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Abstract 

Intestinal epithelial cell (IEC) responses to interferon (IFN) favor antiviral defense 

with minimal cytotoxicity, but IEC-specific factors that regulate these responses remain 

poorly understood. Interferon regulatory factors (IRFs) are a family of nine related 

transcription factors, and IRF6 is preferentially expressed by epithelial cells, but its roles 

in IEC immunity are unknown. In this study, Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR) screens found that Irf6 deficiency enhanced IFN-

stimulated antiviral responses in transformed mouse IECs but not macrophages. 

Furthermore, knockout (KO) of Irf6 in IEC organoids resulted in profound changes to 

homeostasis and immunity gene expression. Irf6 KO organoids grew more slowly, and 

single-cell ribonucleic acid sequencing indicated reduced expression of genes in 

epithelial differentiation and immunity pathways. IFN-stimulated gene expression was 

also significantly different in Irf6 KO organoids, with increased expression of stress and 

apoptosis-associated genes. Functionally, the transcriptional changes in Irf6 KO 

organoids were associated with increased cytotoxicity upon IFN treatment or 

inflammasome activation. These data indicate a previously unappreciated role for IRF6 in 

IEC biology, including regulation of epithelial development and moderation of innate 

immune responses to minimize cytotoxicity and maintain barrier function.
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Chapter 1: Introduction  
Barrier Immunity 

Physical and Chemical Barrier  

The vertebrate innate immune system is comprised of several specialized cells 

and signaling molecules that detect and respond to pathogens in an immediate manner. 

The foundation of the innate immune system is the epithelial barrier separating the 

outside world from the inside organism and consists of a chemical, physical, and 

immunological barrier (Fig 1.1). At a macro level, the barrier defining the beginning and 

end of an organism seems obvious, but when we zoom in there is a complex system that 

has evolved to maintain this separation and ward of the constant barrage of physical 

damage, toxins, chemicals, and pathogens. Epithelial cells are burdened with the task of 

maintaining the physical barrier. To help prevent the colonization of invading pathogens 

and recover from damage, epithelial cells are constantly being sloughed off and 

replenished. Epithelial cells also play central roles in generating antimicrobial chemicals 

and cultivating commensal microbes.  

The skin is a large barrier that utilizes keratinized cells to provide a dry tough 

environment that is not well suited for microbial colonization. Skin cells known as 

keratinocytes go through a differentiation process starting from a progenitor stem cell 

and ending in a dehydrated keratinized dead cell that eventually falls off the organism 

resulting in a dry hard surface that is difficult for microbes to penetrate. Terminally 
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differentiated keratinocytes known as corneocytes primarily act as the barrier stacked 

together in a “brick and mortar” fashion with lipids interspersed between them 

functioning as the “mortar” [1]. There are several antimicrobial proteins (AMPs) such as 

defensins and cathelicidins found on the skin which provide defense against pathogens 

and modulate the immune response [2]. Interestingly, the skin has an acidic pH of about 

5.5 as a result of lactic acid in the sweat and urocanic acid produced by a histidine 

ammonia-lyase in corneocytes [3]. The epidermal barrier is so effective as a barrier that 

the most likely route of infection in the skin would be through penetration. 

Mucus membranes are the other types of physical barriers that are required to 

defend against the outside world and are found in the digestive, respiratory, and 

reproductive systems, as well as sensory organs. Unlike the skin, mucus membranes are 

moist and soft, which allows for lubrication, nutrient absorption, gas exchange, transport 

and prevents dehydration of the epithelial cells that line the mucus membranes. Fluid 

flow and transport are also important functions of mucus membranes. For example, 

ciliated epithelium beat in a coordinated and polarized manner to generate fluid flow in 

the respiratory tract to help mucus flow over the surface, the ependyma facilitate the 

flow of spinal fluid in the brain ventricles, and the ovum is transported by ciliated 

epithelium in the oviduct as well. Instead of maintaining a constant supply of dry 

hardened cells, the mucus membrane produces mucus to retain moisture and provide a 

chemical barrier that is difficult for microbes to cross. Mucus also protects the epithelial 

cells from harmful substances like stomach acid and urine. The mucus layer is a 
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viscoelastic secretion comprised of glycoproteins, globulins, electrolytes, and lipids [4]. 

[5] 

Mucin is the primary functional component of mucus. Mammals have 22 

different mucins, and they can be classified broadly by either membrane bound or 

secreted. Mucins are highly glycosylated proteins and can be produced in monomers, 

dimers, and multimers to provide complex chemical structures that are difficult for 

invading pathogens to navigate. Apart from the gel like state of mucus, many 

antimicrobial proteins are important contributors to the effectiveness of mucus to 

provide protection to mucus membranes. The major defensive proteins found in the 

mucus are antimicrobial proteins (AMPs), enzymes, chelators, immunoglobulins, 

protease inhibitors, cytokines, and growth factors (Figure 1.1). Defensins are type of 

innate AMPs found in mucus that have been shown to disrupt the membrane of 

bacteria, inhibit cell wall synthesis, neutralize secreted bacterial toxins, disrupt viral 

entry, or inhibit viral uncoating after entry [6], [7], [8], [9], [10], [11].  

Cathelicidins are another major class of proteins known to have antimicrobial 

properties found on both the skin and in mucus. Orthogonal cathelicidins are found in 

wide variety of vertebrates including fish, reptiles, birds, and mammals. Humans have 

one cathelicidin gene known as cathelicidin antimicrobial protein (CAMP) which gets 

cleaved into LL-37. Highly expressed in epithelial cells and immune cells, LL-37 is shown 

to generate pores in the membranes of bacteria, inhibits bacterial growth, disrupts 

biofilm formation, and neutralize viral particles through direct interaction [12], [13], [14], 

[15], [16], [17], [18]. In addition to direct inhibition of viral particle neutralization, 
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cathelicidin proteins were shown to enhance the expression of the antiviral cytokine 

interferon beta (IFN-β) by the astrocyte cell line U251 cells when they were incubated 

with either LL-37 or CRAMP (mouse cathelicidin), and the expression of (IFN-β) mRNA 

was enhanced when U251 cells were pretreated with cathelicidins before entrovirus 71 

infection [18]. During wound healing, cathelicidins and other AMPs are highly produced 

in damaged tissues along with a non-coding RNA U1. Immune tolerance to U1 RNA is 
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broken when it binds to cathelicidin and activates the production of inflammatory 

cytokines and interferons after being endocytosed through scavenger receptors [19].  

 Many different types of enzymes can be present in mucus. Digestive pancreatic 

enzymes can be found in the mucus layer in the intestine, but lysozyme (muramidase) is 

Figure 1.1 Biochemical, physical, and immunological barrier of mucus 
membranes. 

Paneth cells, intraepithelial lymphocytes, and goblet cells produce and secrete 
protective antimicrobial proteins, enzymes, and mucins that make up the 
biochemical barrier. The physical barrier provided by polarized epithelial cells is held 
together by tight junctions and that allow for the regulation of specific uptake of 
nutrient. Dendritic cells, macrophages, intraepithelial lymphocytes, and innate 
lymphoid comprise the immunological barrier along with sIgA that is translocated 
through the epithelial cells into the mucus layer. 

Adapted with permission from John Wiley and Sons: IUBMB Life Keeping bugs in 
check: The mucus layer as a critical component in maintaining intestinal 
homeostasis, Martin Faderl, Mario Noti, Nadia Corazza, Christoph Mueller, 2015. 
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the most important defensive enzyme and is a cornerstone of innate immunity (Figure 

1.1). Discovered by Alexander Fleming over 100 years ago, lysozyme was shown to be 

present in sputum, tears, and mucus and had antibacterial properties toward 

Micrococcus lysodeikticus [20]. Lysozyme causes bacterial cell lysis through hydrolysis of 

the glycosidic bond between the monomers that form the peptidoglycan layer of the cell 

wall [21]. In addition to hydrolysis, human lysozyme has a cationic nature that allows for 

pore formation of the negatively charged cell membrane of bacteria [22]. The digestion 

of bacterial walls and membranes releases bacterial products that enhance phagocytic 

activation while digestion of peptidoglycan by lysozyme has been shown to decrease 

inflammation. Lysozyme M knockout mice (Lyz2-/-) have increased bacterial burden and 

decreased survival when infected with Klebsiella pneumonia despite compensation by 

the upregulation of LysP (the lysozyme preferentially expressed by Paneth cells) [23]. To 

determine the role of LysM on inflammation apart from controlling bacterial burden, 

which is inherently inflammatory, heat killed Microcossus lutes and purified 

peptidoglycan was subcutaneously injected into Lyz2-/-and WT mice[24]. Lesions were 

larger and more prolonged in Lyz2-/-mice indicating the digestion of peptidoglycan by 

Lysozyme in the lesion was playing an important role in decreasing the inflammatory 

response in addition to its role in controlling bacterial growth [24].  

Iron is an essential nutrient that can be difficult for bacteria to acquire, and 

sequestering the available iron is one immunological strategy for inhibiting unwanted 

growth of a wide variety of pathological microorganisms[25]. Lactoferrin is an iron 

chelating protein known to have inhibitory effects on all types of microorganism 



7 
 

pathogens. Discovered through investigations into the antibacterial properties of cow’s 

milk, lactoferrin withstood heat treatment but was destroyed by trypsin digestion and 

antibacterial properties were prevented by the addition of iron Fe2+ [26]. Lactoferrin 

chelates two ferric iron (Fe3+) atoms and does not release the iron even at a low Ph. In 

addition to the chelating properties lactoferrin has been shown to inhibit viral infections 

through either direct interaction of the viral particle or by blocking the receptor proteins 

on the cell membrane [27]. Though found at all mucosal membranes, the cervico-vaginal 

fluid was found to have the highest concentration of lactoferrin, and levels fluctuate 

during the ovulatory cycles with lactoferrin levels being highest during ovulation [28], 

[29].  

The chemical barrier is a crucial component of barrier immunity. By creating an 

environment that is hostile to pathogens, the chemical barrier prevents the colonization 

and proliferation of harmful microorganisms on bodily surfaces. Substances such as 

enzymes (e.g., lysozyme), antimicrobial peptides (e.g., defensins, cathelicidins), and 

acidic secretions (e.g., stomach acid) can directly kill or inhibit the growth of microbes. 

The chemical barrier helps maintain a balance in the body's microbiota, ensuring that 

beneficial microbes thrive while keeping pathogenic ones in check. Components of the 

chemical barrier can interact with and enhance adaptive immunity; for example, 

antimicrobial peptides can serve as adjuvants, enhancing the immune response to 

antigens. In summary, the chemical barrier is essential for immediate protection against 

infections, maintaining a healthy microbiota, and supporting both innate and adaptive 
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immune responses. Its role is fundamental in preventing pathogens from establishing 

infections and in orchestrating an effective immune response when breaches occur. 

Immunological Barrier 

Apart from the chemical barrier and the physical barrier there are many tissue-

resident immune cells that survey the microbial and chemical environment directly in 

contact with each of the barrier membranes (Figure 1.1). The majority of immune cells 

reside near barrier sites spanning from innate immune cells (e.g., macrophages, 

eosinophils, dendritic cells, mast cells, and innate lymphoid cells) that directly kill 

invading pathogens to memory B and T cells that reside near sites of previous infection.  

In the event of a pathogen getting past the chemical and physical barrier, tissue 

resident immune cells are quickly activated and begin to defend the host from the 

invasion. In the epidermis, specialized dendritic cells called Langerhans cells survey 

microbial presence and determine the appropriate immune response (either tolerance 

or inflammation) [30]. In the absence of pathogens, Langerhans cells promote the 

expansion of tissue resident regulatory T (Treg) cells [31], [32]. When Langerhans cells 

become activated in the presence of pathogens, they activate the innate immune 

response. Langerhans cells are constantly sampling the environment through their 

follicular dendrites and phagocytosis, they then migrate to cutaneous lymph nodes to 

present the antigens to CD8+ and CD4+ T cells resulting in either tolerance or 

inflammation [33], [34].  
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Tissue resident immune cells monitor the mucus membrane as well. Dendritic 

cells in the gut regularly sample the microbiome by extending their dendrites between 

epithelial cells [35].  These dendritic cells express tight junction proteins that allow for 

the membrane integrity to be maintained during the sampling [35]. Dendritic cells 

migrate to peripheral lymph nodes to present antigens to T and B cells in the germinal 

center.  

Peyer’s patches (PP) are secondary lymphoid tissues found primarily along the 

small intestine. The follicular associated epithelium around PP’s contains specialized 

microfold cells (M cells) that continuously take up contents from the lumen[36]. Within 

the M cells are small pockets on the basal lateral side that typically houses a leukocyte 

and allows for DC to uptake the transcytosed antigen package (Figure 1.1)[36]. The 

antigen taken up by M cells is quickly transferred to dendritic cells and taken to the 

germinal center of the PP for antigen presentation to produce long-lived antibody 

producing plasma cells and memory B cells [36], [37], [38]. 

The antibodies produced in the PP, particularly IgA antibodies, are an essential 

part of defense in the intestine. B cells in the PP are activated after antigen presentation 

and differentiate into plasma cells that produce and secrete large amounts of IgA 

antibodies [38], [39]. While all types of antibodies can be found systemically, IgA 

antibodies are primarily utilized at barrier sites, being secreted into the mucus 

membranes and the skin through sweat glands [38], [39], [40], [41], [42]. Delivery of IgA 

to mucosal surface requires translocation through the epithelial layer. The polymetric 

immunoglobulin receptor PIgR binds to the J chain region of polymerized IgA and 
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transports it to the apical side of the epithelium [43]. Once secreted, IgA antibodies bind 

to antigens, such as bacteria, viruses, parasites, and food antigens to neutralize the 

pathogens.  

Microbiome 

The combination of the chemical, physical, and immunological barrier provides a 

strong defense against the constant barrage of environmental damage and pathogenic 

invasion, but beneficial microbes that have evolved to colonize barrier sites of organisms 

also have a barrier function. The microbiome has been shown to play an important role 

in preventing colonization by pathogens, promoting healthy development of epithelial 

cells, and maintaining the anaerobic environment in the intestinal lumen [44], [45], [46], 

[47], [48], [49], [50], [51], [52], [53]. The microbiome can differ greatly between 

individuals and can have wide variations in the same individual when sampled over time 

[54]. While there are large gaps in our knowledge of the composition of the microbiome 

and what role each organism plays in the health of the host, we know for sure that the 

healthy development of mucus membranes, skin, and the immune system requires the 

appropriate stimulation from the beneficial microbes residing within us and on our skin 

[47], [49], [50], [53]. Specialized ecological systems have evolved differently for each part 

of the body and microbes can be beneficial in one location while being problematic in a 

different location. For example, beneficial bacteria in the intestines can be severely 

damaging to other mucosal membranes. The combination of the microbiome, chemical, 
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physical, and immunological barrier allows for a strong defensive barrier to the outside 

world.   

Intestinal Epithelium 

The Gastrointestinal Tract 

Mucosal barriers are the most 

probable route of infection for all 

pathogens, and the gastrointestinal tract 

is the largest mucosal barrier. The 

digestive system is comprised of organs 

including the mouth, esophagus, stomach, 

liver, pancreas, gallbladder, small 

intestine, large intestine, and anus (Figure 

1.2). Digestion begins in the mouth. 

Chewing or masticating is an important 

part of digestion as it physically breaks 

down food and mixes saliva to form a 

bolus. Saliva has many enzymes that 

break down food including carbohydrases, 

esterases, transferring enzymes, and proteolytic enzymes [55]. The sources of these 

enzymes can be glandular, microbial, or immunological[55]. The most prominent enzyme 

in saliva is amylase which breaks down starch molecules into smaller maltose molecules 

Figure 1.2 The digestive system.  

The digestive system is comprised of several 
solid and hollow organs that break down and 
absorb food. The hollow organs that make 
up the gastrointestinal tract are the mouth, 
esophagus, stomach, small intestine, large 
intestine, and anus. The solid organs that 
make up the digestive system are the liver, 
pancreas, and gall bladder. 

Adapted with permission from National 
Institute of Diabetes and Digestive and 
Kidney Diseases. Your Digestive System & 
How it Works, 2017. 
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[56], [57].  Saliva lubricates and solubilizes food which enhances taste and lubricates the 

bolus to help the food travel down the esophagus into the stomach without causing 

damage to the mucus membrane.  

In the stomach, the bolus is mixed with gastric secretions and becomes chyme. 

The chyme is mechanically and chemically digested in the stomach before entering the 

small intestine. Oxyntic glands in the stomach contain parietal cells that produce 

hydrochloric acid which kill microorganisms, denature proteins, and activates the 

proteolytic enzyme pepsin. Mechanical digestion in the stomach occurs through 

peristaltic contractions of the stomach forcing the chyme against a constricted pylorus 

which only allows food smaller than about 2 mm to pass into the duodenum of the small 

intestine.  

The intestines are divided into two major organs, the small and large intestine. 

The majority of the chemical digestion of the chyme occurs in the small intestine which 

is divided into three parts: the duodenum, the jejunum, and the ileum. The duodenum 

starts at the exit of the stomach and contains the ampulla of Vater where the pancreas 

and bile duct release their secretions that facilitate digestion. The Pancreas produces an 

alkaline secretion with many digestive enzymes including amylase, lipases, nucleases, 

and trypsin [58]. Bile is produced in the liver by hepatocytes then stored and 

concentrated in the gall bladder. Bile is a mixture of bile salts, cholesterol, fatty acids, 

bilirubin, and electrolytes which emulsify lipids in the small intestine and increases 

surface area for the lipase to break down the lipids [59], [60]. 
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Directly after the duodenum is the jejunum which connects to the ileum. There is 

no clear distinction between where the jejunum ends, and the ileum begins. The ileum 

connects to the cecum, the beginning of the large intestine, at the ileocecal sphincter. 

The large intestine is subdivided into four parts the cecum, colon, rectum, and anus. 

Most of the digestion and nutrient absorption occurs in the small intestine and the large 

intestine primarily reabsorbs water and electrolytes while forming and expelling stool. 

While the bacterial microbiome can be found in the small intestine, the bulk of the 

microbial mass resides in the large intestine, where bacteria further digest the 

remainder of the food and produce vitamins.  

 

Life cycle of Intestinal Epithelial Cells 

The wall of the small intestine is defined by the presence of invaginations known 

as crypts and finger-like protrusions known as villi, lined with polarized cells that have 

microvilli. The presence of the microvilli increases the surface area of the intestinal 

epithelium to increase absorption efficiency. The wall of the large intestine is markedly 

different than the small intestine with no villi and far more intestinal glands lined with 

enterocytes and goblet cells. These goblet cells secrete mucus that lubricates the large 

intestine to facilitate movement of the feces. The colonic enterocytes absorb water, 

salts, and vitamins produced by the microbiome.  
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The intestinal epithelium is a single layer of polarized columnar cells, with 

different types of specializations that can be classified as either absorptive or secretory 

cells (Figure 1.3). Highly polarized, intestinal epithelial cells (IECs) have an apical 

membrane that faces the intestinal lumen, lateral membranes that interact with the 

other epithelial cells, and the basal membrane that interact with the underlying 

connective tissue or lamina propria. The polarized structure of IECs is important for their 

function, and protein trafficking to the different membranes is highly regulated [61]. 

Expression of proteins on the wrong membrane can result in poor nutrient absorption, 

lethal diarrhea, cancer development, and inflammatory bowel disease [61], [62], [63], 

Figure 1.3 The differentiation pathways of intestinal epithelial cells. 

Intestinal epithelial stem cells in the crypt replenish the intestinal epithelial lining 
of the intestine. (A) Cell type differentiation is determined by Notch, epidermal 
growth factor (EGF), bone morphogenic protein (BMP), and WNT concentrations. 
(B) When stem cells get pushed into the transit amplifying (TA) zone they begin 
differentiating down either the absorptive or secretory progenitor lineages. The 
absorptive cells include M cells and enterocytes. The secretory lineage includes 
Paneth cells, Goblet cells, Tuft cells, and enteroendocrine cells. 

Adapted under creative commons from Frontiers in Cell and Developmental 
Biology. The Intestinal Epithelium – Fluid Fate and Rigid Structure from Crypt 
Bottom to Villus Tip, Vangelis Bonis, Carla Rossel, and Helmuth Gehart, 2021. 
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[64].  Enterocytes are the primary cell type that provides a physical barrier and absorbs 

nutrients, while M cells are specialized absorptive cells that continuously sample the 

lumen for immunological surveillance. Secretory cells found in the intestinal epithelium 

are Paneth, goblet, tuft, and enteroendocrine cells.  

The crypts are comprised of crypt-based columnar stem cells (CBCs) and 

secretory Paneth cells. CBCs express the leucine-rich repeat-containing G-protein 

coupled receptor 5 (Lgr5), which is a membrane bound receptor that prolongs Wnt 

signaling when activated by its ligand R-spondin (RSPO) [65], [66], [67].  As the Lgr5+ 

CBCs replicate, they essentially compete for stem factors Notch, epidermal growth factor 

(EGF), and Wnt, which are produced by Paneth cells and Foxl1+ mesenchymal cells [68]. 

CBCs that cannot maintain a position in the crypt that has high in Notch and Wnt 

signaling get pushed out towards the edges of the crypt into the progenitor zone and 

begin to differentiate into transitional cells known as transit amplifying (TA) cells (Figure 

1.3). CBCs that have no Notch but high Wnt signaling will differentiate into Paneth cells 

and remain in the crypt base [69].  

Progenitor cells in the TA zone can replicate several times before entering the 

post-mitotic state and differentiating further, making up the bulk of intestinal epithelial 

cells [70]. As the cells fully differentiate, they travel towards the tip of the villi where 

they eventually are released from the villi and die from a form of apoptosis called 

anoikis, triggered by the loss of integrin-mediated cell-extracellular matrix signaling [71].  
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Turnover of the epithelium is very rapid, taking an average of 3.48 ± 1.55 days in 

humans [72]. The constant replacement of epithelial cells from a stem cell niche is an 

important aspect of maintaining a physical barrier. The digestive tract is a harsh 

environment that is specialized in breaking down organic material. The presence of 

volatile chemicals, digestive enzymes, reactive oxygen species, reactive nitrogen species, 

food antigens, bacteria, viruses, and parasites can lead to damage that needs to be 

quickly repaired. The gradient dependent signaling that determines differentiation of 

IECs allows for the rapid replacement of damaged or infected cells with fresh new 

healthy ones. 

Absorptive Cells 

Enterocytes 

The majority of IECs differentiate into absorptive enterocytes, which are held 

together with tight junctions and have microvilli on the apical side that form the brush 

border. The tips of the microvilli are lined with mucin-like glycoproteins that form the 

filamentous brush border glycocalyx [73]. Held together by junctional complexes, 

enterocytes carefully regulate the permeability of the intestinal epithelium preventing 

unwanted passage of inflammatory molecules from the lumen [74]. The junctional 

complexes have three parts, tight junctions, adherens junctions, and desmosome 

junctions [75], [76], [77]. The basal membranes have hemidesmosomes that provide 

adhesion to the basement membrane [78]. 
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Enterocytes have specialized transport proteins that selectively uptake nutrients 

and transport them into the blood stream through the capillaries within the villi. Though 

enterocytes are typically described as one type of cell, microdissection and single-cell 

RNA sequencing has shown that enterocytes have different nutrient uptake 

specialization depending on the location of the villi [79]. Near the bottom of the crypts 

amino acids transporters are more highly expressed, the middle expresses carbohydrate 

transporters, and the top express higher levels of peptide transporters, apolipoproteins, 

and cholesterol transporter proteins [79]. The glucose transporter Slc5a1 is low near the 

base, highest in the middle and decreases near towards the tip of the villi [79].  

Though enterocytes are specialized to form a barrier while absorbing nutrients, 

sometimes bacterial products make it through. The apolipoproteins Apob, Apoa4, and 

Apoa1 were highest at the tip of the villi and are used to form chylomicrons that get 

secreted into the intestinal lymph during fat absorption [79], [80]. Lipopolysaccharides 

(LPS) can be absorbed from the lumen during fat absorption and Ghoshal et al. showed 

that chylomicrons can transport LPS from the gut lumen into the blood stream [81], [82]. 

In addition, it was shown that LPS binding protein associated with chylomicrons 

mediates LPS detoxification by decreasing the bioavailability of LPS to activate peripheral 

blood mononuclear cells (PBMCs) [83].  

In addition to selective uptake of nutrients through transporters, enterocytes are 

capable of pinocytosis through four different mechanisms: clathrin-mediated 

endocytosis, micropinocytosis, caveolae-mediated endocytosis, and clathrin and 

caveolae independent endocytosis [84]. Paracellular transport has been observed as 
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well, where tight junction permeability is modified to allow small macromolecules to 

pass through the epithelium [85].  

M Cells 

M cells (microfold cells) are absorptive epithelial cells found within follicle-

associated epithelium (FAE) directly above gut-associated lymphoid tissue (GALT) such as 

Peyer’s patches (PP). M cells lack microvilli and are specialized for sampling antigens and 

pathogens in the lumen and then transporting them to the PP [86]. Like all other 

intestinal epithelial cells, M cells are replenished by crypt-based stem cells but 

mesenchymal cells in the GALT that express membrane bound RANKL induce the 

differentiation of M cells [87]. Specific deletion of RANKL in the mesenchymal cell found 

in the GALT resulted in no M cell differentiation [87].  

There is a pocket that M cells form on the basolateral side where clusters of 

leucocytes reside [88]. CD4+ T cells and B cells expressing IgM are the primary leucocytes 

found in the pocket of M cells but occasionally macrophages can be found there as well 

[88]. Mice without B cells have reduced numbers of M cells, and the development of FAE 

and PPs are disrupted as well [89]. B cells associated with M cell pockets remain there 

for the life of the M cell [89]. Dendritic cells are closely associated with the intestinal 

epithelium and can be found in the pocket of M cells taking up the cargo transcytosed by 

the M cell from the lumen [90], [91].  

While macrophages and dendritic cells can sample luminal content, transcytosis 

of antigens through M cells is important for elicitation of secretory immunoglobulin A 
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(SIgA) production. In enterocyte specific 

RANKL KO mice the germinal centers of 

PPs, SIgA producing cells, and density of 

SIgA in the feces is reduced [92].  

Secretory cells 

 

 Paneth cells 

 As stem cells are pushed into 

the transit amplifying (TA) zone, they 

differentiate into progenitor cells (Figure 

1.3). When Wnt signaling is activated but 

Notch signaling is inhibited, the 

progenitor cells will differentiate into 

Paneth cells and move back down into the 

crypt (Figure 1.4) [93], [94], [95]. Deletion 

of atonal bHLH transcription factor 1 

(Atoh1) and SRY-box transcription factor 9 

(Sox9) inhibits the differentiation of Paneth cells [96], [97]. Paneth cells produce 

granules that contain a lot of antimicrobial proteins that get secreted into the lumen of 

the intestine, including α-defensins and lysozyme [98], [99], [100]. Paneth cells can be 

Figure 1.4 The role of Notch and Wnt 
signaling on intestinal epithelial 
differentiation. 

Intestinal stem cells maintenance requires 
Notch and Wnt signaling. In the TA zone, if 
progenitor cells lose Wnt signaling but 
maintain Notch signaling, they go down the 
absorptive lineage and differentiate into 
enterocytes. If notch signaling is lost but 
Wnt signaling is maintained, progenitor cells 
go down the secretory lineage. The 
concentration of Wnt determines the 
secretory cell type.   

Adapted with permission from Springer 
Nature: Nature Methods. Niche-
independent high-purity cultures of Lgr5 
intestinal stem cells and their progeny, 
Xiaolei Yin, Henner F Farin, Johan H van Es, 
Hans Clevers, Robert Langer, and Jeffrey M 
Karp, 2014. 
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ablated from the intestinal epithelium and the stem cell niche remains intact. However, 

Paneth cells have been shown to play an important role for homeostasis of the stem cell 

crypt as they express Delta like ligand 1 and 4 (DLL1 and DLL4) which bind to Notch on 

the intestinal stem cells [96], [100]. Though the primary source of Wnt for intestinal 

epithelial cells has been shown to be the subepithelial telocyte, Paneth cells are also 

capable of producing Wnt, and before the discovery the telocytes it was believed that 

Paneth cells were the primary source of Wnt [96], [101].   

Goblet cells 

 Canonically, goblet cells are known for their production and secretion of 

mucus. In the crypt goblet cells produce a thick mucus that protects the stem cell crypt 

[102]. Villus goblet cells in the small intestine produce loose mucus very quickly that 

allows for nutrient penetration but still provides a protective chemical barrier [102], 

[103]. In the colon, the mucus produced by goblet cells is dense and impenetrable to 

small molecules and bacteria and provides lubrication to allow passage of the fecal 

matter [104]. The differentiation pathway for subtypes of goblet cells is complex, but in 

organoid culture inhibition of Wnt and Notch signaling resulted in goblet cell 

differentiation [95].  

Tuft cells 

 Tuft cells are an interesting cell type that is marked by the unique 

morphology where they have long thick villi that extend from their apical membrane, 
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they have an oval shape being thinner at the apical and basal ends, and they have lateral 

protrusions that extend into the nuclei of the neighboring cells. Tuft cells have taste-

chemosensory machinery and have been shown to detect the presence of pathogens 

through these receptors and activate the type II immune response in the presence of 

helminths [105]. Interleukin 25 (IL-25) is primarily released by tuft cells in the intestine, 

but tuft cells can also secrete acetylcholine and opioids [105], [106], [107]. 

Enteroendocrine cells 

Enteroendocrine cells (EECs) are intestinal epithelial cells that produce hormones 

that respond to luminal stimuli to modulate glucose homeostasis, appetite, immunity, 

metabolism, and even control nutrient absorption [108]. There are over 20 EEC types 

described, each of which are classified by the specific hormone they primarily produce. 

For example, S cells primarily produce and secrete secretin (SCT) [109]. EECs were 

originally thought to be neural cells that developed from the neural crest, but it is now 

known that they develop from CBCs and come from the same secretory progenitor cells 

as goblet, tuft, and Paneth cells [108]. After differentiation into the secretory progenitor, 

neurogenin3 (Neurog3) drives EEC differentiation. Deletion of Neurog3 ablates the EEC 

population and over-expression of Neurog3 amplifies the population of EECs in the 

intestinal epithelium [110], [111]. 
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Norovirus 

Disease 

Human norovirus is an enteric virus that causes vomiting and diarrhea. 

Noroviruses are non-enveloped positive-sense (+) RNA viruses that infect the intestinal 

epithelium and are transmitted through the oral fecal route. Though disease prevalence 

has been trending downward, diarrheal diseases are still in the top ten causes of disease 

in the world, and norovirus is the most common cause of gastroenteritis [112]. Typically, 

norovirus infections are not life threatening, and dehydration is the main complication 

resulting in death. Norovirus infection poses the greatest risk to children under 5 years 

old and the elderly 70 years and older [112]. Currently, the only treatment for norovirus 

infections is hydration supplementation. The disease burden is highest in developing 

countries, but in America, norovirus infections accounted for ~60% of all acute 

gastroenteritis [112]. Despite the burden of norovirus, research has been severely 

delayed due to difficulty growing human norovirus in the lab. Recent papers have been 

published showing human norovirus infections of intestinal organoids, but these 

infections are still relatively modest and incompatible with generation of defined viral 

stocks [113], [114], [115], [116], [117].  

Structure 

Norovirus (NoV) belongs to the Caliciviridae family which includes non-

enveloped virions between 27-40 nm. Caliciviridae family viruses have icosahedral 
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symmetry, linear positive-sense RNA genomes between 6.4-8.5 kilobases and different 

open reading frames (ORFs) for non-structural and structural proteins [118]. Most NoVs 

genomes have three different open reading frames, except murine norovirus (MNV) 

which contains a fourth open reding frame [119]. The ORF1 encodes a large polyprotein 

that gets cleaved into six non-structural proteins (NS1/2, NS3, NS4, NS5, NS6, NS7) by 

viral protease NS6 [120]. ORF2 encodes viral protein 1 (VP1), ORF3 encodes VP2, and 

ORF4 overlaps with the VP1 sequence and encode virulence factor 1 (VF1) [119], [120], 

[121].  

Norovirus infections have been shown to persist long after clearance of 

symptoms. The CR6 strain of MNV is a persistent strain that primarily grows in the 

intestines, whereas MNV strain CW3 does not persist, but is capable of systemically 

infecting the spleen [122]. Experiments switching the NS1/2 sequences from persistent 

MNV strain CR6 with the acute strain CW3 resulted in CW3 persistence in the colon 

[122].  Further investigation showed that NS1/2 gets cleaved by caspase-3 during 

infection and NS1 gets secreted [123]. 

NS3 is a NTPase that was shown to bind and hydrolyze nucleoside triphosphates 

(NTPs) [124]. NS4 is also known as p22 and has been shown to mediate Golgi 

disassembly and inhibits protein secretion [125]. NS5 is a viral protein genome-linked 

(VPg) that is covalently linked to the 5’ end of the MNV genome and acts as a primer for 

viral RNA synthesis mediated by the NS7 protein which is an RNA-dependent RNA 

polymerase responsible for genomic replication [119], [126].  
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VP1 is the main structural protein of the capsid, which is made of 90 VP1 dimers 

and forms a T=3 icosahedral capsid. VP1 has two domains: the shell (S) domain forms 

the icosahedral shell of the capsid [127]. The protruding (P) domain extends from the 

shell and interacts with histo-blood group antigen (HBGAs) found on the surface of 

epithelial cells [127]. VP2 is the minor structural protein that locates on the inside of the 

capsid and provides stability to the capsid [128]. VF1 is only found in MNV and has been 

shown to not be required for infection but does inhibit apoptosis and contributes to viral 

fitness during persistent infection [129], [130]. 

Life Cycle 

Norovirus typically enters the host through the fecal-oral route. MNV has been 

used as a model to study HNoV as they are genetically similar, but how HNoV infiltrates 

cells is unknown. Once the virus has entered the host, MNV interacts with HBGAs found 

on the surface of enterocytes, goblet cells, tuft cells, stem cells, and transit amplifying 

cells . Interaction with HBGAs is thought to help concentrate the virus onto the cell 

surface. The virion then binds to the phagocytosis receptor CD300lf expressed 

exclusively on tuft cells and is endocytosed, after which the viral genomic positive (+) 

strand RNA is uncoated via endosomal uncoating [131], [132], [133]. The positive strand 

RNA serves as messenger RNA (mRNA) that is translated into viral proteins. The VPg 

capping the RNA recruits cell host translation factors and the first viral proteins are made 

before any replication [134], [135]. After post-translational cleavage of the polyproteins, 

the intracellular membrane bound replication complex forms and begins replicating 
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genomic (gRNA) and sub-genomic RNA (sgRNA) [136]. The replication of positive strand 

RNA first requires synthesis of a negative (-) strand to be the template. The replication of 

the (-) RNA is thought to be initiated de novo and the (+) RNA replication is mediated 

through VPg priming [136], [137].  

The generation of sgRNA has been thought to occur through early termination of 

RdRp synthesis, but it has also been suggested that a highly conserved step-loop 

formation disrupts the RNA synthesis [138], [139]. The sgRNA typically contains ORF2, 

ORF3, and ORF4 coding for the major and minor capsid proteins [139]. After the (+) 

gRNA is capped with the VPg, it is packaged into viral particles [136]. MNV is a lytic virus, 

and egress of viral particles occurs when NS3 creates pores in the mitochondria cell 

membrane [140]. The released viral particles are spread to other hosts through feces 

and saliva [112], [113], [119], [141], [142], [143]. 

Murine norovirus as a model for studying immunity 

Until recently, MNV was the only norovirus that could be grown in cell culture. 

MNV serves as a mouse model to study viral immunity in the intestines [119], [141], 

[144]. MNV was originally reported in 2003, found in severely immune compromised 

mice lacking recombination activating gene 2 (RAG2), required for B and T cell 

maturation, and signal transducer and activator of transcription 1 (STAT1), a key innate 

immune transcription activator. These mice spontaneously died from a viral infection 

that could be passaged by intracerebral inoculation [145]. Sequencing and phylogenetic 
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analysis determined the unknown virus was most similar to previously identified species 

of noroviruses [145].  

To determine the role B and T cells played on the new norovirus, Rag1-/- mice 

were inoculated with MNV, but none of them died [145]. However, Stat1-/- mice or mice 

lacking the interferon alpha receptor (IFNAR) and the interferon gamma receptor 

(IFNGR) died following MNV inoculation, indicating that the STAT1-dependent innate 

immune response was required for preventing lethal infection of MNV [145].  

MNV and reovirus (another IEC-tropic virus) infections in conditional interferon 

lambda receptor (IFNLR) KO mice showed that IFNLR expression on IECs was critical for 

controlling enteric viral infections, confirming further that the intestinal epithelium had a 

compartmentalized IFN response [146]. Despite type I and type III interferons signaling 

through the same canonical pathways, these experiments indicate they are not 

redundant and that IFN-λ signaling in the intestinal epithelium has a distinct role from 

type I IFN. Using the MNV model, we were able to further define cell type specific 

signaling factors that regulate the IFN response in IECs. 
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Interferons 

Interferons (IFNs) are signaling molecules produced during viral infections that 

activate the antiviral response and inhibit the growth of viral pathogens. There are three 

type of IFNs: type I (IFN-α/β), type II (IFN-γ), and type III (IFN-λ). IFN classifications are 

based on the membrane-bound receptor that the secreted cytokine signals through. 

Type I interferons bind to interferon alpha receptor 1 (IFNAR1) and interferon alpha 

Figure 1.5 The canonical signaling pathway for type I and type III interferons. 

After the entry of a viral particle intracellular pattern recognition receptors activate 
transcription factors IRF1, IRF3, IRF7, or NFκB which turn on the production and 
secretion of type I and type III IFNs. Interferons interact with the membrane bound 
receptors to activate the JAK-STAT pathway. The ISGF3 complex (STAT1:STAT2:IRF9) 
induce the expression of ISGs leading to the antiviral state.  

Adapted under creative commons from Frontiers in Immunology. Interferon Lambda 
Genetics and Biology in Regulation of Viral Control, Emily A. Hemann, Michael Gale Jr, 
and Ram Savan, 2017. 
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receptor 2 (IFNAR2) (Figure 1.5). In humans, there are several type I interferons which 

include 13 IFN-α subtypes, IFN-β, IFN-ε, IFN-κ, and IFN-ω. Type II interferons bind to the 

interferon gamma receptor 1 (IFNGR1) and interferon gamma receptor 2 (IFNGR2). 

There is only one IFN-γ which forms a homodimer and binds to a four-chain bundle of 

IFN-γ receptors [147].  Type III interferons bind to interferon lambda receptor 1 (IFNLR1) 

and interleukin 10 receptor subunit beta (IL10RB) (Figure 1.5). In humans there are four 

IFN-λ ligands that have been described IFN-λ1-4 and two in mice IFN-λ2 and IFN-λ3 

[148], [149]. 

Canonical signaling 

Pattern-recognition receptors (PRRs) identify the presence of pathogen 

associated molecular patterns (PAMPs) inside the cell and induce the production of type 

I and type III interferons (Figure 1.5) which are secreted from the cell and bind to their 

respective receptors on neighboring cells. IFN stimulation induces the expression of 

hundreds of genes known as interferon stimulated genes (ISGs), which leads to the 

antiviral response that prevents viral entry, inhibits viral replication, and enhances MHC 

antigen presentation.  

Type II interferons are primarily secreted by activated T cells and natural killer 

cells to modulate numerous immune responses to infection and cancer [150]. Type II 

interferons are different from type I and type III interferons because the receptor is 

homodimeric with Jak1 binding to the α-chain and Jak2 binding to the β-chain. When 

the interferon associates with the four chains of the IFN-γ receptor, the JAKs 
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phosphorylate STAT1 which homodimerizes, translocates to the nucleus, and binds to 

gamma-activated sites (GAS) on the genome [151]. While type II IFNs are important for 

the innate and adaptive immune response to viral infections, analyzing the differences 

between type I and type III IFNs in IECs was the primary goal of the research presented 

here and they will be reviewed in more detail.        

IFN-α/β and IFN-λ are regulated by and signal through similar mechanisms. 

Canonically, upon virus sensing, interferon regulatory factor 3 (IRF3), interferon 

regulatory factor 7 (IRF7), and nuclear factor-κB (NF-κB) transcription factors turn on 

production of IFN-α/β and IFN-λ (Figure 1.5). Receptor-associated kinases Janus kinase 1 

(JAK1) and tyrosine kinase-2 (TYK2) bound to the intracellular tails of the IFN receptors 

phosphorylate STAT1 and STAT2. These phosphorylated STAT proteins recruit IRF9 to 

form the interferon stimulated gene factor 3 (ISGF3) complex. The ISGF3 complex 

translocate to the nucleus and binds the IFN-stimulated response elements (ISRE) in the 

promoter region of ISGs (Figure 1.5) [152].  

While there are hundreds of ISGs, IFN-induced protein with tetratricopeptide 

repeats (IFIT1) and ISG15 are two prominent ISGs that directly inhibit viral replication. 

IFIT1 inhibits the translation of viral proteins by binding to the eukaryotic initiation factor 

3 (eIL3) complex which regulates translation initiation [153]. Binding of IFIT1 to eIL3 

inhibits the formation of the 43S-mRNA complex formation preventing mRNA translation 

[153]. ISG15 is an ubiquitin-like protein that is covalently conjugated to target proteins 

(ISGylation) to inhibit viral replication and egress [154]. The ISGylation of nascent viral 

proteins can inhibit their interactions with host proteins, prevent their oligomerization, 
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or disrupt their function [154]. Host proteins are also ISGylated during the antiviral 

response but the conjugation of ISG15 to host proteins can be reversed by the ubiquitin 

specific protein 18 (USP18) [154]. 

Prolonged IFN signaling can have detrimental inflammatory effects. Dysregulated 

type I IFN signaling has been implicated in diseases such as systemic lupus 

erythematosus, rheumatoid arthritis, systemic sclerosis, and juvenile dermatomyositis 

[155]. To prevent these harmful effects, negative feedback loops tightly regulate the 

expression patterns of ISGs. The down-regulation of IFN signaling is mediated by 

inhibition of kinase activity and down-regulation of membrane expression of the 

receptor.  

Suppressor of cytokine signaling 1 (SOCS1) inhibits type I and type III IFN 

signaling by inhibiting Tyk2 activity at the receptor (Figure 1.5) [156]. SOCS3 inhibits type 

I IFN signaling by blocking substrate phosphorylation of JAK1 [157]. Additionally, Type I 

IFN signaling is also inhibited by USP18, which blocks the association of JAK1 to the 

interferon alpha receptor 2 (IFNAR2) and interferon lambda receptor 1 (IFNLR1) subunits 

[158].  

While these canonical signals have been well established in the field, the roles of 

highly related gene family members with cell type-specific expression patterns are not 

well understood. 
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Non-canonical signaling 

The canonical signaling of type I and type III IFNs, involving JAK/STAT/IRF signaling 

cascades, have been extensively studied for decades. However, non-canonical IFN 

signaling, which often occurs in a cell type specific manner, is less understood. For 

example, IFN-λ was shown to inhibit reactive oxygen species (ROS) generation by 

neutrophils in a DSS-colitis model by inhibiting RAC-alpha serine/threonine-protein 

kinase (AKT) through JAK2 [159]. In fibroblasts, IFN-λ was shown to activate mitogen 

activated protein kinase (MAPK) independent of STAT1 [160]. In brain microvasculature 

endothelial cells from STAT1 KO mice, both IFN-α/β and IFN-λ increased trans-

endothelial electrical resistance [161].  

Several studies have indicated that type I interferon stimulation activates MAPK-

pathways and phosphoinositide 3-kinases (PI3K)/mammalian targeting of rapamycin 

(mTOR) pathways [162]. STAT3 phosphorylation provides a docking site for PI3K to be 

activated by IFN-α and it was shown under IFN-β stimulation PI3K lead to 

phosphorylation of AKT [163]. 

In humans, there are four JAK (JAK1-3 and Tyk2) and seven STAT (STAT1-6, STAT5a 

and STAT5b) homologs [164], [165], [166]. Various non-canonical STAT complexes can 

form under IFN stimulation [167], [168]. For instance, type I IFN stimulated STAT2 

homodimers interact with IRF9 to form an ISGF3-like complex [166]. STAT2-IRF9 

heterodimers can drive the activation of a common ISG, RIG-I [169]. Additionally, 

STAT2/STAT3 heterodimers and STAT2/STAT6 heterodimers have also been shown to 
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induce ISG expression under IFN-α/β stimulation  [170], [171]. Type I IFN-induced 

growth inhibition was shown to occur through the formation of a STAT5:Crkl complex 

that binds to GAS elements [172].  

These various non-canonical STAT complexes formed under IFN stimulation 

induce the expression of smaller subsets of ISGs than the ISGF3 complex [167]. Despite 

extensive research on the IFN signaling pathway, the non-canonical pathways are much 

less understood and further research is required to determine their roles. 

Cell type specific signaling 

Though IFN-α/β and IFN-λ both signal through the ISGF3 complex, they do not 

both turn on all the same ISGs in all cell types [173], [174]. For example, in human 

vaginal epithelial cells a subset of ISGs were more highly expressed under IFN-λ than 

IFN-β [175]. In primary human vaginal epithelial cells treated with IFNs, 162 ISGs were 

induced by both IFN-λ and IFN-β, six genes were only induced by IFN-β, and 89 genes 

were only induced by IFN-λ [175]. In contrast, neonate mouse IECs showed 63 ISGs 

induced by both IFN-λ and IFN-β, one was only induced by IFN-β and 147 were only 

induced by IFN-λ [176]. The cell-specific ISG expression is likely influenced by epigenetic 

status, as[177] IECs treated with histone deacetylase blockers enhanced ISG expression 

under IFN-λ stimulation but not IFN-β [177]. 

IFN signaling plays a vital role in the immune system, with specific effects on 

different types of immune cells. In T cells, type I IFN stimulation increases expression of 

IL2RA, MYC, and PIM1 corresponding to the proliferative effects of IFN stimulation of T 
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cells [178]. In B cells, it was shown that IFN-α stimulation can activate STAT6, resulting in 

STAT2:STAT6 dimerization, which can recruit IRF9 to form an ISGF3-like complex [179]. 

Activation of STAT1 under type I IFN stimulation in NK cells induces the expression of Fasl 

and perforin [163]. Extracellular signal-regulated kinase (ERK) dependent activation of 

activator protein-1 (AP-1) was induced by IFN-β in microglia cells [180]. Interferons exert 

distinct and critical effects on various immune cell types, tailoring the immune response 

to effectively combat infections and malignancies. Understanding cell type-specific 

signaling pathways is essential for developing targeted therapies in immune-related 

diseases. 

Cell type specific regulatory pathways are important for clearance of viral 

pathogens as we have seen with MNV viral infections. For instance, MNV infections can 

be inhibited by either IFN-λ or IFN-α/β, depending on the virus strain. Specifically, the 

infection of intestinal epithelial cells by MNV is controlled by IFN-λ, while MNV infection 

of macrophages is controlled by IFN-α/β. [181]. Furthering our understanding of the 

regulatory mechanisms responsible for the compartmentalization of IFN signaling by cell 

type was the primary goal of my dissertation and the experiments presented in following 

chapter. 

 

Role of interferons in the intestines 

The role of IFNs in the intestinal epithelium is complex and compartmentalized. 

What is interesting about the intestines is that IECs preferentially respond to type III IFNs 
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and are not responsive to type I interferons despite the presence of IFNAR1 and IFNAR2 

expression [182]. The mechanism that inhibits the responsiveness to type I interferons is 

unknown. We know that type I and type III IFNs are not redundant and that Type III IFNs 

are preferentially utilized by epithelial barriers. The current hypothesis as to why IECs 

utilize type III interferons is that they elicit a less cytotoxic and inflammatory response 

than type I IFNs, which allows for a targeted antiviral response that does not disturb the 

commensal microbiota or break down the physical barrier of the intestinal epithelium 

[176], [183]. The experiments in the following chapter were designed to further 

understand the cell type specific signaling that regulates the IFN response in IECs.  

Apoptosis of IECs is highly specialized to prevent the formation of breaks in the 

barrier that could lead to infection. There would be negative selective pressure on 

evolution of an innate immune response that impaired the barrier function when 

activated. While all other nucleated cells respond to type I IFNs, IECs rely on IFN-λ for 

antiviral defense [184], [185]. Deletion of IFNAR1 and IFNGR1 have no impact on IEC 

infection but deletion of IFNLR1 or STAT1 causes a significant increase in norovirus 

replication within IECs [186]. In Rag1 knock-out mice, IFN-λ treatment was capable of 

sterilizing noroviral infections despite these mice having no adaptive immunity [186]. 

Norovirus infections could not be sterilized by IFN-λ in Rag1 knock-out mice that also 

had IFNLR1 deleted in the IECs implicating the essential role IFN-λ had in inhibiting MNV 

infection in the intestine [146]. Deletion of the two type III IFN genes (Ifnl2 and Ifnl3) in 

mice phenocopies the IFNLR KO mice. Reovirus and norovirus strains that infect IECs 

exhibited increased growth similar to what is seen in the IFNLR KO mice [187]. This 
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finding demonstrated that the known type III IFN cytokine are indeed the essential 

cytokines signaling through IFNLR with no alternative ligands required for the antiviral 

response. 

Rotavirus, is a major cause of severe diarrhea in children, specifically infecting 

IECs. Murine models have shown that murine rotavirus strain EDIM induces IFN-λ 

production and endogenous IFN-λ has antiviral effects [188].  Pretreatment of of 

exogenous IFN-λ prevents the establishment of a robust infection of EDIM-murine 

rotavirus [188]. Previously, the Nice lab has shown that microbiota-dependent IFN-λ 

signaling occurs in discrete pockets (also known as “hot pockets”) that prophylactically 

inhibit enteric viral infections [189]. These hot pockets were dependent on the presence 

of the IFNLR1 on IECs and were activated by bacterial products of the microbiome [189]. 

Ablation of the homeostatic IFN-λ stimulation through IFNLR1 deletion on IECs resulted 

in hyper-susceptibility to initial murine rotavirus infections [189].  

In addition to antiviral properties type III IFNs have been shown to play an 

important role during infections of the obligate intracellular parasite Cryptosporidium 

parvum[190]. To identify host genes required for Cryptosporidium infection and host 

response Gibson et al. utilized a genome wide CRISPR screen that identified IFN signaling 

genes were enriched. Cryptosporidium infection of human IECs induced the production 

of IFN-λ but did not induce IFN-β production [190]. In vivo mouse infections of C. 

parvum induced IFN-λ and exogenous IFN-λ treatment protected mice from severe 

infection [190]. 
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IECs face a unique immunological problem as they are bombarded by 

immunological stimulations in the lumen but are required to differentiate between 

commensal microbes and pathogens while allowing nutrient and macromolecule 

transport pass the intestinal barrier. The study of canonical and non-canonical IFN 

signaling in the intestines allows us to further understand the cell type-specific innate 

immune response to viral infections in the intestinal epithelium. The experiments in the 

following data chapter give further insight into the compartmentalized cell-type specific 

IFN signaling that helps maintain the intestinal barrier during viral infections. 

Interferon regulatory factors 

Interferon regulatory factors (IRFs) are a family of homologous transcription 

factors that each share a conserved DNA binding domain (DBD) that binds to a 

consensus sequence known as the IFN-stimulated response element (ISRE). IRFs have 

different post-translational modifications that regulate their activity. Though IFNs were 

discovered in 1957 the first IRF wasn’t reported until 1988 [191], [192].  

IRF1 was discovered through a DNA affinity column chromatography experiment 

looking for proteins that bound to upstream sequences of the IFN-β gene [192]. It later 

came to light that IRF3 and IRF7 were the primary activators of IFN-β and IRF9 was part 

of the ISGF3 complex. Interestingly, interferon regulatory factors evolved before IFNs 

with homologs being present in invertebrates and phylogenetic analysis indicates the 

appearance of IRFs coincides with animal multicellularity [193]. Early on, IRF1 and IRF4 

diverged evolutionarily, and now the IRF family can be subdivided into two groups that 
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share similar C-terminal domains [193]. The IRF1 sub-group contains the c-terminal IRF 

association domain 1 (IAD1) and IRF4 sub groups have the IAD2 [193]. In mammals there 

have been ten IRFs identified. However, IRF10 has either been lost or silenced in mice 

and humans. 

Structure of Interferon Regulatory Factors 

The structure of the IRF protein family includes a DBD and an activation domain. 

The most conserved domain of IRFs is the N-terminal helix-turn-helix DBD, which 

contains five tryptophan repeats, three of which bind to IFN regulatory element (IRE, 

NAANNGAAA) and the IFN-stimulated response element (ISRE, A/GNGAAANNGAAACT) 

[194], [195]. The activation domain is different between each of the IRFs but they all 

include a linker region and an IAD which is similar to Mad-homology 2 (MH2) domains of 

the SMAD family [196]. IRF3, IRF4, IRF5, and IRF7 have known auto-inhibitory regions 

[195]. The IAD domain is the region of the IRF that binds to other proteins to either form 

homo/heterodimers or transcriptional complexes.  

Role of interferon regulatory factors in interferon signaling 

Interferon signaling is highly effective against viral infections, but dysregulated 

signaling can result in pathology. To maintain homeostasis, many regulatory mechanisms 

allow for controlled IFN signaling only when appropriate. IRFs are crucial regulators of 

IFN signaling, being involved during initiation of IFN production, ISG expression, and 

down-regulation of IFN signaling. 
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During infections, PRRs, such as toll-like receptors (TLRs), C-type lectin receptors 

(CLRs), RIG-I-like receptors (RLRs), and NOD-like receptors (NLRs) recognize PAMPs and 

activate the production of IFNs. When double-stranded RNA binds to toll-like receptor 3 

(TLR3) or when LPS is detected by TLR4, TRIF activates TANK-binding kinase 1 (TBK1) 

which phosphorylates IRF3 to initiate the production of IFNs [197]. TLR7 and TLR9 detect 

single-strande RNA and CpG DNA, respectively, in the endosome, where myeloid 

differentiation primary response protein 88 (MyD88) activates both IRF5 and IRF7 to 

produce type I IFNs [197]. IRF4 down regulates IRF5 signaling by competing for the IRF5 

binding site on MyD88 [198]. The antifungal response can be activated when β-glucans 

produced by fungus are detected by CLR Dectin-1 where IRF5 is activated  to induce IFN-

β production in dendritic cells (DCs) [199]. Cytosolic PRRs that recognize double 

stranded RNA (RIG-1 and melanoma differentiation-associated protein 5 (MDA5)) 

activate the production of IFNs. Double-stranded DNA detection results in activation of 

stimulator of interferon genes (STING), which subsequently activates IRF3, IRF5, and IRF7 

through TBK1 [197].  

Activation of NF-κB leads to newly transcribed IRF1 mRNA which activates IFN 

production [200]. The role of IRF1 during IFN signaling is not fully understood but it has 

been shown to be important for epigenetic regulation, NLRP3 inflammasome activation, 

tumor necrosis factor (TNF)-mediated IFN signaling, and positive feedback regulation of 

ISG responses [200].  IRF2 competes for IRF1 binding sites and has been shown to inhibit 

IRF1 transcriptional activation [201]. 
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During type I and type III IFN signaling STAT1 and STAT2 heterodimers recruit IRF9 

to form the ISGF3 complex to activate the antiviral response (Figure 1.5). IRF1, IRF7, 

IRF8, and IRF9 are all induced by IFN signaling [202]. Much remains unknown about the 

cell type specific regulatory roles of IRFs during interferon signaling. 

Developmental roles of IRFs during hematopoiesis 

IRFs were discovered and named for their regulatory role during interferon 

signaling, but many of them have been shown to play an integral role during 

hematopoiesis. All hematopoietic cells are generated from a common pluripotent 

hematopoietic stem cell (HSC). These HSCs can differentiate into either lymphoid or 

myeloid lineages. Lymphocyte progenitor cells can mature in T cells, B cells, innate 

lymphoid cells, and Natural Killer (NK) cells. Myeloid progenitors can differentiate into 

granulocytes, monocytes, megakaryocytes, and erythrocytes. Most dendritic cells derive 

from myeloid progenitor cells, but some have been shown to arise from common 

lymphoid progenitors.  
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IRF1 during hematopoiesis 

IRF1 KO mice have several immunological deficiencies, but the role of IRF1 in 

hematopoiesis has not yet been shown to be cell intrinsic or a secondary effect. Mice 

lacking IRF1 are not able to develop mature CD8+ T cells or NK cells, fail to mount a Th1 

response, and their Treg differentiation is skewed [203]. However, bone marrow 

Figure 1.6 Role of Irfs during hematopoietic stem cell differentiation 

Irf1 expression drive granulocyte differentiation. Irf8 expression determines monocyte, 
dendritic cell, and macrophage maturation. Irf4 expression is essential for T cell and 
plasma cell development. During macrophage development Irf8 can heterodimerize 
with Irf1 or Irf2. 

Created with BioRender 
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chimeras indicate that the decrease in CD8+ T cells and NK cells was dependent on the 

Irf1-/- microenvironment [204].  

Granulocytes are a class of myeloid cells that contain granules in their cytoplasm 

that can contain AMPs, enzymes, low pH, reactive oxygen species, or nitric oxide. During 

granulocyte maturation, IRF1 expression increases [205]. Over-expression of IRF1 in 

myeloid progenitor 32Dcl3 cells increased granulocyte differentiation and blocking IRF1 

expression decreased maturation [205]. Bone marrow cells from IRF1 KO mice had 

decreased granulocyte and macrophage colonies [206]. It was shown that IRF1 regulates 

the granulocyte master regulators CAAT-enhancer-binding protein (C/EBP)-ɛ and -α 

[206].  

IRF4 during T cell differentiation 

IRF4 regulates the differentiation of various immune cells, including B cells, T 

cells, dendritic cells, and macrophages. Naïve CD4+ T cells differentiate into specialized 

subsets with distinct effector functions and cytokine profiles in response to antigen 

recognition and cytokine signals. This subdivision is governed by lineage-specific 

transcription factors acting as "master regulators" for each Th subset. The differentiation 

of T cell subsets hinges on the levels of IRF4, which, in turn, are influenced by the 

strength of T cell receptor (TCR) signaling [207], [208]. This signaling strength is 

modulated by the activity of mTOR and inducible T-cell kinase (ITK) [207], [208]. 

Additionally, C-REL, NFAT, FOXP3, STAT3, and STAT6, along with T-BET, play roles in 

modulating IRF4 expression in various T cell subsets (Figure 1.6) [209]. BATF and IRF4 
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promote chromatin opening which allows STAT and SMAD signaling that induce the 

expression of lineage specific transcription factors [209], [210]. These signals induce the 

expression of lineage-specific transcription factors, which, either independently or in 

collaboration with IRF4, guide the expression of lineage-specific gene sets. 

 

IRF4 regulates plasma cell differentiation. 

IRF4 is also important for B cell differentiation. Centrocytes are a pre B cell found 

in the germinal center.  During selection of centrocytes, NF-κB is activated by a high 

affinity antigen receptor and CD40 signaling from T cells [211]. The activation of NF-κB 

induces IRF4 expression, which then inhibits B cell lymphoma 6 (BCL6) expression by 

directly binding its promoter region [212]. The inhibition of BCL6 allows for the 

expression of B lymphocyte-induced maturation protein 1 (BLIMP1) [211]. IRF4 and 

BLIMP1 activate X-box binding protein 1 (XBP1) expression, and high levels of these 

three genes promotes plasma cell differentiation [211].  

IRF8 regulates myelopoiesis. 

IRF8, also known as Interferon consensus sequence binding protein (ICSBP), has 

been shown to play an essential role in the differentiation of myeloid cells including 

monocytes, dendritic cells, macrophages, and granulocytes. Expression of IRF8 

suppresses neutrophil production and promotes dendritic cell lineage commitment 

[213]. Irf8-/- mice develop immunodeficiencies and a chronic myeloid leukemia-like 
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disease [214]. In humans, a K108E mutation in IRF8 causes severe immunodeficiency 

with a complete lack of circulating monocytes and dendritic cells [215]. The T80A 

mutation in IRF8 had less severe immunodeficiency but showed depletion of CD11c+ 

CD1c+ circulating dendritic cells [215].  

Dendritic cells (DCs) are antigen presenting cells that are crucial for initiation of 

the innate and adaptive immune response. While DCs are heterogenous population they 

are usually classified as either conventional dendritic cells (cDCs) or plasmacytoid 

dendritic cells (pDCs). cDCs can be subdivided into cDC1 which are crucial for activating 

the CD8 T cell response and cDC2 prime the CD4 T cell response. IRF8 is highly expressed 

in pDCs and cDC1 cells, and is low or negative in cDC2 cells, where IRF4 expression is 

more important [216]. The balance of IRF4 and IRF8 expression by early DC progenitors 

determines the pre-DC fate [216]. Basic leucine zipper ATF-like transcription factor 3 

(BATF3) regulates IRF8 expression in pre-DCs and mature DCs [217]. BATF3 also 

maintains IRF8 autoactivation in DCs [218]. It was shown that IRF8 defined the 

epigenetic and transcription state of pDCs regardless of the microenvironment [219]. 

IRF8 is essential for monocyte/macrophage differentiation. In Granulocyte-

monocyte progenitors in the bone marrow, mTOR inhibits STAT5 activation, 

subsequently increasing IRF8 and CD115 expression [220]. CD115 is the receptor for 

colony stimulating factor-1 which plays a crucial role in the differentiation of monocytes 

into macrophages. The transcription factor PU.1 forms a complex with IRF8, which binds 

to the Ets-IRF composite element (EICE) sequence. IRF8 also heterodimerizes with IRF1 

or IRF2 to bind ISRE sequences activating macrophage differentiation genes [221].  
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Taken together, the lineage specific role of IRF8 is dependent on the dimerization 

of other transcription factors that determines the genes activated by IRF8. Dendritic cell 

differentiation is dependent on IRF8 cooperating with BATF3 and monocyte/macrophage 

differentiation is dependent on IRF8 interacting with PU.1, IRF1, and IRF2. Indicating that 

cell type specific roles of IRFs can have major differences in gene expression despite the 

DNA binding domain being highly conserved between the nine IRF family members.  

IRF6 

Interferon regulatory factor 6 (IRF6) is the only IRF required for murine viability, 

with KO in mice being embryonic lethal. Much less is known about the role of IRF6 in the 

immune response. The majority of IRF6 research has been done on its role in fetal 

development, as mutation in IRF6 are associated with craniofacial developmental 

disorders that result in cleft lip or cleft palate. Orofacial clefts are the most common 

craniofacial birth defect, and Van der Woude syndrome (VWS) is the most common 

orofacial cleft syndrome, with a prevalence of 1/35,000-1/100,000 live births [222]. Non-

random mutation in IRF6 account for about 70% of VWS [223].  

Popliteal pterygium syndrome (PPS) is a rare disease that presents with orofacial 

clefts but has more severe deformations such as pterygium, a wing like membrane, of 

the popliteal fossa, the depression in the back of the knee. Individuals with PPS may also 

have syndactyly (fusion of two or more digits), ankyloblepharon (fusion of the upper and 

lower eye lids), sygnatia (fusion of the upper and lower jaws), and abnormal external 

genitalia. Mutations in IRF6 were shown to account for 97% of PPS [223]. 
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Mutations in IRF6 were recently shown to potentially cause spina bifida which is 

a generalized term for when the neural tube fails to close [224]. IRF6 has also been 

implicated in several cancers including breast, ovarian, gastric, and acquired 

immunotherapy resistance in pancreatic ductal adenocarcinoma [225], [226], [227], 

[228].  

IRF6-related disorders are inherited in an autosomal dominant manner. No 

instance of a human with two disrupted IRF6 alleles has been reported. IRF6 is 

comprised of nine exons with a start codon on the third exon and the stop codon on the 

ninth exon [229]. Exons one and two are the untranslated region, three and four are the 

DBD, five and six is the linker region, seven and eight are protein binding region, and 

exon nine is the c-terminal domain [229]. Point mutations that cause VWS are 

significantly over-represented in exons three, four, seven, and eight. Mutations 

associated with PPS were more likely to occur in exons three and four. The most 

common mutation associated with PPS is arginine 84 switch to a cystine (R84C) that 

inhibits binding of IRF6 to the DNA and sequesters the unmutated protein expressed 

from the second allele  [229], [230], [231]. 

IRF6 regulates palatal fusion  

IRF6 is structurally similar to other IRFs with a DBD, linker region, IAD1, and a 

serine-rich auto-inhibitory region. The majority of IRF6 mutations associated with VWS 

occur either in the DBD or the IAD regions but other mutations have been reported that 

affect an enhancer region that is involved in p63-mediated transcriptional regulation of 
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IRF6 [232], [233]. During murine embryonic development it was shown that IRF6 is 

highly expressed in secondary palates dissected from day 14.5-15 and adult skin [232].  

IRF6 was shown to regulate the epithelial to mesenchymal transformation (EMT), 

a process that is important for palatal fusion. In mammals, the fusion of the secondary 

palate occurs by two palatal shelves migrating toward each other, making contact, and 

forming the medial edge seam at the midline. The midline epithelial cells must undergo 

apoptosis, EMT, or migrate away from the seam, and disruption in the palatal fusion 

process results in a cleft palate [234]. Ablation of IRF6 was shown to delay the 

transforming growth factor beta (TGFβ)-mediated palatal fusion [235], [236]. IRF6 has 

been shown to regulate both EMT and apoptosis during palatal fusion. TGFβ signaling 

increases IRF6 expression through SMAD and MAPK dependent pathways [236]. IRF6 

promotes the expression of homeodomain-interacting protein kinase 2 (HIPK2) which is 

phosphorylated by TGF-β–activated kinase 1 (TAK1). Activated HIPK2 phosphorylates 

ΔNp63, resulting in its degradation, which increases protein cyclin-dependent kinase 

inhibitor 1 (p21), activating apoptosis [234], [236], [237], [238].  

TGFβ-induced EMT is known to be regulated by the transcription factors Snail 

homolog 2 (SNAI2) and TWIST. Blocking TGFβ signaling delays palatal fusion. IRF6 knock-

down on palatal shelves delays palatal fusion, and decreases SNAI2 but not TWIST [235]. 

Ectopic expression of IRF6 after blocking TGFβ rescues palatal fusion and increases 

SNAI2 expression [235]. These data indicate that IRF6 is downstream TGFβ signaling and 

that SNAI2 is regulated by IRF6. 
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IRF6 regulates keratinocyte differentiation 

Keratinocytes are the primary cell type in the outermost layer of the epidermis. 

The stem cells in the basal layer constantly reproduce and differentiate to replenish the 

upper layers. IRF6 has been shown to play an essential role in keratinocyte 

differentiation. Deletion of IRF6 results in severe loss of epidermal barrier function, 

epidermal hyperproliferation, and soft tissue fusions that result in neonatal lethality  

[239], [240].  

[236][236] While the exact role of IRF6 during keratinocyte differentiation is still 

largely unknown, investigations have shed light on IRF6’s DNA binding regions, gene 

networks, and post translation modifications. AP-2A (TFAP2A) and p63 regulate IRF6 

expression by interacting with the enhancer region MCS9.7, and mutations in the 

MCS9.7 region that disrupt protein binding recapitulate IRF6 mutation phenotypes 

[229], [241], [242]. In turn, IRF6 activation leads to p63 degradation by the proteosome 

in a feed-back-loop that allows keratinocytes to exit the cell cycle [243]. RIPK4 was 

shown to phosphorylate serine residues 90, 413 and 424, activating IRF6  [240], [241]. 

Disruption of the RIPK4-IRF6 axis dysregulates lipid composition of the stratum corneum 

leading to loss of the epidermal barrier [240].  

ChIP sequencing of IRF6 in squamous cell carcinomas showed potential binding 

sites within 2233 genes, but only 56 genes overlapped with the 332 differentially-

expressed genes identified in a IRF6-dependent microarray; Ovo-like 1 (OVOL1) was 
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confirmed to be directly regulated by IRF6 [244]. Bone morphogenic protein 2 (BMP2) 

and epidermal growth factor receptor (EGFR) were identified in the ChIP sequencing, but 

not confirmed [244]. While these genes were not confirmed to be regulated by IRF6, 

they are relevant to this thesis because they have extremely important roles in IEC 

development. 

Over-expression of IRF6 causes more severe deformations than ablation. In an 

IRF6 over-expression mouse model, IRF6 was identified to have an inverse relationship 

to TAP2A and grainy head like protein 3 (GRHL3) [224]. This TFAP2A-IRF6-GRHL3 

developmental axis was shown to important for neurulation [224]. These experiments 

connected oral facial development and neurulation two developmental distinct events 

to the same pathway [224]. Overexpression of IRF6 has more severe defects than under-

expression, but expression of just the DBD was shown to be even more lethal than 

overexpression of the full protein in Zebra fish embryos. Injections of the IRF6 DBD into 

zebrafish embryos caused dominant negative phenotypes of epiboly arrest, loss of gene 

expression characteristic of the enveloping layer, and rupture of the embryo at late 

gastrula stage [245]. 

The complex developmental disruption resulting from IRF6 mutations and 

dysregulated expression have made studying IRF6 difficult. Cell type-specific conditional 

KO models may be required for defining post-developmental functions of IRF6. 

 



49 
 

Role of IRF6 in the immune system 

The majority of IRF6 research has been done on its role in development because 

of the known connection to VWS, PPS, and the neonatal lethality of IRF6 ablation. 

However, a few studies have connected IRF6 to pathogen defense mechanisms. In 2012 

Kwa M et al. showed that IRF6 is activated during TLR2 stimulation in epithelial cells 

[246]. MyD88 and IL-1 receptor-associated kinase-1 (IRAK1) both activated IRF6 but only 

IRAK1 was co-precipitated with IRF6 [246]. Co-expression of IRAK1 and IRF6 increased 

expression of C-C chemokine ligand 5 (CCL5) [246]. In primary keratinocytes, IRF6 was 

shown to inhibit TLR3-induced IFN-β expression and IL-23p19 expression [247].  

In human oral epithelial cells IRF6 was shown to regulate the expression of the 

proinflammatory IL-1 subfamily protein IL-36γ. Porphyromonas gingivalis exposure 

increased expression of IRF6 and IL-36γ [248]. Gene silencing of TLR2 inhibited 

expression of IL-36γ but not IRF6 [248]. However, knockdown of IRF6 inhibited 

expression of IL-36γ after exposure to P. gingivalis[248]. This study suggests that IRF6 

expression is not regulated by TLR signaling but does promote inflammation in response 

to P. gingivalis [248]. 

Conditional KO mice lacking IRF6 in innate immune cells were more sensitive to 

endotoxic shock [249]. IRF6 was shown to negatively regulate TLR4-mediated cytokine 

production, inhibit NFkB activation, and constrains neutrophil migration [249]. Bone 

marrow derived macrophages (BMDM) deficient in IRF6 had increased expression of 

keratinocyte chemoattractant (KC) and IL-6 after LPS exposure [249]. IRF6 expression is 
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reduced in macrophages upon M2 polarization and knock-down of IRF6 enhanced M2 

polarization in BMDMs [250]. Peroxisome proliferator–activated receptor-γ (PPARγ) was 

shown to be directly regulated by IRF6 in BMDM regulating the M1/M2 polarization 

[250]. 

Taken together, these data indicate that IRF6 can have either a proinflammatory 

or anti-inflammatory role in response to pathogenic ligands and the role of IRF6 is cell 

type dependent. Interestingly, the function of IRF6 has been shown to play such a 

complex and essential role in other cell types but has been completely missed in the 

intestinal epithelium. In the following data chapter, I show that IRF6 is a critical factor for 

IEC homeostasis, differentiation, immunity, and cell death.  
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Introduction 

The interferon (IFN) family of cytokines are a first line of defense against viral 

pathogens. Activation of IFN receptors initiates a signaling pathway resulting in 

transcription of IFN-stimulated genes (ISGs), which include many direct-acting antiviral 

effectors [251], [252]. There are three types of IFN, which are defined by their use of 

distinct membrane-bound receptors [253]. The transcriptional profiles (ISGs) induced by 

each IFN type overlap substantially, but there are cell type-specific differences in 

antiviral protection. Type I IFN can act on nearly every nucleated cell in the body, but 

type III IFN (IFN-λ) primarily acts on epithelial cells of barrier tissues, and intestinal 

epithelial cells (IECs) preferentially respond to IFN-λ [254], [255], [256], [257], [258], 

[259], [260]. For example, interferon lambda receptor KO (Ifnlr1-/-) mice fail to control 

intestinal replication of murine norovirus (MNV) [258], and homeostatic antiviral 

responses in the intestinal epithelium are absent in Ifnlr1-/- mice [259]. Thus, 

understanding the factors that regulate IFN-λ responsiveness of IECs is of particular 

importance to intestinal health. 

Type I and III IFN receptors can utilize the same canonical signaling pathway 

[253]. Receptor-associated Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) 

phosphorylate signal transducer and activator of transcription 1 (STAT1) and STAT2. 

Interferon regulatory factor 9 (IRF9) joins with STAT1 and STAT2 to form IFN-stimulated 

gene factor 3 (ISGF3), which translocates to the nucleus and binds IFN-sensitive 

response element (ISRE) motifs in ISG promoters [253]. One major difference between 
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type I and III IFNs is the strength of signaling, with type III IFN resulting in a more 

moderate but sustained level of gene expression [261], [262], [263]. Thus, a modest 

response stimulated by type III IFN in epithelial cells benefits tissue homeostasis by 

maintaining antiviral protection with minimal epithelial cytotoxicity [182].  However, IEC-

specific factors that regulate the IFN response remain poorly understood. 

IEC-specific regulators of the interferon response may include relatives of 

canonical signaling factors, such as members of the JAK, STAT, and IRF families. There are 

nine IRF proteins that share a conserved N-terminal DNA binding domain (DBD) that 

interacts with a conserved GAAA consensus DNA sequence that is part of the ISRE motif 

[264], [265]. The C-terminal regions are more divergent and include regulatory motifs. 

IRFs 3-9 encode an IRF-association domain (IAD) and an autoinhibitory region that 

facilitate dimeric interaction and inhibition of dimerization, respectively. Despite the 

discovery of IRFs as regulators of IFN, and their homology in the DBD, some IRFs have 

been shown to regulate development of specific cell types. For example, IRF4 and IRF8 

regulate leukocyte development [266], [267], [268], [269], and IRF6 regulates 

keratinocyte development [270], [271], [272]. IRF6 is expressed by all epithelial lineages, 

but developmental and immunological roles in the intestine have not been previously 

described.  

To identify the presence of IEC-specific factors that regulate the antiviral IFN 

response, we designed a CRISPR screen that targeted canonical IFN signaling factors and 

homologous family members.  We found that Irf6 KO enhanced IFN-stimulated antiviral 

immunity of IEC cell lines but not macrophages. RNAseq analysis of Irf6 KO IEC cell lines 
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revealed substantial baseline changes in growth and development pathway genes, and 

dysregulated ISG expression that correlated with antiviral protection. We found that Irf6 

was highly expressed in primary IEC organoids and intestinal tissues. Irf6 KO in primary 

IEC organoids reduced growth and developmental gene expression, with enhanced 

production of particular ISGs and increased IFN-stimulated cytotoxicity. These data 

suggest a previously unappreciated role for IRF6 in IEC development and immunity. 

Results 

Protection against virus-triggered death by IFN treatments in macrophage 

and epithelial cell lines 

 To study genetics of IFN-stimulated antiviral protection, we used murine   

BV2 and M2C-CD300lf cell lines that represent myeloid-lineage and intestinal epithelial-

lineage, respectively [273], [274]. First, we directly compared the efficacy of type I and III 

IFNs in these cells by performing dose-response titrations using recombinant murine 

IFN-β and IFN-λ (Fig. 2.1). Both BV2 and M2C cells were treated with IFN for 24 hours 

before being challenged with a lytic strain of murine norovirus (MNV) [275], [276], which 

kills cells by apoptotic or lytic mechanisms [277], [278]. The BV2 cells were infected at an 

MOI=10 resulting in <1% viability, and the M2C cells were infected at an MOI=50 

resulting in ~9% viability.  IFN-β treatment protected MNV-infected M2C from death, 

reaching ~100% viability at 10 ng/mL (Fig. 2.1A, squares). IFN-λ treatment also protected 

MNV-infected M2C from death, but with a lower maximum survival rate of ~30% (Fig. 

2.1A, circles). The BV2 macrophages had a survival rate of ~10% when treated with 
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10ng/ml IFN-β, but showed no increase in survival when pretreated with any dose of 

IFN-λ, as expected (Fig. 2.1B). To compare differences in responsiveness between IFN 

type and cell type in the subsequent CRISPR screen, we selected doses that moderately 

increased viability following MNV infection: 1) 10ng/ml IFN-λ-treated M2C IECs, 2) 0.01 

ng/ml IFN-β-treated M2C IECs, and 3) 10ng/ml IFN-β-treated BV2 macrophages (Fig. 2.1, 

dashed lines). 

CRISPR screens for IEC-specific regulators of the IFN response  

To determine requirement of candidate genes for IFN-stimulated protection, we 

knocked out genes within JAK, STAT, NF-κB and IRF families using CRISPR lentivirus 

transduction (two gRNAs/gene). For each IFN treatment and cell type, we saw that gRNA  

Figure 2.1 Protection against norovirus-triggered death by interferon treatments in 
macrophage and epithelial cell lines. 

M2C-CD300lf epithelial cells (A) and BV2 macrophage cells (B) were plated and treated 
with serial dilutions of IFN-β or IFN-λ followed by determination of viability using the ATP-
Glo assay. Viability for each dose was normalized as a percent of uninfected, untreated 
cells. Dashed lines indicate doses selected for use in subsequent screens. Data is 
represented as mean and standard deviation of two (M2C) or three (BV2) replicates. 
ATP = adenosine triphosphate; IEC = intestinal epithelial cell; IFN = interferon. 
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targeting of canonical signaling factors resulted in lower protection provided by IFN 

treatments, validating our screening approach (Fig. 2.2). In particular, IFN-β treatment of 

BV2 cells with gRNA targeting Stat1, Stat2, Irf9, and Jak1 resulted in nearly no protection 

(0.01-1%), whereas treatment of non-targeting controls resulted in 3-11% protection 

(Fig. 2.2A-B). gRNA targeting Irf1 and Tyk2 may have a more modest effect on IFN-

stimulated protection of BV2 cells, resulting in an intermediate amount of protection (1-

3%) following IFN-β treatment (Fig. 2.2A-B). None of the CRISPR targeted BV2 cell lines 

showed increased IFN-β-stimulated protection relative to controls.  

Similar to BV2 cells, M2C-CD300lf cells with gRNA targeting Stat1 and Stat2 were 

among the least protected cells following IFN-β treatment (Fig. 2.2C-D). Likewise, IFN-λ 

treatment of M2C-CD300lf cells with gRNA targeting of Stat1 and Stat2 resulted in 

Figure 2.2 CRISPR screen for interferon-stimulated protection of macrophage and 
intestinal epithelial cell lines. 

CRISPR KO cells and NT control cells were screened for differences in IFN-stimulated 
protection from MNV-triggered death using the ATP-Glo viability assay. IFN-stimulated 
protection was calculated by subtracting viability of untreated controls from IFN-treated 
cells (% protection, A–F), and differences between IFN types were determined by 
subtracting IFN-β-stimulated protection from IFN-λ-stimulated protection (λ–β, G–H). 
Data is plotted as individual replicates (B, D, F, H) or as the mean values from three 
replicate experiments for each of two independent gRNAs per gene (A, C, E, G). (A–B) 
IFN-β-stimulated protection of BV2 macrophages. (C–D) IFN-β-stimulated protection of 
M2C-CD300lf IECs. (E–F) IFN-λ -stimulated protection of M2C-CD300lf IECs. (G–H) 
Difference between IFN-λ- and IFN-β-stimulated protection of M2C-CD300lf IECs. Genes 
positioned in the bottom left quadrant of G are more protected by IFN-β than IFN-λ and 
genes positioned in the upper right quadrant are more protected by IFN-λ than IFN-β. 
Dotted lines in all plots represent the mean values of NT control gRNAs (blue). Shapes 
for individual replicate datapoints represent each independent gRNA. Mean values are 
indicated for each gRNA. Data represents three experimental replicates. 
ATP = adenosine triphosphate; CRISPR = Clustered Regularly Interspaced Short 
Palindromic Repeats; IEC = intestinal epithelial cell; gRNA = guide ribonucleic acid; 
IFN = interferon; KO = knockout; MNV = murine norovirus; NT = non-targeting. 
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reduced protection relative to non-targeting controls (Fig. 2.2E-F). However, unlike the 

BV2 cells, there were several genes where gRNA targeting increased the IFN-stimulated 

protection of M2C-CD300lf cells, including Irf2 and Irf6. Targeting of Irf2 resulted in 

increased protection of M2C-CD300lf cells pretreated with either IFN-β or IFN-λ (Fig. 

2.2C-F), indicating that Irf2 may inhibit IFN signaling in these epithelial cells. This is 

consistent with the previously described inhibitory activity of Irf2 [279]. Targeting of Irf6 

resulted in increased protection of M2C-CD300lf cells pretreated with IFN-λ (Fig. 2.2E-F), 

but appeared to have a more modest or inconsistent effect on M2C-CD300lf cells 

pretreated with IFN-β (Fig. 2.2C-D), and had no effect on BV2 macrophages (Fig. 2.2A-B).  

To quantify differences between IFN-λ and IFN-β treatments, we determined the 

difference in IFN-stimulated protection for each CRISPR gRNA in M2C-CD300lf cells (Fig. 

2.2G-H). Notably, this comparison was between IFN types within the same cell lines, 

thereby minimizing effects of variation in MNV susceptibility between cell lines. We 

found that Irf6-targeted cells had the largest difference between IFN-λ and IFN-β 

treatments, with greater protection provided by IFN-λ than IFN-β (Fig 2.2G-H). These 

results suggested that Irf6 is a novel regulator of the IFN-stimulated antiviral response in 

IECs. 

To increase confidence in selecting candidate genes for further study, we complemented 

the viability CRISPR screen with an orth
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ogonal FACS-based pooled CRISPR screen (Fig. 2.3A). Pooled CRISPR-transduced cells 

were pre-treated with IFN types, infected with MNV, and cells with the greatest 

production of MNV protein (top 10% NS1/2-positive) were sorted for quantification of 

gRNA abundance (Fig. 2.3A). MNV NS1/2 protein staining at 8 hours post-infection was 

consistently detected in the BV2 and M2C-CD300lf pools (Fig. 2.3B-C, ‘no IFN’ group), 

Figure 2.3 Pooled CRISPR screen for interferon-stimulated antiviral response in 
macrophage and intestinal epithelial cell lines. 

(A) Pooled CRISPR-transduced cells were screened for genes that altered IFN-stimulated 
protection from MNV infection by cell sorting the top 10% of infected cells based on 
staining for MNV NS1-2 protein production. (B) Representative FACS plots of NS1-2 
staining. (C) MFI of MNV NS1-2 staining 8 hours post-infection of cells pretreated for 24 
hours with no IFN, 1 ng/mL IFN-β, or 100 ng/mL IFN-λ, as indicated. Each dot represents 
the mean fluorescence intensity of a single replicate. (D–G) Plotted values indicate 
abundance of each gRNA in untreated cells divided by abundance of the same gRNA in 
cells pretreated with IFN-β. Dashed line indicates mean of NT control. (D, F) Mean values 
of the two gRNAs for each gene plotted on x- and y-axes. (E, G) Plotted values of each 
replicate, with the gRNAs for each gene represented as distinct symbols. Mean values for 
each gRNA are indicated. Genes are ranked from left to right in order of enhancement to 
inhibition of the IFN response. Data represents two experimental replicates. 
CRISPR = Clustered Regularly Interspaced Short Palindromic Repeats; 
FACS = fluorescence-activated cell sorting; gRNA = guide ribonucleic acid; IEC = intestinal 
epithelial cell; IFN = interferon; MFI = mean fluorescence intensity; MNV = murine 
norovirus; NT = non-targeting. 
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indicating that these cell lines are similarly capable of supporting MNV replication. IFN-β 

treatment resulted in lower fluorescence intensity of MNV NS1/2 in both BV2 and M2C 

cells (Fig. 2.3B-C). However, IFN-λ treatment of M2C cells did not significantly reduce 
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MNV NS1/2 protein staining, confounding our ability to identify genes that influence 

IFN-λ activity by this screening method. Notably, these data suggest that actions of IFN-λ 

to protect cells from MNV-triggered death (Fig. 2.1-2.2) are distinct from those that 

block initial translation of viral protein (Fig. 2.3B-C). Therefore, IFN-λ-treated cells were 

not further considered in analysis of this pooled CRISPR screen. 

 We sequenced gRNAs present within the top 10% of MNV NS1/2-positive cells, 

and compared gRNA counts between groups. Genes that promote IFN-stimulated 

antiviral immunity were expected to have correspondingly decreased gRNA counts 

within untreated groups relative to IFN-treated groups. Indeed, canonical genes (Stat1, 

Stat2, Jak1) were decreased within untreated M2C and BV2 cells relative to paired IFN-β-

treated groups, whereas non-targeting control gRNAs were equally represented (Fig. 

2.3D-G). These expected outcomes validate our screen results. Analogous to the results 

of the viability screen (Fig. 2.2C-D), Irf2 was increased within untreated M2C relative to 

the paired IFN-β-treated groups (Fig. 2.3F-G), but was not different in BV2 cells (Fig. 

2.3D-E). Likewise, Irf6 was increased within untreated M2C relative to the paired IFN-β-

treated groups (Fig. 2.3F-G), analogous to the results from IFN-λ-treated cells in the 

viability screen (Fig. 2.2E-F). Thus, both CRISPR screening approaches suggested a novel 

and cell type-specific role for Irf6 in the regulation of IFN-stimulated antiviral response 

of IECs. 
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Irf6 KO slows growth and alters IFN-stimulated protection of an IEC cell 

line 

Both CRISPR screens suggested that targeting of Irf6 resulted in greater IFN-

stimulated antiviral protection of M2C IECs. To further test the role of Irf6, we generated 

monoclonal cell lines targeted by the two Irf6 gRNAs used in the screen, and sequence-

verified disruption of the Irf6 locus. Irf6 gRNA 1 cut directly before the conserved DNA 

binding domain, and Irf6 gRNA 2 cut near the beginning of the predicted IRF-association 

domain (Fig. 2.4A). We selected monoclonal cell lines with mutations that resulted in 

frame shift and early stop codons (Fig. 2.4A). Irf6 qPCR from the KO cell lines indicated 

undetectable (gRNA 1, KO1) or significantly reduced (gRNA 2, KO2) Irf6 mRNA expression 

(Fig. 2.4B). Notably, the baseline abundance of Irf6 mRNA was low in all M2C cells 

(greater than 1000-fold less abundant than the housekeeping gene Rps29, Fig. 2.4B), 
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and we were unable to detect Irf6 protein by western blot. However, we observed 

phenotypic alterations following clonal isolation of the Irf6 KO cells, with fewer cells 

Figure 2.4 Irf6 knockout slows growth and alters interferon-stimulated protection in an 
intestinal epithelial cell line. 

(A) Graphical representation of targeting sites for each Irf6 gRNA in the context of 
resulting protein domains, and sequences of monoclonal cell lines selected for further 
study. The region of the protein encoded by the qPCR amplicon sequence is 
indicated. Irf6 KO1 had a 10 bp deletion and a 1 bp insert resulting in early stop 
codons. Irf6 KO2 had a 4 bp deletion and a 1 bp deletion resulting in early stop codons. 
(B) qPCR of Irf6 from three replicate samples. Dashed line indicates limit of detection. P-
values were calculated by one-way ANOVA. (C) Representative images of M2C cultures. 
Large multinucleated Irf6 KO M2Cs are outlined by the dashed lines and indicated by 
arrows. (D) Growth curves of uninfected and untreated M2C cells from three experimental 
replicates. P-values are shown above for 72- and 96-hour time points, calculated by two-
way ANOVA. (E) ATP-Glo viability assay 24 hours after MNV infection of cells pretreated 
for 24 hours with no IFN, 0.01 ng/mL IFN-β, or 10 ng/mL IFN-λ. Data points represent four 
experimental replicates. P-values calculated by two-way ANOVA. (F) Growth curves for 
PFU following infection with MNV (MOI = 5). Cells were pre-treated for 24 hours with no 
IFN, 0.01 ng/mL IFN-β, or 10 ng/mL IFN-λ, as indicated. Data represents mean and 
standard deviation from three experimental replicates. P-values calculated by two-way 
ANOVA. ANOVA = analysis of variance; ATP = adenosine triphosphate; bp = base pair; 
gRNA = guide ribonucleic acid; IEC = intestinal epithelial cell; IFN = interferon; 
KO = knockout; MNV = murine norovirus; MOI = multiplicity of infection; PFU = plaque 
forming unit; qPCR = quantitative polymerase chain reaction. 
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harvested during expansion compared to non-targeting controls, and several instances 

of large and multinucleated cells within Irf6 KO isolates (Fig. 2.4C). These observations 

suggested monoclonal isolates may be selected for adaptation to Irf6 deficiency. To 

quantitate the growth phenotype, we counted cells over time after plating and found 

that that both Irf6 KO M2C cell lines had a decreased growth rate, with significantly 

fewer cells recovered compared to non-targeting controls (Fig. 2.4D).  

We tested IFN-stimulated protection of KO cells by measuring viability after MNV 

infection, with or without IFN pretreatments (Fig. 2.4E). Additionally, we quantified viral 

replication by plaque assay (Fig. 2.4F). To ensure uniform susceptibility of monoclonal 

isolates to MNV infection, we re-transduced them with lentivirus encoding the receptor 

for MNV CD300lf. The resulting cell lines were equally susceptible to MNV-triggered 

death (Fig. 2.4E) and hosted equivalent viral replication with no IFN treatment (Fig. 

2.4F). IFN-β and IFN-λ pretreatment increased viability and decreased viral titer of all cell 

lines after MNV infection (Fig. 2.4E-F). There were no significant differences in IFN-β-

stimulated protection between the cell lines. In contrast, IFN-λ stimulated significantly 

greater protection of Irf6 KO2, with viability increased to 60% average after IFN-λ 

treatment, compared to 20% average viability in control cells (Fig. 2.4E). IFN-λ treatment 

of Irf6 KO2 correspondingly resulted in five-fold lower viral titer (Fig. 2.4F). Irf6 KO1 did 

not have significantly different viability or viral titer compared to controls after either 

type of IFN pretreatment (Fig. 2.4E-F). Thus, there was an inconsistent effect of Irf6 KO 

on IFN-stimulated protection from MNV in M2C-CD300lf cells, with only Irf6 KO2 

confirming the increased efficacy of IFN-λ treatment observed in the initial screen (Fig. 
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2.2E-F). However, there was a consistent reduction in growth rate for both Irf6 KOs, 

suggesting that Irf6 plays an important homeostatic role in these cells. 

 

Irf6 KO alters baseline and IFN-stimulated gene expression 

To better understand the baseline and IFN-stimulated growth and viability 

phenotypes, we performed RNA sequencing on the Irf6 KO and control cell lines. We 

harvested RNA from cells plated and treated in parallel to the viability assay in figure 

2.4E, including both untreated and IFN-treated groups. Principal component analysis of 

the RNA sequencing results clustered groups with primary separation based on cell 

identity (PC1, 50% variance) and secondary separation based on IFN treatment (PC2, 

20% variance) (Fig. 2.5A). Consistent with PCA analysis, there were hundreds of 

significantly different genes at baseline in Irf6 KO cell lines compared to non-targeting 

controls. In Irf6 KO1 we saw 103 up-regulated differentially expressed genes (DEGs), and 

247 down-regulated DEGs; in Irf6 KO2 we saw 1274 up-regulated DEGs and 1088 down 

regulated DEGs; both Irf6 KO cell lines shared 31 up-regulated DEGs and 93 down-

regulated DEGs (Fig. 2.5B). There was a notable cluster of DEGs that were uniformly 

down-regulated in both Irf6 KO cell lines (Fig. 2.5C, box), and additional baseline DEGs 

that were unique to KO2. Pathway analysis of DEGs for each Irf6 KO cell line revealed 

shared significant changes in pathways that regulate cell differentiation and growth (Fig. 

2.5D). These enriched pathways are consistent with the decreased growth rate of these 

Irf6 KO cell lines (Fig. 2.4D). Several genes decreased in both Irf6 KO cell lines are part of 
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the “cell differentiation” GO pathway, including fibroblast growth factor 13 (Fgf13), Fms 

related receptor tyrosine kinase 4 (Flt4), Notch1, Lymphoid enhancer binding factor 1 

(Lef1), Microtubule-associated protein 2 (Map2), and Slit guidance ligand 2 (Slit2) (Fig. 

2.5E). Notably, previous ChIP-seq experiments from human keratinocytes [280] 

identified IRF6-bound loci in 12 human orthologs of genes down-regulated at baseline in 

both Irf6 KO M2C cell lines (SLIT2, CELSR1, SMARCA1, CAMK1D, PEG10, KPNA3, LTBP1, 

JAM2, KDR, AIG1, PCDH17, and EIF4G3). These data indicate substantial changes to 

baseline gene expression in Irf6 KO IEC cell lines and suggest roles for Irf6 in growth and 

differentiation of IECs.  

Irf6 KO2 M2C cells had additional changes in baseline gene expression beyond 

the growth and development genes shared between KO cell lines (Fig. 2.5A-E). Pathway 

analysis of Irf6 KO2 DEGs indicated significant enrichment of genes in “immune system 

process”, “inflammatory response”, and “regulation of leukocyte migration” GO 

pathways (Fig. 2.5D). These immune-related genes upregulated at baseline in Irf6 KO2 

included Cxcl10, Tnip3, Lbp, Ikbkg, Tnfrsf9, Il33, Ccl2, Ccl20, and Ifnlr1 (Fig. 2.5E). The 

enrichment of Ifnlr1 is particularly notable because it correlates with the increased IFN-

λ-stimulated antiviral protection seen in figure 2.4E-F.  



68 
 

 

 

To compare the expression of IFN-regulated genes in these cell lines, we 

compared IFN-stimulated samples to replicate untreated controls (Fig. 2.5F-G). A heat 

map of all IFN-regulated genes reveals that most of them are upregulated by IFN 

treatments, an expected characteristic of ISGs (Fig. 2.5F). To compare the magnitude of 

Figure 2.5 Irf6 KO alters baseline and IFN stimulated gene expression. 

RNA sequencing of Irf6 KO M2C cells and non targeting controls with or without 24hrs of 
IFN treatment. All data is from three experimental replicates. A. Principal component plot. 
B-E. Differential gene expression of Irf6 KO cells relative to non-targeting controls within 
the untreated (‘No IFN’) groups. B. Differentially expressed genes (adjusted p-value < 0.05 
and fold-change > 1.5). C. Heatmap of DEGs from B, with data scaled and centered by row. 
Box highlights DEGs down-regulated in both KO cell lines. D. Selected GO pathways 
significantly associated with DEGs from Irf6 KO1 (red bars) and Irf6 KO2 (green bars) cell 
lines. E. Volcano plot of all genes; dotted line represents cut-off for DEGs. F. Heatmap of 
IFN-responsive genes, including genes differentially expressed in at least one IFN-treated 
group compared to respective no IFN control. Data scaled and centered by row. G. Log2 
fold change of genes from F. P-values calculated by Kruskal-Wallis test. 
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IFN responsiveness, we plotted the Log2 fold-change for the IFN-regulated genes. These 

comparisons show significantly higher stimulation by IFN-λ in Irf6 KO2 compared to non-

targeting controls, and significantly less stimulation of Irf6 KO1 by both IFN-β and IFN-λ 

(Fig. 2.5G). The overall increase in ISGs seen in Irf6 KO2 treated with IFN-λ correlates 

with the increased protection following MNV infection (Fig. 2.4E-F). 
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Taken together, these RNAseq data indicate a consistent down-regulation of 

growth and differentiation genes in Irf6 KO cell lines. In contrast, immunity-related genes 

and ISGs exhibit divergent phenotypes between the Irf6 KO cell lines that may reflect 

unique adaptations to Irf6 deficiency. Although the primary goal of our CRISPR screen 

was to identify novel regulators of the IFN response in IECs, these data suggest that Irf6 

plays more foundational roles in IEC biology at baseline. 

 

Irf6 is expressed in primary IECs and regulates organoid homeostasis  

Transformed cell lines such as M2C may selectively downregulate IRF6 due to its 

role as a tumor suppressor [280], [281], [282]. Indeed, we saw that Irf6 was minimally 

expressed in M2C cells (Fig. 2.4B, 2.6A). So, we sought to test Irf6 expression and 

function in primary cells. We found that Irf6 expression in mouse small intestine and 

colon tissues was >10,000-fold higher than the M2C cell line, and Irf6 in spleen tissue 

was significantly lower than intestinal tissues (Fig. 2.6A). Primary IEC organoids derived 

from mouse small intestine (ileum) expressed Irf6 at levels within the same order of 

magnitude as intestinal tissues (Fig. 2.6A). These results indicate that the M2C IEC cell 
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line expresses sub-physiological levels of Irf6, so we focused subsequent study of Irf6 on 

primary IECs. 
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To visualize distribution of Irf6 within intestinal tissues we performed in situ 

hybridization for Irf6 in ileum and colon of mice injected with PBS or IFN-λ 24 hours prior 

to tissue collection (Fig. 2.6B). In all intestinal tissues, Irf6 was predominant within the 

epithelium, and was similar in abundance from crypt base to mature enterocytes and 

colonocytes (Fig. 2.6B). The ISG response in mice injected with IFN-λ was assessed by 

detection of Ifit1, and expression of this ISG was predominant within mature IECs (Fig. 

2.6B). Irf6 transcripts were not strikingly different between IFN-λ-treated mice and PBS 

controls, confirming that Irf6 is not an ISG (Fig. 2.6B). This is consistent with data in the 

interferome database indicating that IRF6 is not upregulated by IFN treatments [283]. 

These imaging analyses indicated that Irf6 is expressed in IECs of small intestine and 

colon, including IFN-λ-responsive cells. 

Figure 2.6 Irf6 is expressed in primary intestinal epithelial cells and regulates organoid 
homeostasis. 

(A) Expression of Irf6 in different cells and tissues. (B) Irf6 and Ifit1 (ISG) expression in 
small intestine and colon of adult mice. Treatment with PBS or 3 μg peg-IFN-λ, as 
indicated, 24 hours prior to tissue collection. Representative of four mice per group. (C) 
Sequence of Irf6 locus in monoclonal IEC organoid lines transduced with CRISPR lentivirus. 
(D) Irf6 expression by qPCR from organoids treated with no IFN, 10 ng/mL IFN-β, or 25 
ng/mL IFN-λ for 24 hours. (E) Irf6 protein expression by western blot in the non-targeting 
CRISPR control organoids (NT) compared to Irf6 KO organoids, representative of three 
replicates. (F) Representative photos of organoids 2 days after plating. (G) Cross-sectional 
area of organoids measured by ImageJ (arbitrary units) 2 days after plating. Violin plots 
show the median and quartiles of three experimental repeats (n = 1242, 1756, 1483). 
Dashed line indicates median of NT control. P-values calculated by Kruskal-Wallis test. (H) 
Growth curves of IEC organoids from three experimental replicates normalized within 
each replicate to cell number at 24 hours. (I) Expression of indicated genes by qPCR 
in Irf6 KO organoids and NT controls. Data points represent five experimental replicates. P-
values calculated by two-way ANOVA. ANOVA = analysis of variance; bp = base pair; 
CRISPR = Clustered Regularly Interspaced Short Palindromic Repeats; DAPI = 4ʹ,6-
diamidino-2-phenylindole; IEC = intestinal epithelial cell; IFN = interferon; ISG = IFN-
stimulated gene; KO = knockout; NT = non-targeting; PBS = phosphate-buffered saline; 
qPCR = quantitative polymerase chain reaction; WT = wild type. 
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We next sought to generate Irf6 KO primary IECs by transducing organoids with 

Irf6-targeting CRISPR lentiviruses used in the screens (Fig. 2.4A). We selected transduced 

IEC organoid clones and sequenced gRNA target sites within the Irf6 locus to assess gene 

disruption. We identified a homozygous Irf6 KO in organoids transduced with CRISPR 

gRNA 1 (Fig. 2.6C, KO1). However, in organoids transduced with CRISPR gRNA 2 (cuts 

after DBD), we recovered only clones with heterozygous targeting of the Irf6 gene (Fig. 

2.6C, KO2). Analysis of Irf6 expression by qPCR showed significant decreases in both KO 

organoid lines, and no significant effect of IFN treatments on Irf6 expression (Fig. 2.6D). 

Western blot of Irf6 showed no detectable protein in KO1 organoids and a substantially 

decreased protein level in KO2 organoids (Fig. 2.6E). We speculated that homozygous 

targeting of Irf6 using gRNA 2 may be more deleterious due to potential expression of a 

protein fragment containing the Irf6 DBD only (Fig. 2.4A). We were unable to visualize 

any such fragment on western blot, but a similar heterozygous deletion has been linked 

to a human orofacial clefting syndrome [284], indicating the potential for biological 

activity of this heterozygous truncation. So, we included both Irf6 KO organoid lines in 

our subsequent studies. 

During culture of Irf6 KO IEC organoids, we noticed that they appeared smaller 

and darker (Fig. 2.6F). To quantify organoid size, we took pictures two days after plating 

and measured the cross-sectional area of organoids in each image. Irf6 KO organoids 

were significantly smaller than the non-targeting control organoids (Fig. 2.6G). 

Additionally, counting cells over time post-plating revealed that Irf6 KO organoids grew 

significantly more slowly than non-targeting controls (Fig. 2.6H). Thus, Irf6 deficiency 



74 
 

reproducibly results in slower growth of primary IECs, similar to the baseline phenotype 

observed in Irf6-deficient M2C cell lines.  

The slower growth rate of Irf6 KO organoids, together with the earlier 

observation of decreased growth and development genes in Irf6 KO M2C cell lines (Fig. 

2.6D-E), led us to investigate the expression of IEC differentiation genes in organoids. 

Lgr5 is expressed by intestinal stem cells and is reduced in expression as enterocytes 

mature; Lgr5 was 5- to 10-fold lower in Irf6 KO organoids relative to non-targeting 

controls (Fig. 2.6I). Vil1 is an enterocyte marker and was not significantly different in Irf6 

KO organoids. Muc2 is a mucin glycoprotein produced by goblet cells; we saw a ~5-fold 

increase in Irf6 KO organoids relative to non-targeting controls (Fig. 2.6I). Chga is marker 

for enteroendocrine cells; Chga was not significantly different in Irf6 KO organoids. Pigr 

is an Fc-receptor that facilitates translocation of immunoglobulin A into the intestinal 

lumen and is stimulated by innate responses to microbiota; Pigr was 5- to 10-fold higher 

in the Irf6 KO organoids (Fig. 2.6I). Taken together, these data indicate that Irf6 

deficiency in primary IEC organoids results in slower growth, reduced size, and increased 

expression of certain differentiation genes. 
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Irf6 regulates development and immune response genes in primary IECs 

To define Irf6-dependent alterations to IEC organoid gene expression, we prepared 

single-cell RNA sequencing libraries from four multiplexed pools of organoid lines with 

experimental variables including Irf6 KO, IFN treatment, CD300lf transduction, and MNV 

infection (Fig. 2.7A, methods). Upon demultiplexing and integration of these four single-

cell pools, we ended up with 12,151 cells suitable for analysis. Dimensional reduction of 

Figure 2.7 Irf6 regulates development and immune response genes in primary 
intestinal epithelial cells. 

NT or Irf6 KO organoids were treated with no IFN, 10 ng/mL IFN-β, or 25 ng/mL IFN-λ for 
24 hours prior to preparation of single cells for scRNA-seq. (A) Diagram depicting 
experimental groups, multiplexing, and pooling strategy. Two pools consisted of organoid 
lines transduced with the MNV receptor CD300lf, with or without MNV infection. (B) 
UMAP multidimensional clustering of all sequenced cells, colored by cell line. Insets at 
bottom are split by IFN treatment group, as indicated. (C) Heatmap of Irf6-dependent 
DEGs arranged by preferential expression in NT control cells (top) to preferential 
expression in Irf6 KOs (bottom). Selected genes related to development and immunity are 
labeled. (D) Number of DEGs from C for each KO organoid line compared to NT control 
and overlapping DEGs shared by KO organoid lines. (E) Association between genes in C–D 
and selected GO pathways for Irf6 KO1 (red bars) and Irf6 KO2 (green bars) organoid lines. 
(F) Dot plot depicting expression of selected genes related to growth, differentiation, and 
immunity, within each organoid cell line. (G) Unsupervised clustering of all cells, with 
cluster names based on predominant organoid cell line represented. (H) Distribution of 
Pool IDs, cell cycle phase categories, IFN treatments, and organoid cell lines, within each 
cluster. (I) Dot plot depicting expression of marker genes for IEC subtypes within cells from 
each cluster. (J) Violin plots showing expression of marker genes for regulatory stem cells, 
secretory IEC subsets, or absorptive enterocytes within each organoid cell line. (K–L) 
CytoTRACE analysis of differentiation. Higher CytoTRACE score indicates more stem-like 
cells. All analyses were performed on integrated data from four single-cell pools (A). DEGs 
were defined as >1.5-fold change with adjusted p < 0.05 using analysis pipelines described 
in methods. CytoTRACE = cellular (cyto) trajectory reconstruction analysis using gene 
counts and expression; DEG = differentially expressed gene; GO = Gene Ontology; 
ID = identification; IEC = intestinal epithelial cell; IFN = interferon; KO = knockout; 
MNV = murine norovirus; NT = non-targeting; scRNA-seq = single-cell ribonucleic acid 
sequencing; UMAP = Uniform Manifold Approximation and Projection. 
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the integrated single-cell data revealed that a primary source of variation (UMAP1) was 

related to Irf6 KO and a secondary source of variation (UMAP2) was due to IFN 

treatments (Fig. 2.7B). Separate clustering of the untreated groups confirmed that a 
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primary source of variation was related to Irf6 KO, independent of IFN treatment (Fig. 

2.8A).  

MNV infection was not robust in CD300lf organoids at the 24hr timepoint and did 

not represent a significant source of variation within this dataset. The few robustly-

infected cells did not cluster separately from uninfected cells (Fig. 2.8B). IFN treatments 

reduced the number of robustly-infected cells in all cases (Fig. 2.8C), and there were no 

significant differences between cell lines. Thus, we focused subsequent analyses of Irf6 

KO organoids on baseline and IFN-stimulated phenotypes. 

To identify global Irf6-dependent transcriptional changes, we compared gene 

expression in each Irf6 KO organoid line to non-targeting controls. Hundreds of genes 

were significantly different in each Irf6 KO organoid line, with the majority of DEGs being 

downregulated relative to non-targeting control (189 for KO1, 187 for KO2) (Fig. 2.7C-D). 

There was substantial congruence in DEGs between KO lines, with 111 shared down-

regulated DEGs and 26 shared up-regulated DEGs (Fig. 2.7D). Likewise, GO pathways 

associated with Irf6 KO DEGs were shared between the two KO organoid lines, including 

“epithelium development,” “cell death,” “cell adhesion,” and “regulation of immune 

system process” (Fig. 2.7E).  These pathways in Irf6 KO organoids included substantial 

overlap with pathways altered in Irf6 KO in M2C cell lines (Fig. 2.7D), increasing 

confidence in the association of Irf6 with epithelial homeostasis and immunity at 

baseline. 
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To determine which genes may be direct targets of Irf6, we compared our DEGs 

with IRF6 binding sites in ChIP-seq data from human keratinocytes [280]. We saw 38 Irf6-

associated DEGs were orthologs of genes from IRF6 ChIP-seq, including three of the 

most highly down-regulated genes in both Irf6 KO organoid lines: insulin-like growth 

factor binding protein 7 (Igfbp7), ADP ribosylation factor-like GTPase 4C (Arl4c), and 

pleckstrin homology-like domain family B member 2 (Phldb2) (Fig. 2.7F). Phldb2 is 

associated with growth of cancer cells [285], and Arl4c plays roles in epithelial 

morphogenesis [286], which is consistent with the reduced proliferation and size of Irf6 

KO organoids (Fig. 2.6G-H).  



79 
 

Figure 2.8 Supplemental analysis of scRNAseq related to Figure 2.7 

(A) UMAP clustering of untreated cells only. (B) Feature plot of MNV genome count 
distribution among all groups. (C) Violin plot of MNV counts within the MNV-infected 
pool only. (D) Heatmap of 10 genes with the greatest fold-change increase in expression 
within each cluster (Fig. 6G) relative to all other clusters. (E) Feature plots depicting the 
distribution of expression for the top gene for each cluster. (F) Feature plots depicting 
genes enriched in SecPro cluster. (G-H) CytoTRACE analysis of differentiation in untreated 
cells only. Higher CytoTRACE score indicates more stem-like cells. I. Gene-set enrichment 
of lrf6 DEGs from this study within the ranked list of genes differently expressed in WT 
small intestinal stem cells relative to lrf2 KO stem cells (GSE137190). Leading edge genes 
shown are upregulated in lrf6 KO organoids (lrf6_up) and upregulated in lrf2 KO stem 
cells (Enrichment score= -0.42, adjusted p-val = 0.0038). 
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To further identify highest-confidence Irf6-regulated genes, we compared organoid DEGs 

to M2C cell line DEGs (Fig. 2.5B-C). 83 DEGs were shared between organoid KO and M2C 

KO lines, including downregulation of genes associated with Wnt signaling (Wnt10a), 

regenerative stem cells (Clu), and maintenance of genome stability (Zfp365, also shared 

with IRF6 ChIP-seq) (Fig. 2.7F). Relatively few DEGs in Irf6 KO organoids were 
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upregulated, but some upregulated DEGs were indicative of increased differentiation: 

epithelial cell adhesion molecule (Epcam), mucin 13 (Muc13), and differentiation-

promoting transcription factor caudal type homeobox 1 (Cdx1) (Fig. 2.7F).  

To identify subtypes within each experimental group, we performed 

unsupervised clustering of integrated single-cell data. We identified 13 clusters of 

differential gene expression (Fig. 2.7G). The clusters distinguished Irf6 KO organoids from 

non-targeting controls and identified distinct IFN-stimulated subsets (Fig. 2.8D-E). 

Clusters were predominantly distinguished by cell line, IFN treatment, and cell cycle 

phase, but not by the four separate single-cell pools (Fig. 2.6H). Clusters were named 

based on the predominant cell line therein: three non-targeting control clusters (NT_a, 

NT_b, NT_c), four KO1 clusters (KO1_a, KO1_b, KO1_c, KO1_d), three KO2 clusters 

(KO2_a, KO2_b, KO2_c), and two clusters with equal representation of both KO lines 

(KOs_a, KOs_b) (Fig. 2.7H). There was also a small cluster within untreated groups that 

expressed markers of secretory progenitor IECs (Fig. 2.7G, SecPro), including master 

transcription factor Atoh1, Paneth cell-associated Lyz1, goblet cell-associated Muc2, and 

immunoglobulin transport receptor Pigr (Fig. 2.8F). This secretory progenitor cluster was 

predominantly composed of Irf6 KO1 organoids (Fig. 2.6H), suggesting a role of Irf6 in 

blocking secretory progenitor differentiation. 

With the exception of the SecPro group, unsupervised clustering did not clarify 

IEC subtypes within our dataset. To determine Irf6 KO effects on IEC subset 

differentiation pathways, we selected subset marker genes from the literature [287], 

[288], [289], [290] for proliferating cells, regenerative stem cells, crypt-base stem cells, 
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secretory subtypes (Goblet, Paneth, Enteroendocrine, and Tuft), and absorptive 

enterocytes (Fig. 2.7I). The majority of cells in NT control organoid cultures were 

proliferating regenerative stem cells, with relatively low expression of secretory and 

absorptive IEC markers (Fig. 2.7I). All stem cell markers were lower in Irf6 KO organoids 

compared to NT controls (Fig. 2.7I-J). There was a small increase in goblet cell markers 

Atoh1 and Tff3, particularly within full Irf6 KO organoids (Fig. 2.7I-J) and consistent with 

the high representation of Irf6 KO1 organoids in the SecPro cluster (Fig. 2.7H). All Irf6 KO 

organoids had increased expression of absorptive enterocyte marker genes (Fig. 2.7I-J). 

Together, these data suggest a role for Irf6 in promoting regenerative stem cell identity 

or inhibiting expression of differentiated IEC genes.  

As an orthogonal test of differentiation status, we performed CytoTRACE analysis 

[291], which examines transcriptional diversity to infer developmental potential. 

CytoTRACE analysis indicated that Irf6 KO organoids had less differentiation potential at 

baseline (No IFN groups) compared to non-targeting control organoids (Fig. 2.7K-L, S2G-

H). IFN treatment further decreased developmental potential within each group (Fig. 

2.7K-L). Together, these data reveal a significant role for Irf6 in regulating the 

homeostatic transcriptome and developmental gene expression of primary IEC 

organoids. 
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Irf6 regulates ISG expression and ISRE activity in IEC organoids 

To identify all IFN-regulated genes within organoid RNAseq data, we compared IFN-

treated groups for each organoid line (NT, KO1, KO2) to their respective untreated 

controls. IFN types were combined for this analysis because there were minimal 

differences in clustering between IFN-β and IFN-λ treatments (Fig. 2.7A inset, Fig. 2.8E). 

We identified 162, 204, and 178 IFN-regulated genes for NT control, Irf6 KO1, and Irf6 

KO2 organoids, respectively (Fig. 2.9A). Many antiviral ISGs were similarly upregulated 

across all IFN-treated groups (e.g. Ifih1, Tlr3), but 20 ISGs were significantly higher in Irf6 

KO organoids relative to non-targeting controls (Fig. 2.9B). Some of these Irf6-dependent 

ISGs were favored within distinct IFN-stimulated KO subsets (Fig. 2.9G): Muc3 and 

Ifit1bl1 were preferentially stimulated in KO1_b and KO2_b clusters (G1 phase); Ifitm3 

and Psmb8 were preferentially stimulated in KO1_c, KO1_d, and KO2_c clusters (G2/S 

phases) (Fig. 2.9C). Additionally, the KOs_b cluster was shared between IFN-stimulated 

Irf6 KO organoid lines and was distinguished by increased markers of apoptotic stress 

Figure 2.9 Irf6 regulates the interferon response in primary intestinal epithelial cells. 

(A–B) Heatmaps of ISGs arranged by greater stimulation in non-targeting (top) to greater 
stimulation in Irf6 KOs (bottom). (A) All ISGs are significantly increased by IFN treatment 
within at least one cell line. (B) ISGs are also significantly different between at least one 
KO line and non-targeting controls. (C) Violin plots depicting expression of selected ISGs 
among clusters from Fig. 6G. (D, E) Flow cytometry of Mx1-GFP expression 24 hours after 
treatment of indicated organoid lines with 10 ng/mL IFN-β (dashed lines) or 25 ng/mL IFN-
λ (solid lines). (D) Representative plots from three experimental replicates. (E) Fold-change 
in median GFP expression of IFN-treated groups relative to their respective untreated 
controls. Data points represent replicates and significance was calculated using two-way 
ANOVA with Sidak multiple comparison correction. ANOVA = analysis of variance; 
GFP = green flourescence protein; IEC = intestinal epithelial cell; IFN = interferon; 
ISG = IFN-stimulated gene; KO = knockout. 

https://www.sciencedirect.com/science/article/pii/S1933021924000321#f0030
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response (e.g. Atf3, Atf4, Chac1, Fig. 2.9C), suggesting increased IFN-stimulated stress 

and cytotoxicity in Irf6 KO organoids.  

Further analysis of gene clusters identified some ISGs unique to subsets of each 

organoid line. For example, the bile acid cotransporter Slc10a2 was preferentially 

stimulated in the KO2_b cluster (Fig. 2.9C), which also had the highest expression of 

enterocyte genes (Fig. 2.7I). Additionally, IFN-stimulated KO1_d cluster expressed 

secretory-lineage transcription factor Atoh1 (Fig. 2.8F), suggesting ISGs in this cluster 

may be preferentially IFN-stimulated within secretory-lineage cells. These KO1_d cluster 

ISGs included aldehyde dehydrogenase (Aldh1b1) and Irf8 (Fig. 2.9C). Furthermore, 

there was increased baseline expression of Aldh1b1 and Irf8 within untreated secretory 

progenitors (Fig. 2.9C, SecPro), further linking these genes to IEC subsets. Together these 
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data revealed clusters of IFN-stimulated response genes that correlated with Irf6 

expression, cell cycle phase, and IEC subtype genes. 

Differences in the ISG transcriptome of Irf6 KO organoids may be related to 

differential IFN-stimulated activation of the ISRE promoter. The parental organoid line 

used to generate Irf6 KOs was derived from the ileum of an ISRE-GFP reporter mouse 

[292]. Therefore, we used flow cytometry to quantify GFP reporter expression as an 

indicator of ISRE transactivation following 24 hours of treatment with either IFN-β or 

IFN-λ. All organoid lines had significantly higher GFP expression following IFN 

treatments, confirming the utility of this reporter gene (Fig. 2.9D-E). The median fold-

increase in GFP fluorescence of Irf6 KO1 organoids treated with either IFN type was 

significantly higher than non-targeting controls (Fig. 2.9E). Irf6 KO2 organoids exhibited a 

preferential response to IFN-λ, with a significantly higher median fold-increase in GFP 

following treatment with IFN-λ, but not IFN-β (Fig. 2.9E). This IFN-λ phenotype of Irf6 

KO2 organoids was consistent with the result of preferential IFN-λ phenotype for Irf6 in 

the viability CRISPR screen (Fig. 2.2G-H). Together, these data support the conclusion 

that Irf6 dampens IFN responsiveness of IEC organoids.  

 

Increased IFN-stimulated cytotoxicity in Irf6-deficient IEC organoids 

RNAseq data suggested that Irf6 deficiency led to an increase in IFN-stimulated 

stress and cytotoxicity (KOs_b cluster, Fig. 2.7G). To quantify differences in IFN-

stimulated cytotoxicity between IEC organoid lines, we treated cells with a titration of 
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IFN-β or IFN-λ for 48 hours and quantified viability by ATPglo cell titer assay. Treatment 

with IFN-β concentrations below 1 ng/mL resulted in no appreciable change in viability, 

but 10 ng/mL IFN-β resulted in lower viability (63%) for each Irf6 KO organoid line 

compared to non-targeting controls (95% viability) (Fig. 2.10A). Treatment with IFN-λ 

concentrations below 10 ng/mL resulted in no appreciable change in viability for non-

targeting control cells, but concentrations as low as 0.1 ng/mL IFN-λ resulted in 85% 

viability for Irf6 KO organoids (Fig. 2.10B). Viability decreased to 31-42% for Irf6 KO 

organoids treated with 1000 ng/mL IFN-λ, whereas non-targeting controls were only 

reduced to 77% viability at this maximum concentration of IFN-λ (Fig. 2.10B). These data 

indicated that IFN treatment of IEC organoids results in a greater loss of viability in the 

absence of Irf6, particularly for IFN-λ treatment, which is usually not cytotoxic.  

In addition to IFN-stimulated cytotoxicity, we hypothesized that other cytotoxic 

stimuli may be more active in the absence of Irf6. We noted that the inflammasome 

adaptor ASC (Pycard) and inflammasome effector Casp1 were significantly upregulated 

in Irf6 KO organoids at baseline (Fig. 2.7F, 2.10C). To test whether inflammasomes were 

differentially active in Irf6-deficient IECs, we quantified inflammasome-driven lysis of IEC 

organoid lines by stimulating the NAIP-NLRC4 inflammasome with agonist delivery to the 

cytosol (FlaTox), and monitoring lysis by uptake of the DNA stain propidium iodide [293], 
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[294]. Irf6 KO organoids exhibited significantly greater lysis following FlaTox addition 

compared to non-targeting control organoids (Fig. 2.10D). 
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Apoptosis pathway genes were also significantly different in Irf6 KO organoids, 

including reduced expression of anti-apoptotic Bcl-XL (Bcl2l1) as well as pro-apoptotic 

Casp3 (Fig. 2.10E). To test the functional outcome of apoptosis pathway gene changes, 

we treated cells with the model apoptosis inducer staurosporine (STS) and monitored 

late apoptotic death by uptake of propidium iodide (PI). Both Irf6 KOs exhibited 

significantly greater death than non-targeting controls in the presence of STS (Fig. 

2.10F). Irf6 KO1 also had significantly greater PI uptake in the absence of STS (Fig. 2.10F), 

which may reflect increased turnover of differentiated cells. Taken together with IFN-

stimulated cytotoxicity, these data indicate that IRF6-dependent gene expression 

programs can directly or indirectly moderate cytotoxicity of IECs following activation of 

cell death pathways.   

Figure 2.10 Increased innate immune cytotoxicity in Irf6-deficient intestinal epithelial 
cell organoids. 

(A) Irf6 KO and non-targeting control organoids were treated with indicated 
concentrations of IFN-β (A) or IFN-λ (B) for 48 hours, and viable cells were quantified by 
ATP-Glo assay relative to no IFN treatment controls. Two independent replicates with 
statistical significance by two-way ANOVA. (C) Gene expression for Pycard and Casp1 from 
untreated cells in single-cell RNAseq data. (D) Organoids were treated with PI viability 
stain in the presence or absence of FlaTox, and the percent of maximum PI fluorescence 
was measured relative to untreated control wells. (E) Gene expression 
for Bcl2l1 and Casp3 from untreated cells in single-cell RNAseq data. (F) Organoids were 
treated with PI viability stain in the presence or absence of STS, and the percent of 
maximum PI fluorescence was measured relative to 0-hour time point values. Data points 
in C–F are combined from three independent experiments, with statistical significance by 
two-way ANOVA. ANOVA = analysis of variance; ATP = adenosine triphosphate; 
IEC = intestinal epithelial cell; IFN = interferon; KO = knockout; PI = propidium iodide; 
RNAseq = ribonucleic acid sequencing; STS = staurosporine. 
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Discussion 

We set out to identify novel regulators of the IFN response in IECs through the 

use of complementary CRISPR screens and discovered that targeting Irf6 in M2C IEC cells 

(but not BV2 macrophages) led to increased IFN-stimulated protection against MNV 

infection (Figs. 2.2-3). We found that monoclonal isolates of Irf6 KO M2C cells had a 

slower growth rate and decreased expression of epithelial development pathway genes 

(Figs. 2.4 & 2.6). Primary IECs express substantially more Irf6 than transformed M2C 

cells (Fig. 2.6A), and Irf6-deficient IEC organoids had a reproducible reduction in growth 

and differentiation genes as well as consistent alterations to ISG profile (Figs. 2.7 & 2.9). 

In particular, increased IFN-stimulated expression of stress genes (Fig. 2.7) was 

correlated with a greater cytotoxicity of IFN-treated Irf6 KO IEC organoids (Fig. 2.10A-B). 

Thus, we have identified a novel role for IRF6 in shaping the biology of IECs at baseline, 

with attendant roles in regulating the response to IFN. This role extends to other 

immune pathways beyond IFN because we also found greater inflammasome-stimulated 

death in Irf6-deficient organoids and greater apoptosis induced by STS (Fig. 2.10C-F). 

IRF6 is known to be important for fidelity of orofacial development, and Irf6 

knockout mice are perinatal lethal with myriad developmental defects [271]. IRF6 has 

been primarily studied as a lineage-defining transcription factor within the epidermis 

and is known to promote expression of genes important for terminal differentiation of 

keratinocytes [272], [280], [295]. Our findings suggest that IRF6 may play an analogous 

role in the development of IECs, with keratinocyte-specific transcriptional programs 
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substituted for IEC-specific programs. Indeed, a recent study of human organoids 

identified IRF6-targeted cells to be significantly reduced in a pooled transcription factor 

screen [296], indicating an important role of IRF6 in human IECs. Additionally, a genome-

wide association study of inflammatory bowel diseases identified a polymorphism within 

an IRF6 intron that is associated with increased risk of disease [297] and is associated 

with decreased expression of IRF6 transcripts. Thus, our observation of decreased 

developmental potential and increased cytotoxicity in Irf6-deficient IECs has potential 

implications for human disease. Future studies in IEC-specific conditional knockout 

mouse models will definitively test Irf6 roles in development, immunity, and disease 

within intact tissues.  

All IRF family transcription factors share a highly conserved DBD, and members of 

this transcription factor family with developmental roles could also participate in 

regulation of IFN-stimulated response genes. A dual role of IRF6 in development and 

immunity may be a beneficial strategy for shaping the immune response of epithelia to 

suit their physiological roles within tissues. Our data suggests that IRF6 restricts the IFN 

response of IECs, with increased stress and apoptosis pathway genes stimulated by IFN 

when IRF6 is absent (Fig. 2.7). This activity of IRF6 may be beneficial in reducing damage 

to epithelial cells during an active immune response in the intestine. Like the IFN 

response, inflammasome activation thresholds need to be properly balanced within IECs 

to balance capacity for pathogen clearance with cytotoxicity, and our data indicates a 

role for IRF6 in regulating this response threshold as well (Fig. 2.10C-D).   
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Increased expression of epithelial development genes such as Muc2 in Irf6 KO 

organoids suggests that secretory progenitor development may be limited by Irf6 (Fig. 

2.6I). Single-cell RNAseq data supports this possibility, with increased expression of 

secretory IEC transcription factor Atoh1 and reduced expression of Notch ligand Jag1 in 

Irf6 KO organoids (Fig. 2.7). Irf6 is expressed in all epithelial cells in vivo (Fig. 2.6B) but is 

likely to be regulated at the post-translational level by RIPK4, which was shown to 

activate Irf6 as well as Wnt signaling [298], [299]. Organoid culture conditions used in 

this study maintain cells in high Wnt, which favors maintenance of stem cells. So, future 

studies testing organoid phenotypes under differentiation culture conditions that 

remove Wnt will be of interest.  

The large, growth-arrested M2C cells observed within Irf6 KO M2C cell isolation, 

and the significant increase in apoptosis pathway genes, suggests that these cells are 

experiencing greater genotoxic stress at baseline than non-targeting control cells. The 

selection pressure of genomic stress may have resulted in variable adaptations between 

KO lines. Alternatively, distinct phenotypes may result from the site targeted by each 

gRNA. Irf6 gRNA 2 targets a sequence downstream of the DBD-encoding region, and it is 

possible that there is leaky expression of the resulting DBD-only truncated protein 

isoform. Such a DBD-only isoform would be predicted to act in a dominant-negative 

manner, with potential impacts extending to other IRF family members. This distinction 

between gRNA target sites may explain why we were unable to recover a homozygous 

knockout with Irf6 gRNA 2 in IEC organoids as well as the substantially increased number 

of DEGs in the M2C cell line targeted with this gRNA. 
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We selected Irf6 for further study from our screen, but Irf2 was also found to play 

a substantial role in regulating the IFN-stimulated antiviral response in IEC cell lines (Figs. 

2.2-2.3). IRF2 has been shown to bind ISRE elements and block IFN responses [300]. 

Additional recent studies have implicated Irf2 in IEC development, suggesting that it 

blocks IFN cytotoxicity of colonic stem cells [301] or restricts differentiation into 

secretory lineages [302]. It is intriguing to speculate that IRF6 and IRF2 may participate 

cooperatively or antagonistically in regulatory circuits related to IEC development and 

immunity. Enrichment analysis of Irf2 KO stem cell data [302] suggests overlap in up-

regulated genes following Irf2 or Irf6 KO (Fig. 2.8I), but no significant association 

between Irf6-dependant downregulated genes (Fig. 2.8I). It will be interesting to define 

interaction between IRFs and other post-translational regulatory mechanisms for IRF6 in 

IECs. Regulation of IRF6 dimerization and nuclear translocation have been studied in 

keratinocytes, but it remains to be determined whether distinct mechanisms are at play 

in IECs. Further definition of these and other aspects of IRF6 regulation may have wide-

ranging implications for intestinal homeostasis, immunity, and disease. 
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Chapter 3: Discussion, impact, and future 
directions 
Discussion 

The research presented in this dissertation focuses on the discovery of the non-

canonical role of Irf6 in regulating IFN responsiveness, differentiation of intestinal 

epithelial cells, and cell death. We sought to find non-canonical cell type specific 

regulatory factors to elucidate why IECs respond preferentially to type III IFNs instead of 

type I IFNs. To answer this question, we designed a CRISPR screen that involved the 

homologs within gene families of all the canonical IFN signaling factors. This includes all 

of the IRFs, JAK/Tyk2, Rel/NfκB, and STAT gene families. By treating the KO cells with IFN 

followed by MNV challenge, we were able to compare the IFN induced survival and viral 

protein inhibition between macrophages and IECs.  

The results of our screens indicated that deletion of Irf6 caused an increase in 

type III IFN responsiveness in IEC but had no effect on IFN signaling in macrophages. 

Further investigation into the gene expression and phenotypes of Irf6 deletion in IECs 

presented a more complex role of Irf6 in the homeostasis, growth, differentiation, and 

cells death. Irf6 had primarily been studied in keratinocytes due to its role in the 

developmental diseases Van der Woude syndrome and popliteal pterygium syndrome, 

but no study had yet looked at its role in the intestinal epithelium. The novel discovery 

of Irf6’s role in cell development and IFN signaling in the intestinal epithelium presented 
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in this dissertation is only the beginning and many future experiments are required to 

better understand its regulatory role.  

Expression of Irf6 is very high in the intestinal epithelium (Fig. 2.2A), with levels 

being similar to the house keeping gene Rps29. Irf6 has previously been shown to be 

regulated by p63 in keratinocytes but p63 is not expressed in the IECs [237], [242], [243]. 

To investigate which genes regulate Irf6 expression, I would perform a genome-wide 

CRISPR screen, stain for Irf6 protein production, and flow sort the cells for loss or gain of 

Irf6 protein. Confirmation of candidate genes would be required. Over-expression and 

deletion of candidate genes, followed by qPCR or western blot analysis would confirm if 

the candidate genes were regulating the expression of Irf6 in IECs.  

Previously, it has been shown that Irf6 activity is regulated at the protein level. 

This is common with IRFs to be regulated post translationally and require binding 

partners or homodimerization. Using immunoprecipitation pull downs and mass spec 

analysis I would find candidate genes for protein-protein interactions of Irf6 and 

compare the binding partners of Irf6 in IECs to binding partners in keratinocytes. 

Confirmation of these candidate genes would be done by developing tagged candidate 

proteins and performing immunoprecipitation experiments. Using catalytically dead or 

activated versions of the candidate proteins, I would investigate the phosphorylation 

patterns of Irf6 when co-expressed with the catalytic versions of the potential binding 

partners.  
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Irf6 is a transcription factor and has previously been shown to bind DNA regions. 

The DNA binding region of all IRFs is highly conserved but the ISRE element that IRFs 

bind to are abundantly found in the genome and the binding partners of IRFs allow for 

more specific binding of the genome to precisely regulate gene expression depending on 

cell type and situation. ChIP sequencing of Irf6 with and without its potential binding 

partners, with and without IFN stimulation would allow us to determine the binding sites 

within the genome and how these sites may change depending on the binding partners. 

To complicate these studies, it is possible that during differentiation of IECs the binding 

region and binding partners of Irf6 changes depending on cell subset. Determining the 

binding partners and binding regions in intestinal stem cells would give more insight into 

the mechanism involved in the loss of differentiation potential shown in our Irf6 KO 

organoids (Fig. 2.6K-L). 

Irf6 appears to have an inhibitory and inducive roles in the IECs. The Irf6 KOs 

were more responsive to interferons indicating that Irf6 is likely an inhibitor of IFN 

signaling (Fig. 2.9). Treatment with IFNs had higher cytotoxicity in the Irf6 KO organoids 

which correlates with higher baseline apoptotic genes Casp3 and Pycard (Fig. 2.10). Irf6 

may possibly directly inhibit the expression of Casp3 and Pycard but their increased 

baseline expression could be a secondary effect of a different Irf6 target gene. 

Additionally, we were able to identify Irf6 dependent ISGs (Fig. 2.9B). We do not know if 

Irf6 is directly activating the transcription of this subset of ISGs, but it is evidence of Irf6 

having an inducive role during IFN signaling. This dual function of Irf6 is likely dependent 

on the binding partners and activated state of Irf6. Comparing the activation state and 
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binding partners of Irf6 at the beginning, peak, and inhibitory phases of type I and type 

III IFN signaling may allow us to identify new regulatory pathways of IFN signaling in IECs. 

The expression of Irf6 appears to be important for stem cell maintenance and 

disrupting one or both alleles resulted in less differentiation potential (Fig. 7I-L). The Wnt 

and Notch signaling pathways play a major role in IEC differentiation. The Notch ligand 

Jag1 has previously appeared on ChIP sequencing experiments for Irf6 and our Irf6 KO 

organoids had less Jag1 RNA transcripts [244]. Additionally, in keratinocytes Irf6 was 

shown to be a primary target of Notch signaling [281]. 

RIPK4 has been shown to activate Irf6 and RIPK4 is an important regulator of Wnt 

signaling [240], [270], [295], [299], [303]. To present a potential model for future 

experimentation I propose that Irf6 is an important regulatory factor of intestinal stem 

cells being regulated by both Wnt and Notch signaling. Notch signaling induces the 

expression of Irf6 and  Wnt stimulation activates RIPK4 which activates Irf6. The target 

genes of Irf6 contribute to the maintenance of the stem cell state. One potential target 

of activated Irf6 is the Notch ligand Jagged1 generating a feedback loop involving Notch, 

Wnt, and Irf6. Deletion of Irf6 likely disrupted Notch and Wnt signaling leading to a loss 

of differentiation potential of the KO organoids. 

A preprint study investigating the role of glucose binding to transcription factors 

found that the binding regions of Irf6 change depending on the concentrations of 

glucose indicating that the glucose gradient in the epidermis modifies the transcriptional 

activity of Irf6 [304]. The implications of a glucose gradient on the roe of irf6 in the 
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intestinal epithelium is very interesting. When taken together with the differences in 

nutrient absorption gene expression shown through scRNAseq and laser capture RNA 

sequencing discussed in the introduction, the role of glucose regulated Irf6 binding 

patterns becomes very complicated [79]. Looking at the binding partners and binding 

regions of Irf6 between cell types, IFN treatments, and glucose concentrations is 

fascinating but will require many discovery and confirmation studies.  

In light of the recent glucose binding preprint, I hypothesize that if there is a 

glucose gradient in the intestinal villi, it would be dependent on the presence of glucose 

transporters, which were shown to be most highly expressed in the middle of the villus  

[79]. The enterocytes specialized for glucose transport into the blood stream will either 

have the highest concentrations or the lowest concentrations of glucose in the 

cytoplasm. I think that the transport of glucose through these cells will occur so quickly 

that it would not have time to interact with Irf6, and these cells will behave more closely 

to a glucose-starved cell, driving further differentiation of the IECs as they travel towards 

the villi. The crypt-based stem cells would likely have the highest concentrations of 

glucose in the cytoplasm, similar to what is shown in the epidermis [304]. Expression of 

sodium/glucose cotransporter 1 (Slc5a1) decreases at the top of the villi where the IEC 

begin their subcellular shedding [79]. 

Near the tip of the villi where the cells begin their departure from the epithelium 

the role of Irf6 becomes especially interesting because we see the highest 

responsiveness to IFN-λ at the tip and the cells begin to die as well. Partial inhibition of 

Irf6 expression caused our organoids to become more responsive to IFN-λ (Fig. 2.9) and 
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more sensitive to cell death (Fig. 2.10). I hypothesize that Irf6 activity at the tip of the 

villi is partially responsible for the increased sensitivity to IFN-λ signaling and the cell 

death occurring. I further hypothesize that the role of Irf6 is changing, depending on the 

location of the cell within the villi. It may not be possible to test this in vivo, but 

organoid models with differing concentrations of glucose and at different stages of 

differentiation may allow us to look for binding partners and DNA-binding region 

changes for Irf6 under these different conditions.  

The complexities of the differentiation pathways, zonal gene expression, and 

immunological context of the intestinal epithelium complicate the experiments required 

to determine what Irf6 is doing but give context for the requirement of a gene that can 

quickly respond to the changing environment.  

The role of Irf6 in the development of IECs, responsiveness to IFNs, and cell 

death are likely linked (Fig. 3.1). Given that we saw differentiation occur when our 

organoids were treated with IFNs (Fig. 6K-L), and that we see an increase in cell death as 

IFN responsiveness reaches a tipping point (Fig. 2.10A-B), it would make sense that 

pathway Irf6 is regulating is involved in all these phenotypes. 

 

Irf6 KO M2C cell line 

 Both of our CRISPR screens indicated that deletion of Irf6 resulted in 

increased interferon signaling in IECs but not in macrophages. With the individual KO cell 
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line screen, we saw an increase in IFN-stimulated survival following viral infection (Fig. 

2.2). The increase in survival was more pronounced with IFN-λ stimulation than IFN-β, 

and this difference became more obvious when we compared the viability of the KO 

lines by IFN type (Fig. 2.2 G-H). The pooled FACS-based CRISPR screen indicated that 

there was a decrease in production of viral protein NS1/2 when Irf6 was deleted in the 

M2Cs as well. This decrease in viral protein production is a result of the IFN-β treatment, 

as shown by the FACS plots in Figure 2.3B. Our analysis of the pooled screen showed 

similar results to that we saw in the individual KO screen of Figure 2.2, increasing our 

confidence in the results of both CRISPR screens.  

Unfortunately, the IFN-λ treatment did not decrease the viral protein production 

in the pooled CRISPR screen. When we did not see any decrease in viral protein 

production after IFN-λ treatment, we were surprised by this. One possible explanation of 

this could be that IFN-λ does not inhibit the spread of MNV by inhibiting the production 

of viral proteins. Further research on this topic is required to determine this mechanism, 

but the dosage used during the pooled screen was higher than the dose used in the 

survival screen which showed increased survival.  

Despite our inability to confidently analyze the IFN-λ-treated cells in our pooled 

CRISPR screen, we decided to move forward with our top candidate gene Irf6. To our 

knowledge, no research project had yet been published on the role of Irf6 in the 

intestinal epithelium. The sequence of monoclonal isolates confirmed M2C Irf6 KO cell 

lines had shared and divergent phenotypes. Both Irf6 KO M2C lines showed a decreased 
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growth rate (Fig 2.4D) and the presence of large multi nucleated cells (Fig 2.4C). Irf6 KO 

2 had a massive increase in IFN-λ induced MNV survival, but Irf6 KO1 had no difference 

when compared to the non-targeting control (Fig 2.4E). The RNA sequencing analysis of 

the Irf6 KO M2Cs indicated that both KOs shared disrupted growth and differentiation 

pathways consistent with our growth inhibition phenotype (Fig. 2.5). Only Irf6 KO2 had 

immune process GO pathways significantly enriched (Fig. 2.5). However, at baseline 

nearly 10% of the genome was differentially expressed in KO2. 

When we analyzed the differences in ISG expression between the KOs and the NT 

controls we saw that all ISGs were more highly expressed in KO2 when treated with IFN-

λ (Fig. 2.5). The overall increase in ISG expression and a slight increase in the IFNLR 

expression led us to hypothesize that the increased responsiveness to IFN-λ was a result 

of increased receptor expression. However, qPCR analysis did not confirm this increased 

transcription of IFNLR. 

The divergent phenotypes observed between the two Irf6 KO M2C cell lines 

raised the question of whether this discrepancy was due to an experimental artifact or if 

it stemmed from the specific site where guide RNA 2 targeted Irf6. To address this 

uncertainty, we initiated the construction of an overexpression plasmid. However, we 

hesitated due to concerns that artificially elevating Irf6 levels might introduce its own 

phenotype. Consequently, we planned to create two variants: a full-length Irf6 construct 

and a partial one containing only the DNA-binding domain. This approach aimed to 

elucidate whether the observed differences in phenotype were linked to the absence of 
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the IRF association domain in KO2. Additionally, we considered employing the organoid 

model and generating CRISPR Irf6 KO organoids using the same guide RNAs as an 

alternative strategy. One challenge in studying Irf6 in the M2Cs was their low expression 

levels, but it was found that organoids and freshly isolated intestinal epithelial cells, as 

illustrated in Fig. 2.6A, exhibit much higher levels of Irf6 expression. The increased 

expression, more biological relevance, and higher sensitivity to IFN treatment made the 

organoid strategy the better option for confirmation of the Irf6 phenotypes we were 

seeing. 

Irf6 KO organoids 

Due to the divergence between the two Irf6 KO M2Cs we decided to look in a 

more biologically relevant model, the intestinal epithelial organoid.  By removing the 

stem cells from the intestinal crypt, we can grow small intestinal epithelial organoids in a 

3D matrix. This allows us to do experiments on primary IECs rather than the transformed 

M2C IEC cell line. I made the organoids from a mouse that had a GFP cassette with the 

promoter from the ISG MX1. The MX1-GFP expression allows us to monitor IFN 

stimulation by looking at GFP production. I deleted Irf6 in the organoids using the same 

guides I used in the M2C CRISPR screen and sequence confirmed monoclonal isolates. I 

was able to get a full knock out using guide 1 which cuts at the beginning of the DBD 

(Fig. 2.6C). For guide 2, I was only able to get a KO that only had one allele disrupted 

(Fig. 2.6C). Guide 2 cuts at the beginning of IAD domain. We decided to continue with 

our heterogenous KO of guide 2 because mutations that result in an early stop codon at 
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the beginning of the IAD region of Irf6 have been shown to cause VWS in humans. It is 

possible that a full knockout of Irf6 at the beginning of the IAD domain is lethal to the 

cell, and all the organoid isolates we screened had silenced their CRISPR expression 

before the second allele could be disrupted. 

While growing the Irf6 KO organoids, I quickly noticed that they were not getting 

as large, would appear darker, and fill up with dead cells (Fig. 2.6 F-G). The organoids 

Figure 3.1 Summary of Irf6 KO organoid phenotypes.  

The two Irf6 KO organoids differed in genotype with KO1 having an early 
stop codon occurring on both alleles and KO2 only having an early stop 
codon on a single allele. Most of the phenotypes observed were shared 
between the two different mutants. However, KO1 had secretory 
progenitors identified by the expression of Atoh1 and KO2 had more 
enterocyte progenitors identified by Cyp2c55 expression. Both KOs were 
more sensitive to IFN cytotoxicity and STS induced apoptosis, but only 
KO2 was more sensitive to Flatox. Image was created using BioRender. 
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were growing slower (Fig. 2.6H), and would take up more P.I. (Fig. 2.10F). Unlike the 

large multinucleated cells seen in the M2C KOs, I noticed the Irf6 KO organoids were 

smaller when I would disrupt them and count them. I also noticed they were more 

difficult to disrupt, indicating that they may be stickier, which coincides with the 

increased epithelial cell adhesion molecule (Epcam) expression seen in the scRNAseq 

(Fig. 2.7C).  

The intestinal epithelium is made up of several different types of epithelial cells, 

and one of the benefits of studying organoids is that they allow us to look for different 

cell types. We hypothesized that the slower growth rate may be an indication that the 

Irf6 KO organoids were less stem-like. When we looked for different cell type markers, 

we saw decreased expression of the stem cell marker Lgr5, and increased Muc2, which is 

a marker for goblet cells (Fig. 2.6I).  

When we treated the organoids with IFNs, we saw increased expression of GFP 

by the Irf6 KO organoids compared to the non-targeting control, indicating that the 

organoids were more sensitive to IFN stimulation. However, Irf6 KO1 showed increased 

GFP expression when stimulated with both IFN-β and IFN-λ, but Irf6 KO2 only showed an 

increase in GFP expression when treated with IFN-λ (Fig. 2.9D-E). In addition to these 

differences, we saw a wider range in GFP expression indicating that there was a 

heterogenous response that may be dependent on differences in cell type population in 

the organoids.  
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 To determine if the deletion of Irf6 was causing cell subpopulation differences 

we performed scRNAseq. The results from scRNAseq indicated that, although the Irf6 KO 

cells were less stem-like (Fig. 2.7K), there were not any fully differentiated cells in our 

organoids. The full Irf6 KO1 had an increased population of secretory progenitors 

expressing Atoh1 and the heterogeneous Irf6 KO2 had an increased population of 

enterocyte progenitors expressing Cyp2c55 (Fig 2.7J). These results indicate that Irf6 

expression may play a role in determining if IEC stem cells become secretory or 

absorptive progenitors. One possible explanation for the increased Atoh1 expression is 

the decreased expression of the Notch ligand Jag1 as the strength of Notch signaling has 

been shown to affect cell type lineages of TA cells. Jag1 has previous appeared on ChIP 

sequencing experiments of Irf6 [244].  

Further differentiation experiments are required for proof of Irf6’s role in 

differentiation. qPCR analysis of Atoh1 in an organoid that has an inducible Irf6 would 

allow us to determine at which concentration of Irf6 the differentiation goes toward 

secretory or absorptive lineages. The expression of Irf6 does not change throughout the 

villi (Fig. 2.6B), but the activation of Irf6 might. The inducible model would allow us to 

finely tune Irf6 expression in an organoid, but after discovery of the Irf6 activation 

partners, further experiments controlling the activation of Irf6 would define the role of 

Irf6 in the differentiation of IECs. 
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Cell death 

Interferons are pivotal in the immune response to viral pathogens. They inhibit 

viral replication, increase survival of cells challenged by viruses, and play a major role in 

activating the adaptive immune response. The three different types of IFNs have been 

shown to play specialized roles despite signaling through similar canonical pathways. 

Since the discovery of type III interferons, it has been shown that epithelial cells 

preferentially utilize type III IFN signaling during viral infection, but the cell type-specific 

mechanisms that regulate differential gene expression stimulated by type I and type III 

IFNs still requires further research.  

One explanation for the utilization of type III IFNs by epithelial cells is that they 

exhibit less cytotoxicity. Since epithelial cells at barrier sites need to stay alive to 

maintain the barrier function, it makes sense that responses to a cytotoxic cytokine 

would be down-regulated. The differences of ISG expression elicited by type I and type 

III IFN in IECs has been investigated, but because IECs in adult mice don’t respond to 

type I IFNs, we can only look ex vivo. When the IECs are removed from an adult mouse 

and grown as organoids, they regain their responsiveness to type I interferons, allowing 

us to look at the differences between type I and type III IFNs. In these organoid models, 

we see that type I IFNs are more cytotoxic (Fig. 2.10). When we disrupted Irf6 expression 

in these IEC organoids, we saw an increase in cytotoxicity from both type I and type III 

IFN stimulation. The two different types of IFNs showed similar levels of cytotoxicity in 

the Irf6 KO organoids.  
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We only see Irf6 expression in the epithelium in the intestine (Fig. 2.6), and it is 

possible that this cell type specific expression of Irf6 regulates the cytotoxicity of type III 

IFNs. Further investigation into the role of Irf6 in IECs during IFN signaling is required to 

determine this possibility. It is also possible the increased cytotoxicity we see in Irf6 KO 

organoids stimulated with IFNs may be a secondary phenotype to the primary role of 

Irf6 that we have yet to understand. To further investigate this, we would need to 

analyze the signaling that occurs in the Irf6 KO that leads to cell death. Utilizing flow 

cytometry and plate reader assays to investigate the type of cell death occurring, we 

could investigate the function role of Irf6 in a more specific manner. Interestingly, several 

papers have indicated that expression of Irf6 is important for apoptosis [227], [234], 

[305], [306]. During palatal fusion Irf6 expression is important for p21 dependent 

apoptosis by inhibiting the p21 inhibitor Δp63 [234]. However, the rs2205986 variant, 

previously linked to differential expression of IRF6, was linked to IFN-β-induced liver 

damage in multiple sclerosis patients receiving IFN treatment [307]. 

The previous experiments showed that Irf6 was regulating apoptosis at the 

protein level. Proteins Irf6 interact with to inhibit IFN-induced cytotoxicity in IECs could 

be investigated through co-immunoprecipitation pull down and mass 

spectrophotometry analysis. Follow-up analysis of IFN-stimulated cytotoxicity with 

knock-down of genes enriched in the mass-spec pull downs would allow us to map out 

the cell death pathways.  

Our scRNAseq data indicated that deletion of Irf6 resulted in higher Pycard and 

Casp1 expression (Fig. 2.10). It is possible that the increased expression of 
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inflammasome proteins before IFN stimulation leads to dysregulated inflammasome 

activation resulting in increased IFN-induced cytotoxicity. Mass-spec pull downs and 

chromatin immunoprecipitation sequencing would allow us to identify potential protein 

interactions and genome interactions that are responsible for the increased expression 

of Pycard and Casp1.  

It is possible that the Irf6 KO organoids are more sensitive to death because of 

cellular stress. Previously it was shown that Irf6 regulates glycolysis and lipid metabolism 

[240], [250], [305]. Irf6 has been shown to regulate the glucose metabolism regulator 

Peroxisome proliferator-activated receptor gamma (PPARγ) through direct binding [308]. 

Investigations into a keratinocyte conditional Irf6 KO mouse showed dysregulated lipid 

metabolism [295]. Lipidomic and metabolomic analysis of Irf6 KO organoids may give 

insight into potential cellular stress that could correlate with the slowed growth rate 

(Fig. 2.4) and the increased cell death from IFNs, FlaTox, and STS (Fig. 2.10). 

Interferon Signaling 

The initial purpose of the project in this dissertation was to find non-canonical 

cell type specific signaling factors that determine IFN responsiveness in IECs. Our CRISPR 

screen indicated that deletion of Irf6 or Irf2 increased IFN responsiveness in IECs (Fig. 2.2 

and 2.3). Irf2 has previously been shown to be inhibitory, but Irf6 has not [309]. Irf6 has 

been shown to promote IFN-β production in epithelial cells but the role of Irf6 in 

response to IFNs has not yet been investigated [246]. We hypothesized that Irf6 may be 

an inhibitor of IFN signaling in IECs as we were seeing increased responsiveness to IFNs 



108 
 

in our Irf6 KO cell lines and organoids. However, it is possible that baseline disruptions to 

the M2Cs and organoids led to increased sensitivity to the interferons as a secondary 

effect. It is likely though, that the presence of Irf6 in IECs is directly inhibiting the IFN 

responsiveness in IECs to dampen the cytotoxicity that IFNs are known to produce. This 

would be consistent with the increased cytotoxicity we see in the Irf6 KO organoids (Fig. 

2.10A-B).  

To further investigate the role of Irf6 during IFN signaling in a cell type specific 

manner we would need to directly compare Irf6 KOs in other cell types that are also 

responsive to IFN-λ. I would compare Irf6 KO IFN responsiveness between IECs, lung 

epithelium, liver, and keratinocytes. Transcriptional profiling of the different cell types 

would be informative as well.  

The small number of Irf6-dependent ISGs we were able to find in our scRNAseq 

data (Fig. 2.9B) does not fully explain the increased responsiveness we see in our IRF6 

KO organoids. This is likely due to the lack of depth we get from scRNAseq, and I would 

like to see the Irf6-dependent ISGs we get from bulk RNA sequencing at a much higher 

sequencing depth. I would hypothesize that Irf6 is directly binding to the genomic DNA, 

inhibiting the expression of ISGs in a competitive manner like what has been shown with 

Irf2. Essentially, as the concentrations of ISGF3 begin to wane, Irf6 would be able to 

compete for the ISRE binding regions turning all the ISG expression. To test this 

hypothesis, we can perform a competition assay with a known promoter region 

regulating a reporter gene. By putting the ISRE promoter region of Ifit1 before a GFP 

reporter gene, we could increase the dose of a Irf6 to monitor the expression of GFP in 
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the presence of the ISGF3 complex. If the GFP expression begins to go down past a 

certain concentration of Irf6 this would indicate it is competing for the binding region. 

The role of Irf6 in inhibiting IFN signaling may also be a secondary result of an 

inhibitory gene that Irf6 promotes. To test this hypothesis ChIP sequencing analysis of 

Irf6 during different stages of the IFN response would be informative. The candidate 

gene list from the IFN dependent ChIP sequencing would allow us to determine if a 

known inhibitor of IFN signaling (e.g. SOCS1) is being regulated by Irf6. This would easily 

explain the increased responsiveness we see in out Irf6 KO organoids and a rescue 

experiment where we restore the expression of the inhibitory gene in Irf6 KOs should 

restore the wild type responsiveness to IFNs.  

The making of an IEC conditional KO mouse is currently in process, and the IFN 

responsiveness in the intestines of these mice will be very interesting to see. It is 

possible that these Vil-Cre KO mice will not survive, and an inducible KO may be required 

to study Irf6 in the adult intestine. If the mice survive, I would first look at their 

responsiveness to IFN injection of IFN-λ and IFN-β. I would hypothesize that their 

intestinal epithelium is more responsive to IFNs and have increased cytotoxicity when 

treated with IFNs. I would also hypothesize that these conditional KO mice are more 

resistant to MNV infections because of the increased responsiveness to IFNs. IEC 

enriched RNA sequencing and scRNAseq analysis of the Irf6 conditional KO mice will be 

very informative regarding the IFN response and Irf6-dependent ISGs.  
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The Vil-Cre Irf6 KO mice will be very important for future experiments and 

determining the role Irf6 in the intestine. At homeostasis the loss of Irf6 will likely result 

in dysregulated differentiation of IECs and potentially a complete loss of the stem cell 

niche. As previous research has connected Irf6, Wnt, and Notch in keratinocytes and the 

deletion of Irf6 in keratinocytes causes dysregulated keratinocyte differentiation, the 

Irf6 Vil-Cre KO mice will likely not develop intestines properly. However, heterozygous 

mice may give more insight into the role of Irf6 in the intestines as gene dosage clearly 

plays a major role in the function of Irf6. If this is the case looking at embryos during 

development may be the best option for analyzing the defects resulting for Irf6 ablation 

until an inducible KO mouse is generated. With an inducible Irf6 KO mouse, we would be 

able to monitor whether the stem cell niche is lost and identify the specific types of IECs 

into which all the stem cells differentiate. 

It would also be informative to generate organoids from humans who have Van 

der Woude syndrome. With so much unknown the role of Irf6 in the intestinal 

epithelium, many of the basic characterization experiments still need to be done. It is 

exciting to see what future papers come out of the Nice lab investigating Irf6, and I 

cannot wait to see what the Vil-Cre KO mice teach us. 

Closing remarks 

Barrier immunity serves as our primary defense against invading pathogens, 

forming the defining boundary between self and the external world. Throughout my 

scientific journey, I've often pondered the rigid classification of organisms and the 
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intricate role of our microscopic companions in shaping our existence. Our barrier 

immunity is profoundly influenced by these "beneficial" microbes, yet we also contribute 

significantly to their sustenance. Despite the relentless assault of antimicrobial proteins, 

digestive enzymes, and a constant flow of mucus, commensal microorganisms persist in 

close proximity. Our immune responses, cognitive functions, and digestive processes are 

intricately intertwined with the microbial products surrounding us. However, the 

biochemical, physical, and immunological facets of barrier immunity tirelessly guard 

against microbial invasion, recognizing that not all microbes are benign, and even 

friendly ones may pose risks beyond the barrier. Thus, we have evolved a complex and 

redundant system to maintain the integrity of our internal environment and confine the 

external world to its rightful place. In the intricate ecosystem of the intestines, this 

defense mechanism becomes even more intricate. The ingestion of food and water 

introduces not only essential nutrients but also a plethora of potential threats, including 

pathogens, chemicals, toxins, and foreign objects. As a parent, raising a young child has 

heightened my awareness of the myriad of dangers that humans can unwittingly ingest, 

extending beyond the microscopic realm. Yet, despite our best efforts, we inevitably 

become nourishment for the very microbes we strive to repel, underscoring the 

remarkable efficacy of the immune system.  
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Chapter 4: Methods 

 

Cell Culture 

BV2 (macrophage) cells and HEK 293T cells (ATCC #CRL-3216) were maintained in 

DMEM (Gibco #11995065) with 5% fetal bovine serum (FBS), 1x 

penicillin/streptomycin/glutamine solution (Gibco #10378016), and 10 mM HEPES 

(HyClone #SH30237). M2C transformed colon epithelial cells [274] were maintained with 

Advanced DMEM/F12 blend (Gibco #12634010) supplemented with 10% FBS, 1x 

penicillin/streptomycin/glutamine solution, and 10 mM HEPES. All cells and organoids 

were lifted and disrupted using trypsin/EDTA (Gibco #2500). 

Organoids were generated, as previously described [310], from the ileum of a 

female MX1-GFP mouse (B6.Cg-Mx1tm1.1Agsa/J, Jackson Laboratory strain #033219). L-

WRN cells (ATCC #CRL3276) were cultured for collection of conditioned supernatants 

containing Wnt3a, R spondin 3, and Noggin as previously described [310]. Organoid 

cultures were grown in Matrigel (Corning #354234) with 50% L-WRN conditioned media 

(CM) supplemented with 10 µm Y-27632 (MedChemExpress #HY10583) and 10 µm SB-

431542 (MedChemExpress #HY10431).  
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Mice 

Animal protocols were approved by the Institutional Animal Care and Use 

Committee at OHSU (protocol #IP00000228) in accordance with standards provided in 

the Animal Welfare Act. MX1-GFP mice (JAX stock #033219) were bred and maintained 

in specific pathogen-free facilities at Oregon Health & Science University (OHSU). 

C57BL6/J mice (JAX stock #000664) were purchased from Jackson Laboratories, and 

littermates were equally distributed among experimental groups with equal distribution 

of males and females. Adult mice were used at 7-10 weeks of age and injected 

intraperitoneally with 3 μg peg-IFN-λ (Bristol-Myers Squibb) or an equal volume of PBS 

vehicle as indicated in figure legends.  

 

Lentiviral production and cell transduction. 

Lentiviruses were produced from the following vectors: lentiCRISPRv2 hygro 

(Addgene #98291), pLenti CMV Blast empty (w263-1) (addgene #17486), and pCDH-

MSCV CD300lf-T2A-GFP (gift from Dr. Craig Wilen). Insertion of gRNAs into the 

lentiCRISPRv2 hygro backbone was done as previously described [311]. CD300lf was 

cloned from a gene block (IDT) by amplifying with primers that included restriction site 

for XbaI and XhoI. Vector backbone and CD300lf amplicon were restriction digested 

following manufacturer’s protocol. Fragments were gel purified and cloned using T4 DNA 

ligase. Chemically competent STBL3 E. coli was heat shock transformed with the ligated 
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constructs and plated on ampicillin plates for selection. The resulting plasmid sequence 

was confirmed by sanger sequencing.  

To produce the lentiviral particles, 293T cells were plated at 500,000 cells per 

well in a 6-well plate with 600 ng psPAX2, 300 ng pVSVg, 1000 ng lentiviral vector, 100 µl 

of Optimem (Gibco #31985-062) and 6 µl of Transit-LT1 (Mirus #MIR2300). Two days 

after transfection lentivirus was harvested and mixed with equal parts fresh media 

before overlaying on top of target cell lines. For transduction, BV2 cells were seeded at 

20,000 cells per well and M2C cells were seeded at 1e4 cells per well in a 6-well plate. 

Two days after transduction lentivirus was removed and antibiotic selection media was 

added. After confirming death of untransduced control cells, transduced cell lines were 

cryogenically frozen in nine parts FBS one-part DMSO. 

Monoclonal cell lines were isolated by diluting polyclonal populations to 0.5 cells 

per 100 µl of media and 100 µl was plated in a 96-well plate. Wells were monitored for 

single cell colonies and CRISPR mutations were confirmed using NGS amplicon 

sequencing (Genewiz). Amplicons were PCR amplified for sequencing using Q5 

polymerase with the corresponding primers. Analysis of NGS sequencing data was done 

using CRISPResso2 [312]. 

Lentiviruses for the pooled CRISPR screen were produced as described above 

with equal proportions of all CRISPR/gRNA plasmids added to the transfection mix and 

the twelve wells of transfected 293T cells. The pooled lentiviral prep was used to infect 

1000 cells per gRNA, at an MOI=0.5, as empirically determined for M2C and BV2 cells.  
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Lentiviral transduction of organoids was done after trypsinization to liberate from 

Matrigel and separate into single cells. The single cells were resuspended in a 1:1 

mixture of 50% CM and lentiviral supernatant. The bottom of a 24-well plate was coated 

with 80 µl of Matrigel and solidified. The Cell/lentiviral mixture was then overlayed on 

top of the layer of Matrigel. Lentivirus was removed after 24hrs and replaced with 50% 

CM. Organoids were cultured and expanded for one week after transduction to allow for 

accumulation of the resistance gene within clonal organoids. After one week of culture, 

antibiotics were added to select for the transduced organoids. During selection, the 

surviving organoids were expanded. Selection antibiotics were removed for two days 

after each expansion to favor recovery after disruption of organoids and plating. 

Monoclonal organoids were generated by pipetting a single organoid into a new well and 

expanding. Mutations to the gRNA target site were determined as for cell lines above.  

 

Murine norovirus production, infection, and viability CRISPR screen 

MNV was produced from molecular clones as previously described [276]. A 

chimeric strain CR6-VP1CW3 was used because it was shown to have the greatest lytic 

potential [275], increasing the dynamic range of the survival screen. M2C and BV2 cell 

lines were seeded at 10,000 or 5,000 cells per well, respectively, in 96-well flat bottom 

black plates. At the time of plating, cells were treated with the indicated dosage of IFN-β 

(PBL #12405-1) or IFN-λ3 (PBL #12820-1). 24hrs after plating, cells were challenged with 

murine norovirus strain CR6-VP1CW3 at a MOI of either 50 for M2C cells or 10 for BV2 
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cells. 24 hours after infection, cell viability was quantified using the ATP-Glo™ 

Bioluminometric Cell Viability Assay (Biotium #30020-2) on a CLARIOstar plate reader.  

For each CRISPR ko cell group, we calculated % viability compared to untreated 

controls, and calculated “% protection” attributed to IFN pretreatments by subtracting 

the viability of untreated conditions from viability of paired IFN-treatment conditions. 

We initially observed significant variance in % viability between CRISPR-transduced M2C-

CD300lf cell lines after MNV infection (no IFN) that was independent of the specific gene 

targeted. To limit potential confounding effects of baseline variance in MNV 

susceptibility and maximize the effect-size of IFN-treatment, we excluded poorly infected 

cells in which % viability following MNV infection was >50% in the absence of IFN 

pretreatment. 

Infections for growth curves were performed on ice at an MOI = 5, followed by 

two washes with PBS, replacement of growth media, and freezing of plates at each time 

point. Plaque assays were performed using BV2 cells, essentially as previously described 

[276].  Briefly, BV2 cells were infected with serial dilutions of each well from thawed 

plates, consisting of combined cell and supernatant virions. After one hour incubation at 

room temperature, the inoculum was removed, and cells were overlaid with 1% 

methylcellulose in BV2 culture media and cultured for three days. Cells were fixed and 

stained with 20% ethanol and 0.1% crystal violet for visualization and enumeration of 

plaques. 
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Pooled CRISPR screen and FACS 

Pooled populations of CRISPR cell lines were plated at 500,000 cells per 10 cm 

dish. After plating, BV2 cells were treated with 1 ng/ml IFN-β and M2C cells were treated 

with either 1 ng/ml IFN-β or 100 ng/ml IFN-λ. After 24hrs of IFN treatment, the cells 

were inoculated with MNV CR6-VP1CW3. BV2 cells were challenged with an MOI=10 and 

M2C cells were challenged with an MOI=100. After 8hrs the cells were lifted using 

trypsin. All the media and PBS used to wash the cells were collected and combined with 

the lifted cells to ensure any cells that died during infection were included in the sorting. 

Cells were stained with Zombie Aqua™ Fixable Viability Kit (Biolegend # 423102) and Fc 

receptors were blocked using the CD16/32 antibody (Biolegend #101302) for 20min on 

ice. Cells were washed with PBS and fixed in 2% paraformaldehyde for 20min at room 

temperature (RT). Cells were washed with PBS and permeabilized in PBS with 0.2% 

Triton X-100, 3%FBS, 1% normal goat serum (perm/block) for 30min RT. Cells were 

stored in perm/block at 4 degrees until both replicates had been collected. Immediately 

before sorting, cells were stained with a MNV NS1/2 polyclonal rabbit antibody 

(generous gift of Dr. Vernon Ward) for 30 minutes at room temperature. After washing 

two times, cells were stained with a goat anti-rabbit IgG antibody conjugated to Alexa 

647 (ThermoFisher #A21244) in perm/block for 30 minutes at room temperature. Cells 

were washed twice with PBS 0.2% Triton X-100 and resuspended in FACS buffer for 

sorting.  
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The top 10% of cells stained with NS1/2 for each sample were sorted on the BD 

InFlux cell sorter for sequencing. DNA extraction was done using the Quick-DNA FFPE 

Miniprep (Zymo #D3067). Genome counts were determined through qPCR of the CRISPR 

insert  and PCR amplification of the gRNA insert was done on 2000 genomes per sample 

using Q5® Hot Start High-Fidelity DNA Polymerase (NEB # M0493) with P5 and P7 

primers that included the Genewiz partial adapter sequence. Amplicons were purified 

with AMPure XP beads (Beckman Coulter # A63880) and submitted for amplicon 

sequencing (Genewiz). Analysis of gRNA sequences was done using MAGeCK [313], 

[314].  

 

Bulk RNA sequencing and analysis 

RNA was extracted using the Zymo Quick-DNA/RNA Viral 96 Kit (ZymoResearch 

#D7023) from three M2C cell lines and three treatment groups each in triplicate 

experimental replicates (27 total samples). Quality of RNA samples were assessed using 

a TapeStation (Agilent) and mRNA sequencing libraries were prepared by the OHSU 

Massively Parallel Sequencing Shared Resource (MPSSR) using the TruSeq Stranded 

Poly(A)+ Library Prep Kit (Illumina). Barcoded libraries were pooled, paired-end 

sequencing was performed using the Illumina NovaSeq platform, reads were trimmed of 

adaptors, and reads were demultiplexed. Adaptor-trimmed and demultiplexed reads 

were mapped to the mouse genome (GRCm39) using the STAR aligner [315], and 

mapping quality was evaluated using RSeQC [316] and MultiQC [317]. All samples had 
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between 16 million and 27 million uniquely mapped reads with similar distributions 

across genomic features and uniform gene body coverage. Read counts per gene were 

determined using the featureCounts program [318], and differential expression analysis 

was performed using DEseq2 [319], with each cell/treatment combination representing 

a different group in the study design (9 total comparison groups). PCA was performed on 

DEseq2 regularized logarithm (rlog)-transformed data. Heat maps were generated using 

either rlog-transformed raw counts or counts normalized to control samples (“Non-

targeting” cells or “No IFN” treatment group), as indicated in figure legends. Heatmap 

clustering is based on Euclidean distance. Volcano plots were generated using the 

EnhancedVolcano program (https://github.com/kevinblighe/EnhancedVolcano). 

 

Single-cell RNA sequencing 

For some experimental groups, clonal lentiCRISPR-transduced organoid lines 

(non-targeting, Irf6 KO1, Irf6 KO2) were further transduced with CD300lf using pCDH-

MSCV CD300lf-T2A-GFP and transduction methods described above (Fig. 2.7A, pools 3 

and 4).  

Each IEC organoid line was treated with 10 ng/mL IFN-β, 25 ng/mL IFN-λ, or 

media only. One group of replicate CD300lf-transduced organoids additionally received 

9e5 PFU of MNV strain CR6-VP1CW3 at the same time as IFN treatments. 24 hours after 

treatments, single cells were prepared by incubation in trypsin/EDTA for 20 minutes, 

with pipetting every 5 minutes to disrupt organoids. The nine groups of cell lines (NT, 
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KO1, KO2) and treatment conditions (no IFN, IFN-β, IFN-λ) were incubated with separate 

oligonucleotide-tagged antibodies (HTO) for multiplexing (Biolegend TotalSeq, A0301 - 

A0309). Groups were counted and pooled in equal abundance, with four separate pools 

of cells: two groups without CD300lf transduction or MNV infection, a CD300lf-

transduced group without MNV infection, and a CD300lf-transduced group with MNV 

infection (Fig. 2.7A). Pools were submitted to the OHSU Gene Profiling Shared Resource 

for preparation of 10x chromium next GEM 3’ single cell gene expression v3 libraries and 

HTO libraries. Libraries from the four pools were prepared separately and sequenced on 

an Illumina NovaSeq by the OHSU MPSSR. Adaptor-trimmed and demultiplexed reads 

from the libraries of each pool were mapped with Cell Ranger Count v7.1.0 to the mouse 

genome (mm10-2020-A), with addition of MNV genome as a custom gene definition.  

Gene counts from Cell Ranger were read into Seurat version 4.1.3 [320]. Each 

pool was filtered for cells with less-than 10% mitochondrial reads, greater than 1000 

genes, and greater than 5000 counts. Gene counts were normalized and variable 

features identified within each pool using the default parameters. Pools were integrated 

using FindIntegrationAnchors and IntegrateData functions (50 dimensions). HTO data 

was normalized using centered log-ratio (CLR) transformation, and groups were de-

multiplexed using the HTODemux function (positive.quantile = 0.999). 12,151 

demultiplexed singlets were clustered by gene expression using the following functions: 

ScaleData, RunPCA, FindNeighbors (dims = 1:15), FindClusters (resolution = 1), and 

RunUMAP (dims = 1:15). One small cluster of 31 cells (“NT_d”) was not considered 

further due to lower than average read counts. Experimental groups were identified by 
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HTO, and differentially expressed genes between groups were identified using DESeq2 

[319] via the FindMarkers function. DEGs were defined as having a greater than 1.5 fold-

change and adjusted p-value < 0.05. Marker genes for clusters were identified by 

Wilcoxon Rank Sum test using the FindAllMarkers function (min.pct = 0.25). Cell cycle 

phase was determined using the CellCycleScoring() function. 

 

Quantitative PCR 

RNA was extracted using the Zymo Quick-RNA Viral Kit (ZymoResearch #R1035). 

DNA contamination was removed using the Turbo DNAfree kit (ThermoFisher #AM1907). 

cDNA was generated with the ImPromII reverse transcription system (Promega #A3800). 

Quantitative PCR was performed using PerfeCTa qPCR FasMix II (QuantaBio #95119) and 

the pre-designed primer and probe assays from Integrated DNA Technologies (IDT). 

Absolute copy number was determined by comparing Ct values to a standard curve 

generated using DNA of known copy number encoding the target sequences. Samples 

are graphed as absolute copy number of the indicated target divided by the absolute 

copy number of the housekeeping gene, Rps29, with log-transformation and 

normalization as indicated in figure legends. 
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Western blot 

Two days after plating, organoids were dissociated from Matrigel using 

trypsin/EDTA (Gibco #2500), washed with PBS, and lysed in RIPA buffer (NaCl 150mM, 

Tris-HCl 50mM [pH 8.0], sodium deoxycholate 0.5%, and SDS 0.1%) supplemented with 

cOmplete mini, EDTA-free protease inhibitor cocktail (Sigma #4693159001). Each sample 

was mixed with Bolt LDX buffer (ThermoFisher), Bolt reducing agent (ThermoFisher), and 

incubated at 70C for 10 min. Samples were run on a 12% Bis-Tris Bolt Mini protein gel 

(ThermoFisher) and transferred to a PVDF membrane using Bolt transfer buffer 

(ThermoFisher). IRF6 antibody (BioLegend #674502) was diluted 1:500 and the 

secondary antibody goat anti-mouse conjugated to horseradish peroxidase 

(ThermoFisher #62-6720) was diluted 1:5000. 

 

Fluorescence in situ hybridization 

FISH was performed using the Advanced Cell Diagnostics (Newark, CA) manual 

RNAscope assay following manufacturer protocol from FFPE tissue sections. Probes 

specific for Mus musculus genes Irf6 (ACD, #462931) and Ifit1 (ACD, #500071-C2) were 

purchased from Advanced Cell Diagnostics. Slides were counter-stained with DAPI and 

mounted with ProLong Gold antifade reagent (ThermoFisher). Fluorescent micrographs 

were captured using a Zeiss ApoTome2 on an Axio Imager, with a Zeiss AxioCam 506 

(Zeiss) detector. 
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FlaTox inflammasome assay 

Organoids were seeded into 5μL Matrigel domes in 96-well plates, at least 3 wells 

per treatment. After 2-3 days, organoids were treated with FlaTox (comprised of flagellin 

from V. parahemolyticus (16μg/mL) and protective antigen (1μg/mL)) and propidium 

iodide (1:100 dilution) in complete media. Absorbance was measured on a CLARIOstar 

plate reader each hour following treatment. Absorbance readings were first normalized 

to untreated controls (0%) and then normalized to maximum PI uptake in replicate wells 

for each organoid line treated with 1% Triton-X (100%).  

 

Staurosporine apoptosis assay 

Organoids were seeded 20,000 cells per 5μL Matrigel domes in 96-well plates, at 

least 3 wells per treatment. 48 hrs after seeding organoids were treated with 10μM 

staurosporine (Cell Signaling Technology) and propidium iodide in 50% L-WRN 

conditioned media supplemented with 10 µm Y-27632 and 10 µm SB-431542. Replicate 

wells were treated with propidium iodide only. Absorbance was measured on a 

CLARIOstar plate reader at 0 and 24 hours following treatments. Absorbance readings 

for each well were first normalized to their respective 0 hr timepoint values (0%) and 

then normalized to maximum PI uptake in replicate wells for each organoid line treated 

with 1% Triton-X (100%).  
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Statistical Analyses 

Sample size estimation was performed based on historical data. Data were 

analyzed with Prism software (GraphPad Prism Software), with specified tests as noted 

in the figure legends. 

 

Data availability  

RNA sequencing data obtained in this study have been deposited in the NCBI 

gene expression omnibus (GEO) under series number GSE245972. 
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