whether this spatial proximity is the 

result of specific chemokines induced by anti-CD40 or an indirect effect of inflammation remains 

to be determined. Alternatively, IL-10 production at baseline by Rorc-expressing ILCs could help 

to establish a permissive microenvironment for monocytes migrating into tissue giving rise to anti-

inflammatory macrophages. Recent work demonstrated that IL-10R signaling in hematopoietic 

cells inhibits the accumulation of immature macrophages in the intestine via cell-extrinsic 

mechanism(s) (Patik et al., 2023). In fact, using mixed bone marrow chimeras, the presence of IL-

10R-deficient leukocytes was sufficient to skew WT intestinal macrophages towards a pro-

inflammatory state. Interestingly, LAG-3+ Treg cells can suppress colitis mediated by CX3CR1+ 
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cells in a contact-dependent and antigen-specific manner (Bauche et al., 2018). While our studies 

were carried out in the absence of all lymphocytes, further investigations are needed to determine 

if IL-10R signaling on Treg cells is required for suppression of inflammatory responses in 

CX3CR1+ mononuclear phagocytes.  

Our data indicate that IL-10 deficiency in Rorc-expressing ILCs cultivates an environment 

in the intestine that is highly susceptible to immune dysregulation during inflammatory insults or 

challenges. However, there are limitations to our study and outstanding gaps in knowledge. 

Although all ILCs develop from a common lymphoid progenitor, the full ontogeny of IL-10-

producing ILCs is still being elucidated, in part due to the high degree of cellular heterogeneity and 

plasticity among ILC populations (Colonna, 2018). Furthermore, cytokines such as IL-23 and IL-

15 can stimulate ILC3s to upregulate T-bet and IFN in vitro similar to ILC1s (Bernink et al., 

2015). In addition, prior RNA velocity analysis identified an intermediate ILC3-ILC1 population 

within human intestinal tissues (Cella et al., 2019), and there is evidence that this ILC3-ILC1 

conversion occurs within inflamed tissue of patients with Crohn’s disease (Bernink et al., 2013). 

While the role of IL-23 in this process is not entirely clear, IL-23 is elevated in tissue and 

macrophages of patients with IBD (Jacobse et al., 2023; Liu et al., 2011) and targeting subunits of 

IL-23 with biologics (e.g., ustekinumab and risankizumab) is an effective therapeutic strategy to 

induce remission (Feagan et al., 2017; Sandborn et al., 2008). Our RNA velocity analysis identified 

3 distinct populations of ILCs based on Tbx21, Gata3, and Rorc expression on day 0. While these 

clusters seem to shift towards a cluster expressing Tbx21, intracellular staining did not detect 

upregulation of T-bet on day 7 post-anti-CD40 treatment, a timepoint coincided with a higher 

frequency of IL-10 positive ILCs. In addition, we observed that IL-10+ ILC3s were negative for 

CCR6 and positive for NCR. It is interesting that in Treg cells, inhibition of RORt leads to 

upregulation of IL-10 that is mediated through Blimp-1 and not AhR (Sun et al., 2021). While our 

data do not identify a distinct regulatory ILC subset, our data suggest that these cells are highly 

dynamic which may help facilitate IL-10 production during inflammatory conditions. Whether this 

represents an intermediate transition state between ILC groups, or a transient change in otherwise 

stable ILC3s, IL-10-sufficient ILC3s were able to rescue the skewed intestinal macrophage 

phenotype as well as improve survival and disease severity associated with anti-CD40 in Il10ILC3 

mice.  
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It is important to highlight the limitations of this study. While every murine model of IBD 

has benefits and caveats, the anti-CD40-induced colitis model recapitulates some aspects of innate 

immune dysregulation and cytokine-driven inflammation that are central to human IBD including 

IL-23 driven disease pathology and a reduction in NHE3-mediated Na⁺ transport (Barkas et al., 

2013; Gheita et al., 2014; Jayawardena et al., 2024; Uhlig et al., 2006). However, we did not 

observe many IL-10 positive ILCs in a scRNAseq dataset from patients with Crohn’s disease. This 

could be due to IL10 transcripts being filtered out if they were not above the cutoff threshold. 

Alternatively, this could reflect differences in acute vs. chronic disease states. Furthermore, anti-

CD40 colitis in mice necessitates the use of lymphopenic mice, which is artificial in nature and 

additional work in an immunocompetent system is needed.   

In conclusion, IL-10 is an important immunoregulatory cytokine critical for intestinal 

immune homeostasis. While many cell types can make IL-10, production of IL-10 by ILCs that 

express, or at one time expressed, RORt, has a functional role as a modifier of mononuclear 

phagocytes either directly or indirectly. Future work will likely decode additional mechanisms by 

which this important cell type contributes to immune regulation, gut health, and new therapeutic 

targets. 
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CHAPTER 4 

 

 

Future directions 

 

 

The majority of conclusions drawn from this study are derived from the anti-CD40 colitis model 

in immunodeficient mice. To build upon this work, future research can explore whether ILC 

produce IL-10 in immunocompetent mice. Colitis models such as DSS or trinitrobenzene sulfonic 

acid (TNBS) colitis would be suitable for assessing the role of IL-10 in an immune-sufficient host. 

Furthermore, ILC3 have been shown to regulate Treg cell maintenance and effector T cell functions 

in the intestine. The results from this work demonstrated that ILC3s regulate intestinal immunity 

through interaction with macrophages. Future studies can be done to explore whether IL-10 

production by potential ILC3 exerts effects on other innate immune cells. For example, IL-10 can 

inhibit neutrophil recruitment and survival and thereby leading to exacerbated inflammation in the 

lung (Sun et al., 2009). Furthermore, the suppressive nature of IL-10 can inhibit cytokine 

production by macrophages and DCs, thereby restraining neutrophil activation. Il10ILC3 mice can 

be a great tool to study whether the source of IL-10 that mediated these regulatory interactions is 

ILC3. Likewise, Il10ILC3 mice can also be used to explore the role of ILC3 derived IL-10 during 

infectious colitis mediated by Citrobacter rodentium. In response to C. rodentium infection, the 

host mounts an inflammatory response characterized by the recruitment of immune cells, including 

neutrophils, macrophages, dendritic cells, and T cells, to the site of infection. Profiling cytokine 

production in these immune cells could provide more information on the mechanism of how ILC-

derived IL-10 regulates intestinal immunity. Taken together, these efforts will allow the exploration 

of natural immune responses and disease pathogenesis of IBD without immunological 

manipulation. 
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Since IL-10–producing ILCs can co-express both RORγt and GATA3, a logical question to explore 

is whether IL-10 depletion in GATA3-expressing cells alone would phenocopy the observed 

susceptibility to anti-CD40 colitis in Il10ILC3 mice. Generating a mouse model that selectively 

ablates IL-10 in GATA3-expressing cells could reveal how this transcription factor–cytokine axis 

might coordinate intestinal immune homeostasis. Comparing these mice with Il10ILC3 animals 

could uncover shared and distinct inflammatory pathways influenced by GATA3, especially since 

GATA3 is not solely restricted to ILC2 development. In vivo experiments using intestinal injury 

models (e.g., DSS, TNBS) or infectious colitis (e.g., Citrobacter rodentium) would help clarify 

whether GATA3-driven IL-10 production exists and is critical for restricting neutrophil- or 

macrophage-mediated damage in the gut. 

 

Apart from studying the effect of ILC-derived IL-10 in regulating other immune cells in the gut, 

future studies can also target the pathogenic Th17 cells using our novel RorctdTomato reporter mice 

(Fig 2.9). As introduced earlier, RORγt is a fate determining transcription factor for Th17 cells and 

ILC3s. These cells are implicated in the pathogenesis of various inflammatory and autoimmune 

diseases, including IBD, psoriasis, rheumatoid arthritis, and multiple sclerosis. Therefore, 

inhibiting RORγt activity represents a promising strategy to modulate immune responses and 

alleviate inflammation associated with these conditions. Before assessing Th17 suppression, it is 

essential to first demonstrate our capacity to identify these cells in disease models driven by Th17 

cells using RorctdTomato reporter mice. 
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Figure 4.1 RorctdTomato reporter mice can be used to identify pathogenic Th17 cells in various 

disease models 

A) Experimental scheme for sorting naïve CD4+ T cells that were Tomato+ or Tomato- from 

RorctdTomato reporter mice and injected into Rag1-/- recipient mice. B) Weight curve of Rag1-/- mice 

reconstituted with naïve CD4+ T cells over a 7-week period. C) H&E-stained histological sections 

of proximal colon at experimental endpoint. D) Experimental setup for experimental autoimmune 

encephalomyelitis (EAE) induced in RorctdTomato Il17aGFP reporter mice. E) Mice were sacrificed at 

the peak of the disease for pathological analysis with the average clinical score reported during the 

course of EAE. F) Splenocytes and brain T cells were isolated from RorctdTomato Il17aGFP mice and 

analyzed by flow cytometry. RORt expression in IL-17 secreting Th17 cells was quantified. 
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Th17 derived IL-17 is a crucial player in abnormal immune response in IBD, and IL-17 production 

is upregulated in colitis in response to inflammatory stimuli such as microbial dysbiosis (Fujino et 

al., 2003). The dynamic balance of Treg and Th17 has also been shown to be critical in controlling 

inflammation in the gut. However, clinical trials showed that an IL-17 neutralizing antibody 

exacerbates IBD (Deng et al., 2023). RorctdTomato reporter mice can be utilized to further study the 

role of Th17 in IBD pathogenesis. Using adoptive transfer model of colitis, we answered the 

question of whether RORt+ naïve T cells are more pathologic than RORt- naïve T cells (Fig 4.1A). 

Naïve CD62L+CD25-; Tomato+ or Tomato- cells were sorted from RorctdTomato mice and injected 

into Rag1-/- mice. A less severe wasting disease was observed in mice that received RorctdTomato- 

cells (Fig 4.1B), and these mice also developed less colitis (Fig 4.1C). These findings clearly 

demonstrate that naïve RorctdTomato+ T cells are more pathogenic in an adoptive transfer colitis 

model, indicating a pronounced Th17 phenotype. 

 

Th17 cells also play an important role in the pathogenesis of human multiple sclerosis (MS), a 

chronic inflammatory disease of the central nervous system (CNS) characterized by demyelination, 

neuroinflammation, and neurological deficits. The experimental autoimmune encephalomyelitis 

(EAE) mouse model is widely used for studying autoimmune disease, particularly MS. To this end, 

RorctdTomatoIl17aGFP mice were injected with Myelin Oligodendrocyte Glycoprotein peptide amino 

acids 35-55 (MOG35-55) to induce EAE, sacrificed at the peak of disease and cells from spleen 

and CNS were analyzed (Figs 4.1D,E). As expected, a higher percentage of IL-17+Tomato+ Th17 

cells were observed in both spleen and brain of EAE mice compared to the mock group (Fig 4.1F). 

EAE mice showed increased meningeal and parenchymal lymphocyte infiltration (Fig 4.1G). 

Taken together, these data suggest that RorctdTomato+ expression in our reporter mice serves as a 

valuable marker for identifying and studying RORt expressing cells and the diseases associated 

with them, and further research using RorctdTomato reporter mice may illuminate new strategies for 

modulating Th17-mediated pathology. 
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After we established the capability of our RorctdTomato reporter mice to reliably identify pathogenic 

Th17 cells in disease models, we leveraged this system to investigate the suppression of Th17 

differentiation with the long-term goal of identifying new therapeutic strategies. Bile acids, in 

addition to their classical roles in lipid absorption and cholesterol metabolism, have emerged as 

important signaling molecules that modulate immune responses. Recent studies revealed anti-

inflammatory effects of the bile acid dehydrolithocholic acid (3-oxoLCA) by suppressing Th17 

differentiation and promoting Treg induction (Hang et al., 2019). This is thought to be due to 3-

oxo-LCA directly binding to RORγt to suppress Th17 differentiation. The interplay between bile 

acids and Th17 cells represents a novel axis of immune regulation, and because of the pathogenic 

roles of Th17 in many inflammatory and autoimmune diseases, identifying select bile acids or 

derivatives to inhibit RORγt may be able to treat Th17-mediated disorders.  

 

Building upon these data, we set out to test whether RorctdTomato reporter mice could be utilized to 

identify bile acids for the ability to block Th17 polarization that was independent of binding to 

RORt. Among the bile acids screened, CDCA significantly reduced the proportion of Tomato 

positive cells relative to DMSO control along with 3-oxo-LCA, which was used a as positive 

control (Fig 4.2A). The inhibition of Th17 cells by 3-oxo-LCA and CDCA were both assessed in 

vivo using the EAE model. Similar to our in vitro observations, treatment with CDCA and 3-oxo-

LCA significantly increased the recovery of EAE compared to PBS-treated controls with enhanced 

recovery observed in the CDCA treatment group (Fig 4.2B).  
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Figure 4.2 3-oxo-LCA and CDCA can inhibit Th17 cell proliferation and Th17 cell-mediated 

disease. 

(A) Screening a bile acid library (3-oxo-cholic acid (3oCA), ursodeoxycholic acid (UDCA), iso-

allolithocholic acid (iso-alloLCA), deoxycholic acid (DCA), cholic acid (CA), lithocholic acid 

(LCA), 3-oxo-Deoxycholic acid (3oDCA), allo-isolithocholic acid (allo-isoLCA), hyodeoxycholic 

acid (hyoDCA), iso-lithocholic acid (isoLCA), chenodeoxycholic acid (CDCA), and 3-oxo-

lithocholic acid (3oLCA) for inhibition of Th17 polarization in vitro using RorctdTomato reporter mice. 

Percentage of Tomato-positive cells following treatment with various bile acids were compared to 

DMSO control. (B) Efficacy of CDCA and 3-oxo-LCA administration on EAE disease severity 

compared to PBS control. Clinical scores indicating severity of disease were assessed daily post-

induction. Scores represent mean ± SEM. 

***P < 0.001  
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Upon increased fat intake, the liver produces and secretes higher levels of primary bile acids, which 

are then modified by gut microbiota into secondary bile acids. These shifts in the bile acid pool can 

have a profound impact on the composition and function of the intestinal microbiome, leading to 

reduced microbial diversity and the expansion of microbes that tolerate or metabolize elevated bile 

acids more efficiently. These microbial changes, in turn, can promote a pro-inflammatory 

environment in the gut, as certain microbial byproducts aggravate mucosal barrier function, 

increasing intestinal permeability and facilitating translocation of bacterial-derived antigens. 

Concurrently, alterations in bile acid signaling pathways—most notably through farnesoid X 

receptor (FXR) and G-protein-coupled bile acid receptor (TGR5)—modulate immune cell 

differentiation and cytokine production (Ocvirk & O'Keefe, 2021), shifting the mucosal immune 

system toward inflammatory phenotypes that compromise tolerance to luminal antigens. High-fat 

diets have long been implicated in disrupting the delicate balance of intestinal homeostasis by 

altering both bile acid profiles and gut immune responses. Heightened production of pro-

inflammatory cytokines in response to excessive dietary fat and disturbed bile acid homeostasis 

can further undermine Treg functions, amplifying an immunological cascade that leads to chronic 

low-grade inflammation in the gut. Manipulation of fat and cholesterol absorption can be achieved 

experimentally via cholestyramine. It can be used to study how altering bile acid availability affect 

various physiological processes, such as gut microbiome bile acid sequestrant composition or 

immune responses. 

Having observed that CDCA and 3-oxo-LCA significantly suppressed Th17 differentiation in vitro 

and alleviated EAE severity in vivo, we aimed to further explore the implications of dietary 

modifications on bile acid profiles and subsequent immune responses. Using high-fat diet (HFD) 

models, we analyzed fecal bile acid composition relative to matched sucrose chow controls. Our 

analysis revealed that HFD-fed mice had increased fecal concentrations of several secondary bile 

acids, notably 3-oxo-LCA and CDCA (Fig 4.3A). These changes confirmed enhanced microbial 

metabolism or altered bile acid synthesis due to increased dietary fat intake. Cholestyramine 

treatment, which sequesters bile acids and prevents their reabsorption, also increased fecal 

concentrations of bile acids, including 3-oxo-LCA and CDCA (Fig 4.3B), indicating that 

cholestyramine can serve as a valuable tool for reducing bile acid availability in future experimental 

settings. 
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Figure 4.3 High fat diet and cholestyramine can lead to elevations in bile acid levels in feces. 

Bile acid concentrations (pmol/mg of feces, log scale) comparing (A) High Fat Diet (HFD) versus 

Matched Sucrose Chow control diet, and (B) Cholestyramine Diet versus Control Chow. 

Significant differences between groups are indicated by adjusted q-values. 
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Future investigations can leverage our RorctdTomato reporter strain to comprehensively dissect the 

immunological consequences of these dietary-driven alterations. Immunophenotyping mucosal 

immune cells isolated from these mice will clarify shifts in immune cell populations and function 

due to changes in bile acid profiles. Functional assays focusing on cytokine production and 

transcriptional analyses will provide deeper mechanistic insights into how secondary bile acids can 

influence mucosal immunity possibly through pathways involving FXR and TGR5 signaling. 

Ultimately, understanding these pathways offers potential therapeutic targets for modulating bile 

acid signaling to effectively manage Th17-mediated inflammatory and autoimmune conditions. 
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APPENDIX A. Methods for Future Directions 

 

 

A.1 EAE model 

 

Six- to eight-week-old mice were subcutaneously injected with 200 l of 1 mgml-1 MOG35-

55 (MEVGWYRSPFSRVVHLYRNGK) peptide (Biomatik, Cambridge, ON, Canada) 

emulsified in Freund’s complete adjuvant (2 mgml-1 Mycobacterium tuberculosis extract 

H37Ra in incomplete Freund’s adjuvant [BD bioscience]). At immunization and 48 h later, all 

mice received 400 ng of pertussis toxin (Calbiochem, San Diego, CA) by intraperitoneal 

injection. Mice were monitored for clinical signs of EAE according to the following scoring 

system: 0, no clinical signs; 0.5, partially limp tail; 1, paralyzed tail; 1.5, paralyzed tail and 

hind leg inhibition; 2, loss in coordinated movement, hind limb paresis; 2.5, one hind limb 

paralyzed; 3; both hind limbs paralyzed; 3.5, hind limbs paralyzed, weakness in forelimbs; 4, 

forelimbs paralyzed; 5, moribund. Leukocytes were isolated from spleen and CNS at disease 

peak (day14). For brain cells, whole brains were excised and incubated for 1 h at 37°C in 

RPMI medium containing 0.1 mgml-1 DNase I (Sigma-Aldrich, St. Louis, MO) and 1 mgml-1 

Collagenase type I (Worthington Biochemical, Lakewood, NJ). After incubation, tissues were 

mechanically disrupted, and cells were passed through a 70-m strainer. At day 14 post-

immunization, brains and spleens were excised and immersed in paraformaldehyde. Serial 

frozen sagittal sections were obtained for histopathological analysis. For bile acid 

experiments, mice were treated with water containing 0.2mg/mL of Na+CDCA bile salt in 

sterile water, or 0.2mg/mL of 3-oxo-LCA diluted in 250mL of sterile water from a stock at 

10mg/mL in EtOH. These bottles were replaced weekly with fresh bile water. 

 

A.2 Adoptive transfer model 
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CD4+ T cells were enriched using EasySep negative selection cell isolation kit (STEMCELL, 

Vancouver, BC) from splenocytes of WT C57BL/6 mice and RorctdTomato mice. Naïve 

CD62L+;CD25-; RorctdTomato+ or RorctdTomato- cells were sorted and injected into Rag1-/- mice. 

Mice were weighed weekly. Mice were euthanized if they lost more than 20% of their initial 

body weight or 6 weeks post-injection. H&E-stained cross sections of formalin-fixed/paraffin-

embedded colon tissues were scored by a gastrointestinal pathologist blinded to genotype and 

treatment condition.  

 

A.3 In vitro Th17 cell induction 

 

CD4+ T cells from RorctdTomato reporter mice were placed in an anti-CD3 (0.25 µg/µL) coated 

96 well plate at 50k cells per well in T cell media (RPMI 1640, 10% fetal bovine serum, 55mM 

beta-mercaptoethanol, 1% Penicillin/Streptomycin, 1% non-essential amino acids, 1% 

Sodium Pyruvate, 1% glutamine). Th17 polarizing conditions were anti-CD28 (1 µg/µL), IL-

6 (10 ng/mL), and TGF-B1 (0.5 ng/mL). Bile acids were added to the media in DMSO at a 

ratio of 1:1000 with a final concentration of 2 µM bile acid treatment. 
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