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ABSTRACT 

 The epithelium plays key roles in maintaining immune tolerance towards 
the microbiota while facilitating luminal inspection and defense. The epithelium is 
arguably an important player of gut immune defense, given that it can secrete a 
wide range of anti-microbial products, cytokines, and chemokines.  
 In this study, we investigate the production and the role of IL-10, a potent 
anti-inflammatory cytokine, in intestinal epithelial cells. IL-10 has been 
established to be a key player of the intestinal innate immune system, and plays 
critical roles in gut homeostasis. Interest in intestinal IL-10 has mainly focused on 
how leukocyte-derived IL-10 influences the activity of other leukocytes, which 
consequently affect the state of the epithelium. Yet emerging evidence has 
claimed that the IL-10 receptors, as well as IL-10, are both detectable in the 
epithelium. Nevertheless, there are still knowledge gaps regarding the specific 
cell source and the role of IL-10 in the epithelium. 
 Using multiple means of detection, Paneth cells within murine enteroids 
are shown to produce IL-10 and possess the IL-10 receptor. Additionally, other 
cells also possess the IL-10 receptor. The evidence from this study speaks to the 
likelihood of autocrine activity of IL-10 in Paneth cells and its impacts on the 
development of Paneth cell. Moreover, characterization of STAT3 activation 
through the IL-10 receptor revealed differential epithelial responses when 
stimulated from the apical versus basal membranes. Evidently, epithelial IL-10 
might play a role in the regulation of STAT3 signaling through apical IL-10 
receptor in intestinal epithelial cells. 
 This study draws attention to intestinal epithelial cell as an unconventional 
contributor to the pool of mucosal IL-10. Importantly, the study further highlights 
the pleiotropism of IL-10, the effect of which greatly depends on the source, the 
target, and, for polarized cells such as intestinal epithelial cell, the polarity of 
exposure. 
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CHAPTER 1: INTRODUCTION 

1.1. Mucosal barriers 

The well-being of the gut depends on the fine interplay between 3 major 

aspects of mucosal homeostasis: the intestinal epithelium, the mucosal adaptive 

immune elements and the resident microbiota (Soderholm & Pedicord, 2019). 

The goal is to keep the balance between two seemingly opposing functions: 

maintaining immune tolerance towards intestinal commensals while staying 

acutely responsive against pathogens. In order to carry out this task, the gut is 

equipped with multiple levels of protection and regulation: the physical barrier, 

the chemical barrier and the “functional” immunological barrier (Moens & 

Veldhoen, 2012).  

The physical barrier in direct contact with the gut microbes is the thick 

mucus layer secreted by goblet cells, which covers all of the apical (lumen) side 

of the intestinal mucosa. The small intestine has one thick mucus layer, while the 

large intestine, which has a more abundant microbial population, has more goblet 

cells and consequently has 2 layers of mucus: a firm inner layer and a loose 

outer layer (Pelaseyed et al., 2014).  

The other important physical barrier for the mucosa is the intestinal 

epithelial monolayer itself. The epithelium segregates the external microbes from 

the host effector leukocytes, presumably to avoid unwanted interaction between 

the two while still modulating selective permeability. This layer is composed of 

multiple cell types, each of them having distinguishing roles in homeostasis, and 
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cells are tightly sealed together by cell junctions to sustain barrier integrity 

(Allaire et al., 2018).  

The chemical barrier is composed of antimicrobial peptides and proteins, 

such as lysozyme, defensins, C-type lectins and phospholipase A2, secreted by 

Paneth cells (Elphick & Mahida, 2005). Another component of the chemical 

barrier is secretory IgA (SIgA), dimeric antibody produced by plasma cells from 

the lamina propria, which following directed transport across the epithelium, has 

a residual fragment of the polymeric Ig receptor attached. SIgA inhibits microbial 

access to epithelial receptors, entraps microbes in the mucus and facilitates 

microbial removal (Mantis et al., 2011). 

The immunological barrier is exceptionally important in the case of 

microbes overcoming the chemical barrier and penetrating the physical barrier to 

enter the mucosa. The first immune cells to encounter and react to antigen are 

intraepithelial lymphocytes, a subset of T-cells that reside in between epithelial 

cells. Beneath the epithelium are populations of immune cells in the lamina 

propria, which includes several cell types, all contributing to the maintenance of 

gut homeostasis and responsiveness to potential pathogens (Sheridan & 

Lefrançois, 2010). During the homeostatic state, epithelial cells and leukocytes 

maintain a tolerogenic environment, which allows the existence of commensal 

microbes without eliciting pathogenic inflammatory responses (Soderholm & 

Pedicord, 2019). 
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1.2. Intestinal epithelial cells 

The epithelium is the outermost cellular layer of the intestinal mucosa, with 

the apical membrane facing the exterior/luminal environment and the basal side 

in contact with a basement membrane, resting on the lamina propria. The luminal 

environment constantly exposes the epithelium to ingested materials and 

resident microbiota. Changes to the luminal environment can directly influence 

the epithelium and the underlying mucosal immune system (Goto, 2019). The 

epithelium, as a physical barrier between the external environment versus the 

host, becomes the crucial bridge that connects and balances these 2 sides of the 

intestinal environment (Soderholm & Pedicord, 2019). 

In conducting the principal function of nutrient digestion and absorption, 

the intestinal epithelium is thrown into folds, organized into crypts and villi in the 

small intestine, and crypts in the large intestine (Krndija et al., 2019). Cells along 

the crypt-villus axis are organized into specialized niches. At base of crypts in 

both intestines is the intestinal stem cell niche, consisting of intestinal stem cells 

(ISC) and in the small intestine, Paneth cells. The pocket-shaped crypt is 

supported by stromal cells, smooth muscle cells, and neural cells from the basal 

side (Meran et al., 2017). The ISC are multipotent adult stem cells that 

continuously divide and give rise to undifferentiated cells, named transit-

amplifying cells, which eventually differentiate into specialized cells such as 

Paneth cells, goblet cells, enteroendocrine cells, tuft cells and enterocytes. ISC 

proliferation and differentiation not only generate epithelial cell populations to 

maintain the barrier function and integrity but also push the cells progressively 
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out of the crypt up the villi, like an escalator. At the top of the escalator, the villus 

tip, the oldest cells are shed (Strzyz, 2019).  

Paneth cells are highly specialized secretory cells residing at the crypt 

base that can be observed under the microscope by dense cytoplasmic granules, 

which are packed with antimicrobial peptides and immunomodulating mediators 

(Bevins & Salzman, 2011). These granule contents are released upon detection 

of microbial signals (Ayabe et al., 2000). Paneth cells also play a crucial role in 

regulating the stem cell niche for epithelial renewal via secretion of proliferative 

factors such as EGF, WNt3 and the Notch ligand DII4 (Clevers & Bevins, 2013; 

Sato, Van Es, et al., 2011). Unlike in the small intestine, the large intestine does 

not seem to have Paneth cells except during certain mucosal inflammatory 

conditions (Fahlgren et al., 2003). Interestingly, although lacking Paneth cells, 

the large intestine crypt niche is still supported and protected, thanks to unique 

subsets of goblet cells. Although the labeling of these goblet cell types is 

inconsistent between studies, the cells are unanimously characterized as being 

at the colonic crypt base and interspersed between stem cells. Specifically, deep-

crypt-secretory cells and/or cKit+ goblet cells reside at the colonic crypt base and 

support the stem cell with proliferative factors such as DLL1, DLL4, and EGF, 

similar to Paneth cells in small intestine (Rothenberg et al., 2012; Sasaki et al., 

2016).  

Goblet cells are specialized secretory cells that are scattered across the 

epithelium though still interspersed between enterocytes. These cells produce 

gel-forming mucins such as MUC2, MUC5AC, MUC6 and MUC5B, that make up 
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the large polymers of mucous layers. Together, Paneth cells and goblet cells 

form an antibacterial gradient in the mucus that hinders the penetration of 

microbes (Pelaseyed et al., 2014). The mucus is not only important to protect 

against antigen invasion but also self-digestion by intestinal proteases 

(Pelaseyed et al., 2014). Surprisingly, in addition to the secretory role, small 

intestinal goblet cells can also uptake and deliver luminal antigens to the lamina 

propria dendritic cells (LP-DC) through goblet cell-associated antigen passages, 

which are now believed to be the dominant mechanism to facilitate the process of 

luminal sampling by LP-DC (McDole et al., 2012; Miller et al., 2014). As 

mentioned, colonic goblet cells not only maintain the mucus layers but also 

support the colonic stem cell niche. Depending on the position in the gut (small or 

large intestine) and the position within the epithelium (crypt base, crypt opening 

or villi surface), different goblet cell subsets can differentially respond to various 

secretagogue and secrete different endogenous factors (Birchenough et al., 

2016; Nyström et al., 2021; Prandi et al., 2013). 

Enterocytes are specialized digestive and absorptive cells that are 

responsible for the digestion of food products and absorption of ions, water, 

nutrients, and resorption of bile acids. The most abundant cell type of the 

epithelium, the role of enterocytes expands beyond digestion/absorption. 

Enterocytes contribute to mucosal immune activities by capturing, processing 

and presenting antigens to immune cells (Snoeck et al., 2005). Enterocytes can 

also produce transmembrane mucins such as MUC3, MUC12 and MUC17 that 

make up the matrix of glycocalyx, a layer resting just above the apical microvilli of 
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enterocytes. The glycocalyx is believed to be the sensing tool of enterocytes to 

examine the luminal environments (Pelaseyed et al., 2014). 

Two other cell types, enteroendocrine and tuft cells, make up a very small 

fraction of the IEC population yet play important roles that support gut function 

and homeostasis. Enteroendocrine cells are specialized secretory cells 

responsible for the release of hormone-like molecules which can either act locally 

on enteric neurons or enter the circulation and affect extrinsic neurons. In this 

role, enteroendocrine cells are essential elements of the gut-brain axis, the 

connection responsible for a variety of activities such as secretion, motility and 

metabolism (R. Latorre et al., 2016). Notably, within the enteroendocrine cell 

population, there are various subtypes scattered along the GI tract which express 

heterogeneous markers and functions (Beumer et al., 2020; S. Wang et al., 

2004). Tuft cells share similarities with enteroendocrine cells in the sense that the 

cells release neurotransmitters. However, tuft cells can also play distinguishing 

roles in type 2 immunity by producing an array of effector cytokines (Schneider et 

al., 2019). Similar to enterocytes, both enteroendocrine and tuft cells act as 

chemosensory sentinels that examine the luminal content and communicate with 

leukocytes and neuronal cells through diverse means (Gribble & Reimann, 2016; 

Schneider et al., 2019)  
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Stem cells residing at the crypt base give rise to all other cell lineages. Stem cell-

derived progenitors undergo multiple steps of cell fate determination and 

differentiation before reaching maturation to become specialized IECs (Gerbe et 

al., 2011) (Created with BioRender.com). 

 
 
 
 

 

Figure 1. Spatial dynamics and cell lineages of the intestinal epithelium. 
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1.3. Intestinal epithelial cells as immune-modulators 

When it comes to mucosal immune regulation, leukocytes have been 

presumed to be the major effectors, while IECs were considered a physical 

barrier and bystander during inflammatory and immune processes. Yet a growing 

volume of studies has revealed that IECs also directly participate in the immune 

activities in the local response, indicating that IECs are noteworthy players of the 

mucosal immune system. IECs can produce a myriad of cytokines and 

chemokines, as well as carry the corresponding receptors, making it quite an 

interactive component of the mucosal immune system (Stadnyk, 2002). 

Through the secretion of mediators IECs contribute to mucosal tolerance, 

and homeostasis (Iliev et al., 2007). For example, epithelial IL-6 was shown to 

induce IEC proliferation, while epithelial TGF-β was shown to promote 

differentiation (Jeffery et al., 2017; R. D. Smith, 1995). Pooling the results from 

multiple IEC research models, the list of detected epithelial-derived constitutively 

expressed cytokines includes IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-15, 

IL-18, TNF, TGF-β and even IFN-γ (Eckmann et al., 1993; Panja et al., 1995). 

In addition to constitutive expression, the expression of immunoregulatory 

proteins in IECs are especially heightened in response to infections (Jung et al., 

1995; Li et al., 1998; Michalsky et al., 1997; Steiner et al., 2000). Regarding the 

mechanisms, epithelial-derived cytokines and chemokines can be stimulated and 

enhanced by a wide range of stimuli, including microbial antigens, other 

chemokines or cytokines, and interaction with various leukocytes (Cella et al., 

2009; Hyun et al., 2015; Stadnyk, 2002). Consequently, depending on the stage 
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of the infection, the outcomes can include leukocyte recruitment and activation, 

antimicrobial release by IECs, and epithelial repair (Beck et al., 2003; Farin et al., 

2014; Goto, 2019). Overall, either during inflammatory conditions or in the 

homeostatic state, IECs are capable of producing cytokines and chemokines, 

constitutively and upon stimulation. 

1.4. IL-10 is an anti-inflammatory cytokine 

Of all cytokines, IL-10 arguably has the most potent anti-inflammatory 

effects upon both innate and adaptive immunity (Sabat et al., 2010). The 

mechanisms behind these effects are diverse. Conforming to its early name as 

“human cytokine synthesis inhibitory factor”, IL-10 suppresses the secretion of 

multiple pro-inflammatory cytokines and chemokines from a wide variety of 

leukocytes, including IFN-γ, TNF, IL-1α/β, IL-2, IL-4, IL-5, IL-6, IL-12, IL-18, G-

CSF, GM-CSF, MCP1, MCP5, RANTES, IL-8, IP-10, and MIP-2 (Couper et al., 

2008; Iyer & Cheng, 2012). Simultaneously, IL-10 induces the release of multiple 

anti-inflammatory molecules such as the IL-1 receptor antagonist and soluble 

TNF receptor (Cassatella et al., 1994; Dickensheets et al., 1997) Other effects of 

IL-10 include limiting the activation and proliferation of CD4+ T cells and 

macrophages, suppressing CD8+ T cell cytotoxicity, as well as inhibiting 

maturation of Th1-type dendritic cells (De Smedt et al., 1997; O’Farrell et al., 

1998; L. K. Smith et al., 2018; Ye et al., 2007). Interestingly, depending on the  

the stimulus, the cell source, the location and the phase of inflammation, IL-10 

can act on certain subsets of leukocytes without interfering with others (Brooks et 

al., 2010), highlighting the versatile immunoregulatory role of IL-10. While most 
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immune effector cell activities are dampened in response to IL-10, in the case of 

B cells, IL-10 can lead to cell activation, proliferation, differentiation and survival 

(Itoh & Hirohata, 1995). Taken together, that IL-10 has paradoxical activities, 

inhibiting of cell-mediated immunity and inflammation yet stimulating humoral 

immunity becomes evident.  

Since the discovery of IL-10, multiple cell sources of IL-10 have been 

discovered. The major sources of IL-10 are T cells, particularly Th2 and subsets 

of regulatory T cells such as Treg and Tr1 (Mosser & Zhang, 2008). 

Proinflammatory effector T cells such as cytotoxic CD8+ T cells, Th1 and 

activated monocytes also produce IL-10 under certain conditions. In this case, IL-

10 acts as a self-control mechanism to hamper immunopathological damage 

caused by cytokine-dependent and cell-mediated immunity (Abrams et al., 1991; 

Noble et al., 2006; Trandem et al., 2011; Trinchieri, 2007). Professional antigen-

presenting cells such as dendritic cells, monocytes and stimulated macrophages 

are also important producers of IL-10 under certain immune conditions such as 

allergy, and parasitic and bacterial infection, to limit tissue damage by 

inflammatory activities (Sanin et al., 2015; Schülke, 2018). Additionally, at the 

site of infection during sepsis, neutrophils emerge as the early and dominant 

producers of IL-10 (Kasten et al., 2010).  In the setting of autoimmune disease, 

IL-10-producing B cells can play a significant regulatory role. Researchers 

proposed that IL-10-producing naive B cells prevent the onset of inflammation, 

while memory B cells, through secretion of IL-10, ameliorate the inflammatory 

burden in autoimmune disease (Rieger & Bar-Or, 2008).  
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Like a double-edged sword, IL-10 can also be wielded in favor of the 

pathogens. Specifically, granulocytes such as mast cells and eosinophil were 

found to produce IL-10 in response to fungal and parasitic infections, which 

contribute to an ineffective immune response and persistent survival of the 

pathogens. In a different scenario, the emergence of IL-10-producing 

macrophages and T-cells during viral infection hindered viral clearance and lead 

to chronicity of the viral infection (Richter et al., 2013). Additional evidence has 

shown that IL-10-producing Th17 can promote an immunosuppressive state that 

increases susceptibility to infection and tumor escape (Musuraca et al., 2015). 

Therefore, the temporal and spatial dynamics of IL-10 release is precisely 

executed in order to allow efficient pathogen clearance while still attenuating 

immunopathological damages (Ernst et al., 2019). 

1.5. IL-10 signaling pathways 

The IL-10R is a membrane-spanning tetramer that consists of two α (IL-

10R1) and two β (IL-10R2) chains. IL-10R1 binds exclusively to IL-10 with high 

affinity (Shouval et al., 2014). IL-10R2 is shared with other cytokines of the IL-10 

family, such as IL-19, IL-20, IL-22, IL-24, IL-26, IL-28, IL-29, and IFN-λ (Commins 

et al., 2008). Binding of IL-10 to the IL-10 receptor results in the phosphorylation 

of IL-10Rα-associated JAK1 and IL-10Rβ-associated TYK2 (Kotenko et al., 

1997). Following JAK1 phosphorylation, tyrosine residues of the IL-10Rα 

intracellular domain are phosphorylated and serve as the docking site for STAT 

molecules. At this site, phosphorylated JAK1 phosphorylates STAT molecules 

which then form heterodimers, which are translocated into the nucleus to exert 
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gene regulation effects (Verma et al., 2016). On the other hand, events following 

IL-10β-associated TYK2 phosphorylation remain less clear, some evidence 

suggesting that IL-10β-associated TYK2 phosphorylation supports early and 

optimal STAT1 and STAT3 phosphorylation (Shaw et al., 2006; Wilbers et al., 

2017). 

IL-10 activation through the IL-10 receptor commonly results in STAT3-

phosphorylation. Two important residues of STAT3 for phosphorylation critical to 

operation as a transcription factor are Y705 and S727. While phospho-

TYR705 stabilizes the STAT3 dimer and is necessary for translocation of the 

dimer to the nucleus, phospho-SER727 reportedly regulates the longevity of 

STAT3 activation through tyrosine-dephosphorylation (Wakahara et al., 2012; 

Yang et al., 2019). In addition to STAT3, STAT1 and STAT5 can also be 

phosphorylated upon IL-10 stimulation (Wehinger et al., 1996). However, the 

biological effects following IL-10-stimulated STAT1 or STAT5 phosphorylation 

have not been determined. Generally, STAT1 is reported to have multiple 

opposite effects to STAT3. Specifically, STAT3 activation is associated with 

proliferation, immune tolerance and cell survival, while STAT1 activity was 

thought to restrain cell growth and induce inflammation and apoptotic responses 

(Avalle et al., 2012). STAT3 and STA5 exert some similar biological effects upon 

activation, but they can also have some opposing effects on key genes such as 

BCL6 (Tanabe et al., 2005; S. R. Walker et al., 2013).  

Although better studied in hematopoietic cells such as macrophages, IL-

10R/STAT3 signaling was also reported in non-hematopoietic cells. STAT3 plays 
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a role in IEC as knockout of IEC-specific STAT3 has been shown to aggravate 

DSS-induced colitis in mice (Jung et al., 2019; Willson et al., 2013). STAT3 was 

shown to play an indispensable role in quiescent stem cell maintenance, crypt 

renewal following epithelial damage, and antimicrobial peptide regulation upon 

intestinal infection  (Matthews et al., 2011; Oshima et al., 2019; Wittkopf et al., 

2015). Notably, in addition to IL-10, there is a wide range of cytokines that signal 

through STAT3 in IEC including IL-6, IL-15, IL-22 and IFN-γ, some of which can 

be either endogenous or from exogenous sources (Jeffery et al., 2017; 

Mizoguchi, 2012; Pickert et al., 2009; Reinecker et al., 1996; Serrano et al., 

2019; Stadnyk, 2002; Yue et al., 2021). As it was reported that STAT3-knockout 

enteroids have severe maturation deficiencies, it can be concluded that 

endogenous STAT3 activation plays a significant role in epithelial homeostasis 

(Jung et al., 2019). 

1.6. IL-10 in the gut 

The gut, as the largest and most dynamic immunological environment in 

the body, depends on the immune regulation by IL-10 to maintain healthy 

homeostasis (Pabst et al., 2008). The crucial role of IL-10 in gut homeostasis 

was indisputably demonstrated by the discovery that the absence of IL-10 

spontaneously resulted in enterocolitis in mice (Kühn et al., 1993). Several 

subsequent studies reported IL-10 and IL-10R mutation phenotypes in humans 

and revealed similar outcomes, which reinforced the fact that the IL-10 signaling 

pathway is absolutely required for gut maintenance (Kotlarz et al., 2012; Moran 

et al., 2013; Zhu et al., 2017).  
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Depending on the location and stimulation, IL-10 can be secreted by 

almost all types of leukocytes. In the gut, intraepithelial lymphocytes (IEL) are the 

main producer of IL-10 (Kamanaka et al., 2006). Among leukocytes producing IL-

10, a small subset of type 2 innate lymphoid cells (ILC2) were found secreting IL-

10 in the lamina propria, during steady-state and following stimulation with 

certain cytokines and neuropeptides (Bando et al., 2020). However, during 

inflammation, macrophages become the most significant producer of IL-10 and 

facilitate the wound healing process of the epithelium (Morhardt et al., 2019).  

The gut is in constant contact with products from the gut microbiota, thus it 

is no surprise that this relationship also influences mucosal immunity in general, 

and mucosal IL-10 expression in particular. Compared to conventionally raised 

mice, germ-free mice or antibiotic-treated mice have similar or lower mucosal IL-

10 levels (Kennedy et al., 2018). At the cellular level, IL-10 production by Tregs 

was found lower in germ-free mice than in colonized mice (Strauch et al., 2005). 

In a refinement of these observations, researchers have identified several 

intestinal microbial species and metabolites that modulate IL-10 levels. For 

example, polysaccharide A produced by Bacteroides fragilis was found to induce 

IL-10 production in CD4+ T cells, which protected mice from colitis (Mazmanian 

et al., 2008). The gut microbiota was found to promote expansion of IL-10-

producing B cells in the colonic lamina propria, as well as IL-10 production in 

Treg cells and macrophages (Jeon et al., 2012; Mishima et al., 2019; Ueda et al., 

2010). Additionally, Clostridium species were shown to induce IL-10 production in 

a variety of mucosal immune cells including Tregs, macrophages and dendritic 
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cells, all of which contribute to the prevention and attenuation of colitis 

(Alameddine et al., 2019; Atarashi et al., 2011; Rossi et al., 2016). In addition to 

IL-10, expression of IL-10R on IEC was also induced by microbial metabolites, 

specifically, indole-3-propionic acid and butyrate, which exerted protection from 

model colitis in mice (Alexeev et al., 2018; Zheng et al., 2017). These 

observations indicate that the gut microbiota can affect IL-10/IL-10R pathways in 

diverse targets, including leukocytes and IEC.   

1.7. IL-10 receptor expression in IEC 

 There is evidence across different IEC models confirming the expression 

of IL-10R on IEC. Indeed, researchers detected mRNA for both IL-10R subunits 

from freshly isolated cells from the murine intestine. Concurrently, they also 

detected surface protein expression in murine IEC cell lines, including mode-K 

and MCA-38 (Denning et al., 2000). IL-10R1 mRNA was reported in human IEC, 

specifically from isolated colonic IEC and SW1116 cell lines, but surprisingly not 

in HT-29 nor T84 (Bourreille et al., 1999). On the other hand, T84 can express 

apical IL-10R1 after being stimulated with IFN-γ (Kominsky et al., 2014). In this 

study, the essential role of IEC-specific IL-10R was highlighted, as knockdown of 

IEC-specific IL-10R1 increased permeability in T84 monolayers and after DSS 

treatment in mice. Reports of apical IL-10R on IEC in colonic IBD biopsies but 

not non-IBD biopsies further supports the idea that apical IL-10R on IEC are 

induced. Apical expression of IL-10R was observed in the distal colon of mice 

with DSS-induced colitis, although these authors did not localize the receptor to 

any particular epithelial cell type (Kominsky et al., 2014). From the evidence 
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available, it remains unclear whether all IEC express the IL-10R or whether it is 

unique to a specific cell type; the most comprehensive study to date indicates the 

IL-10R is expressed on the goblet cells (of the mouse distal colon) and on goblet 

cell-differentiated LS174T colon carcinoma cells (Hasnain et al., 2013).  

The expression of the IL-10R2 subunit is expected to be more abundant 

on the epithelium because it makes up the receptor for several cytokines in 

addition to IL-10. Yet, immunofluorescent-staining in human stem cell-derived 

intestinal organoids demonstrated that the localization of IL-10R2 was restricted 

to cells also possessing an enteroendocrine cell marker (Forbester et al., 2018). 

It is noteworthy that organoids lack interactions with cells of the lamina propria 

and microbiota, which might be required to stimulate IL-10R2 expression. 

Despite conflicting published characterization of IL-10R localization (IL-10R1 

colocalizes with goblet cells while IL-10R2 colocalizes with enteroendocrine 

cells), researchers have investigated the effect of IL-10 on the intestinal 

epithelium, which infers the presence of functional receptors on IEC. 

1.8. Effects of IL-10 on IEC  

IL-10 can have indirect effects on IEC by acting on immune effector cells, 

to ameliorate epithelial injury caused by these cells. In general terms, the 

response of IEC to IL-10 also seems to promote epithelial barrier integrity and 

homeostasis. IL-10 can also directly influence IEC activity. 

The impacts of IL-10 upon epithelial integrity is evident even during 

steady-state since the absence of IL-10 or IL-10R on IEC results in increased 

permeability and altered expression of intercellular junctions (Kominsky et al., 
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2014; Shi et al., 2014). Following DSS-induced colitis, disruption of IL-10 

signaling through knockout of IEC-specific IL-10R exacerbates the damage to the 

epithelial barrier, which can be restored by adding IL-10  (Kominsky et al., 2014; 

Madsen et al., 1997; Shi et al., 2014; Sun et al., 2007). Additionally, IL-10 was 

found to play a significant role in vivo in epithelial wound healing (Morhardt et al., 

2019; Quiros et al., 2017). 

The mechanisms behind how IL-10 exerts effects on IEC varies from anti-

apoptosis, maintaining subcellular proteostasis, influencing IEC secretions, to 

possibly even influencing IEC differentiation. Specifically, a lack of IL-10 was 

shown to associate with reduced specialized cell types such as Paneth and 

goblet cells, as well as secretory products such as antimicrobial peptides and 

mucin. The difference was observable from proteomic profiles (Werner et al., 

2007). Furthermore, IL-10 was shown to exert direct anti-apoptotic effects on IEC 

by decreasing expression of Fas protein and caspase 3/8 activity (Bharhani et 

al., 2006). IL-10 can also contribute to the cross talk between IEC with other 

immune cells and the microbiota. With regard to the microbiota, IL-10 affects 

fucosylation of glycans by IEC, an important component of the mucus 

composition, which act as receptors and nutrient source for certain mucus-

resident microbial populations (Goto et al., 2014). By inhibiting the expression of 

chemokines such as MCP-1 (CCL2), IL-10 regulates the interaction of IEC with 

immune cells (Kucharzik et al., 1998). Overall, IL-10 can directly target IEC to 

exert intrinsic effects, as well as mediate the relationship between IEC with both 
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mucosal immunity and microbes, all of which contribute to balancing of mucosal 

homeostasis and tolerance. 

1.9. IL-10 expression in IEC 

The evidence is unequivocal that IL-10 modulates IEC activities, more 

often positively, affecting the balancing act of homeostasis. Yet, do IEC 

contribute to the pool of IL-10? Interestingly, studies have shown evidence of IL-

10 produced by IEC, yet the identification of the specific cell type responsible for 

IL-10 production remains unclear. IL-10 protein and mRNA have been reported in 

IEC from multiple species, including human, mouse and rhesus macaques 

(Panja et al.,1995; Autschbach et al., 1998; Pan et al., 2014). The evidence that 

IEC expression of IL-10 is regulated is derived mainly from cell culture 

experiments. Human COLO 205 cells  can be stimulated with cytokines produced 

by NK cells to secrete IL-10 (Cella et al., 2009). IEC isolated from the colon of 

colon cancer patients, and SW480-APC colon carcinomas, increased IL-10 

production when stimulated through TLR4 using LPS, or through macrophage-

epithelial cell interaction (Hyun et al., 2015). Another study showed that in Caco-

2 cells and mice, IL-10 production could be induced via TLR4 or TLR2 

stimulation (Latorre et al., 2018). Such evidence suggests that the expression of 

IL-10 in IEC can be influenced by the microbiota and the interaction with mucosal 

immune cells. 

       The functional role of epithelial-sourced IL-10, especially regarding 

autocrine roles, is still a relatively unexplored territory in mucosal immunology. 

One study reported transgenic mice producing IL-10 in mature enterocytes along 
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the villi and showed that several leukocyte activities were altered; however, any 

direct effect on the epithelium was not interrogated (De Winter et al., 2002). The 

role of epithelial-sourced IL-10 during infection has been explored. During 

infection with E. faecalis, isolated IL-10KO IEC overexpressed grp-78 and 

cleaved caspase-3, but under-expressed E-cadherin compared to the infected 

WT, suggesting a high ER stress response and likely a compromised barrier in 

the epithelium (Shkoda et al., 2007). IEC from IL-10KO organoids possessed a 

higher level of double-stranded DNA breaks. This phenomenon was partially 

reversible by adding IL-10 to the IL-10KO organoids after 24 hours (Frick et al., 

2018). The observation that IL-10KO organoids differ from WT and that the 

difference is corrected by added IL-10 suggests that endogenous IL-10 is not 

only present but also has a functional role in epithelial biology. Observations of 

IL-10 are not limited to small intestinal organoids. Compared to the WT, aberrant 

patterns of E-cadherin and a reduced level of desmoglein-2 was detected in IL-

10KO colon organoids (Khare et al., 2019). The use of an organoid model for the 

investigation of IL-10 in IEC has advantages, the model not only preserves the in 

vivo cellular dynamics but also exclude the leukocyte sources of IL-10, which 

allow the researcher to confidently attribute the observed effect to autocrine IL-

10. 

1.10. Small intestine as the research subject of interest 

The small and large intestines, while populated with similar epithelial cells, 

have some significant differences in terms of anatomy and function, as well as 

cellular and microbiota composition (Bowcutt et al., 2014). For example, Paneth 
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cells play significant roles in maintaining the stem cell niche and defend against 

microbes in the small intestine while the detection  of Paneth cells in the large 

intestine is limited to pathological states (Simmonds et al., 2014; Tanaka et al., 

2001). TEER measures are typically higher in colonoid monolayers compared to 

enteroid monolayers, suggesting there are differences in tight junctions (Altay et 

al., 2019; Kozuka et al., 2017). Interestingly, compared to the small intestine, 

IELs in the large intestine express significantly more  IL-2, IL-4, IL-5, and IL-10 

mRNA (Beagley et al., 1995), which can establish distinctive immunological 

microenvironments in the two compartments. Similarly, the microbiota 

composition is also different between small and large intestine (Crespo-Piazuelo 

et al., 2018; Vuik et al., 2019). Thus it is inappropriate to simply extrapolate 

findings from the small intestinal epithelium to the large intestine and vice versa.  

Although IBD, specifically Crohn’s disease, can affect both the small and 

large intestine, the majority of studies intended to provide insights into IBD use 

colonic cell models. The popular gut carcinoma cell lines (T84, Caco-2, HT-29, 

LS 174T, MCA-38, COLO205, SW1116, SW480-APC) used in studies of IL-10 

are derived from the large intestine. Yet in 30% of Crohn’s disease cases 

inflammation is confined to the small intestine (Cheifetz, 2013). Clearly, the small 

intestine is not spared from IBD, and in fact becomes inflamed in a number of 

other conditions. Thus, IEC biology in the small intestine is important to study. 

1.11. Small intestinal organoids as a model of IEC biology 

Before the breakthrough of organoid technology, most health or disease 

studies of IEC biology utilized common research models such as whole animals 
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and transformed cell lines. The limitations of these models include the lack of 

capacity to differentiate the cells into the major phenotypes and therefore the 

inability to study the interplay between specialized cell types (Noben et al., 2017). 

Organoid technologies have opened a door to explore the biology of intestinal 

epithelia. 

Organoids are 3-dimensional constructs that develop from stem cells of 

the original tissue and contain all mature cell types of the derived-tissue. In the 

case of the gut epithelium, the spatial organization of cells in organoids closely 

resembles that of the native epithelium, preserving the native crypt-villi axis and 

cell polarity (Almeqdadi et al., 2019). Importantly, IEC within organoids conduct 

functions found in the native epithelium, such as secretion, absorption, endocrine 

activity, and motility (George et al., 2019). Handily, possessing stem cells, 

organoids are self-renewing and can be readily cryopreserved, allowing 

researchers to manipulate the genetic and environmental factors in the organoid 

culture easily (Sato et al., 2011). Additionally, because ISC are the only 

proliferative units in organoid culture, the passages of organoid culture is 

presumably free of other non-epithelial cell types, which allow the researchers to 

confidently attribute observed function to IEC. Therefore, when it comes to IEC 

biology, ex vivo organoid model provides the combination of advantages from 

both in vitro and in vivo models.  
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Enteroids contain all specialized cell types found in native epithelium. Red arrows 

describe the direction of cell migration starting from the crypt base to the villus 

(Gerbe et al., 2011; Sato et al., 2009)(Created with BioRender.com). 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Enteroids resemble spatial and temporal dynamics in native 

intestinal epithelium. 

Native epithelium 

Enteroid 
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1.12. Research Objectives 

Although there is evidence for IL-10 production by IEC, the specific cell 

type of the epithelium that produces IL-10 is not confidently confirmed, nor has 

the target of epithelial-sourced IL-10 been identified. Using freshly isolated IEC, 

studies can provide point-in-time evidence that the epithelium is a source of IL-10 

but until highly specific cell sorting is conducted, there is a risk that non-epithelial 

cells contaminating the preparations confound the results. Consequently, the 

detection of IL-10 and IL-10 activities on IEC has been conducted mainly using 

transformed carcinoma cells, which likely do not correctly represent non-

transformed cells. Therefore, in this study, enteroids were used to address 3 

major questions: 

1) What is the cellular source of IL-10 and which cell type(s) possess the 

IL-10 receptor in the intestinal epithelium?  

2) What is the function of epithelial-derived IL-10 in the intestinal 

epithelium including during challenge with IFN-γ? 

3) What is the polarity of epithelial IL-10 secretion and IL-10 receptors on 

the intestinal epithelium? 
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CHAPTER 2: MATERIALS AND METHODS 

2.1. Animals 

 C57BL/6 (Wildtype, WT) and B6.129P2-Il10tm1Cgn/J (IL-10 knockout, IL-

10KO) mice were initially purchased from The Jackson Laboratory (Bar Harbor, 

ME), then bred in the IWK Health Centre facility. IL-10-GFP expressing congenic 

mice were available in a collaboration with Dr. Jun Wang (Dalhousie University) 

who had obtained the animals from Dr. Richard Flavell (Yale University). Mice 

that were sacrificed for crypt isolation were male, 6 to 14-weeks old. Animal use 

was approved by the University Committee on Laboratory Animals (most 

recently, 20-012). The WT and IL-10KO genotypes were confirmed using the 

polymerase chain reaction (PCR), the products of which were demonstrated on 

agarose gel electrophoresis (Figure 3). 
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Mouse DNA was extracted from mouse ear pierce and amplified using the KAPA 

Mouse Genotyping Kit. Genotyping primers are described in The Jackson 

Laboratory protocol: common forward 5ʹCTTGCACTACCAAAGCCACA3ʹ; WT 

reverse 5ʹGTTATTGTCTTCCCGGCTGT3ʹ; KO reverse 5ʹ 

CCACACGCGTCACCTTAATA3ʹ. The amplicon from WT mice is 137 base pairs 

and the amplicon from KO mice is 312 base pairs. PCR products were separated 

by electrophoresis on a 2% agarose gel with 0.5 μg/mL ethidium bromide.   

 

Figure 3. Genotypes of WT and IL-10KO mice. 
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2.2. Crypt isolation and organoid culture 

Enteroids were grown from crypts isolated from small intestine, 

respectively. WT mice were euthanized and small intestine including duodenum, 

jejunum and ileum was harvested and flushed with cold phosphate buffered 

saline (PBS). Small intestine was cut open longitudinally and cut into fragments 

of 3-4 cm. The apical side of each fragment was scraped to remove adherent 

solids, mucous and villi. The fragments were subsequently further dissected into 

pieces of 2-3 mm and washed with ice-cold PBS before being incubated in 30 ml 

of cold 1 mM EDTA in PBS for 30 minutes on ice, with shaking at 200 rpm. The 

pieces were transferred to 30 ml of pre-chilled 5 mM EDTA in PBS for 30 minutes 

on ice. The pieces were transferred to 25 ml DMEM/F12 (Gibco, Waltham, MA) 

and manually shaken vigorously to dissociate the crypts from the mucosa. The 

resulting suspension was strained through a 100 µm Falcon® cell strainer 

(Corning, Corning, NY, US) to separated large tissue fragments from dissociated 

crypts. The suspension was centrifuged at 130×g at 4oC for 4 minutes to 

separate crypts from cell debris. The supernatant was aspirated and the pellet 

was resuspended in 1 ml of complete DMEM/F12, then the centrifugation 

repeated. The final supernatant was aspirated to remove any cell debris left. 

To seed 8 wells with approximately 100-200 crypts each, pellets were 

suspended with 300 µl ice-cold Cultrex® (Trevigen, Gaithersburg, MD) and 100 µl 

of ice-cold Intesticult™ (STEMCELL Technologies, Vancouver, BC). A droplet of 

50 µl of the suspension was placed on each well of pre-warmed 24-well culture 

plate (Sarstedt, Newton, NC) to form matrix domes that embed the organoids. 
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Once the dome solidified, 500 µl of Intesticult™ – growth medium was added to 

each well to provide nutrition for the organoids. The medium was changed on 

days 3 and 5. All organoids were grown at 37°C in a humidified atmosphere with 

5% carbon dioxide. 

2.3. Organoid passaging 

On day 7 of enteroid cultures, the cells were passaged at 1:5 ratio. 

Medium was aspirated out of the wells. To dissolve the Cultrex® matrix that 

embeds the organoids, 1 ml of ice-cold DMEM/F12 + 5% FBS (Gibco) was added 

to each well. The contents of each well, including the dome matrix, was 

repeatedly pipetted (20 times) using a P1000 pipette tip ice-cold DMEM/F12 to 

dissolve the matrix and dissociate the organoids. The content of each well was 

then pipetted 20 times using a P200 pipette tip to further break down the 

organoids into crypts. The contents of all the wells was combined into a 15 ml 

tube pre-coated with fetal bovine essence (VWR, Radnor, PA), and centrifuged 

at 300×g for 5 minutes at 4oC. The supernatant, containing cell debris, was 

discarded. The pellets were resuspended in 1 ml of ice-cold DMEM/F12 + 5% 

FBS before centrifugation, also at 300×g for 5 minutes at 4oC. After the 

supernatant was removed, the pellets were resuspended in ice-cold Intesitcult™ 

and Cultrex® at 2:1 ratio, and the suspension was placed in droplet of 50 µl into 

each well of pre-warmed 24-well culture plate. Intesticult™ was added to each 

well after the matrix had solidified. 
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2.4. Cytokine treatments of organoids 

Unless indicated otherwise, for qPCR experiments enteroids had 5-days 

of treatment with 10 ng/ml murine recombinant IL-10 (Peprotech, Rocky Hill, NJ). 

Medium was renewed every two days. For overnight treatment (less than 24 

hours) of organoids, IL-10 was used at 20 ng/ml, and recombinant murine IFN-γ 

(Peprotech) was applied at 10 ng/ml. For Western blot experiments, enteroids 

were treated for 20 minutes with 100 ng/ml of IL-10.  

2.5. RNA isolation 

Organoids were washed with ice-cold sterile PBS and pooled from all 2-3 

wells of each biological replicate for each treatment and processed immediately 

for RNA following instructions from the ReliaPrep™ RNA Tissue Miniprep System 

(Promega, Madison, WI) RNA samples were stored at -80 ֯C. 

2.6. Reverse transcription and quantitative PCR 

RNA quality and quantity was determined using NanoDrop™ One 

Microvolume UV-Vis Spectrophotometer (Thermo Scientific, Waltham, MA). 

Depending on the RNA yield, 0.1-1µg of RNA was used for cDNA synthesis 

following the manufacturer’s instructions for the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Waltham, MA). For RT-qPCR, the cDNA 

was amplified for target genes using the PowerUp SYBR Green Master Mix 

(Applied Biosystems) following the manufacturer’s instructions. The reactions (20 

μl final volume) were run on a CFX96 Dx Real-Time PCR Detection System (Bio-

Rad, Hercules, CA). The reaction temperature started with Uracil-DNA 

glycosylases (UDG) activation set for 1 time at 50°C for 2 minutes, followed by 
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Dual-Lock Taq DNA polymerase activation at 95°C for 2 minutes. Subsequently, 

for 40 cycles, the cDNA was denatured at 95°C for 15 second, followed by an 

annealing step at 58°C for 30 seconds. Additional reverse-transcription controls 

were run for the first replicate and non-template controls were run for all 

replicates. Primers were designed by Primer Blast to span an exon-exon 

junction, with Tm ranging from 59oC to 62oC, and contain 40-60% GC content. 

The signal for genes of interest were normalized using TATA-box-protein (TBP) 

gene, suggested to be the most stable reference gene for murine intestinal 

epithelial cells (Wang et al., 2010). 

To amplify IL-10, the primer pairs were designed such that the forward 

primer was within exon 1 and the reverse primer spanned the exon 1-exon 2 

junction. As codon 5 – 55 on exon 1 are replaced by a 500bp linker in the IL-

10KO (Figure 4A), the primer pair ensures specific amplification of the IL-10 

transcript in WT but not KO (Figure 5B). Representative RT-qPCR melt peaks 

showed a single peak for each gene of interest, indicating the presence of only a 

single amplicon and therefore high specificity (Figure 4B). 
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 Figure 4. RT-qPCR primer design and melt curve 

A) The IL-10 transcript in WT is encoded in 5 exons. Compared to WT IL-10 

transcript, in IL-10KO, codons 5-55 of exon 1 of IL-10 transcript was replaced 

with a 500 bp linker containing a stop codon followed by a neomycin-resistance 

cassette. Additionally, another stop codon was inserted into exon 3. Red arrows 

mark the position and direction of primer sequences, as well as the 

corresponding amplicon. B) Representative RT-qPCR melt peaks of the IL-10 

amplicon from WT and IL-10KO enteroids, and the IL-10RA amplicon from WT 

enteroids. 
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Table 1. Mouse primers used in this study 

TARGET
GENES 

DIRECTION PRIMER SEQUENCE (5′ → 3′) PRODUCT 
SIZE 

LYZ1 Forward GGTCTACAATCGTTGTGAGTTGGC 95bp 

LYZ1 Reserve TGAGCTAAACACACCCAGTCAGC 

MUC2 Forward TCTGGAGGACGCCGGATCTA 102bp 

MUC2 Reserve TCTCAAAGCTGCGGTTCCCA 

TBP Forward AGCTCTGGAATTGTACCGCAGC 134bp 

TBP Reserve ATGATGACTGCAGCAAATCGCTTG 

IL-10 Forward TGGCATGAGGATCAGCAGGG 144bp 

IL-10 Reserve TCCAGCTGGTCCTTTGTTTGAAAG 

IL-10RA Forward GTGGCCCTCAAACAGTACGGA 134bp 

IL-10RA Reserve ACTCTGGCCCGGTAGCCATA 

DEFA 5 Forward AGGCCAAGAAGGGTCTGCTC 107bp 

DEFA 5 Reserve TTCTGCAGGTCCCAAAAACGC 

NOTCH1 Forward CTGCGCAAGCACCCAATCAA 127bp 

NOTCH1 Reserve GGTAGACAATGGAGCCACGGA 

HES1 Forward CAAACCAAAGACGGCCTCTGA 143bp 

HES1 Reserve TGGAATGCCGGGAGCTATCTTT 

ATOH1 Forward CAGCTGCGCAACGTTATCCC 104bp 

ATOH1 Reserve AGCAACTCCGACAGAGCGTT 
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2.7. Electrophoresis 

The amplicons from PCR were resolved by electrophoresis through 1.5% 

agarose/Tris-acetate-EDTA (TAE) gels containing 0.5 μg/ml ethidium bromide for 

visualization. Loaded content included 4 parts PCR reaction and 1 part Novel 

juice DNA stain (Sigma). DNA ladder (FroggaBio, Concord, ON) was 1:2 diluted 

with dH2O. Samples and the DNA ladder were electrophoresed for 40 minutes at 

130 V. Following electrophoresis, the products were imaged using a ChemiDoc™ 

Touch Imaging System (Bio-Rad). 

2.8. Immunofluorescence 

 Between 20-30 µl of Cultrex® containing enteroids was added into each 

well of a Millicell EZ SLIDE 8-well glass chamber (Millipore Sigma, Burlington, 

MA). The Cultrex® droplet was incubated for 20 minutes then 300 μl of 

Intesticult™ was added to each well. Enteroids in the chamber were grown untill 

day 4. When ready for immunofluorescence, the medium was replaced with ice 

cold PBS, followed by 300 μl 4% paraformaldehyde in 1X PME buffer (10x PME 

buffer: 500 mM PIPES, 25 mM MgCl2, 50 mM EDTA). Enteroids were incubated 

in this fixing solution 20 minutes on a shaking platform. The fixing solution was 

removed and 300 μl of ice-cold permeabilization solution (PBS containing 0.5% 

Triton X-100) was added and the enteroids incubated on ice on a shaking 

platform for 20 minutes. The chamber was washed once with PBS containing 

0.2% Triton X-100 & 0.05 % Tween. To quench autofluorescence, the enteroids 

were incubated in 100 mM glycine in PBS or Image-iT™ FX Signal Enhancer 

(Thermo Fisher, Waltham, MA) for 30 minutes at room temperature. 
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Subsequently, enteroids were treated with 300 μl of blocking buffer (wash buffer 

containing 1% BSA), for 30 minutes, at room temperature, shaking. Primary 

antibodies were diluted in 150 μl of antibody signal enhancer (Recipe:10 mM 

glycine, 0.05 % Tween20, 0.1 % Triton X-100 and 0.1 % hydrogen peroxide in 

PBS (Rosas-Arellano et al., 2016)). The dilution ratio was 1:50 for anti-IL-10 

(Thermo Fisher), 1:200 for anti-lysozyme (Bioss, Woburn, MA) and anti-mucin-2 

(Thermo Fisher). The enteroids were incubated with the primary antibody 

overnight at 4oC, then the chamber was washed 3 times with wash buffer before 

adding secondary antibodies. Secondary antibodies were diluted in blocking 

buffer at ratio 1:400. A list of antibodies used is presented in Table 2. The 

organoids were incubated with secondary antibodies for 2 hours at room 

temperature. All organoids were counterstained with DAPI in blocking buffer (1 

µg/ml) for 5 minutes. The organoids were washed 3 times with wash buffer 

before the chamber was detached from the slide. A coverslip was applied using 

Antifade Gold mounting medium (Thermo Fisher). All slides were imaged using 

either EVOS FL Imaging System (Thermo Fisher) or a confocal microscope (LSM 

710, Carl Zeiss). 
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 Table 2. Antibodies used for immunofluorescence 

2.9.  FITC dextran permeability assay 

The organoid culture medium was removed, and the wells were washed 3 

times with room temperature PBS, each time for 5 minutes. A solution of 1 μM 

FITC-dextran (3 kDa, Thermo Fisher) in PBS was added to the wells and 

incubated on a gently shaking platform for 30 minutes at room temperature. After 

this incubation, the FITC-dextran was removed and the organoids were washed 

5 times with PBS on a gently shaking platform, each time for 5 minutes, to 

remove free FITC. The organoid image was captured by an EVOS FL Imaging 

System (Thermo Fisher). Images were taken from multiple representative 

organoids from different wells. Fluorescence levels within the organoid lumen 

and its background fluorescence was measured by ImageJ 1.53e (National 

Antibody 
order 

Target host/target 
species 

Conjugation Clonality/ 
Isotype 

Catalogue# Source 

Primary Lysozyme 
(Paneth 
cell) 

rabbit anti-
mouse 

AF555 Polyclonal 
IgG 

BS-0816R-
A555 

Bioss USA 

Primary IL-10RA rabbit anti-
mouse 

AF488 Polyclonal 
IgG 

BS-2459R-
A488 

Bioss USA 

Primary IL-10 rat anti-
mouse 

N/A Monoclonal 
IgG2b, 
kappa 

14-7101-85 Invitrogen 

Primary DCAMKL1 
(tuft cell) 

rabbit anti-
mouse 

AF647 Polyclonal 
IgG 

ab202755 Abcam 

Primary Mucin-2 
(goblet 
cell) 

rabbit anti-
mouse 

N/A Polyclonal 
IgG 
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Institutes of Health, Bethesda, MD, USA). The corrected total fluorescence (CTF) 

was calculated as follows: 

CTF = Integrated Density – (Area of selected cell X Mean autofluorescence 

readings)  

2.10. Monolayer enteroid culture 

Transwell® inserts (6 mm, 0.4 μm pore size, Corning, Darmstadt, 

Germany) were used to establish 2D organoid monolayers. The insert was 

coated with 40 μl of diluted (1 part 7.48 mg/ml collagen type I (Millipore): 1 part 

0.2% acetic acid: 1 parts 70% ethanol) and air-dried overnight at room 

temperature in a biological safety cabinet. 

Day-7 enteroids were treated with TrypLE Express (Gibco) for 5 minutes 

at 37oC to achieve a suspension of fine crypt fragments, which was seeded in 

Cultrex® following the procedure for typical organoid passage but excluding the 

1:5 dilution step, in order to achieve a dense- and stem cell-enriched spheroid 

culture. To make a single 2D monolayer, 3 wells of dense spheroids were used. 

At day 3, spheroids were incubated in TrypLE Express at 37oC for 5 minutes and 

passed through an 18-gauge syringe needle to be further dissociated into a cell 

suspension. The suspension was centrifuged at 130xg for 5 minutes. The 

supernatant was removed, and the cell pellets were resuspended in 100 μl of 

Intesticult™, which was added to the collagen-coated insert. Simultaneously, 500 

μl of Intesticult™ was added to the bottom well. After overnight incubation, 

medium from the insert was replaced with 200 μl fresh Intesticult™ to clean up 

unattached cells. Medium was changed every 2 days. 
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2.11. Protein extraction 

 For phosphorylated targets, organoids were pre-treated with 30 μM 

phenylarsine oxide, a cell-permeant phosphatase inhibitor, for 15 minutes before 

treatment with cytokines of interest. To harvest organoids, the Cultrex® matrix 

was dissociated by vigorous pipetting in ice-cold Cell Recovery Solution (VWR) 

and left shaking in this solution for 20 minutes at 4oC. The released enteroids 

were then centrifuged at 200xg for 4 minutes into a pellet and the pellet washed 

with ice-cold PBS, then centrifuged at the same settings. The pellet of enteroids 

was lysed in 150 μl RIPA buffer (50 mM Tris HCl - pH 7.4, 150 mM NaCl, 1% 

Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 10 mM 

sodium fluoride, 1X freshly added Halt™ protease inhibitor cocktail (Thermo 

Fisher), and freshly added phosphatase inhibitor cocktail (5 mM sodium 

orthovanadate, 10 mM sodium pyrophosphate decahydrate and 10 mM β-

glycerophosphate)) for 30 minutes, shaking at 4oC. The preparation was 

centrifuged for 10 minutes at 13000xg. The supernatant containing proteins was 

recovered and diluted with 4X SDS-PAGE loading buffer (25% glycerol, 12% 

SDS, 20 % β-mercaptoethanol, 0.04% bromophenol blue in 150 mM Tris), which 

was subsequently boiled at 90oC for 5 minutes.  

 To extract protein from organoid monolayers, Transwell® insert 

membranes containing a monolayer of cells were detached from the inserts using 

a scalpel. The insert membranes were then directly incubated in 150 μl RIPA 

buffer for 30 minutes, shaking at 4oC. Subsequent steps of protein extraction are 

described above. The protein concentration of the lysates was determined using 



 37 

the Qubit Protein Assay following the manufacturer’s instructions (Thermo 

Scientific). Protein lysates were stored at -80oC. 

2.12. Western blot 

Proteins were separated by 8% SDS-PAGE electrophoresis for 2 hours at 

100V with Tris-Glycine running buffer (10X buffer contains 14% glycine, 3% Tris 

base and 1% SDS in dH2O). In some experiments, proteins were separated on 

gradient TGX Stain-Free™ Mini-PROTEAN precast gels (Bio-Rad Laboratories) 

for 1 hour at 120V. Following electrophoresis, the proteins were transferred to a 

low fluorescence PVDF membrane using the Bio-Rad Turbo Transfer system 

(Bio-Rad Laboratories) for immunoblotting. In some experiments, to enhance the 

protein signal, the membrane was pretreated with SuperSignal™ Western Blot 

Enhancer (Thermo Fisher). Subsequent to this incubation, the membrane was 

blocked for 1 hour at room temperature in blocking buffer (TBS-T (20 mM Tris, 

150 mM NaCl and 0.1% Tween® 20 detergent) + 3% BSA) before incubation with 

antibodies. All antibodies were diluted in blocking buffer. The membrane was 

incubated in the primary antibody solution overnight at 4oC. Primary antibodies 

utilized for these analyses consisted of anti-pSTAT3 (TYR705 and SER727) 

(1:2000, Cell Signaling Technologies), and anti-STAT3 (1:2000, Cell Signaling 

Technologies). Following the incubation with primary antibodies, the membrane 

was washed 3 times, each time for 5 minutes, in TBS-T washing buffer (as are all 

subsequent washes). The membrane was then incubated with secondary HRP-

linked goat anti-rabbit antibody for 1 hour at room temperature (1:10000, Cell 

Signaling Technologies). Subsequently, the membrane was washed 4 times, 
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each time for 10 minutes. The membrane was incubated with Clarity™ Western 

ECL Substrate (Bio-Rad Laboratories) or with SuperSignal™ West Atto Ultimate 

Sensitivity Chemiluminescent Substrate (Thermo Fisher) for low-abundance 

protein, before being imaged using Bio-Rad ChemiDoc™ Touch Imaging 

System.  

2.13. In silico mining of publicly available RNA-sequencing datasets 

Transcriptome data was obtained from NCBI’s Gene Expression Omnibus. 

RNA-sequencing data from enteroids were obtained from GEO accession 

numbers GSE115955, GSE100274 and GSE92332. RNA-sequencing data from 

native murine epithelial cells were obtained from GEO accession numbers 

GSE92332 and GSE113536. Single-cell RNA-sequencing data exclusively from 

Paneth cells were obtained from GEO accession number GSE117216 and 

GSE76408. For each GEO dataset, raw counts matrix (under “Supplementary 

file” section) was downloaded and assessed for the number of reads and 

sequences aligning to each gene. 

2.14. Statistical analysis tools 

Unpaired two-tailed Student’s t-test was used when comparing 2 groups. 

To compare more than 2 groups that involve 1 independent variable, one-way 

analysis of variance (ANOVA) was used, followed by Tukey’s post hoc test. If 2 

independent variables were involved, two-way ANOVA was used, followed by 

Sidak’s post hoc test. Differences between groups were considered to be 

significant when P-value was less than 0.05. Statistical analyses and graphs 

were generated with GraphPad Prism 8 (GraphPad Software, San Diego, CA). 
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CHAPTER 3: RESULTS 

3.1. Establishing and standardization of enteroid cultures 

 To obtain enteroid cultures, crypts were isolated from murine small 

intestine and embedded in extracellular matrix (Cultrex®), to facilitate the 

formation of 3D structures (Figure 5A). At this stage of culture, in addition to the 

isolated crypts, mucosal leukocytes, especially IELs can also be present in the 

newly-established culture. The purification of enteroids is necessary to ensure 

that the detected IL-10 signal is strictly limited to an IEC source. Notably, CD3 

and CD45 transcripts were investigated in an effort to confirm the absence of 

leukocytes yet both were detected through RT-qPCR. It was later learned from 

the single-cell RNA-sequencing (scRNA-seq) data that these markers can be 

found in moderate to abundant amounts on IECs (Haber et al., 2017), making 

these markers unsuitable for confirming the absence of leukocytes in the enteroid 

culture. As alternate evidence for a lack of leukocytes, it has been reported that 

in the absence of IL-2, IL-7, and IL-15 supplements, IELs co-cultured with 

enteroids do not last until day 7 (Nozaki et al., 2016). Therefore, to ensure the 

purification of enteroids, experiments were only conducted from second-passage 

enteroids and onward. 

It has been reported that sex hormones can affect the proliferation of IEC, 

which can be a potential confounder in IEC experiments (Lee et al., 2019). 

Additionally, age is another factor that affects the population and the distribution 

of different IEC types (Moorefield et al., 2017). Therefore, to minimize these 
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confounding effects, enteroids were grown from crypts isolated from 6- to 14-

week-old male mice.  

 The seeding density is the number of viable crypts per matrix “dome” 

(Figure 5A). During the period that enteroids mature, it was noted that the 

seeding density can greatly affect the morphology, which can reflect the cell 

composition of the enteroids. For example, rounder enteroids contain more KI67-

positive proliferative cells (Figure 5B). Specifically, in over-diluted cultures (< 50 

enteroids/50 µl Cultrex®), organoid growth was delayed. On the contrary, dense 

cultures (> 200 enteroids/50 µl Cultrex®) resulted in restriction of organoid size 

and an increase in apoptosis, seen as black cells accumulating in the enteroid 

lumen (Figure 5C). Therefore, to optimize enteroid growth and ensure 

consistency between experiments, the density of enteroid culture was 

standardized to range from 100 to 150 organoids per 50 µl Cultrex® dome.  
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Figure 5. Optimization of enteroid culture through seeding density control. 

A) Freshly isolated crypts from murine small intestines were seeded and

embedded in 50 μl of basement membrane extracellular matrix (Cultrex®) 

(Created with BioRender.com). B) Day 4 enteroids were stained for KI67 and 

images were captured with EVOS FL Imaging System. Measurements of the 

KI67-positive area (left) and whole enteroid area (right) were quantified with 

ImageJ. C) Enteroids were grown to full maturation and passaged after 7 days 

of culture. Enteroids from the same passage were dissociated into suspension 

and re-seeded in basement membrane extracellular matrix at different seeding 

densities. Seeding densities were determined as the number of crypts per 50 μl 

dome: Low density (< 50 crypts/dome), medium density (100-150 crypts/dome), 

and high density (>200 crypts/dome). The scale bars are 1000 µm, 400 μm and 

200 μm for day 3, 5 and 7 images, respectively. 
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3.2. Constitutive expression of IL-10 & IL-10R in enteroids 

In order to determine whether IL-10 production in enteroids is constitutive 

(intrinsic), IL-10 mRNA throughout developmental stages of organoids was 

investigated. Also, since autocrine activity of IL-10 is commonly observed, IL-10-

producing cells usually also express IL-10 receptor. Therefore, the temporal 

dynamics of IL-10RA, the ligand-specific subunit of the IL-10 receptor, was also 

investigated.  

Regarding constitutive expression, enteroids on days 2, 4 and 6 were 

harvested for mRNA. RT-qPCR experiment results demonstrated that 

constitutive expression of IL-10 and IL-10RA was detected throughout all the 

stages of enteroids. In the case of IL-10, day 4 enteroids possess the most IL-10 

mRNA relative to the total mRNA recovered from the culture (Figure 6). As this 

experiment was conducted on whole enteroids, it remains unclear whether a 

change in IL-10 or IL-10RA mRNA was due to increased copies in a few cells or 

an increase in the numbers of IL-10 or IL-10RA producing cells.  

 



 44 

Figure 6. Constitutive expression of IL-10 and IL-10RA in developing 

enteroids. 

Enteroids were harvested on the indicated day and mRNA assessed for IL-10 

and IL10RA. For each experiment, on each day, 2 wells of WT enteroids were 

pooled to collect total RNA. Levels of IL-10 and IL-10RA transcripts were 

determined by RT-qPCR and the result normalized to the TBP level for the same 

culture. Results are the mean ± standard deviation of 3 independent experiments 

(* p < 0.05, ** p < 0.01, one way ANOVA followed by Tukey's post hoc test) 
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3.3. Apical expression of IL-10 in enteroids 

Despite evidence from whole epithelial preparations that cells make IL-10, 

the specific cell type within the epithelium that produces IL-10 is still unclear. To 

address this knowledge gap, immunofluorescent detection of IL-10 was 

conducted on enteroids. Considering the previous RT-qPCR data showed the 

highest relative expression of IL-10 mRNA occurred on day 4 of the enteroid 

culture, all immunofluorescence staining was conducted 4 days after passage. 

Notably, enteroids within a single dome on any single day are morphologically 

heterogenous, indicating heterogeneity of enteroid developmental stages. For 

this experiment, two different mouse phenotypes were used: C57BL/6 (WT) and 

homozygous GFP-IL-10 reporter mice on the C57BL genetic background. 

Preliminary confocal microscopic observations of GFP-IL-10 enteroids did not 

show a GFP signal in enteroids; therefore, these enteroids were examined using 

anti-GFP-antibody as primary antibody. 

 In enteroids of both mouse genotypes, a product was observed in the 

crypts. From the pattern of staining within the cell, it can be believed that 

epithelial IL-10 is most likely secreted apically (Figure 7A). Two negative controls 

were used to confirm the specificity of the staining. One was to apply the anti-IL-

10 to IL-10KO enteroids. The second negative control was staining of WT 

enteroids with conjugated secondary antibodies only. No signal was detected in 

these negative controls (Figure 7B). 
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Figure 7. Apical expression of IL-10 in WT and GFP-IL-10 reporter mouse 

enteroids. 

A) Day 4 WT enteroids were stained with monoclonal rat anti-mouse IL-10 

antibodies, which were subsequently detected using polyclonal chicken anti-rat 

conjugated to AlexaFluor647. For GFP detection, GFP-IL-10 reporter enteroids 

were treated with polyclonal rabbit anti-GFP antibody which were subsequently 

detected using polyclonal goat anti-rabbit antibodies conjugated to 

AlexaFluor488. B) Left panel: first negative control; IL-10KO enteroids were 

stained for IL-10 following similar steps as in A. Right panel: second negative 

control; WT enteroids were stained with secondary antibodies conjugated with 

AlexaFluor647. All enteroids were counterstained with DAPI to highlight the 

nuclei. All images were taken by confocal microscope (LSM 710, ZEISS)(Scale 

bar = 10 μm). 
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3.4. Apical & basal expression of IL-10R in enteroids 

Given that apical expression of IL-10 was detected through 

immunofluorescence, it is reasonable to suspect that this cell source of IL-10 

requires the simultaneous expression of IL-10R apically to exert an autocrine 

effect; however, the only published evidence of apical IL-10R expression was in 

T84 carcinoma cells following IFN-γ stimulation and in colonic biopsies of IBD 

patients (Kominsky et al., 2014). Epithelial IL-10 was detected in unstimulated 

enteroids; therefore, immunofluorescence staining for IL-10 receptor was also 

conducted in unstimulated enteroids. Anti-IL-10RA antibody was used to detect 

the IL-10 receptor. Interestingly, IL-10RA was observed on both apical and basal 

sides of the enteroid epithelium (Figure 8A). The IL-10RA signal is abundant on 

the basal side of the crypt base. IL-10RA was also observed on the apical side of 

cells in the crypt (Figure 8A). Since the IL-10RA signal was detected using 

directly labeled primary antibodies, an isotype-matched antibody (AlexaFluor488-

conjugated rabbit IgG anti-mouse) was used as negative control. No signal was 

detected in the negative control, indicating that the staining for IL-10RA was 

specific (Figure 8B).  
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Figure 8. Detection and localization of IL-10RA on enteroids. 

A) WT and IL-10KO enteroids were stained with polyclonal rabbit anti-mouse IL-

10RA antibody conjugated with AlexaFluor488. B) Enteroids were stained with 

isotype control rabbit polyclonal IgG1, Alexafluor488 conjugated. All enteroids 

were counterstained with DAPI for nuclei. All images were taken by confocal 

microscope (LSM 710, ZEISS)(Scale bar = 10 μm). 
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3.5. Cellular sources of IL-10 

Since the preliminary immunofluorescent staining localized IL-10-positive 

cells to the crypt, the cell type that produces IL-10 can be narrowed down to 2 

candidates: stem cells and Paneth cells. The cell marker for stem cells is 

Leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5), a member 

of Wnt pathway (Kumar et al., 2014). One marker for Paneth cells is lysozyme 

(LYZ1), an antibacterial protein (Elphick & Mahida, 2005). Attempts to stain for 

LGR5 in WT enteroids were unsuccessful. However, in WT enteroids, it was 

observed that IL-10 and LYZ1 co-localized in the same cell (Figure 5). Similarly, 

co-staining for LYZ1 and GFP on IL-10-GFP reporter enteroids showed co-

localization of these two markers (Figure 9A).  

Hasnain et al. showed IL-10RA expression on goblet cells, and since IL-10 

tends to act in an autocrine fashion, co-staining for IL-10 and mucin-2 was 

conducted (Hasnain et al., 2013). Additionally, a single cell transcriptome survey 

detected IL-10 within the population of tuft cells (Haber et al., 2017); therefore, 

tuft cells were also investigated for IL-10 production. As shown in Figure 9B and 

Figure 9C, IL-10 did not co-localize with either goblet cell or tuft cell marker 

(double cortin-like kinase 1, or DCLK1), indicating that either goblet nor tuft cells 

produce IL-10 under these conditions. 
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Figure 9. Paneth cells produce IL-10.  

A) WT enteroids were co-stained for IL-10 and LYZ1. For IL-10 detection, WT 

enteroids were stained with monoclonal rat anti-mouse IL-10 antibody, which was 

subsequently detected using AlexaFluor 647 conjugated polyclonal chicken anti-

rat anti-sera. For LYZ1 detection, enteroids were stained with AlexaFluor555-

conjugated polyclonal rabbit anti-mouse LYZ1 antibodies. IL-10-GFP organoids 

were stained for GFP and LYZ1. For GFP detection, IL-10-GFP reporter 

enteroids were stained with polyclonal rabbit anti-GFP antibodies, which were 

subsequently detected with polyclonal goat anti-rabbit antibodies conjugated to – 

AlexaFluor647. B) WT enteroids were co-stained for IL-10 and MUC2. For IL-10 

detection, WT enteroids were stained with monoclonal rat anti-mouse IL-10 

antibody, which was subsequently detected with AlexaFluor 555 conjugated 

polyclonal goat anti-rat antibodies.  For MUC-2 detection, WT enteroids were 

stained with polyclonal rabbit anti-mouse IL-10 antibodies, followed by 

AlexaFluor647 conjugated polyclonal goat anti-rabbit antibodies.  C) WT 

enteroids were co-stained for IL-10 and DCLK1. For IL-10 detection, WT 

enteroids were stained as in A.  For DCLK1 detection, WT enteroids were 

stained as in B). All enteroids were counterstained with DAPI for observing the 

nucleus. All images were taken by confocal microscope (LSM 710, ZEISS)(Scale 

bar = 10 μm). 
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3.6. Paneth cells and goblet cells express IL-10RA 

Presently, there is no report of cell-type specific localization of IL-10RA in 

the small intestinal epithelium. The only study that localized IL-10 receptor was 

conducted on colon tissue (Hasnain et al., 2013). Here, the authors showed 

positive IL-10RA staining on goblet cells. Nevertheless, several studies have 

demonstrated an effect of IL-10 administration to IEC, including both goblet cells 

and Paneth cells, which implies that these cells must have functional IL-10 

receptors (Deng et al., 2020; Hasnain et al., 2013). Therefore, 

immunofluorescence staining was conducted to investigate the potential 

expression of IL-10RA on these cell types. The results reveal that apical IL-10RA 

is exclusively expressed on LYZ1-positive Paneth cells (Figure 10A). Meanwhile, 

basal IL-10RA staining is found on both LYZ1-positive Paneth cell and MUC-2-

positive goblet cell (Figure 10A,B). Additionally, IL-10RA staining does not co-

stain with the tuft cell marker – DCLK1 (Figure 10C). Notably, the staining signal 

of basal IL-10RA can also be located at the crypt base area is cells that are not 

LYZ1 positive, suggesting stem cells also express basal IL-10 receptor. This 

speculation could not be confirmed due to the lack of confident stem cell staining. 
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Figure 10. Cellular sources of IL-10 receptor. 

A) WT enteroids were co-stained for IL-10RA and LYZ1. For IL-10RA detection, 

WT enteroids were stained with conjugated polyclonal rabbit anti-mouse IL-10RA 

antibodies conjugated to AlexaFluor488. For LYZ1 detection, enteroids were 

stained with AlexaFluor555 conjugated polyclonal rabbit anti-mouse antibody. B) 

WT enteroids were co-stained for IL-10RA and MUC2. IL-10RA was stained as 

described from panel A.  For MUC2 detection, WT enteroids were stained with 

polyclonal rabbit anti-mouse MUC2 antibodies, which were subsequently 

detected using AlexaFluor647-conjugated polyclonal goat anti-rabbit antibody. C) 

WT enteroids were co-stained for IL-10RA and DCLK1. IL-10RA was stained as 

described in panel A. For DCLK1 detection, WT enteroids were stained with 

AlexaFluor647-conjugated polyclonal rabbit anti-mouse DCLK1 antibody. All 

enteroids were counterstained with DAPI for visualizing the nuclei. All images 

were taken by confocal microscope (LSM 710, ZEISS)(Scale bar = 10 μm). 
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3.7.  Autocrine activity of epithelial IL-10 

 Most leukocytes are able to produce IL-10 depending on the context. Yet, 

IL-10 has short half-life and limited range of activity, which might explain the 

need for this cytokine to commonly act in autocrine and paracrine fashions 

(Saxena et al., 2015). It was shown in separate immunofluorescent staining 

experiments that IL-10 and IL-10RA are expressed on Paneth cells, implying 

potential autocrine activity of IL-10 on Paneth cells. In order to confirm this 

observation, WT enteroids were stained for IL-10 and IL-10RA simultaneously. 

Despite some cells being positive for the IL-10RA alone, the immunofluorescent 

data revealed that IL-10 and IL-10 receptor indeed co-localized in the same cell 

(Figure 11A). Furthermore, in addition to the detection of individual staining of IL-

10 (magneta) and IL-10RA (green), there is also overlapping signal (gray) that 

speaks to the likelihood of IL-10 autocrine activity in IEC (Figure 11B). 
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Figure 11. Autocrine activity of epithelial IL-10 in Paneth cell. 

WT enteroids were co-stained for IL-10 and IL-10RA. For IL-10RA detection, WT 

enteroids were stained with AlexaFluor488-conjugated polyclonal rabbit anti-

mouse IL-10RA antibody. For IL-10 detection, WT enteroids were stained with 

monoclonal rat anti-mouse IL-10 antibody, which were subsequently detected 

using AlexaFluor647-conjugated polyclonal chicken anti-rat antibody. Enteroids 

were counterstained with DAPI. Images were taken by confocal microscope 

(LSM 710, ZEISS)(Scale bar = 10 μm). B) The area of simultaneous detection of 

IL-10 and IL-10RA is enlarged for better visualization of staining colors. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 

B 

DAPI 
IL-10R 

IL-10 

IL-10 & IL-10R 
  

DAPI 
IL-10 

  

DAPI 
IL-10R 

  

DAPI 
IL-10 

IL-10R 



 57 

3.8. IL-10KO enteroids have deficiencies in Paneth cell markers  

As it was determined that enteroids, at steady-state, produce IL-10, it was 

hypothesized that there is a functional role of IL-10, in this case epithelial cell-

derived, in homeostasis of the epithelium. To address this hypothesis, IL-10KO 

genotypes were used. Importantly, enteroids from KO mice developed and could 

be passaged, similar to WT. Additionally IL-10KO enteroids undergo similar 

morphological changes corresponding to developmental stages similar to WT 

enteroids (Figure 12A). Characterization of the 2 genotypes at the level of gross 

morphological observation suggests that epithelial IL-10 has no discernable 

impact on the development of intestinal epithelium. 

Considering the lack of differences in terms of enteroid morphology or 

permeability, I next examined cell phenotypes in the two genotypes. It was 

reported in several studies that IL-10KO mice have aberrant Paneth cells and 

goblet cells (Berkowitz et al., 2019); if this is directly due to the lack of IL-10, then 

it should be observable in IL-10 KO enteroids. Thus, levels of transcripts of cell-

specific markers were assayed. The targets included LYZ1, DEFA5 and MUC2. 

RT-qPCR data demonstrated that transcripts of LYZ1 and DEFA5 were 

significantly lower in IL-10KO enteroids on day 5. However, these two targets in 

IL-10KO caught up with levels in WT enteroids on day 7 (Figure 12B). With 

regards to MUC2, no significant difference was detected in transcript levels 

(Figure 12B). These data suggested that epithelial-derived IL-10 might play a role 

early in Paneth cell development. 
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Figure 12. IL-10KO has deficiencies in Paneth cell markers. 

A) Small intestinal crypts of WT and IL-10KO mice were isolated from tissues 

and seeded in basement membrane matrix. Enteroids were grown to full 

maturation and passaged after 7 days. Pictures of enteroids were taken on day 7 

after passage. B) Days 5 and 7 enteroids were collected for total RNA. Following 

cDNA synthesis, levels of tata-binding protein (TBP, the reference gene), LYZ1, 

DEFA5 and MUC2 were measured by qPCR. Results are displayed as mean ± 

standard deviation (n = 6-9) (* p < 0.05, ns – not significant, one way ANOVA 

followed by Tukey's post hoc test). 
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3.9. WT and IL-10KO enteroids are equally permeable 

Some studies reported that the IL-10KO mouse gut epithelium has 

increased permeability  compared to the WT (Shi et al., 2014); however, it is 

unclear whether this phenotypic difference is the direct result of intrinsic factors 

within the IEC or the indirect result of heightened immune responses in the 

absence of IL-10. Using enteroids should overcome the indirect effects that are 

difficult to control in whole animal experiments. For this experiment, enteroids of 

WT and KO genotypes were grown at the same density and pulse-treated with 

1µM FITC-dextran 4kDa for 30 minutes, on day 4 after passage (Figure 13A). 

Images of treated enteroids were taken and processed by ImageJ to quantify the 

fluorescent intensity. The corrected total fluorescence represents the total FITC-

dextran accumulated in the enteroid lumen (Figure 13B). 

The data demonstrated insignificant difference in FITC-dextran flux across 

the epithelium of WT and IL-10KO enteroids, which suggests no phenotypic 

difference in terms of barrier permeability between these two genotypes. 

However, it is noteworthy that there are a few confounders in the experimental 

design. Due to heterogeneity, even enteroids within the same Cultrex® dome 

showed great variation in lumen fluorescent intensity. For example, enteroids 

with spherical morphology, also called spheroids, were less permeable than 

budded enteroids (Figure 13C). Apoptotic cells within the lumen being 

autofluorescent can also be a confounder of the fluorescent intensity from FITC-

dextran.    
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Figure 13. Characterization of WT and IL-10KO through permeability assay. 

A) Day 4 enteroids of both WT and IL-10KO genotypes were treated with 1 μM 

FITC-Dextran 4 kDa for 30 minutes and subsequently washed 3 times with PBS 

before observing the fluorescence. Images were taken with EVOS FL Imaging 

system. B) The fluorescent signal of the background and the lumen were 

quantified with ImageJ and used to calculate the corrected total cell fluorescence 

which is displayed as mean ± standard deviation from 4 independent 

experiments (n = 4, unpaired Student’s t test). Each independent experiment 

includes the mean signal of 4 enteroids. C) IL-10KO enteroids from the same 

basement membrane extracellular “dome” were similarly treated with FITC-

Dextran as described in panel A. Representative enteroids of the same culture 

have different morphologies, which manifest as drastic differences in FITC-

dextran permeability (Scale bars = 200 μm).  
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3.10. WT and IL-10KO enteroids express the same level of cellular lineages 

Considering that the Paneth cells of IL-10KO enteroids lag behind WT 

developmentally, one possibility is that IL-10 act at the early lineage-

determination stage. To address this possibility, cell lineage markers including 

NOTCH1, HES1, and ATOH1 were investigated using RT-qPCR, as mRNA 

levels of mentioned genes were shown to represent protein levels (Tamagawa et 

al., 2012). NOTCH1 and HES1 are markers for the absorptive lineage (i.e., 

enterocytes); and ATOH1 is a marker for the secretory lineage (Paneth cells, 

goblet cells, enteroendocrine cells and tuft cells). The enteroids of WT and IL-

10KO mice were collected for mRNA as early as day 3 after passage. The RT-

qPCR data indicated that there was no significant difference in mRNA levels of 

these lineage markers between the two genotypes (Figure 14A). Interpreting this 

outcome suggests the deficiency in LYZ1 and DEFA5 is the result of IL-10 

affecting an event downstream of lineage determination (Figure 14B).  
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Figure 14. Cellular lineage markers in WT and IL-10KO enteroids.  

A) The key regulators that determine cell fate and differentiation of mature cell 

types in the epithelium (Created by BioRender.com). B) Day 3 enteroids were 

collected for total RNA. mRNA levels for TATA-binding protein (TBP, reference 

gene), ATOH1, HES, NOTCH1 by RT-qPCR (n = 3). Results show the mean ± 

standard deviation (ns – not significant, unpaired two-tailed Student’s t-test). 
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3.11. IL-10 addition does not correct deficiencies in IL-10KO Paneth cells 

Deficiencies of Paneth cell LYZ1 and DEFA5 secretory products were 

observed in developing IL-10KO enteroids. This observation encouraged the next 

experiment, to introduce IL-10 into the IL-10KO enteroid culture with the goal to 

correct the Paneth cell deficiencies. IL-10 was added to growth medium, which 

bathes the basal side of enteroids embedded in the Cultrex® dome, presumably 

engaging basal IL-10 receptors (Figure 15). IL-10 was added on day 1 after 

passage and replenished every other day along with growth medium until the 

enteroids were harvested for mRNA on day 5. The results from the RT-qPCR 

experiment showed IL-10KO enteroids treated with IL-10 still possessed lower 

mRNA levels of the Paneth cell markers compared to WT enteroids (Figure 14). 

This result indicated that IL-10, at least through basal exposure, did not correct 

the Paneth cell deficiency in IL-10KO organoids.  
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Figure 15. IL-10 does not correct Paneth cell deficiencies in IL-10KO 

enteroids. 

IL-10 KO enteroids were treated with 20 ng/ml IL-10 for 5 days, from day 1 until 

day 5 of culture. Day 5 enteroids of untreated WT, untreated IL-10KO, and IL-10 

treated IL-10KO were collected for total RNA. mRNA levels for TATA-binding 

protein TBP (reference gene), LYZ, DEFA5 and MUC2 were measured by RT-

qPCR. Results were displayed as mean ± standard deviation, n = 6-9 (* p < 0.05, 

** p< 0.01, *** p < 0.001, ns – not significant, one way ANOVA followed by 

Tukey's post hoc test). 
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3.12. IL-10 signaling pathway in enteroids 

 The IL-10 receptor signals through several pathways, depending on the 

cell type and environmental context (Verma et al., 2016). The most common 

pathway triggered by IL-10 interaction with IL-10 receptor is through JAK1-

STAT3 phosphorylation. Since basally administered IL-10 did not correct the 

Paneth cell marker deficiencies in IL-10KO enteroids, it was questioned whether 

IL-10 signals through the basal IL-10 receptor by the STAT3 pathway. Day 4 

enteroids were treated with a phosphatase inhibitor cocktail upon IL-10 addition 

to ensure intact harvest of phosphorylated STAT3 (pSTAT3). Both WT and IL-

10KO enteroids were treated with IL-10 for 20 minutes before being lysed for 

protein extraction. STAT3 and pSTAT3 were observed by Western blotting. 

  The Western blot data demonstrated there is a low level of constitutive 

pSTAT3 (at both TYR705 and SER727 positions) in untreated enteroids of both 

genotypes, implying the signal was not due to IL-10 (Figure 16A). Interestingly, 

quantification of pSTAT3 (TYR705) revealed that there was no significant 

difference between the two genotypes regarding level of STAT3 activation upon 

IL-10 addition to the medium (Figure 16B). This result suggested that enteroid 

responded poorly to IL-10 through STAT3 phosphorylation. 
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Figure 16. IL-10 signaling pathway through STAT3. 

A) All enteroids were pre-treated with a phosphatase inhibitor cocktail for 20 

minutes. WT and IL-10KO (or KO) enteroids were treated with 100 ng/ml of IL-10 

for 20 minutes before being harvested for protein. Protein levels of STAT3 and 

phosphorylated STAT3 at TYR705 (SER727 and TYR705) were measured by 

Western blot. The level of phosphorylated STAT3 (pSTAT3) is compared to the 

total amount of unphosphorylated STAT3 (STAT3). B) Fold change of pSTAT3 

(TYR705) in IL-10 treated relative to untreated enteroids was quantified using 

Image Lab. (n = 3) (one way ANOVA followed by Tukey's post hoc test). 
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3.13. IL-10 signaling pathway in monolayers 

Previous immunofluorescent findings indicated that the IL-10 receptor is 

present apically on cells in the enteroids; there is reason to believe that apical 

receptors may signal differently than basal receptors. Enteroids growing 3-

dimensional in extracellular matrix have restricted access to the apical side of the 

epithelium. To administer IL-10 apically, enteroids were dissociated into a cell 

suspension and seeded onto Transwell™ insert, where the cells established a 

monolayer (Figure 16A). Enteroid monolayers contain proliferative cells, as well 

as differentiated specialized cell types (Thorne et al., 2018). Judging by the 

number of KI67-positive cells, it can be seen that the longer the confluent 

monolayer is maintained on Transwell™, the less proliferative cells there are 

(Figure 16B). To match day 4 enteroids regarding the relative abundance of 

proliferative cells (as seen previously in Figure 4B), monolayers were collected 

for protein lysates as soon as the culture reached confluency to maintain a highly 

proliferative cell population (Altay et al., 2019). To evaluate the role of epithelial 

polarity in STAT3 activation by IL-10, IL-10 was administered to either the apical 

or the basal side of the monolayer. Western blot results showed noticeable 

STAT3 phosphorylation (Tyr705) by IL-10 in WT monolayer, with the apically-

treated monolayer being more distinct than the basally-treated one. Yet in KO 

monolayer, STAT3 phosphorylation (Tyr705) by IL-10 was only observed in 

basally-treated monolayer. This observation suggests that there is a distinct role 

for apical IL-10 receptor in WT epithelium. In contrast, KO epithelium is less 

responsive to apically-administrated IL-10, at least through STAT3 activation. 
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Figure 17. Western blot of pSTAT3 following apical vs basal IL-10 

stimulation 

A) To establish 2D monolayer from 3D enteroids, enteroids were dissociated into 

a suspension of single cells and fine crypt fragments, which were subsequently 

seeded onto Transwell™ insert. The epithelial cells expand until reaching 

confluency within the insert and polarize, with apical access being on the insert 

(top well) and basal access being on the bottom well (Created with 

Biorender.com). B) 2D monolayers were maintained on Transwell™ for different 

amount of time. Day 4 and day 20 monolayers were stained from KI67 and 

occluding, and counterstained for nuclei with DAPI. Images were taken by 

confocal microscope (LSM 710)(Scale bar = 20 μm). C) For Western blot analysis 

of 2D monolayers, all monolayers were pre-treated with a phosphatase inhibitor 

cocktail for 20 minutes. WT and IL-10KO (or KO) monolayers were treated with 

100 ng/ml IL-10 for 20 minutes, either through the apical side (top well) or basal 

side (bottom well) before being harvested for protein. Protein levels of STAT3 

and phosphorylated STAT3 at TYR705 (SER727 and TYR705) were measured 

and compared to the total amount of unphosphorylated STAT3. D) Fold change 

of pSTAT3 (TYR705) in IL-10 treated monolayers relative to untreated 

monolayers was quantified using Image Lab (n = 3) (** p < 0.01, two-way 

ANOVA followed by Sidak’s post hoc test). 
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3.14. Reduction of secretory markers in IFN-γ treated enteroids 

 Up to this point, the experimental design has focused the potential role of 

epithelial IL-10 in the homeostatic epithelium. We were also interested in seeing 

the impact of IL-10 when the cells are challenged by pro-inflammatory signals. 

Among the proinflammatory cytokines reported in the intestines, IFN-γ is a 

common signature of small bowel inflammation (Fuss et al., 1997; Strober et al., 

2013). Additionally, published in vitro experiments consistently demonstrate an 

adverse effect of IFN-γ on epithelial barrier integrity (Smyth et al., 2011). Also, 

IFN-γ was shown to increase the expression of apical IL-10 receptors on 

(Kominsky et al., 2014). Therefore, IFN-γ became the “antagonist” of interest to 

challenge IEC, as we investigated epithelial IL-10 function during model 

inflammation. Here, enteroids were treated with IFN-γ 24 hours prior to RNA 

extraction. It was morphologically shown that IFN-γ induced considerable 

apoptosis, observed as a dark lumen due to an accumulation of dead cells, and 

blurry luminal edges due to disruption of the barrier integrity (Figure 18A). Cell 

markers for Paneth cells and goblet cells were examined for transcript levels in 

WT and IL-10KO enteroids on day 7 (levels observed to be similar in Figure 

12). In WT enteroids, IFN-γ treatment led to reduced secretory cell markers. 

Interestingly, although IL-10KO enteroids also had reduced levels of LYZ1 and 

MUC2, the level of DEFA5 remained unchanged in WT, and IFN-γ treated IL-

10KO enteroids had significantly higher level of DEFA5 than IFN-γ treated WT 

enteroids (Figure 18B). These data suggest that upon barrier disruption with IFN-

γ, epithelial IL-10 might play a role in regulating DEFA5 expression. 
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Figure 18. Impact of IFN-γ on WT and IL-10KO enteroids. 

A) IL-10 KO enteroids were treated with 10 ng/ml of IFN-γ on day 5 of culture, for 

24 hours. Representative images were taken before and after treatment with IFN-

γ using the EVOS FL Imaging System (Scale bar = 200 μm). B) IL-10 KO 

enteroids were treated with 10 ng/ml of IFN-γ on day 5 in culture, for 24 hours. 

On day 6 of culture, untreated enteroids, and IFN-γ treated enteroids were 

collected for total RNA. mRNA levels for TBP (reference gene), LYZ, DEFA5 and 

MUC2 were measured by qPCR (n = 6). Results were displayed as mean ± 

standard deviation (** p < 0.01, ns – not significant, one-way ANOVA followed by 

Tukey's post hoc test). 

  



 75 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
  

B 

WT KO 

Untreated 

IFN-γ  

treated 

A 



 76 

3.15. Mining of publicly available RNA-sequencing data from mouse IECs 

 Publicly available sequence data set can provide some clues into cell-

specific products. Mining single-cell RNA sequencing (scRNA-seq) data of 

freshly isolated murine small intestinal epithelial cells revealed the IL-10 signal 

was associated with some tuft cells and transit-amplifying cells (GSE92332). The 

IL-10 signal also associated with goblet stem cells upon Salmonella infection. 

One study of bulk and sc-RNA-seq data derived from mouse enteroids failed to 

detect IL-10 transcripts (GSE115955, GSE100274). Another scRNA-seq report 

using enteroids showed rare counts of IL-10 transcripts associated with early 

enterocyte progenitors, enteroendocrine and M cell (GSE92332). Regarding IL-

10RA, the signal was found to be strongest in Paneth cells in one study 

(GSE113536), yet in another, the signal is attributed to transit-amplifying cells 

(GSE92332). 

 Paneth cells are easily under-presented in single-cell studies of the 

epithelium (Haber et al., 2017) and considering my principal finding that Paneth 

cells are a source of IL-10, I specifically probed Paneth cell scRNA-seq data. 

RNA sequencing of freshly isolated Paneth cells from murine small intestine 

(GSE117216) showed low-abundant but detectable counts of IL-10 transcripts. 

Additionally, scRNA-seq data of Paneth cell maturation traced from early 

progenitor LGR5+ cells (GSE76408) also revealed rare but detectable levels of 

IL-10 transcripts.  
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CHAPTER 4: DISCUSSION 

4.1. Summary of expression and function of epithelial IL-10 and IL-10RA in 

enteroids 

 Enteroid cultures offer a unique opportunity to study intestinal epithelial 

cells in the absence of factors from non-epithelial cell types. Presumably any 

signal detected among the cells within enteroids is “hard-wired”, the cells express 

the molecule without exogenous stimuli. In this study, IL-10 was shown to be 

expressed near the apical membrane of Paneth cells, which speaks to the 

likelihood of IL-10 being secreted apically. The presence of IL-10RA on the apical 

side of Paneth cells, along with the co-staining of IL-10 and IL-10RA, provide 

evidence that IL-10 can act in an autocrine manner on Paneth cells.  

 Paneth cells in IL-10KO enteroids demonstrate deficiencies in secreted 

products, implying that epithelial IL-10 has a functional role in WT enteroid 

Paneth cell development. Upon exposure to IFN-γ, DEFA5, another Paneth cell 

marker, was significantly higher in IL-10KO compared to WT enteroids, further 

suggesting a role for epithelial IL-10 possibly including during inflammation.  

 In addition to the apical expression and not surprising, IL-10RA was also 

detected on the basal side of crypt base and goblet cells, which indicates that 

cells within the intestinal epithelium are equipped with receptors to respond to IL-

10 from cellular sources in the lamina propria. Lastly, IL-10 receptor signaling 

through STAT3 was impaired in IL-10KO compared to WT cells within enteroids, 

suggesting an aberrant pattern of receptor regulation in IL-10KO cells. Thus, 

epithelial IL-10 influences the STAT3 signaling pathway with the epithelium. 
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Interestingly, STAT3 signaling was more potent through stimulation of the apical 

receptors, which suggests the cell response of IEC toward IL-10 depends on the 

side to which the ligand is delivered. The sum of these findings suggests there is 

a unique role for epithelial IL-10 in epithelial homeostasis, acting primarily if not 

exclusively apically, compared to other possible IL-10 sources which act upon 

the epithelium basally. 
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Figure 19. Impacts of IL-10 on WT and IL-10KO enteroids 

This study demonstrated the likelihood of IL-10 autocrine activity in Paneth cells 

and how it impacts Paneth cell development. Additionally, this study speaks to 

the unique role of apical epithelial-derived IL-10, which is non-redundant to 

exogenous IL-10 (created with Biorender.com). 
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4.2. Heterogeneity in enteroid culture  

4.2.1. Potential impact of heterogeneity of enteroid culture on 

characterization of constitutive expression 

 Over the 7-days of enteroid cultures, IL-10 and IL-10RA mRNA was 

always detectable by RT-qPCR, suggesting constitutive expression of these two 

targets in the epithelium. It remains a possibility that this consecutive expression 

is limited to a particular stage of enteroid development. At every day there is 

heterogeneity in terms of development among enteroids within the same matrix 

dome due to the spatiotemporal gradient and instability of certain growth factors 

(Shin et al., 2020). As a result, since enteroids from multiple domes were pooled 

together for RNA isolation, the RNA pool represents a mixture of IL-10-positive 

enteroids and possibly IL-10-negative enteroids. This study was limited to 

examining mainly “mature” budded enteroids for the cellular sources of IL-10 and 

the receptor. In order to confirm the true constitutive nature of IL-10 and IL-10RA 

cellular production, future experiments may choose to longitudinally trace IL-10 

and the IL-10 receptor on IEC at single-cell level through enteroid development.  

4.2.2. Potential impact of enteroid heterogeneity on characterization 

of enteroid permeability 

 It has been reported that the epithelium of IL-10KO mice is more 

permeable than the epithelium of WT mice (Shi et al., 2014). Despite this 

precedent, no significant difference in permeability was observed in the present 

experiments comparing IL-10KO versus WT enteroids. However, the permeability 

assay has several limitations which can confound the observed outcome. 
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Specifically, the FITC-dextran marker was added to PBS, replacing the medium 

bathing the enteroid matrix “dome”, creating a gradient of diffusion across and 

into the enteroids. The alternative is to administer the FITC-dextran into the 

lumen of the enteroids, which is very challenging. Consequently, at the single-

enteroid level, it was observed that despite coming from the same Cultrex® 

dome, enteroids with different morphologies varied in the amount of FITC-

dextran that diffused into the lumen. Future experiments could use enteroid 

monolayers in the FITC-diffusion assay or TEER measurements, as this model 

might offer a more homogenous representative of the epithelium and facilitate 

more accurate measurement and quantification. The results of the FITC-dextran 

experiment were inconclusive. 

4.3. Paneth cells express IL-10 and IL-10R and the likelihood of autocrine 

activity  

 In this study, Paneth cells were observed to be the IL-10-positive cell 

though not all Paneth cells in a single crypt were positive. Thus, constitutive 

expression of IL-10 corresponds with the continuous presence of Paneth cells 

during the course of enteroid culture, beginning with fresh crypts. Paneth cells 

are also long-lived one (>30 days in vivo) and go through extensive development 

stages before reaching maturation and termination (Lueschow & McElroy, 2020). 

Whether IL-10 production was constitutive throughout the entire course of Paneth 

cell development or limited to a specific development stage cannot be concluded 

with the data available.  
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RT-qPCR showed that levels of IL-10RA remained statistically unchanged 

throughout the course of enteroid culture. Yet, with such significant standard 

deviation on day 2 measurements (Figure 6), the presence of IL-10RA in early-

stage enteroids is questionable. In a future experiment, in situ hybridization could 

be used as an alternative method to simultaneously confirm IL-10 or IL-10RA 

transcript expression and co-localization of cell markers. Levels of enteroid IL-10 

transcripts peaked on day 4 of culture, when the majority of enteroids go through 

the “budding” event, signifying the transition from proliferative stage to 

differentiative stage. Reasonably, it can be speculated that epithelial IL-10 might 

be involved in the downstream pathway of cellular differentiation. Nevertheless, 

the differences in IL-10 expression throughout the course of enteroid culture can 

be explained in various ways. IL-10-positive Paneth cells may multiply with day 4 

budding events and the emergence of new crypts. Following Paneth cell 

emergence, other cell types rapidly arise which dilutes the relative abundance of 

IL-10 transcripts, resulting in an apparent decrease on day 6. Alternatively, there 

exists a temporary phase of Paneth cell development linked to day 4 during 

which Paneth cells produce substantially more IL-10. It is also possible that a 

combination of these events occur. Future studies will require the development 

of a fluorescent reporter system to study the dynamic of IL-10 in Paneth cells in 

real time. Paneth cells have been reported to be deeply impacted by epithelial 

extrinsic factors, especially the commensal microbes, which has been shown to 

significantly induce Paneth cell numbers and immune-competent functions 

(Schoenborn et al., 2019; Walker et al., 2013). 
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Although the production of antimicrobial proteins are typical signatures of Paneth 

cells, studies have shown that there are subtypes within the Paneth cell 

population, and that not all Paneth cells express the same level and the same 

composition of secreted products (Haber et al., 2017; Heida et al., 2016). Such 

heterogeneity within the Paneth cell population supports the finding that not all 

Paneth cells are positive for IL-10. It is noteworthy that the enteroid cultures were 

established from crypts isolated from jejunum and ileum. Significant regional 

variation in Paneth cell subset distribution has been demonstrated in murine 

small intestinal epithelium (Haber et al., 2017). Therefore, we have reasons to 

suspect that IL-10-positive Paneth cells in our enteroid cultures represent a 

subpopulation, possibly from a particular region of the intestine. Moreover, 

studies have shown that Paneth cells and goblet cells do not fully diverge in WT 

organoids (Biton et al., 2018). In WT murine adult epithelium, intermediate cells 

that express the markers for both goblet and Paneth cells are rare, at a ratio of 1 

cell for every 10 crypts (Berkowitz et al., 2019). Such scarcity implies that the 

intermediate cell is a temporary and very brief phase. It is not clear how well cells 

in enteroid cultures recapitulate this development and maturation; for example, a 

brief stage in vivo may be prolonged ex vivo due to a lack of exogenous signals. 

The true source of IL-10 in enteroids might not be a fully mature Paneth cell but 

rather the common progenitor of Paneth cells and goblet cells. If that is the case, 

a question arises over whether Paneth cells continue to make IL-10 beyond the 

developmental window observed in enteroids, or possibly whether other cell 

type(s) emerge to become IL-10-producing cells. The only in vivo study to assign 
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IL-10 production to an epithelial cell type is a single-cell sequencing survey of 

freshly isolated murine epithelium. Our analyses of these authors’ data revealed 

very rare IL-10 signals associated with tuft cells (Haber et al., 2017). However, 

because the objective of this RNA-seq study did not prioritize low abundant 

transcripts, the expression threshold possibly resulted in several other IL-10-

positive IEC appearing negative (Haber et al., 2017). In our enteroid 

immunofluorescent staining, DCLK-positive tuft cells did not co-localize with IL-

10.  Perhaps extrinsic factors are required to induce IL-10 production in tuft cells. 

We conclude from our enteroid-derived data that IL-10 production is an intrinsic 

feature of cells clearly on the Paneth cell lineage. 

4.3.1. Role of epithelial IL-10 in Paneth cell development 

 In addition to producing IL-10, Paneth cells were shown to express the IL-

10 receptor, implying that IL-10 can affect the cell. This hypothesis was 

confirmed by comparing WT and IL-10KO enteroid Paneth cell secretory markers 

and observing deficiencies in day 5 IL-10KO enteroids. Interestingly, this 

difference was not evident in day 7 enteroids. The latter finding suggests that 

such deficiencies would not be evident in vivo. Interestingly, this does not seem 

to be the case, for example, although lysozyme mRNA levels were similar 

between WT and IL-10KO small intestinal epithelium, cells in the IL-1KO 

reportedly had aberrant lysozyme packing in granules, and significantly lower 

cryptdin mRNAs and protein levels, findings were observed prior to onset of 

symptomatic inflammation (Berkowitz et al., 2019; Inaba et al., 2010). Still, the IL-

10KO mouse experiences alterations in basal cytokine levels prior to developing 
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inflammation; therefore, it is difficult to rule-out indirect effects of cells in the 

lamina propria impacting the epithelium in vivo. 

 Finally, there is a possibility that the outcomes observed in day 7 enteroids 

are an artifact due to the peculiar conditions that enteroids are exposed to. For 

example, enteroids have an enclosed lumen and endure an irreversible increase 

of intraluminal pressure due to the accumulation of apoptotic bodies. Such 

mechanical tension has been shown to directly affect the cellular dynamics and 

can confound the results (Gayer & Basson, 2009).  

 The Paneth cell marker deficiencies were detected on day 5 in IL-10KO 

enteroids, how is this transient deficiency explained? Epithelial IL-10 may affect 

the transition from intermediate cells to fully mature secretory cells. In line with 

this argument, researchers have shown that intermediate cells co-expressing 

both Paneth and goblet cell markers are 3 times more abundant in IL-10KO mice 

than in WT mice, suggesting that IL-10 is required for the complete maturation of 

specialized secretory cells (Berkowitz et al., 2019). Yet, it can also be an 

indication of proliferation-versus-differentiation imbalance. IL-10KO IECs are 

hyperproliferative and produce unregulated amount of new undifferentiated cells 

before the old ones can reach complete differentiation. Interesting, this scenario 

is supported by both in vivo and ex vivo studies. IL-10KO mice are reported to 

have more proliferative cells per crypts and addition of IL-10 to enteroids reduced 

proliferation while increasing differentiation simultaneously (Deng et al., 2020; 

Xue et al., 2016). Another, and not necessarily independent hypothesis proposes 

that epithelial IL-10 affects the production of antimicrobial products. If the 
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numbers of Paneth cells are the same between IL-1KO and WT crypts, the 

amounts of antimicrobial products may be different. In this case, IL-10 will affect 

the immune-competent function of Paneth cells and not the number of cells. 

Although Paneth cell numbers are reported to be equal or slightly less in IL-10KO 

compared to WT crypts, expression of cryptdins is consistently shown to be 

significantly lower in IL-10KO (Berkowitz et al., 2019; Inaba et al., 2010; Xue et 

al., 2016). Therefore, we have reason to believe that IL-10 can have an influence 

on antimicrobial peptide output. Whether this influence can be attributed to all 

exogenous sources of IL-10 or exclusive to epithelial IL-10, can be elucidated in 

future studies by comparing the ratio of antimicrobial peptide level over Paneth 

cell number. 

4.3.2. Role of epithelial IL-10 in Paneth cells following IFN-γ 

exposure 

 The absence of IL-10 might weaken the barrier integrity of the intestinal 

epithelium but in the absence of microbes it is not enough to tip the scale of 

homeostasis and trigger inflammation. Conventionally-raised IL-10KO mice 

develop colitis but germ-free IL-10KO mice do not (Sellon et al., 1998). Once 

inflammation is triggered, the compromised IL-10KO epithelium and intestine 

experiences severe symptoms and more difficulty recovering (Zhou et al., 2004). 

This speaks to IL-10 critically and favorably influencing epithelial integrity in the 

presence of gut microbes, whether directly or indirectly.  

 An important mediator that emerges in the absence of IL-10 is IFN-γ and 

this is the most commonly implicated and impactful cytokine during gut 
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inflammation (Fuss et al., 1997; Ito et al., 2006). With the objective of exploring 

the role of epithelial IL-10 in an inflammatory setting, enteroids were exposed to 

IFN-γ. Notably, IFN-γ is not limited to inflammation as it can also play a 

regulatory role during homeostasis. Specifically, steady-state microbiota-driven 

IFN-γ mediates Paneth cell autophagy, an essential cellular process required for 

homeostasis (Burger et al., 2018). 

 In this study, it was observed that secretory marker mRNAs examined 

such as LYZ1 and MUC2 were decreased following overnight stimulation with 

IFN-γ. The reduction in Paneth cell marker transcripts (LYZ) is in agreement with 

the findings by Eriguchi et al. who also treated enteroids with IFN-γ (Eriguchi et 

al., 2018). These authors showed that IFN-γ promoted Paneth cell degranulation, 

extrusion and apoptosis, which might explain the decrease in Paneth cell 

markers. Since the observations were made in enteroids, the outcomes are direct 

responses of IEC to IFN-γ (Farin et al., 2014). Mucus extrusion in goblet cells 

was also induced by IFN-γ, although the downregulating effect of IFN-γ on MUC2 

transcript is more modest (Eriguchi et al., 2018; Farin et al., 2014).   

 While we registered an effect of IFN-γ on WT enteroids, there also was a 

difference between WT and IL-10KO enteroids following IFN-γ stimulation in 

DEFA5 transcript abundance. Opposite to what was observed in steady-state 

enteroids on day 5, IFN-γ treated IL-10KO enteroids expressed higher mRNA 

levels of DEFA5 than IFN-γ treated WT enteroids. There are at least two 

scenarios that may apply to explain these findings. First, if protein levels 

correspond with mRNA levels, the data imply that IL-10KO enteroids produce 
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more cryptdin-5 than WT enteroids following treatment with IFN-γ. Interestingly, 

opposite to the outcomes observed in IFN-γ overnight treatment (Eriguchi et al., 

2018; Farin et al., 2014), a 3-hour IFN-γ treatment was shown to induce 

expression of DEFA5 in enteroids (Yue et al., 2021). Thus, in WT enteroids, it is 

speculated that although short-exposure to IFN-γ temporarily increases DEFA5 

expression, a long exposure results in decreased DEFA5 expression due to 

Paneth cell autophagy and extrusion. Yet, in IL-10KO enteroids, DEFA5 

expression remained elevated after a long-exposure to IFN-γ, inferring that 

perhaps “normal” Paneth cell responses to IFN-γ such as autophagy and/or 

extrusion are dysregulated in IL-10KO enteroids. In a second scenario, mRNA 

levels of DEFA5 do not parallel the quantity of DEFA5 protein, given that murine 

cryptdin-5 (or human α-defensin-5) requires post-translational modifications prior 

to achieving an active form (Ghosh et al., 2002; Wilson et al., 1999). An example 

of where this may apply is in necrotizing enterocolitis (NEC). In NEC, DEFA5 

mRNA levels are 2-3 times greater compared to non-NEC infants, yet the protein 

levels were similar. The authors inferred that Paneth cell homeostasis was 

disrupted which resulted in hypersecretion of immature α-defensin-5 resulting in 

low level of α-defensin-5 remaining intracellular. Interestingly, this dissociation 

between mRNA and protein levels of DEFA5 was only observed in NEC, as 

DEFA5 mRNA levels corresponded with protein levels in the healthy gut 

(Salzman et al., 1998). Future studies can confirm DEFA5 changes along with 

other Paneth cell secretory products proteins in WT versus IL-10KO enteroids 

due to IFN-γ; for example, metalloproteinase-7, the enzyme responsible for 
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processing cryptdin maturation ought to be examined (Vandenbroucke et al., 

2014). 

 Cryptdin-5/α-defensin-5 has been shown to play beneficial roles in 

shaping the microbiota landscape and enteric mucosal immunity (Salzman et al., 

2003); however, this potent cytotoxic peptide can be a double-edged sword in 

certain settings. At high concentrations, α-defensin-5 can induce apoptosis, actin 

disruption and upregulation of CXCL8 - a neutrophil chemokine (shown in Caco-2 

cells) (de Leeuw et al., 2007; Lu & de Leeuw, 2013). Additionally, a short 

exposure to a high concentration of α-defensin-5 induced CD4+ T cell production 

of IL-2, CXCL8 and IFN-γ, while prolonged exposure to low dose α-defensin-5 

induced apoptosis in CD4+ T cells (Lu & de Leeuw, 2013). It is important that 

future experiments not only measure the level of DEFA5, but also demonstrate 

the consequences on the integrity of the epithelium. Additionally, as IL-10 has 

been consistently shown to directly act on epithelial wound healing  (Lorén et al., 

2015; Quiros et al., 2017), it would be interesting to compare WT versus IL-10KO 

enteroid phenotypes following IFN-γ withdrawal. Lastly, despite receiving the 

most attention from researchers, DEFA5 is not the most highly expressed α-

defensin in murine small intestines. DEFA20 and DEFA24 are more abundant 

(Castillo et al., 2019); therefore, there are good reasons to investigate other 

members of α-defensin family. 

4.4. Inconsistent reports of the source of epithelial IL-10 

When exploring publicly available RNA-sequencing data from ex vivo and 

in vivo experiments, we found inconsistent reports of IL-10-positive epithelial 
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cells. The inconsistency between data sets, beside the chance of false positive 

and false negative results, might be due to the sequencing design. Specifically, it 

is noteworthy that the common aim of the mentioned studies is to present a 

global view of gene expression; therefore, the corresponding choice of read-

depth and background cutoff threshold might not be optimal for in-depth 

characterization of low-expression genes. Second, the inconsistency might be 

attributed to how each study categorizes cell types through clustering following 

optional pre-sorting with cell markers. Notably, such “black-or-white” 

categorization based on cell markers disregards an important aspect of the 

epithelium; that is, such multi-lineage population is hierarchical, and it experience 

gradients of differentiation. Additionally, all studies seem to overlook the “inter-

cluster” links, or the “branching point” where different differentiation trajectories 

take place. For example, one study has shown that mature Paneth cells can 

arise from two different trajectories: 1) through Dll1-positive common progenitor 

of Paneth and goblet cells, and 2) directly through transit-amplifying cell track 

(Grün et al., 2016). Nevertheless, despite inconsistencies between datasets in 

terms of IL-10–positive cell types, it is confirmed that the endogenous production 

of IL-10 can be found in Paneth cells, but not necessarily exclusive to this cell 

type.  

4.5. Basal IL-10 receptors are expressed on IEC types other than Paneth 

cells 

 Multiple studies report consequences of IL-10 upon intestinal carcinoma 

cell lines, so it is not surprising that cells within the epithelium express IL-10RA. 
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We detected IL-10RA on the apical membrane of Paneth cells and on the basal 

side of goblet cells and other cells in the crypt base. These findings are 

compatible with others’ studies showing IL-10 influences stem cells, Paneth cells 

and goblet cells. In terms of stem cells, different studies showed contrasting 

outcomes when adding IL-10 to enteroids. Murine WT enteroids derived from 

whole small intestine and treated with 5 ng/ml IL-10 for 5 days showed inhibition 

of stem cell expansion, yet the opposite outcome was reported in murine WT 

enteroids derived from ileum and treated with 10 ng/ml for 3 days (Biton et al., 

2018; Deng et al., 2020). These conflicting outcomes might be due to the 

discrepancies in dose, exposure length, intestinal section where the crypts were 

isolated, as well as the timing relative to stem cell marker measurements. Our 

finding that IL-10KO enteroids grew and “budded” similar to WT enteroids, would 

lead us to conclude that IL-10 does not significantly influence stem cells. 

 Apart from Paneth cells, using immunofluorescent staining, goblet cells 

were observed to possess basal IL-10RA. Multiple studies have indicated IL-10 

influences goblet cell phenotype. Although the epithelium of IL-10KO mice are 

more proliferative, they have fewer goblet cells and impaired secretion of mucin-2 

(Schwerbrock et al., 2004; Xue et al., 2016). Additionally, it was reported in 

rhesus macaque explants that neutralization of IL-10 resulted in cytoplasmic 

vacuolar degeneration in goblet cells (Pan et al., 2013). It is worth pointing out 

that these outcomes can be due to either the direct effect of IL-10 or the indirect 

effect from the emergence of other mediators caused by the lack of IL-10. That 

there is a direct effect of IL-10 upon goblet cells is supported by evidence that 
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mucin-2 protein misfolding and endoplasmic reticulum stress was resolved by 

adding IL-10, although that study was conducted using a cell line (Hasnain et al., 

2013). While basal IL-10RA was linked to goblet cells, no particular deficiency 

was identified, and the number of goblet cells was not reduced in IL-10KO 

enteroids. 

Considering the impact of IL-10 in homeostasis, our observations of cells 

bearing IL-10RA seems relatively conservative. It is likely the case that enteroids 

fail to express IL-10RA in a pattern resembling in vivo expression due to the lack 

of exogenous stimuli. One example is that epithelial IL-10 receptors can be 

induced by a variety of microbial metabolites (Alexeev et al., 2018; Kominsky et 

al., 2014; Lanis et al., 2017; Zheng et al., 2017).  

4.6. IL-10R signaling in IEC 

 The principal signaling pathway of IL-10 through the IL-10R is mainly 

through STAT3 phosphorylation, but infrequently also STAT1 and STAT5 

phosphorylation (Shouval et al., 2014; Weber-Nordtt et al., 1996). STAT3 

signaling plays an important regulatory role in the intestinal epithelium, as IEC-

specific knockout of STAT3 has been shown to disrupt IEC in enteroids, and 

aggravate DSS-induced colitis in mice (Jung et al., 2019; Willson et al., 2013). IL-

10 can trigger phosphorylation of STAT3 at both serine (SER727) and tyrosine 

(TYR705) positions. While phospho-TYR705 stabilizes the STAT3 dimer and 

facilitates translocation of the dimer to the nucleus to activate transcription of 

target genes, phospho-SER727 was reported to regulate the longevity of STAT3 

activation through tyrosine-dephosphorylation (Wakahara et al., 2012; Yang et 
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al., 2019). Presumably, both phosphorylation events are important in a robust 

STAT3 response. 

 Interestingly, cells within both WT and IL-10KO enteroids possess 

constitutive levels of pSTAT3, yet IL-10KO enteroids seem to have a higher level 

of constitutive phospho-SER727. In terms of IL-10 stimulation, a faint increase in 

the signal for STAT3 phosphorylation was detected upon IL-10 basal 

administration to WT enteroids; however, in IL-10-stimulated IL-10KO enteroids, 

phospho-STAT3 levels (SER727 and TYR705) were lower than the constitutive 

levels in untreated IL-10KO enteroids. These observations may be explained by 

the constitutive expression of IL-10 being coupled with the expression of 

functional IL-10 receptors in WT, providing a basal level of IL-10R activation. 

Secondly, in IL-10KO enteroids, exogenous IL-10 possibly activates a different 

STAT molecule or even inhibits signal transduction through STAT3. The idea of a  

switch in STAT usage from STAT3 to STAT1 was reported in IL-10-treated 

macrophages after pre-exposure with IFN-γ (Herrero et al., 2003). Thirdly, given 

that IEC can produce cytokines other than IL-10 that can activate STAT3, such 

as IL-6 and IL-15 (Mizoguchi, 2012; Stadnyk, 2002), IL-10KO enteroids might 

have increased levels of these mediators driving the STAT switch. One of the 

important model improvements enteroids offer is that the cells are polarized, and 

we found IL-10R on both side of Paneth cells and basal receptors on other cell 

types. This introduces the interesting prospect that activation of receptors on one 

side may trigger a transcriptional program different than activation on the 

opposite side of the cell. One challenge to testing this idea is getting any agonist 
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into the lumen of enteroids. Thus, to further explore the signaling pathway of IL-

10 in the polarized IECs, a 2D enteroid monolayer system was established from 

enteroids. 

 Strikingly, WT enteroid monolayers responded with a more robust 

phospho-TYR705 signal when stimulated with IL-10 administered apically 

compared to basally. Unless this is simply due to the number of receptors in each 

membrane, this result confirms our speculation that apical and basal IL-10R 

exerts different responses upon stimulation with IL-10. This observation is 

reinforced by a study reporting that upregulation of epithelial apical IL-10 

receptors corresponds with increased phosphorylation of STAT3 following IL-10 

stimulation (Kominsky et al., 2014). We also observed that STAT3 in IL-10KO 

monolayers was less robustly activated with apical IL-10, compared to apically-

IL-10-stimulated WT monolayer. This observation implies that epithelial IL-10 

influences STAT3-dependent signaling pathway through the apical IL-10 

receptor. Importantly, given that IL-10 secreted by cells in the lamina propria, 

even by IELs, is unlikely to be available to apical receptors on IEC, our evidence 

suggests that the stimulation of apical IL-10 receptor by epithelial IL-10 is non-

redundant to exogenous IL-10. 
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CHAPTER 5: CONCLUSION 

 Being the master regulator of gut homeostasis, IL-10 has been regularly 

shown to play critical roles in mucosal immunity and the epithelial barrier. In this 

study, we build on the evidence having demonstrated that constitutive epithelial 

IL-10 secretion likely acts in an autocrine fashion on Paneth cells and supports 

Paneth cell development. Importantly, we have shown that the role of apically-

secreted epithelial-derived IL-10 is likely to be distinct from basally-available 

exogenous IL-10. This concept is supported by the fact that IL-10KO Paneth cells 

are deficient in some mediators and that the deficiency is not reversed by the 

addition of IL-10 to the basal side of the cells. Considering this unique role of 

epithelial IL-10 in the development and maintenance of the intestinal epithelium, 

it is paramount to confirm this finding in vivo and understand the significance of 

this IL-10 source in the context of homeostasis in health or disease.   
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