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ABSTRACT 

Intestinal epithelial cells (IEC) are crucial for maintaining proper digestion and overall 
homeostasis of the gut mucosa. IEC proliferation and differentiation are tightly regulated by well 
described pathways, however, relatively little is known about the influence of interleukin (IL)-10 
and aryl hydrocarbon receptor (AHR) signaling pathways on these processes or whether AHR 
can regulate IL-10R expression in IECs. IL-10 signaling suppresses inflammation. AHR is a 
ligand activated transcription factor largely known for downstream activation of xenobiotic-
metabolizing enzymes but also exerts a diverse range of responses in the host that can be 
modulated by gut microbe metabolites. Both IL-10 and AHR signaling are shown to promote 
IEC barrier function, and thus, they may also regulate other critical homeostatic functions like 
IEC lineage fate and regenerative capacity. These gaps in knowledge were addressed in Chapters 
2 and 3. Techniques such as reverse-transcription quantitative polymerase chain reaction (RT-
qPCR), western blotting, and histology staining techniques were used to assess changes in 
expression of target genes and proteins between control and either IL-10R- or AHR-deficient 
models. Loss of IL-10R or AHR demonstrated substantial impacts exhibiting nearly opposite 
patterns on lineage fate outcomes and on the proliferative compartment. In Chapter 4, we showed 
that activation of AHR by microbe-derived tryptophan metabolites increased IL-10R1 expression 
in IECs, and these metabolites ameliorated disease in a murine model of colitis. Findings from 
Chapters 2-4 add to a growing body of evidence for the importance of IL-10R and AHR 
signaling pathways in inflammatory bowel disease (IBD) and gastrointestinal (GI) cancers. 
Organoid models provide an additional study system to test these gaps in the field and hold great 
promise for advancing disease research. However, limitations exist for accessing the luminal 
surface to recapitulate the GI environment. In Chapter 5, we developed the GOFlowChip to solve 
this problem. This platform applies long-term, steady-state flow through to the organoid and can 
be modified to serve different research goals. These studies culminate in a deeper understanding 
of how IEC homeostasis is maintained and how innovative technologies can be developed for 
advancing this field of research. 
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CHAPTER ONE 

INTRODUCTION 

Overview of Intestine Homeostasis and Disease 

 The intestinal epithelium is an exquisite example of the biological principle ‘form follows 

function’. The main structure of the intestine, the villus, stems from the Latin term for “shaggy 

hair” and was first used by Gabriele Fallopio1, 2 to illustrate the large surface area and immense 

capacity for absorption. Surprisingly, intestinal epithelial cells (IECs) line up in a single layer to 

form these complex villus and crypt structures (i.e. protrusion and invaginations, Figure 1). 

There are various IEC lineages that exhibit unique metabolic and physiological features, and 

work in a carefully coordinated fashion to maintain proper digestive function and overall 

homeostasis. Importantly, IECs are an essential component of the primary barrier against 

pathogens and other environmental perturbations that enter the digestive system. Intestinal 

epithelia are wedged between microorganisms suspended in the luminal space and resident 

immune cells on the basolateral side, which partially make up the gut-associated lymphoid tissue 

(GALT). Thus, IECs are situated in a prime location for mediating cross-talk between gut 

microorganisms (referred hereafter as microbes or microbiota) and the immune system. 

Reciprocal, dynamic chemical signals are exchanged among these different cell populations that 

are ultimately responsible for maintaining mucosal homeostasis.  

 Infections, necrotizing enterocolitis, irritable bowel syndrome (IBS), hypersensitivities to 

certain foods (e.g. Celiac disease), exposure to environmental toxins and heavy metals, and 

inflammatory bowel diseases (IBD) encompass gastrointestinal (GI) illnesses that shift the 
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Figure 1. Intestine form follows function. Hematoxylin and eosin (H&E) micrographs of mouse 
small intestine (ileum, top row), large intestine or colon (proximal, middle row), and colon 
following acute exposure to the colitogenic chemical dextran sodium sulfate (DSS, bottom row); 
images were taken with a brightfield microscope at three different magnifications. The small 
intestine is comprised of many folds of villi and invaginations of crypts that create a large 
surface area for digestion and absorption of nutrients. More proximal regions of colon epithelium 
retain protruding structures but are broader than ileum villi, and flattened regions containing 
rows of crypts become the dominant morphological feature of colon epithelium (e.g. middle row 
at 20X).  Inflammatory bowel diseases like ulcerative colitis (UC) exhibit increased translocation 
across the epithelium of luminal content that triggers an inflammatory response. The last row of 
micrographs depicts an experimentally induced form of colitis in mouse colon tissue and 
demonstrates denuded epithelium with impaired barrier and increased infiltration of immune 
cells (blue circular cells/staining: 20X, bottom right corner).  

mucosal milieu away from homeostasis towards an inflammatory state. IBD is of particular 

interest because it serves as a prime example of what happens when there is a breakdown in 

communication between the epithelium, the immune system, and gut microbial symbionts. IBD 
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is a collection of debilitating, chronic, relapsing-remitting diseases of the GI tract that affects 

nearly 4 million people worldwide, and the incidence and economic burden is predicted to 

continue to rise significantly through the next decade.3 The etiologies of IBDs are complex and 

likely involve many genetic and environmental factors. These factors predispose the gut 

epithelium to injury and dysregulated responses towards luminal content, which perpetuates 

vicious cycles of gut leakiness (i.e. translocation of antigens across the epithelial barrier) and 

reoccurring bouts of inflammatory insult interspersed with insufficient resolution and repair. 

Another key hallmark of IBD is dysbiosis of the gut microbiome, or alteration of the abundance 

and distribution of gut bacteria.4-6 Since the gut microbiome normally provides molecular signals 

that promote mucosal homeostasis,7-10 IBD patients may be missing important aspects of the 

host-microbiome crosstalk that would otherwise help repair the IEC barrier, regulate 

inflammation, and maintain GI health (Figure 2).  

 In this introductory chapter, gut-microbe interactions in the intestinal mucosa that 

contribute to homeostasis will be highlighted. Next, a brief description of inflammation and IBD 

will be provided to give context for the disease models used in Chapters 2 and 4. The remainder 

of the introductory sections are outlined in an order similar to the dissertation chapters and 

explores two signaling pathways that modulate intestine homeostasis and disease: IEC lineages 

and proliferation (Chapters 2 and 3), IL-10 signaling (Chapter 2), AHR signaling (Chapter 3), the 

interplay between IL-10 and AHR signaling pathways (Chapter 4), and organoids (Chapter 5).  
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Figure 2. Schematic of gut microbe-IEC-immune cell interactions crucial for intestinal 
homeostasis. The left side depicts typical interactions between these cellular communities under 
a homeostatic state. In the lumen, tryptophan and indigestible carbohydrates/fiber provide 
substrates for the gut microbiota to catabolize into signaling molecules capable of binding to host 
receptors in IECs and immune cells. These signaling metabolites include indole-3-propionate and 
-carboxaldehyde (IPA, IAld) and short chain fatty acids (SCFA). Antigens associated with 
microbes (pathogen associated molecular patterns (PAMPS) like LPS, peptidoglycan, fungal 
glucans, and viral/intracellular bacteria nucleotides interact with pattern recognition receptors 
(PRRs) that are expressed on IECs and immune cells. IECs express tight junction proteins (TJs) 
and secrete antimicrobial peptides (AMPs) and mucus as protective measures against microbe 
translocation; microbial compounds and immune cells can trigger secretion of these IEC 
products. Resident immune cells comprise intraepithelial lymphocytes (IELs) closely associated 
with IECs, innate lymphoid cells (ILCs), macrophages, and dendritic cells (DCs). Cytokines are 
exchanged between immune cells and IECs to communicate changes in the host and luminal 
environments. B cell secretory IgA antibodies decorate microbes to neutralize antigens and 
promote outer-mucus colonization. Following activation of DCs by recognizing PAMPs via 
PRRs, DCs modulate T cell differentiation depending on need (inflammation-Th1, Th2, Th17; 
resolution and repair- Treg cells, TFH for B cell development). The right side depicts 
inflammation where immune cells like neutrophils, other granulocytes, and monocytes are 
recruited from circulation by chemokine and cytokine expression from IECs and localized 
immune cells. These innate immune cells (along with macrophages and DCs) phagocytose 
antigens/foreign invaders and release enzymes and reactive oxygen/nitrogen species (ROS/RNS) 



5 
 
(Figure 2 caption continued): to neutralize the threat. IECs ramp up AMP mucus secretion and 
Trefoil factor 3 (TFF3) to enhance IEC barrier restitution and wound healing. DCs activate 
cytotoxic T cells and T helper subsets to fight infection. B cells are also activated and 
differentiate into antibody producing plasma cells. IBD is linked to several factors including 
reduced commensals, increased adherent bacteria, and lower mucus secretion. Some of these 
changes can be explained in part by alterations in diet, reduced SCFA-producing microbes, and 
impaired barrier function in genetically susceptible hosts (e.g. NOD2, IL-10, and Atg16l1 
variants). This image was created in BioRender.com. 

Intestinal Mucosa Homeostasis is Maintained               
by Dynamic Host-Microbe Interactions 

 At the microscopic and molecular scales, the intestinal mucosa is analogous to an 

ecosystem where biotic and abiotic factors contribute to maintaining an equilibrium of the entire 

system. This ecosystem can be broken up in to three main communities representing groups of 

cells that inhabit this space moving from the inner-most basolateral side to the outermost luminal 

side: 1) immune cells/leukocytes, 2) IECs, and 3) microorganisms. Each of these communities 

can be further divided into different populations of cells that perform specialized tasks and have  

unique sets of transactions among its members while also working in concert to achieve a 

common goal of homeostasis. The richness and evenness of these communities are dynamic and 

depend on many interactions such as cross-feeding, competition/antagonism, and exchange of 

biochemical signals. To explore these communities and interactions further, a brief introduction 

will be given for the gut microbial ecosystem followed by a discussion of how IECs, immune 

cells, and our microbial symbionts function alongside one another.  

   Long before advanced culturing techniques and sequencing technologies were available 

foundational discoveries were being made with our microbial inhabitants starting around the 

1840’s. Theodor Escherich, Henry Tissier, Ilya Metchnikov and Alfred Nissle were among the 

first to recognize microbes reside in the human GI tract and they contribute not only to disease 
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(as was already established in the 1700’s and1800’s based on the ‘germ theory’) but to health as 

well.7, 11 Thanks to many scientists willing to stare into the depths of stool, the mysteries of gut 

microbial structure, function, and how it is all intertwined with gut homeostasis are beginning to 

be unraveled. The major categories of microorganisms are represented by host-associated 

microbiota: bacteria, archaea, protozoans, and microfungi. Viruses and larger eukaryotes like 

helminths are additional members of the intestinal mucosa ecosystem. While viruses interacting 

directly with host tissues are mostly, if not all, pathogenic, bacteriophages can shape bacterial 

community dynamics thereby indirectly shaping host phenotypes and health.12 Helminths also 

play dual roles in host health13 by priming immune tolerogenic responses in adolescence, as is 

postulated by the hygiene hypothesis,14 yet contributing to disease later in life. Host-bacteria 

interactions will be the focus of this introductory section, given the deluge of research on 

bacterial members of mammalian hosts and also that it aligns wells with my research involving 

bacteria-derived aryl hydrocarbon receptor (AHR) ligands. Specifically, this overview will 

describe host-bacterial interactions in the intestine from a collection of studies on humans and 

rodents. Though it should be noted that seminal works evaluating interactions at other mucosal 

sites (e.g. more specialized bacterial communities at the gastric15 and vaginal16 mucous 

interfaces) and using other study systems (e.g. from livestock17 to birds18 to simple microbiomes 

in invertebrates19) have contributed greatly to the biomedical field by broadening our 

understanding of these complex interactions. Studying host-microbe interactions has also 

deepened our appreciation for the interconnectedness of living organisms as a whole. 

 The number of microbial cells is reported to outnumber human cells 10 to 1 (note: this 

number is contentious and could be closer to 1:1 bacteria to host cells in the gut and depends on 
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the reference) and collectively contain about 100 times more genomic content (i.e. gut 

microbiome).20-25 Within the GI tract of any given individual there are an estimated 200-500 

species and 1,000+ species across the human population, with the majority being from 

Firmicutes and Bacteriodetes phyla but also include members from Proteobacteria, 

Actinobacteria, Fusobacteria, and Verrucomicrobia phyla.20, 21 Community structure differs by 

location with more microaerophilic and facultative anaerobes residing in the small intestine that 

are replaced by obligate anaerobes moving distally to the colon. Determinants of microbiota 

constituents encompass diet, host genotype, and other environmental factors like smoking, 

antibiotic use, and initial inoculation events from different parturition methods and 

breastfeeding.22 Regardless of seemingly disparate microbial compositions between individual 

humans or even between human and biomedical study systems like mice, different ‘omics 

approaches (i.e. metagenomics, transcriptomics, and metabolomics) reveal large overlaps in the 

functional capacity of gut microbiomes among different hosts.21, 23-25 Other factors that influence 

gut microbe community features, and the interplay between microbes and the host cell 

communities of the intestinal mucosa ecosystem, are important to consider.  

 Mucosal homeostasis largely depends on intestinal ‘barrier function’. This is a broad term 

used to capture the functional roles that IECs play in preventing luminal antigens from 

disseminating into host tissues. Tight junction proteins (TJs) are imperative to providing a 

physical barrier through the formation of intercellular complexes that control the selective 

permeability of the epithelium. Probiotics like Escherichia coli strain Nissle 191726, 

Bifidobacterium infantis,27 and Lactobacillus spp.28 are shown to maintain and restore TJ 

structures and barrier integrity after exposure to intestinal pathogens or colitogenic chemicals.10 
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These effects are likely achieved through a variety of microbial secreted factors such as short 

chain fatty acids (SCFAs) and tryptophan metabolites.29-32  

 Barrier function is also maintained through the secretion of mucus by goblet cells in the 

intestine. Mucin proteins serve as the building blocks for mucus and are highly glycosylated to 

form a gel-like substance upon release into the lumen. Alterations in the mucin protein sequence, 

sites of glycosylation (i.e. placement of N-acetylgalactosamine and addition/extensions with O-

glycans), and the stacking of mucin polymers contribute to the large array of structural 

differences found across mucosa sites.33 For instance, Muc2 is the dominant mucin protein in the 

small intestine and colon and forms a loose, unattached layer in both regions but also forms an 

adherent inner layer that lines the colonic epithelium. This firmly attached mucus layer is largely 

impenetrable by symbiotic microbes. Yet, there are pathogens that have specialized mechanisms 

and virulence factors gaining them passage to the underlying epithelium: Campylobacter jejuni, 

Salmonella, Shigella, E. coli, Yersinia enterocolitica, Clostridium difficile, Helicobacter pylori 

(gastric mucus invasion), Citrobacter rodentium (murine colitis pathogen), and some eukaryotic 

pathogens like Trichinella spiralis, Trichuris trichuria, and Entamoeba histolytica.34, 35 Some of 

these pathogens are opportunistic and require alterations in the mucus-associated microbial 

communities (e.g. antibiotics) to gain access to the epithelium, which can be explained by the 

principles of competitive exclusion and colonization resistance afforded to the host by the gut 

microbiome.36, 37 The importance of mucus in barrier function and mucosal homeostasis is 

underscored by studies showing IBD patients exhibit a defective mucus layer with reduced 

goblet cell numbers,38 Muc2 null mice spontaneously develop colitis and are more susceptible to 

C. rodentium infection,39, 40 and mice administered an isolated Muc2 compound promoted 
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tolerogenic phenotypes in dendritic cells (DCs) and IECs and rescued impaired barrier in Muc2 

deficient mice.41 Short chain fatty acids and microbial antigens like lipopolysaccharide (LPS), 

lipoteichoic acid (LTA), bacterial DNA, and peptidoglycan components can trigger Muc2 

secretion through epigenetic regulation (e.g. butyrate)42 and by activating toll-like receptors 

(TLRs), Ras and Nlrp6 inflammasome pathways.43, 44 Moreover, many bacterial species utilize 

the mucus layer as a means to colonize the gut and as a rich source of carbohydrates for 

metabolism.45 A diet rich in fiber is important in maintaining healthy levels of mucus and 

physical distance between luminal content and host tissues; low-fiber diets can result in microbes 

degrading the mucus layer, increasing epithelium-microbe interactions and enhancing infectious 

colitis.46 Thus, mucus confers a mutualistic relationship between the host and their gut 

microbes.44 

 Other notable contributors to intestinal barrier function and mucosal homeostasis include 

antimicrobial peptides/proteins (AMPs), and tolerance-promoting cytokines and secretory IgA. 

Many AMPs are cationic, amphiphilic molecules that interact with negatively charged bacterial 

cell walls and form membrane-invading pores leading to cell lysis. Although antimicrobial 

peptides like lysozyme and defensins are produced by innate immune cells like neutrophils 

during infection, IECs also secrete AMPs to keep microbial growth in check. AMPs are mostly 

produced by Paneth cells in the small intestine, but because Paneth cells are absent in the colon 

this role is filled by goblet cells and possibly other cell types.33 AMPs are constitutively 

expressed by IECs, but can be ramped up in response to interleukin (IL)-22 from group 3 innate 

lymphoid cells (ILC3s),47, 48 intraepithelial lymphocytes (IELs),49 and Th17 cells.50 IECs can 

positively regulate their own AMP production by eliciting IL-22 production by these other cell 



10 
 
types using IL-23 signaling. 49, 50 Bacteria also incite IEC AMP secretion. For instance, 

Lactobacillus spp. produce the tryptophan metabolite and AHR ligand indole-3-carboxaldehyde 

(IAld) that is shown to activate IL-22 signaling leading to heighted AMP production.51 

Moreover, the development of IL-22 producing Th17 cells is largely attributed to segmented 

filamentous bacteria (SFB).52, 53 Th17-derived IL-22 have dual roles for being protective against 

pathogenic bacteria and dextran sodium sulfate (DSS)-induced colitis while also activating pro-

inflammatory pathways,52, 54, 55 therefore, this cytokine may work against barrier function in 

some contexts. On the other hand, there are well described anti-inflammatory cytokines like IL-

10 and TGF-β that are important in maintaining IEC barrier integrity and promoting immune 

tolerance. IL-10 signaling will be discussed in more detail later but deserves a brief introduction 

here. IL-10 enhances TJ assembly, elicits IEC wound healing, and supports IEC barrier function 

by its very nature of inhibiting pro-inflammatory cytokine expression.56-59 Cross-talk between 

IECs and specific immune cell subsets (Foxp3+ regulatory T cells, or Treg, macrophages, and 

DCs) prompts the expression of this immunosuppressive effector cytokine. LPS and other 

bacterial components can stimulate the expression of IL-10 thereby fortifying barrier function 

and modulating inflammatory responses.27, 29, 60 Transforming growth factor (TGF)-β is another 

cytokine shown to induce tolerogenic phenotypes displayed by immune cells and IECs. 61 Mice 

develop spontaneous colitis due to inactivation of TGF-β signaling, even though loss of TGF-β 

signaling can be partially rescued by IL-10 signaling.62 Again, the expression of TGF-β can be 

driven by commensal bacteria by activation of PRRs like TLRs.63 Lastly, secretory IgA is an 

important mechanism for retaining gut microbial symbionts while also neutralizing potential 

immunostimulatory antigens. IgA antibodies exhibit low affinity, cross-reactivity under 
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constitutive expression but display high affinity and specificity following B cell activation by 

primed helper T cells (Th, likely through PRR signaling by PAMPs). The polymeric 

immunoglobulin receptor (pIgR) transcytoses sIgA across IECs, followed by proteolytic 

cleavage and release of sIgA into the luminal space. Secretory IgA coats 25-75% of gut bacteria 

and promotes colonization in the outer mucus layer.64 There are positive feedback loops between 

immune cells, IECs, and resident microbes to aid in anchoring microbes to the outer mucus layer 

and to stimulate protective roles among these different communities of cells.  

 Arguably the most quintessential function underlying mucosal homeostasis is the 

regulation of IEC metabolism and water and electrolyte balance. Although the absorptive cells of 

the small and large intestine, enterocytes and colonocytes respectively, undertake these 

fundamental GI functions, bacterial-produced SCFA are indispensable components in these 

processes. Butyrate is of particular importance as it is shown to serve as the main energy source 

for absorptive cells, mainly colonocytes in the proximal to mid colon regions.65, 66 Along with 

butyrate the other major SCFAs are acetate and propionate and are fermentation products of 

indigestible carbohydrates/dietary fiber (e.g. cellulose, hemicellulose, pectin, inulin) and, to 

some extent, amino acid metabolism. The predominant SCFA producers in the human colon 

belong to the Ruminococcacea family, notably Faecalibacterium prausnitzii, Clostridium spp., 

and Ruminococcus spp., members of the Lachnospiraceae family like Rosburia spp. and 

Eubacterium rectale, and many Bifidobactrium spp.66-69 This is not an exhaustive list by any 

means; it should be noted that cross-feeding between bacteria allows for continued breakdown of 

these substrates by secondary producers, and SCFAs can also be synthesized from other 

compounds like lactate. Colonocytes metabolize SCFAs by way of β-oxidation in the preferred 
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order: butyrate > acetate > propionate.66, 67 Because 90% of these SCFA exist in the gut in the 

anionic, dissociated form, passive transport is coupled with the exchange of other ions like Na+, 

K+, H+, and HCO3
- that also drives water reabsorption. The direction and magnitude of water and 

electrolyte fluxes depend on the type and concentration of the different SCFAs within a 

particular region.66  Butyrate has also been studied extensively due to the pleiotropic effects 

exerted on IECs and various tissues throughout the body, most of which are shown to be 

beneficial to the host, through epigenetic modifications as a histone deacetylase inhibitor 

(HDAC) or activation of g-protein coupled receptors (GPR)41, 43 and/or 109.70, 71 Although less 

well characterized, acetate and propionate can also bind these GPRs and exert similar beneficial 

effects on various cells and tissues throughout the body.71 

Inflammation and IBD 

 Even with the best of efforts and prophylactic measures taken by IECs and the immune 

system, with help from their microbe neighbors, perturbations in homeostasis still occur.  

Infection, tissue damage, oncogenesis, or aberrant responses to otherwise innocuous substances 

can all trigger a generalized inflammatory response. PAMPs and damage associated molecular 

patterns (DAMPs, substances stemming from damaged host cells) are akin to warning sirens 

being sounded or red flags being raised to alert the host that the equilibrium scale is off balance. 

72, 73 These signals cue in the sentinels of the mucosa – IECs and resident immune cells like DCs, 

macrophages, and mast cells of the GALT. Engagement of various PRRs (depending on the 

stimulus/antigen: TLRs, CLRs, NLRs, RLRs) activates a cascade of downstream events. Many 

of these first responders are phagocytes that engulf invading microbes or damaged cells and 

utilize AMPs, reactive oxygen species (ROS) and other degradation pathways to eliminate the 
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immediate threat. At the same time, several signaling cascades are triggered to stimulate the 

release of cytokines (IL-1, IL-6, interferons (IFN)-α and β, tumor necrosis factor (TNF)- α) and 

chemokines (mainly IL-8 or CXCL8) that will recruit more leukocytes and complement 

components to the site of invasion/injury. Neutrophils are the predominant leukocyte and 

neutralize the threat using an array of different mechanisms like phagocytosis, production of 

harmful substances like AMPs, ROS (and reactive nitrogen species), and even the release of 

neutrophil extracellular traps (NETs). Eosinophils, basophils, and mast cells also contain cellular 

granules with AMPs and other cytotoxic substances that not only kill invaders but also increase 

vasodilation of surrounding capillaries to increase blood flow to the site of inflammation and 

encourage extravasation of leukocytes. Another key player in immune responses is the DC. After 

phagocytosing and processing invaders/antigens during the initial inflammatory phase, DCs are 

crucial to priming the adaptive immune system, namely T cells. B cells are able to recognize 

pathogens with their own receptors (BCRs, either T cell dependent or independent) and can act 

as antigen presenting cells, like DCs and macrophages, to induce responses in other cells; BCR 

engagement induces B cells to become antibody producing plasma cells. Although responses 

from B and T cells take more time to develop, circulating antibodies mediate clearance of 

pathogens by opsonization, complement fixation, and antibody-mediated killing from natural 

killer (NK) cells; T cells can engage antigens, pathogens, and infected host cells directly to 

induce lysis and apoptosis. Memory B and T cells can also respond more quickly to 

inflammatory events with higher specificity. Altogether, the adaptive immune system steps in to 

shift responses towards inflammatory resolution after the initial onslaught of innate immune 

activity.  
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 IBD, including ulcerative colitis (UC) and Crohn’s disease (CD), involves chronic, 

relapsing inflammation, and the etiology is multifactorial involving genetic and environmental 

interactions. There are differences in pathology, prognosis, and demographics between CD and   

UC, and has been reviewed in more detail elsewhere.3, 74-76 Briefly, UC is limited to the colon, 

involving the rectum in 95% of cases and can extend proximally, whereas CD can occur 

anywhere along the GI tract and affected areas are usually interspersed by healthy bowl (skip 

lesions). Histopathologic findings for UC consist of inflammation with crypt abscesses, 

ulceration and edema limited mainly to the mucosa and submucosa; CD inflammation is usually 

more extensive and transmural, with higher prevalence of fistula and granuloma formation.74, 76 

On average, people are diagnosed in their 20’s (CD) and 30’s (UC), but there are also pediatric 

cases and late onset for both diseases. Epidemiology of IBD demonstrates highest incidences in 

Westernized societies such as the US, UK, parts of Europe and Australia. But, patterns of IBD 

are emerging elsewhere as more countries become industrialized and take on similar lifestyles: 

high-fat low-fiber diets, less exercise and more sedentary jobs, improved sanitation practices 

(e.g. hygiene hypothesis), and better access to medical care that promotes the overuse of 

antibiotics. For brevity, additional information on these diseases will be grouped and referred to 

collectively as IBD.  

 Genome-wide association studies (GWAS) studies have identified upwards of 160 

genetic polymorphisms in IBD patients, with significant overlap between CD and UC.77-81 Many 

of these gene variants are linked to the immune response to microbes and immune tolerance, 

autophagy and the ER stress response.82 In particular, IBD patients with NOD2 variants exhibit 

aberrant responses to bacterial cell wall components and express low levels of Paneth cell α-
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defensins. Furthermore, Nod2-deficient mice are more susceptible to experimentally induced 

colitis, have increased bacterial loads and reduced ability to clear pathogens.54, 82, 83 Aberrant 

Nod2 function is shown to act synergistically with other IBD susceptibility loci like the 

autophagy related protein Atg16l1, with mutations in this gene impairing autosomal formation 

and clearance of bacteria, and impeding biosynthesis and accumulation of Muc2 in goblet cells 

and AMPs in Paneth cells. Mutations in IL-10 and IL-10R are also associated with IBD, which, 

as described previously, is a signaling pathway critical to IEC barrier integrity, wound healing 

and resolution of inflammation.  

 Acting on these genetically susceptible hosts are commensal bacteria turned pathobionts. 

Dysbiosis, the alteration in community composition of the gut microbiome, is another hallmark 

of IBD. In either IBD patient biopsy samples or from stool samples, an overall reduction in 

commensals belonging to the major Firmicutes and Bacteroidetes phyla, such as 

Faecalibacterium and Clostridium Groups XIVa and IV, with concomitant increases in 

Actinobacteria and Proteobacteria, like enteroadherent Escherichia/Shigella, have been 

observed. 4, 35, 84, 85 Many of the reported bacterial members that are reduced in IBD patient 

samples are linked to beneficial roles in the gut mucosa like what was described earlier (e.g. 

butyrate production and reinforcing intestinal barrier function). It is also interesting to consider 

that butyrate concentrations are very low towards the end of the colon and in the rectum where 

colitis initially flares up. Thus, there are gaps in these ‘ecosystem functions’ from missing 

bacterial members/microbial products that typically contribute to mucosal homeostasis and 

potentiate chronic inflammation.  
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 In conjunction with genetic predispositions and a dysbiotic environment, inflammation is 

at the center of IBD. Inflammatory cytokines (IL-1, IL-6, IL-8, and TNF-α) and immune cell 

infiltrates that are involved in the general inflammation response are elevated in both main types 

of IBD. However, there is some evidence for a Th1-Th2 paradigm of different adaptive 

immunity responses between CD and UC. Although CD can involve both Th1 and Th2 

responses, CD appears to be associated with heightened expression of TNF-α, IFN-γ, and IL-12 

leading to the recruitment of Th1, macrophages and other leukocytes through increased 

expression of integrins and selectins.74  UC, on the other hand, is marked by an exaggerated Th2 

response with higher levels of circulating IL-4, IL-5 and recruitment of granulocytes like 

basophils and eosinophils, and B lymphocytes. For IBD in general, there is an inadequate 

suppression of these inflammatory processes, with some evidence for defective Treg cell activity 

and subsequently lower production of anti-inflammatory cytokines like IL-10 and TGF-β.  

 One important mechanism employed by epithelial cells at various mucous membranes 

following inflammatory insult and injury is the expression of trefoil factors (Tff1-3). Tff3 is the 

main peptide isoform expressed by intestinal epithelium goblet cells and is crucial to epithelium 

barrier restitution. Tff3 stimulates IEC migration into the site of injury or ulceration area, 

strengthens cell-cell TJ interactions, and reduces apoptosis during wound healing.86 IEC cellular 

proliferation and differentiation, among other factors, contribute significantly to intestinal 

homeostasis and bowel diseases such as IBD and colorectal cancer. These processes will be 

considered in more detail in the following sections and chapters. 
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IEC Lineages and Proliferation 

 The intestine is the main site for digestion and uptake of nutrients, tasks performed by 

specialized cells type called enterocytes. Colonocytes are the absorptive cell type of the colon 

and are responsible for the reabsorption of water and balance of salts. Although absorptive cells 

are the most abundant IEC lineage (~60-80%), there are other important functions provided by a 

variety of IEC lineages. Goblet cells are the next most prevalent constituent of IECs that are 

largely known for their ability to secrete mucus, but also produce AMPs, TFF3, and provide 

factors important to supporting the intestinal stem cell (ISC) niche in the colon.87 

Enteroendocrine cells secrete many hormones like glucagon-like-peptide, cholecystokinin, 

ghrelin, and serotonin, which are crucial to controlling metabolic functions and communicating 

changes in nutritional state to the enteric nervous system. Tuft cells are interesting in that they 

are classified as secretory cells yet do not require cellular programming through the secretory 

lineage marker atonal basic helix-loop-helix (bHLH) transcription factor (Atoh)-1. These cells 

are posited to sense host and microbial stimuli in the mucosal environment, and tuft cell numbers 

are shown to be influenced by IL-4 and IL-13 during helminth infection.88 The small intestine 

harbors at least two other specialized cell types: Paneth cells secrete AMPs but also serve to 

maintain ISCs, and microfold (M) cells are situated in close proximity to the GALT and Peyer’s 

patches providing a passage for immune cells like DCs to sample the luminal environment.  

 The intestine is a dynamic organ with an impressive regeneration rate of 3-7 days.89 All 

IEC lineages originate from self-renewing Lgr5 positive ISCs positioned at the very base of 

crypts. ISCs undergo cellular division to regenerate the ISC pool and to repopulate the highly 

proliferative progenitors known as transit amplifying (TA) cells. It is within this TA cell 
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population that certain signal transduction pathways and cellular reprogramming occur to drive 

IEC lineage fate. Proliferating TA cells and differentiated cells migrate from the base of the crypt 

towards either the top of the villus tip (small intestine) or top of the crypt neck (colon), 

eventually undergoing apoptosis and sloughing off from the epithelium monolayer (anoikis).89-94 

Wnt/β-catenin signaling is crucial to maintaining ISC self-renewal and also driving the TA 

proliferative compartment.95 Wnt ligands like Wnt3 and the Wnt agonist R-spondin are provided 

by neighboring IECs like Paneth and goblet cells and by the underlying supportive network of 

mesenchymal cell. Mesenchymal cells are an important source for epidermal growth factor 

(EGF) that supports pluripotency within the crypt but they also provide bone morphogenetic 

proteins (BMPs) that inhibit Wnt signaling and promote differentiation as cells migrate upwards 

and away from ISCs.88, 91, 94, 96 Wnt ligands bind to the Frizzled-LRP5-LRP6-Lgr5 membrane-

bound receptor complex. Signal transduction through this complex recruits proteins like 

Dishevelled and Axin and results in the release of β-catenin from the adenomatous polyposis coli 

(APC) ‘destruction complex’, which typically sequesters β-catenin and tags it for proteasomal 

degradation by phosphorylation. With β-catenin free from the destruction complex it translocates 

to the nucleus and interacts with TCF/LEF transcription factors to upregulate genes important in 

cellular proliferation and ISC maintenance (e.g. Oct4, Myc, Axin2, Sox9, and Cyclin D).88, 96, 97 

Given the critical roles of Wnt signaling, there are several mechanisms in place to ensure 

proliferation is kept in check beyond the APC destruction complex. This includes the Wnt 

antagonist dickkopf-1 (Dkk1) protein that interacts with the LRP receptors98, 99 and the E3 

ubiquitin ligases Rnf43 and Znrf3 that target Wnt receptors for degredation.100 Notch signaling 

promotes ISC self-renewal and modulates the ISC-TA cell transition through the activation of 



19 
 
factors like Olfm4.101 It is a finely tuned balance of Wnt and Notch signaling that either replenish 

the ISC niche or enter cellular programs demarcating TA and differentiated cell populations. 

Notch signaling is imperative to directing the differentiation of progenitor cells bifurcating the 

trajectory into absorptive and secretory cell fates. 

 Notch signaling requires interactions between the signaling cell Notch ligands (Dll1/4, 

Jagged-1/2, orDLK1/2) and the receiving cell Notch receptors (Notch1-4) that are bound to the 

membranes of two neighboring cells. This direct cell-cell engagement triggers proteolytic release 

of the Notch intracellular domain (NICD) from the receptor where it translocates to the nucleus 

and acts with CSL/RBPJ/MAML transcription factors to upregulate the expression of gene 

targets like hairy/enhancer-of-split (Hes)-1/3. Hes1/3 are transcription factors responsible for 

shifting IEC cell fate towards the absorptive lineage by inhibiting the expression of Atoh1.93, 94, 

101, 102 Conversely, when Notch signals are absent (via regulatory elements or the lack of 

expression of Notch receptors or ligands) this is sufficient to drive the expression of Atoh1 and 

the differentiation of secretory lineages.103  Expression of other genes and signaling pathways 

downstream of these initial differentiation events fully distinguish each lineage (Figure 3, with a 

focus on absorptive and goblet cell lineages).  

 Defects in IEC proliferation are tightly linked to hyperplasia and malignant 

transformation, with over 90% of human colorectal cancers (CRC) stemming from mutations in 

Wnt signaling components.95, 97, 104 Other pathologies developing from dysplastic epithelium 

include intestinal epithelial dysplasia (tufting enteropathy involving enterocytes) and Barrett’s 

esophagus (involving goblet cells). There are close ties between chronic inflammation and  
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Figure 3. Wnt and Notch signaling control IEC multipotency and lineage cell fate. Wnt signaling 
targets expression of genes involved in cellular proliferation (Oct4, Myc) and other stem cell 
markers (Lgr5), and is regulated by antagonists like Dkk1, Rnf43, and Znrf3. Notch signaling in 
ISCs is activated by cell-cell contact with neighboring cells and promotes the ISC niche and 
proliferation by Olfm4 expression. Notch signaling between progenitor cells can activate IEC 
differentiation towards the absorptive phenotype by inducing Hes1 expression, which inhibits 
Atoh1. In the absence of Notch signaling, Atoh1 inhibition is lifted and drives secretory lineage 
fates. Notch signaling may also be involved in fine-tuning different types of secretory lineages. 
The predominant IEC absorptive colonocyte expresses enzymes and transporters involved in 
water, salt, and pH balance, and goblet cells are important in mucus production and Tff3 
mediated barrier restitution. This image was created in BioRender.com. 

carcinogenesis. A good example of this is evidence showing chronic inflammation is tightly  

associated with long-term persistence of Helicobacter pylori in the gastric epithelium; H. pylori 

infection is the strongest known risk factor for development of gastric cancer.105 IBD is third on 

the list for high-risk conditions for CRC after the hereditary syndromes familial adenomatous 

polyposis and non-polyposis CRC.106 To extend this point, researchers utilize a chemically 

induced rodent model for studying CRC that involves combining a potent carcinogen  
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azoxymethane (AOM) with administration of the inflammatory colitogenic agent DSS.107, 108 

Given the significant implications for aberrant regulation of IEC proliferation, differentiation, 

inflammatory responses, and IEC barrier function, it is important to elucidate factors that can 

modulate these critical cellular processes and tip the homeostasis scale back to a more balanced 

state. The following sections will introduce two different signaling pathways that are the focus of 

this dissertation and that unify these themes – themes that are central to IEC and mucosal 

homeostasis.  

IL-10 Signaling 

 As described earlier, IL-10 is important in resolving inflammation following infection or 

injury and also contributes to IEC barrier function. The IL-10 receptor is a member of the IFN 

receptor family, and is a tetramer composed of two alpha (IL-10R1) and two beta (IL-10R2) 

subunits. The extracellular domain of the IL-10R1 alpha subunit interacts directly with IL-10 

cytokine, and this interaction is stabilized by the beta IL-10R2 unit. The Janus tyrosine kinases 

Jak1 and Tyk2 are constitutively associated with IL-10R and once IL-10 binds to IL-10R a 

signaling cascade is activated by phosphorylation of tyrosine residues on the IL-10R cytoplasmic 

domains. This phosphorylation event triggers recruitment, phosphorylation, and dimerization of 

the signal transducer and activation of transcription (Stat)3. Stat3 dimers translocate to the 

nucleus and where it promotes expression of IL-10-responsive genes.109, 110 IL-10 signaling 

exerts its anti-inflammatory effects by upregulation of effector molecules like suppressor of 

cytokine signaling (Socs)3, which is shown to directly inhibit the activity of the other Stat3 

signaling pathways (e.g. IL-6), and MAPK/NF-κB signaling that is responsible for upregulation 

of inflammatory cytokines like IL-1, TNF-α, and both type I and II IFNs.109, 111 This is 
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particularly important in cells that are activated during inflammation either by PAMPs via their 

respective PRRs or by pro-inflammatory cytokines from autocrine or paracrine actions. IL-10 

signaling can also reduce MHCII expression thereby reducing the ability of antigen-presenting 

cells to activate T cells. Thus, IL-10 signaling serves as a negative regulatory system for shutting 

down concurrent pro-inflammatory signaling. This helps to limit pathologies stemming from 

dysregulated or chronic inflammation.  

 IL-10 and its receptor are expressed by a wide variety of cells. IL-10 cytokine is shown to 

be constitutively expressed at low levels by IECs (see Chapter 2), and increased expression by 

IECs and leukocytes (mainly myeloid cells like monocytes and macrophages) is associated with 

activation by PAMPs, such as LPS, or stimulation from other cytokines like IL-23 and IFN-γ.112 

The same is true with IL-10R as IL-10 is shown to act synergistically with IFN-γ to upregulate 

its own receptor in IECs.58 Interestingly, homologs of IL-10 exist in Epstein-Barr virus (EBV) as 

well as a few other viruses.113 Given its role in immunosuppression, EBV exploiting this 

pathway to subvert inflammatory mediators and clearance makes sense. In fact, overexpression 

of IL-10 can enhance disease susceptibility to certain pathogens like Listeria monocytogenes, 

Streptococcus pneumoniae, and Candida albicans.111 Conversely, IL-10 and IL-10R have been 

identified as IBD susceptibility loci,80 and mouse models lacking expression of the cytokine or 

its receptor lead to spontaneously induced114 or enhanced susceptibility to colitis,115 respectively. 

In these models of colitis, it has been found that antigens from gut microbiota are required for 

inflammation,114 signifying that the interplay among the three main communities (IECs, immune 

cells, and gut microbiota) are important considerations in the context of IBD. Therefore, like 
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many cytokines, a fine balance must be achieved with IL-10 signaling to limit inflammation and 

associated cellular damage while also preventing additional insufficiencies with immunity. 

 Studies have also shown that aberrant IL-10 signaling is associated with survival, 

proliferation and anti-apoptotic activities of various cancers such as Burkitt lymphoma, non-

Hodgkins lymphoma and non-small cell lung cancer. Elevated serum levels of IL-10 might 

indicate poor prognosis for gastric and colorectal carcinomas, but these correlative studies failed 

to rule out concomitant EBV infection. Additionally, using IL-10 as a biomarker for certain types 

of cancer is not a widely used practice as IL-10 itself has not be validated as a tumor growth 

factor.111, 116 Nonetheless, there is evidence for IL-10 directing processes linked to proliferation, 

differentiation and apoptosis in B cells, NK cells, granulocytes, DCs, and both Th and cytotoxic 

T cells.111 The role of IL-10 signaling in IEC physiology and barrier function as it relates to 

cellular proliferation and differentiation will be examined in more detail in Chapters 2 and 4 and 

represents a relatively unexplored topic until now. 

AHR Signaling 

 AHR is a ligand activated transcription factor that displays promiscuous ligand-binding 

properties and an array of pleiotropic effects across various tissues. AHR has been studied 

extensively resulting in numerous reviews that delve into each of the presented topics below in 

greater detail,48, 117-132 but will be addressed in some detail here, in reference to Figure 4, and in 

Chapters 3 and 4.   

AHR Activation and Regulation 

 AHR is a member of the bHLH domain family of transcription factors that is involved the  
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DNA binding and dimerization with its binding partner aryl hydrocarbon receptor nuclear 

translocator (ARNT/HIF1β). AHR contains two PAS domains (Period circadian protein, ARNT, 

and Single-minded protein, PER-ARNT-SIM) that are posited to sense environmental changes 

and regulate circadian rhythms through protein-protein interactions. Thus, these PAS domains 

are important in the interactions with its chaperone proteins, ARNT heterodimerization, and 

ligand binding (specifically the second PAS (B) domain).131, 133 These domains exist closer to the 

N-terminal region while the C-terminal transactivation region is responsible for interacting with 

transcriptional regulatory machinery to mediate gene expression.134 In its inactive state AHR 

resides in the cytosol as a complex with chaperone proteins HSP90, HBV X-associated protein 

(XAP2), AHR-interacting protein (AIP), and the HSP90 co-chaperone p23 (Figure 4). Ligand 

binding causes conformational changes that expose nuclear localization signals and facilitates 

translocation to the nucleus. In the nucleus AHR forms a heterodimer with ARNT promoting the 

dissociation from its chaperone proteins and binding of the heterodimer to the AHR response 

elements (a.k.a. AHRE, DRE or XRE), which consists of the general DNA consensus sequences 

5’-TNGCGTG-3’ within or nearby promoters of gene targets.135 In terms of regulating AHR 

signaling, there are two well-known built-in mechanisms. Xenobiotic-metabolizing enzymes of 

the cytochrome P450 family are main targets of AHR induction, including Cyp1a1 and Cyp1b1, 

and are responsible for the degradation and clearance of many AHR ligands.136 By removing the 

stimulus, this impedes continuous AHR activation. Another regulatory mechanism for AHR 

signaling is the induction of the AHR repressor (AHRR). This protein has higher affinity for 

ARNT and can displace AHR from the heterodimer. In doing so, AHR can be targeted for  
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Figure 4. Schematic of AHR signaling and regulation in IEC and immune cell functions. On the 
left side, AHR ligands include dietary compounds, endogenously produced metabolites from the 
diet, and metabolites from the gut microbiota. Tryptophan (Trp) serves as a source for many 
AHR activating metabolites, both endogenously (e.g. indolamine 2, 3-dioxygenase and 
tryptophan 2,3-dioxygenase convert Trp to kynurenine, Kyn) and microbially produced. AHR is 
bound to chaperone proteins in its inactive form in the cytosol. Ligand binding triggers AHR 
nuclear translocation and heterodimer formation with the AHR nuclear translocator ARNT. 
Together, this complex controls expression of genes containing AHR/dioxin response elements 
(AHRR/DRE). Genes shown to be upregulated in this manner are Cyp1a1 and AHR repressor 
(AHRR) that metabolize AHR ligands and indirectly trigger AHR for proteasomal degradation, 
respectively. IL-10R upregulation is important in promoting IEC barrier function, TJ formation, 
and resolution of inflammation. IL-22 is upregulated in response to inflammation and also 
promotes IEC barrier function by inducing AMP expression. AHR signaling in immune cells can 
directly alter differentiation of Th subsets like Th17 and Treg cells and balance pro- and anti-
inflammatory cell programs, respectively. Gut microbes can induce mucus and AMP secretion 
by activating AHR in IECs (or indirectly by modulating immune cell signaling). This image was 
created in BioRender.com. 
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proteasomal degradation following upregulation of AHRR, functioning as a negative feedback 

loop. 131 

AHR Ligands 

 Many studies to date have reported on the beneficial effects of AHR signaling by 

‘natural’ AHR ligands (e.g. dietary and endogenously produced compounds). However, AHR  

agonists have not always been so highly regarded. Historically, it was from accidental release of 

2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD), a toxic tumor-promoting industrial by-product, 

that AHR was first discovered.  This initial incident in 1949 with many to follow stemmed from 

the use of synthetic pesticides, industrialized products/solvents and the warfare chemical Agent 

Orange, and these products were directly linked to the development of chloracne, tumors, and 

other liver and blood diseases in people (and animals).118 Given this sordid history, it is 

interesting to note that TCDD is still used today as a potent AHR agonist to elucidate 

mechanisms of AHR signaling in health and disease.137-139 TCDD is resistant to metabolism by 

Cyp1a1 and has an extended half-life compared to other ligands; this provides a glimpse into the 

dual nature of AHR signaling that can promote beneficial physiological functions and precipitate 

disease.  

 Chemical structures similar to TCDD and other halogenated aromatic hydrocarbons 

(HAHs), polycyclic aromatic hydrocarbons (PAHs), and polyphenols are capable of activating 

AHR signaling; close to 200 ligands have been described so far. Ligands can be derived from 

cruciferous vegetables140 providing metabolites from glucobrassins following exposure to low 

pH in the stomach like indole-3-carbinol and secondary metabolites 3,3’-Diindolymethane 

(DIM) and 5,11-dihydroindolo-[3,2-b]carbazole (ICZ). Dietary flavonoids (e.g. fruits, roots, tea, 
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wine) are polyphenolic compounds that act as AHR agonists (quercetin, diosmin, tangeritin, and 

tamarixetin) or antagonists (luteolin).141 Given that metabolites like melatonin and serotonin of 

the essential amino acid tryptophan (Trp) serve as neurotransmitters, it is unsurprising that Trp is 

a rich source for AHR signaling agonists. Trp can be converted by UV radiation in skin142 or 

chemical reactions in the GI tract to create the high-affinity endogenous ligand 6-formylindolo 

[3,2-b]carbazole] (FICZ). The enzymes indolamine 2, 3-dioxygenase (IDO1/2) and tryptophan 

2,3-dioxygenase (TDO1/2) perform the rate-limiting step in the conversion of Trp to the AHR 

ligand L-kynurenine (Kyn) in different tissues.60 Trp is also a substrate for gut microbe-derived 

AHR ligands. The enzyme tryptophanase converts Trp to the AHR ligand indole whereas other 

enzymes like aromatic amino acid aminotransferase and variations of indoleacetate/ 

indoleacetaldehyde dehydrogenase/dehydratase enzymes covert Trp to different secondary, 

tertiary, and quaternary metabolites: indole pyruvate, indole acetate, indole-3-carboxaldehyde, 

indole-3-propionate, indole acrylate, skatole, indirubin, and indigo.45, 48, 143, 144 The majority of 

these compounds are shown to act as agonists of AHR signaling but in some cases Trp 

catabolites and other AHR ligands can antagonize AHR activity and may be tissue/cell and 

context dependent.145, 146 Additionally, there are polymorphisms in the AHR gene in different 

human147 and mammalian populations, which have been linked to differences in binding 

affinities and subsequent cellular changes in response to certain ligands.139,148-150  Considering 

that many Trp-derived AHR ligands are produced exclusively by bacteria are used as signaling 

molecules for quorum sensing and virulence factors to keep neighboring cell growth in check, it 

is fascinating but not surprising that hosts and their microbial symbionts have co-evolved 

compatible, yet versatile, communication systems. 
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AHR Signaling and Intestinal Homeostasis 

 Activation of AHR in GALT immune cells and IECs modulates a suite of phenotypic 

changes attributed to maintaining homeostasis, balancing inflammatory responses, and 

controlling cellular proliferation. The extensive pleiotropic effects that AHR has across various 

cell types and tissues is underscored by a genome-wide DRE computational search that revealed 

between 900-14,000 enriched gene regions following time-dependent TCDD treatment in hepatic 

cells.151 Some of this has already been reviewed in the Overview section, but will be highlighted 

briefly here. Ligands like indole and Ficz are shown to enhance IEC barrier function by 

regulating TJ expression and distribution.29, 152 Indole acrylate produced by Peptostreptococcus 

spp can stimulate mucus production,45 and IL-22 production and subsequent induction of AMP 

secretion is enchanced by IAld derived from Lactobacillus spp.51 Dietary and endogenously 

produced ligands along with many microbe-derived metabolites have all been shown to decrease 

susceptibility to infection,51, 153, 154 and reduce inflammation and ameliorate pathologies related 

to IBD or experimentally-induced GI injury.45, 47, 60, 106, 117, 119, 155-162 One of the main mechanisms 

for controlling inflammation and immunotolerogenic functions is by modulating the 

differentiation and activity of immune cells. For example, AHR signaling is shown to be 

necessary for the development of ILC22 cells (a subset of group 3 ILCs) that serve as an 

important source of IL-22 and contributes to protection against intestinal bacterial infection.51, 163 

AHR also functions to balance the development and activity of Th17 and Treg cells, which is 

important to ramp up and resolve inflammatory responses, respectively.48, 132 One area that 

remains controversial is the role of AHR signaling in colorectal and other GI cancers, since AHR 

is shown to have both pro- and anti- apoptotic and tumor suppressor properties.48, 164 AHR-

deficient cancer models have demonstrated increased tumorigenesis, 165, 166 while constitutive 
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activation of AHR induces gastric tumor formation.167 Similarly, the natural ligands I3C and 

DIM are both shown to reduce spontaneously developed cecal tumors in AHR null mice, while 

IDO/TDO, the rate-limiting enzyme that converts Trp to the AHR ligand Kyn, is a target for anti-

cancer therapies due to its immunosuppressive functions within tumor cell environments.168 

Again, elucidating how factors like AHR signaling contribute to IEC differentiation and 

proliferation will further our understanding of how the scales can be tipped away from disease 

and towards GI health.     

Interplay between IL-10R and AHR 

 Based on previous studies highlighting the importance of IL-10 and AHR signaling in 

ameliorating inflammation and fortifying IEC barrier function, it seems plausible that these two 

pathways intersect. This was one of the first gaps in knowledge that I set out to address for my 

dissertation research. Collaborations between the Kominsky lab here at Montana State University 

and the Colgan lab at the University of Colorado helped to shed some light on this topic. First, 

Kominsky et al. demonstrated that IL-10R1 is expressed on human IECs mostly at the apical 

surface, expression is enhanced by IFN-γ, and that loss of IEC-specific IL-10R1 substantially 

enhanced susceptibility to DSS-induced colitis in mice with increased weight loss and disease 

index scores.58 Next, Lanis and colleagues hypothesized that induction of IL-10R1 by IFN-γ 

could be through Kyn activation of AHR based on previous studies showing that IFN-γ can 

induce IDO1 catabolism of Trp into Kyn during infection.60 Data from an unbiased 

metabolomics screen from untreated and DSS-exposed mice showed Kyn is found to be 

significantly upregulated during DSS as were IDO1 transcripts. This study also found that Kyn 
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increased in vitro IL-10R1 expression and accelerated wound healing in an AHR-dependent 

manner.60  

 The unbiased metabolomics screen from Lanis et al. 60 study revealed several microbe-

derived tryptophan metabolites were significantly altered in mouse colon tissue from DSS 

exposure (Figure 5A below, and published data in Figure 4.1). Some of these metabolites have 

been implicated previously in promoting mucosal barrier function and resolution of 

inflammation following injury, with a focus on immune cells. 51, 154, 169 In collaboration with 

Alexeev and colleagues, the next step in this line of investigation was to unravel the interactions 

between AHR, microbe-derived tryptophan metabolites, and IEC homeostasis and disease. Initial 

experiments included in vitro assessment using the T84 human colon carcinoma epithelial cell 

line and embryonic stem cell (ESCs) derived human intestinal organoids (HIOs), which is a 3-D 

tissue culture system representing similar structures and functions as in-tact tissue (see the next 

section for more details).  

 T84 cells were treated using a time course with the microbial tryptophan derivatives IPA, 

IAld, indole-3-acetic acid (IAA) and Ficz as a positive control for AHR activation. 

Concentrations had been assessed during other preliminary experiments and showed that 1 mM 

induced the strongest signal for most ligands; Ficz was used at 10 µM, which is considered a 

high dose. In T84 cells, IPA and IAA showed significant induction of IL-10R1 transcript at 6 h 

while IAld increased transcripts at the 24 h time point (Figure 5B, unpublished data). 

Interestingly, Ficz did not induce a response in IL-10R1 mRNA expression at any of the time 

points, which was unexpected given previously published data from our research group,60 but 

this could be due to differences in time and dose responses, cell culture confluency, or passage 
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Figure 5. T84 cells and HIOs demonstrate IL-10R response to AHR microbe-derived ligands. 
(A) Selected metabolites from an unbiased metabolomics screen from control and DSS treated 
mouse serum samples.60, 155 (B) Expression of IL-10R1 transcripts in T84 cells or (E) HIOs  
following 2, 6, 12, and 24 h exposure to various microbial produced AHR ligands at 1 mM or the 
endogenous ligand Ficz, 10 µM. (C) T84 cell or (F) HIO expression of the AHR gene target 
CYP1A1 and IL-10R1 following 6 hr exposure to 1 mM IPA +/- 1 h pretreatment with the AHR 
inhibitor CH-223191, or dmso vehicle (veh). (D) T84 cells transfected with a luciferase reporter 
assay for IL-10R1 promoter activity and treated with 0.1 or 1 mM IPA for 24 hr. Relative light 
units (RLU) were normalized to total protein as determined by BCA assay. (E) HIO expression 
of target transcripts after 1 mM IPA treatment or veh. (B, C, E, F) Fold change was calculated by 
normalizing qPCR Ct values to β-Actin and comparing back to veh using the 2^-ΔΔCt method. 
T84 data n = 4 for RT-qPCR data; n = 2 replicates for Luciferase assay; HIO RT-qPCR data n = 
3. Two-way ANOVA comparing within each treatment group back to vehicle (B) or one-way 
ANOVAs were performed (C-F). Data represent mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 
0.001, **** p < 0.0001. 
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number. Based on the indole compound results and also considering collaborative efforts with 

our CU colleagues, I focused on the effect of IPA on T84 cells and HIOs. CYP1A1 is used as a 

canonical readout of AHR activation and transcript levels in T84 cells were found to be 

significantly increased 6 h after IPA treatment; this induction was inhibited by the AHR-specific 

antagonist CH223191 with and without IPA treatment (Figure 5C, unpublished data). A similar 

pattern was seen in T84 cells with reduced IL-10R1 expression after exposure to AHR inhibitor. 

A luciferase assay reporter system for measuring IL-10R1 promoter activity showed increased 

relative light units (RLU) for luciferase activity following IPA treatment in T84 cells, which 

corroborated our transcriptional data as well as the chosen dosage (Figure 5D, unpublished 

data). Next, similar experiments were performed with HIOs where 1 mM IPA was added to the 

media using a time course spanning 2-24 h. HIOs recapitulated the T84 data with significant 

increases in IL-10R1 mRNA at 12 and 24 hr and appears to be an AHR-dependent response as 

indicated by large induction of CYP1A1 transcripts after 6 h (Figure 5E, unpublished data except 

IL-10R fold change in transcripts graph (Chapter 4, Figure 2A)). IPA also significantly increased 

expression of IL-22 and TGF-β transcripts at 24 h in HIOs, which are important in modulating 

inflammation (IL-22) and cellular processes like proliferation, differentiation, and 

immunosuppression (TGF-β). Additionally, treatment with CH-223191 was sufficient in 

reducing IL-10R1 and CYP1A1 transcripts in both the presence and absence of IPA (Figure 5F, 

unpublished data). These findings served as a jumping off point for additional experiments that 

included evaluating the protective effects of IPA in an in vivo experimental colitis model. 

Together, this work culminated in a publication that is included in Chapter 4 of this dissertation.    
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Organoids 

 For Chapters 2-5, several experimental models were used to test our hypotheses and 

address gaps in the literature. It is important to recognize that these models come with their own 

set of advantages and limitations. Ultimately, these models provide great insights into biological 

processes from molecular interactions all the way up to the organ and organismal levels. 

Descriptions of the different models are included in the main text and/or methods sections of the 

remaining dissertation chapters, manuscripts, and publications. A more thorough discussion of 

organoids is included here, not only to highlight how cool these study systems are, but to also 

provide background as it pertains to the use of organoids in Chapters 4, 5, and Appendix A.  

 Organoids are self-organizing micro- and millimeter-scale, three-dimensional spheres 

that emulate the complex structure and function of specific tissues and organs. Organoids 

typically harbor multiple cell lineages representative of that tissue, but complexity and maturity 

depend on multiple factors (reviewed below). Since 2008 when scientists first transformed 

embryonic stem cells into an organized aggregation of neurons analogous to the cerebral 

cortex,170 research into the development of tissues in a dish has blossomed. Organoids 

resembling the liver, intestine, stomach, pancreas, kidney, lung, cerebrum, thyroid, testis, and 

mammary tissues have all been developed and serve as informative models. Delivery of specific 

growth factors in a time-dependent fashion orchestrates these tissue-specific miniature organ 

replicas.171, 172  

 Organoids would not be possible without first understanding the processes underlying 

stem cell self-renewal (pluripotency/multipotency properties). Pluripotent stem cells were first 

isolated from mouse embryos in 1981173 followed by human blastocyst/embryonic stem cell 
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cultivation in 1998.174 From these cornerstone discoveries, and many that proceeding them, we 

now understand there are three main ways to derive organoids from stem cells: 1) pluripotent 

stem cells (PSCs or ESCs) isolated from the blastocyst (8-cell stage of embryonic development), 

2) inducible pluripotent stem cells (iPSCs) that involves reprogramming multipotent stem cells 

like skin cell progenitors back into a pluripotent state by genetic modifications (e.g. viral 

transduction), and 3) harvesting ‘adult’ multipotent stem cells from the tissue of interest. The 

first two options provide some advantages given their pluripotency, mainly deriving organoids 

that represent any organ of the body. There are some caveats to this approach: difficulty with 

maintaining pluripotent stem cells and preventing spontaneous differentiation, providing the 

proper growth and differentiation media to coordinate definitive formation of the specific tissue 

layer (i.e. endoderm, mesoderm or ectoderm), and driving self-organization into the structures 

and associated cell lineages of the target tissue. Intestinal organoids derived from ESCs can grow 

up to 3-5 mm in diameter and contain both an inner epithelial layer as well as an outer 

mesenchymal layer (Figure 6).175, 176 The third option involves a biopsy or resected tissue that 

contains the multipotent progenitors required to regenerate the multiple lineages of that tissue. 

The 3D culture systems established by adult stem cells are typically simpler in terms of structure 

and function, at least for gastrointestinal organoids where there is only the epithelial shell and no 

overlying mesenchyme. Yet, they generate complex structures like villi and crypts and perform 

absorptive and secretory functions similar to their parent tissue. 
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Figure 6. HIOs from ESCs (left) and ‘enteroids’ derived from adult mouse colon epithelium 
(right). Images were take using a light/dissecting microscope at 2X magnification (scale bar = 
0.5 mm).  

 Many of these systems require scaffolding proteins or an extracellular matrix (ECM) to 

fully develop and thrive, which is similar to stem cell requirements. Early research utilized a co-

culturing system with mouse sarcoma cells or human foreskin fibroblasts but came with issues 

such as introducing viruses to the stem cell/organoid cultures and adding confounding variables 

that made it difficult to parse out responses from the stem cells and/or organoids and the 

supportive stromal cells. The advent of Matrigel, composed of a heterogenous mixture of ECM 

derived from mouse sarcoma cells (containing adhesion proteins like collagen, laminin, and 

proteoglycans),172, 177 and defined hydrogels178, 179 have greatly improved the generation and 

reproducibility of organoid systems. These systems go by many different names from enteroids 

(intestinal epithelium organoids derived from adult stem cells), spheroids, 3D culture systems, to 

some mixture of the tissue name + “oid” (e.g. colonoid). Regardless, organoid cellular 

complexity tends to mimic more realistic functions compared to currently used in vitro cell 

culture systems that are typically limited in their phenotypic profiles, and organoids avoid issues 
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posed by immortalized cancer cell lines. Animal models are the mainstay for in vivo 

experimentation and will probably continue to be for the foreseeable future. However, animal 

models do not represent human tissue; they are expensive to maintain and can introduce many 

confounding variables that are hard to control. Thus, organoids are a promising and potentially 

more relevant model of human/animal tissues that can be easily manipulated for probing 

mechanistic questions and testing therapeutics. Given that organoids comprise multiple cell types 

with distinctive morphology and express particular biological markers, they provide unique 

opportunities for investigating diverse and relevant sets of hypotheses. Organoids have served as 

models for characterizing cellular differentiation and molecular signaling pathways that 

influence organogenesis, pathobiology of diseases and disorders, cancer, and dysbiosis. By 

testing the efficacy and dose responses of therapeutic drugs on autologous human induced 

pluripotent stem cells (iPSCs) derived from patient biopsies, treatments can be customized to 

take into consideration variation in epigenetics, microbiome, and progress of the disease and/or 

infection. Indeed, the applications for organoid research and development are multifaceted; 

however, there is a large gap in our knowledge as to whether or not organoids are a relevant 

study system in the context of immunology. 

      Since the advent of organoids, modeling host-pathogen interactions has been at the 

forefront of disease research. From studying reproductive cycles and pathology of parasite 

infection180 to the impacts of Zika virus on neurogenesis,181 changes in the structure and function 

of host tissues can now be measured in ways that are more biologically relevant to human health. 

Due to the attention currently placed on the human gut microbiome, there are already a large 

number of studies shedding light into the dynamics of mucosal-microbial interfaces. Using 
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microinjection techniques to infect gastric,182 small intestinal,183 and colonic organoids184, 185 

with pathogens or commensals, research has shown that epithelial cells are capable of launching 

an immune-related response. For example, infection of organoids from the gastric gland lineage 

with the well-known gastric pathogen H. pylori resulted in upregulation of NF-κB pathway and 

increased IL-8 secretion.186 Another study demonstrated that the secretion of α-defensins from 

Paneth cells restricted Salmonella enterica serovar Typhimurium growth in the lumen of 

intestinal organoids.187 These studies add to the large body of evidence that the gastrointestinal 

epithelium is essential to mucosal immunologic function. Intimately associated with the 

epithelium are gut-associated lymphoid tissues and intraepithelial lymphocytes that play crucial 

roles not only in defense against pathogens but also immunotolerance, mucosal homeostasis and 

barrier function. Some organoid systems can generate both the endoderm layer while 

maintaining associated immune cells. For instance, CD11c+, APCs, CD4+ and CD8+ T cells 

were found to persist in mammary epithelial organoid preparations and played a role in 

mammary epithelial branching.188 Another study identified ϒδ T cells in mammary ductal 

epithelial organoids after culturing, and these immune cells could proliferate in the presence of 

zoledronic acid, produce IFN-ϒ, and effectively kill breast carcinoma cells.189 Whether or not 

organoids from other epithelial lineages harbor innate or adaptive immune cells, and if these 

cells can proliferate indefinitely, is largely unknown. Furthermore, organoids that are derived 

from embryonic stem cells require specific growth factors to achieve cytodifferentiation and 

morphogenesis, therefore is unlikely that these cultures also contain differentiated lymphoid 

cells, which would require a different set of growth factors. Additional studies into propagating 
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intestinal epithelial-based organoids that also exhibit various immune cells would vastly improve 

these models for interdisciplinary and biomedical research.   

 The development of a diverse set of organoids has undoubtedly propelled advancements 

in epithelial cell physiology, disease research and personalized therapies. Nonetheless, there are 

many hurdles to overcome. For example, there is a large amount of morphological (and possibly 

phenotypic) heterogeneity among organoids derived within a particular lineage, and there is also 

some uncertainty with drawing parallels between organoid cells and structures with adult tissues 

in terms of their stage of development and maturity. An important issue to address is the ability 

to introduce microbes and ligands of interest to the luminal (inner) side of intestinal organoid 

since epithelia polarize with the basolateral side (and associated cell membrane receptors) facing 

outwards in contact with the media. Collaborations with the Walk and Wilking labs at MSU and 

the Spence lab at the University of Michigan tackled this problem, which resulted in the 

development of a milli-fluidics system named the ‘GOFlowChip’. This apparatus enables finely 

tuned delivery of media and other compounds to the outer and inner regions of the HIO 

epithelium shell. This published study is included in Chapter 5. An additional application for 

organoids is creating monolayers that allow access to the luminal side while maintaining the 

differentiated cell types. Featured in Appendix A of this dissertation is a co-authored publication 

where this technique was used with human colon biopsy-derived organoid monolayers to test the 

effect of butyrate on Snail and Slug expression. These proteins are important in cell survival, 

migration, and potentially wound healing, and are also a target of AHR signaling.  
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Conclusions 

 Due to its large surface area, the intestinal epithelium is the most exposed mucous 

membrane of the entire body. This organ is constantly bombarded with luminal antigens and has 

a high turnover rate. In light of these challenges, proper IEC differentiation and proliferation are 

crucial for preserving organ physiology and homeostasis. IL-10 and AHR signaling pathways are 

indicated in mucosal homeostasis in various ways, but studies to date have largely focused on 

these receptors in immune cell functions. Moreover, if and how IL-10 and AHR signaling is 

involved in IEC renewal and lineage determination remains unclear. These questions will be 

addressed in Chapter 2 for IL-10 signaling in the form of a submitted manuscript and in Chapter 

3 for AHR signaling in the form of a manuscript in preparation for submission. Chapter 4 is a 

published co-authored paper that ties together these concepts by addressing AHR-dependent 

regulation of IL-10R expression and demonstrates therapeutic potential for microbe-derived 

tryptophan metabolites in inflammation-induced pathologies. In Chapter 5, this co-authored 

publication validates the utility of the GOFlowChip prototype that continues to be an active area 

of interdisciplinary, collaborative research at MSU encompassing biomedical and bioengineering 

applications. Included in Appendix A is an additional co-authored paper involving ancillary, yet 

relevant research providing mechanistic insights into the intestinal barrier promoting qualities of 

the microbe-derived SCFA butyrate. 
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LOSS OF INTERLEUKIN-10 RECEPTOR DISRUPTS INTESTINAL EPITHELIAL  

CELL PROLIFERATION AND SKEWS DIFFERENTIATION  

TOWARDS THE GOBLET CELL FATE 

Abstract 

 Intestinal epithelial cells (IEC) are crucial for maintaining proper digestion and overall 

homeostasis of the gut mucosa. IEC proliferation and differentiation are tightly regulated by well 

described pathways, however, relatively little is known about how cytokines shape these 

processes. Given that the anti-inflammatory cytokine interleukin (IL)-10 promotes intestinal 

barrier function, and insufficient IL-10 signaling increases susceptibility to intestinal diseases 

like inflammatory bowel disease, we hypothesized that IL-10 signaling modulates processes 

underlying IEC proliferation and differentiation. This was tested using in vivo and in vitro IEC-

specific IL-10 receptor 1 (IL-10R1) depletion under homeostatic conditions. Our findings 

revealed that loss of IL-10R1 drove lineage commitment toward a dominant goblet cell 

phenotype while decreasing enterocyte-related features. Diminished IL-10 signaling also 

significantly elevated IEC proliferation. Characterization of signaling pathways upstream of 

proliferation demonstrated a significant reduction in the Wnt inhibitor, DKK1, increased nuclear 

localization of β-catenin, and increased transcripts of the proliferation marker, OLFM4, with IL-

10R1 depletion. Phosphorylated STAT3 was nearly completely absent in IL-10R1 knockdown 

cells and may provide a mechanistic link between our observations and the regulation of these 

cellular processes. Our results demonstrate a novel role for IL-10 signaling in intestinal mucosal 

homeostasis by regulating proper balance of proliferation and IEC lineage fate. 
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Introduction 

 The intestinal epithelium is comprised of several specialized lineages that must work in a 

carefully coordinated fashion to maintain proper digestion and limit exposure of host tissues to 

luminal antigens. In addition to carrying out these tasks, the epithelium undergoes nearly 

continuous proliferation and turnover; most differentiated cells are replaced every 3-7 days.1 

Defects in intestinal epithelial cell (IEC) proliferation is tightly linked to dysplasia and malignant 

transformation, with over 90% of human colorectal cancers stemming from mutations in Wnt 

signaling components.2, 3 Additionally, disruption of epithelium homeostasis has been shown to 

play a causative role in inflammatory bowel disease (IBD),4 and chronic inflammation is directly 

linked to proliferation defects and colitis-associated cancers.5-7 Although the pathways that 

maintain IEC proliferation and differentiation have been well characterized, the role of cytokine 

signaling in these processes remain largely unexplored. 

 Interleukin-10 (IL-10) signaling is well-known for counteracting inflammation by 

inhibiting cytokines like tumor necrosis factor (TNF)-α and interferon (IFN)-γ.8-10 IL-10R is 

expressed by multiple cell types, including human11, 12 and mouse13 intestinal epithelial cells. 

Upon binding of IL-10 cytokine by the IL-10R1 subunit, the IL-10R2 subunit stabilizes the 

cytokine-receptor interaction and triggers a signaling cascade via phosphorylation of the Janus 

tyrosine kinases JAK1 and Tyk2. This is followed by phosphorylation and translocation of 

STAT3 to the nucleus, where it promotes expression of IL-10-responsive genes.10, 14 The 

downstream targets of IL-10 signaling elicit effects that, in addition to dampening inflammation, 

decrease gut leakiness and improve overall epithelial barrier function.11, 15-17 
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 The importance of IL-10 signaling in mucosal homeostasis is underscored by pathologies 

stemming from mutations in the human IL-10 gene or its receptor,18, 19 which are linked to early-

onset enterocolitis and increased susceptibility to IBD. This can be modeled in IL-10-deficient 

mice, which develop spontaneous colitis and are highly susceptible to dysplasia and tumor 

formation.5, 20 Importantly, conditional knockout of IEC-specific IL-10 cytokine21 or IL-10R111 

in mice enhances susceptibility to experimentally induced colitis. Whether increased 

susceptibility to intestinal disease in IL-10-signaling deficient models is entirely due to 

dysregulated inflammation or is, at least in part, due to a result of aberrant development of the 

epithelium is unclear. We postulate that there are additional processes that IL-10 signaling 

regulates to achieve mucosal homeostasis that have yet to be elucidated. 

 IEC proliferation, differentiation, and migration from the crypt to the villus tip are tightly 

regulated processes controlled by several, well-described pathways that are largely dependent on 

Wnt and Notch signaling.1, 3, 22 There is some evidence for modulation of Wnt signaling by 

interactions between IECs and immune cells in the adjacent lymphoid tissue.23, 24 For instance, 

IL-10 derived from macrophages is shown to stimulate IEC proliferation in an murine model of 

intestinal injury.17 Conversely, diminishing IL-10 levels by depleting Foxp3+ regulatory T (Treg) 

cells under homeostatic conditions can also promote IEC proliferation.25 The role of IEC-specific 

IL-10 signaling in these outcomes is poorly understood. Therefore, we aimed to understand the 

influence that epithelial IL-10 signaling has on proliferation and lineage determination by 

targeting IL-10R1, allowing us to more fully characterize the influence of this cytokine signaling 

pathway on these processes. 



61 
 
 Based on previous studies investigating IL-10 signaling, intestinal barrier function, and 

IEC proliferation, we hypothesized that diminished IL-10R1 expression would alter IEC 

proliferation and downstream lineage fate. For these studies, we utilized both in vivo and in vitro 

models of epithelial IL-10R1 depletion. The regenerative capacity of the epithelium and 

preservation of the relative abundance and functional outputs of the prominent IEC lineages are 

features that are likely to be important in barrier integrity and overall mucosal homeostasis. Our 

findings serve to improve our understanding of barrier function by connecting processes that 

impact mucosal homeostasis and intestinal diseases such as colon cancers and IBD. 

Methods 

Animal Studies and Tissue Processing 

 Conditional knockout of IL-10R1 in intestinal epithelium was achieved by crossing 

C57Bl/6 mice (Mus musculus) expressing cre recombinase under the villin promoter (Jackson 

Laboratory, Bar Harbor, ME) with IL-10R1fl/fl mice (‘IEC-IL10R1-/-’ or ‘KO’).11, 26 IL-10R1fl/fl 

littermates that did not express villin-cre recombinase were used as control mice. Mice were 

housed and handled in accordance with guidelines from the American Association for 

Laboratory Animal Care and Research Protocols, and experiments were approved by the 

Institutional Animal Care and Use Committee of Montana State University. 

 Male and female mice between 9 and 11 weeks old were euthanized, and colons were 

collected for histological examination, RNA extraction, and protein analysis. For histology-

related analyses with mouse colon tissue, tissue was cut open along the length of the colon, 

flattened, and fixed in 10% formalin. Fixed tissues were processed, paraffin embedded, and 

sectioned. For RNA isolation, colon epithelium scrapes were collected from mid to distal colon 
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to enrich for epithelial cells. Scrapings were placed in Trizol (Invitrogen, Carlsbad CA, USA) 

and stored at -80oC until processing. 

Cell Lines and shRNA Knockdown 

 The human carcinoma colon epithelial cell line T84 (ATCC, Manassas, VA, USA; CCL-

248, RRID: CVCL_0555) was maintained in T75 cell culture flasks in DMEM/F12 media 

(Gibco, Gaithersburg, MD, USA) supplemented with 1X Glutamax (Gibco), 10% heat-

inactivated fetal bovine serum (GE Healthcare, Wauwatosa, WI, USA), and 1% penicillin-

streptomycin (GE Healthcare). Cells were maintained at 37oC with 5% CO2. Lentiviral particles 

containing a shRNA directed against IL-10R1 (‘IL-10R1 KD’ or ‘KD’) were used to transduce 

cells using standard protocols. T84 cells transduced with lentiviral particles containing non-

template targeting shRNA were used as a control. Stable integration was achieved by puromycin 

selection (6 μg/mL); knockdown was confirmed by RT-qPCR analysis and lower transepithelial 

electrical resistance (TEER) readings.27 Cells were grown to 80% confluence before collecting 

unless stated otherwise. Control and IL-10R1 KD cells were collected either under baseline 

(untreated) conditions or after treatment with: 10 ng/mL rhIL-10 cytokine (PeproTech, Cranbury, 

NJ, USA;  #200-10), 5 µg/mL IL-10RA blocking antibody (‘anti-IL10R’; Biolegend, San Diego, 

CA, USA; #308802), 10 µg/mL STAT3 Inhibitor III (‘anti-STAT3’, WP1066; SantaCruz 

Biotechnology, Dallas, TX, USA; #sc-203282), or 10 ng/mL rhIL-6 cytokine (PeproTech, #200-

06).  

Immunofluorescence  

 Sectioned mouse colon tissue was deparaffinized and rehydrated, followed by an antigen 

retrieval step with a citrate-based buffer (Vector Laboratories, Burlingame, CA, USA) and a 
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decloaking chamber set at 110oC for 15 minutes (Biocare Medical, Pacheco, CA, USA). A 

blocking step was performed with 10% goat serum (Equitech-Bio, Inc., Kerrville, TX, USA) in 

PBS for 1 hr. Sections were stained overnight at 4oC with a solution containing 2% goat serum 

and 1% bovine serum albumin (BSA) and either goat anti-rabbit CAR1 (Proteintech, #13198-2-

AP) or goat anti-rabbit Ki-67 (Cell Signaling Technologies, Danvers, MA, USA; #12202). 

Incubation with AlexaFluor 488 or 555, respectively, in 1% BSA was done for 45 minutes at 

room temperature. Sections were counterstained with DAPI (Invitrogen), and then coverslips 

were mounted to the slides using Prolong Gold Antifade Mountant (Invitrogen). For CAR1 and 

Ki-67 staining with mouse colon tissue, approximately 3-6 spatially different viewing fields were 

taken per colon tissue section at 20X magnification using an inverted epifluorescence 

microscope (Nikon Eclipse 80i, Melville, NY, USA), and images were analyzed using ImageJ 

FIJI software (http://imagej.nih.gov/ij; NIH, Bethesda, MD, USA). Protocol for quantifying the 

percentage of the epithelium area that was stained with CAR1 is as follows: regions of interest 

(ROIs) were drawn around the epithelium, excluding the submucosa and smooth muscle layers, 

images were converted to greyscale (8-bit), the image threshold was adjusted using the pre-set 

black and white threshold of ‘Moments’ to optimize the amount of staining detected while 

eliminating background signal,28 and the “Analyze Particles” tool was used. The percent area 

output from the analyze particles tools was used as the estimate for percentage of epithelium 

stained with CAR1 within each region of interest. For Ki-67 and Dapi stained tissues, ROIs were 

drawn around properly aligned crypts and the ‘Cell Counter’ analysis tool in ImageJ was used; 

the proportion of Ki-67 positive cells to Dapi stained cells within each crypt was counted and 

averaged per viewing field.  
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Crypt Length Measurements 

 Colon samples which had been previously stained for Ki-67 were analyzed at 20X 

magnification for crypt length using ImageJ. Properly aligned crypts were measured and 

averaged from approximately 3-4 view fields per mouse colon section. Crypt length 

measurements taken from each view field were averaged for each mouse. 

AB-PAS Staining 

 Paraffin-embedded mouse colon tissue sections were deparaffinized and rehydrated. 

Tissue sections were stained for mucus and mucus-containing goblet cells using an Alcian blue-

periodic acid-Schiff (AB-PAS) Special Stain Kit (Thermo Fisher Scientific, Waltham, MA, 

USA) according to manufacturer’s instructions. Stained sections were viewed under a bright 

field microscope (Nikon Eclipse 80i) at 20X magnification, and crypts were analyzed and 

averaged for each of 3-4 spatially different images per mouse tissue section. The amount of AB-

PAS staining was quantified using the same processing tool as described in the 

‘Immunofluorescence’ section for the CAR1 antibody, with the exception that ROIs were drawn 

around each crypt. This provided a percentage of the crypt area which contained AB-PAS 

stained mucus within goblet cells.  

RNA Extraction and RT-qPCR 

 Cells were collected for RNA isolation by adding Trizol and were stored at -80oC until 

processing. Total RNA was extracted from mouse colon epithelium scrapes and T84 cells using 

Trizol following manufacturer guidelines. Reverse transcription with extracted RNA was 

performed with 1 µg of RNA, iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA), and a 

thermal cycler set to manufacturer’s instructions. For qPCR, cDNA was added to a solution 
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containing a final concentration of 1x of Power SYBR Green master mix (Applied Biosystems, 

Foster City, CA, USA) and 0.5 µM of each forward and reverse primers (Invitrogen). 

Quantitative PCR reactions were carried out using a Roche LightCycler96 Thermocycler (Roche, 

Basel, Switzerland). For mouse colon epithelial scrapes, target transcript Ct values were 

normalized to the geometric mean of the housekeeping genes β-actin and Hprt, and relative 

transcript expression was calculated using 2^-ΔCt method.29 For T84 cells, target transcript Ct 

values were normalized to the housekeeping gene β-ACTIN, and fold change in transcripts were 

calculated using the 2^-ΔΔCt method29 to compare to expression in the control cells, since each 

biological replicate involved both control and kd cells maintained under the same conditions. 

Primer sequences can be found in Table 1. 

Table 1. qPCR primers for detecting mRNA transcripts.  
Mouse  Forward (5’-3’) Reverse (5’-3’) 
Oct4 AGAGGATCACCTTGGGGTACA CGAAGCGACAGATGGTGGTC 
Dll1 TGGGCTTCTCTGGCTTCAAC GCACAGGTAAGAGTTGCCGA 
Muc2 CCTGAAGACTGTCGTGCTGT  GGGTAGGGTCACCTCCATCT 
Spdef TGCCTTTCTCATAGGCTGAGTC GGGTCTCAGTCAGACATCAGTG 
Tff3 TACCCCTCTGTCACATCGGA AGATCGGGGATGCTTGCTAC 
Car1 AACAGAATTATGTCAGTGCTAA AGAGAATGAATCACTTAGTTGTAA 
SI GCTATCGCTCTTGTTGTGGTT  TTCCAGGACTAGGGGTTGAAG 
Myc GCTCGCCCAAATCCTGTACCT  TCTCCACAGACACCACATCAATTTC 
Dkk1 TCTCTATGAGGGCGGGAACA ATCTTCAGCGCAAGGGTAGG 
Atoh1 GTGCGATCTCCGAGTGAGAG GGGATAAGCCCCGAACAACA 
Hes1 CACCGGACAAACCAAAGACG TTCTTGCCCTTCGCCTCTTC 
Olfm4 CCAACATCACCCCAGGCTAC AGGGAAACAGAACACTGGCA 
β-actin AACCCTAAGGCCAACCGTGAA TCACGCACGATTTCCCTCTCA 
Hprt TCAGTCAACGGGGGACATAAA  GGGGCTGTACTGCTTAACCAG 
Human   
MUC2 CGACTACTACAACCCTCCGC GGGAGGAGTTGGTACACACG 
SPDEF TGTCCGCCTTCTACCTCTCCTAC CGATGTCCTTGAGCACTTCGC 
TFF1 GCCCAGACAGAGACGTGTA TGGGACTAATCACCGTGCTG 
TFF3 CCAAGGACAGGGTGGACTG AAGGTGCATTCTGCTTCCTG 
CAR1 GCAAGTCCAGACTGGGGATA TCAGCACTGATCGGTTATCG 
SI GCCAGCTTATTGGGCTTTGGGTT AACTGAGGAAGGTCCTGGAATGCT 
ATOH1 ACTTGCCTCATCCGAGTCAC GCAGGAGGAAAACAGCAAAA 
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HES1 CCTGTCATCCCCGTCTACAC CACATGGAGTCCGCCGTAA 
OLFM4 CCAGCTGGAGGTGGAGATAA  GCTGATGTTCACCACACCAC 
DKK1 ATAGCACCTTGGATGGGTATTCC CTGATGACCGGAGACAAACAG 
β-ACTIN CCTGGCACCCAGCACAAT GCCGATCCACACGGAGTAC  

 

WST-1 Proliferation Assay 

 Cell proliferation was measured using the WST-1 assay (Abcam, Cambridge, UK). 

Control and IL-10R1 KD T84 cells were seeded in quadruplicate into 96-well plates at a density 

of 1x105 cells/mL. After 24 hr or 48 hr post-seeding, 10 µL of WST reagent was added to each 

well and incubated for 2 hr at 37o C. A plate reader (Epoch2, BioTek Instruments, Vermont, 

USA) was used to measure absorbance at 450 nm and 650 nm, and proliferation rates were 

calculated per manufacturer’s instructions. Three technical replicates were included for each cell 

type and for each seeding time point for the assay, and technical replicate absorbance readings 

were averaged. Three biological replicates, representing different cell culture passages, were 

performed. 

ELISA 

 Cleared supernatants from control and IL-10R1 KD T84 cells were collected and stored 

at -80°C until assayed. Supernatants were diluted 1:2 prior to adding to a pre-coated human 

DKK1 ELISA plate (Invitrogen, #EHDKK1), and the ELISA was performed per manufacturer’s 

instructions. Standards and samples were loaded in duplicates, and absorbance at 450nm and 

550nm was measured using a plate reader (Epoch2, BioTek Instruments) to calculate DKK1 

concentrations. Technical replicates for each biological replicate were averaged prior to 

statistical analysis; data from control cells are from 5 biological replicates (representing different 

cell culture passages). An additional ELISA was performed with undiluted IL-10R1 KD samples 
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that had fallen below the detection limit from the previous assay (n = 2) using a 1:2 dilution. For 

this assay an additional diluted standard was included to increase detectability and control 

samples of previously determine concentrations were assayed to serve as positive controls and to 

test for reproducibility of results and dilution curves. However, samples that fell below the limit 

of detection during the first round of assays did not produce signals above the detection threshold 

during this additional assay (final IL-10R KD biological replicates within detectable 

concentration range n = 3).  

Western Blot 

 Control and IL-10R1 KD T84 cells were collected in either Tris lysis buffer for total 

protein collection or using NE-PER Cytoplasmic and Nuclear Extraction Kit (ThermoFisher 

Scientific, #78833). For total protein, cells were further lysed using a sonicator. Total protein 

concentrations for all samples were determined using Pierce BCA Protein Assay (ThermoFisher 

Scientific, #23227), and 20 µg of protein was loaded into and separated by SDS-PAGE. Protein 

was transferred to PVDF membrane for immunoblotting, and membranes were blocked in a 5% 

dry non-fat milk TBS-T solution. Immunoblots were incubated at 4°C in 2% dry non-fat milk 

TBS-T solution either for 2 hours with the β-Actin (Abcam, #179467) antibody or overnight for 

phosphorylated-Stat3 (‘pSTAT3’ Tyr705, Cell Signaling Technologies #9145), total Stat3 (Cell 

Signaling, #4904), β-Catenin (Cell Signaling, #8480), and RNA pol II (Active Motif, Carlsbad, 

CA, USA; #39097). Secondary antibodies conjugated to HRP were incubated on the 

immunoblots for 1 hr at room temperature, and then development with chemiluminescence 

substrates was conducted using an imaging system (ProteinSimple FluorChem E Imaging 

System, San Jose, CA,USA). Image J was used for densiometric analysis. 
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Alkaline Phosphatase Activity Assay 

 Alkaline phosphatase (ALP) enzyme activity was measured using a modified version of a 

previously published protocol.30 Briefly, T84 cells were grown to 100% confluence in a 6-well 

plate and then wells were washed twice with PBS supplemented with 1 mM each CaCl2 and 

MgCl2. A solution containing the ALP substrate p-nitrophenyl phosphate (‘p-Npp,’ Sigma-

Aldrich, St. Louis, MO, USA; #N3129) was added to the monolayers and placed in a 37°C 

incubator for 10 min. Following incubation, a portion of the solution was transferred to a 96-well 

plate containing 0.5 M NaOH to stop the hydrolysis of p-Npp to p-nitrophenol (p-Np). The 

amount of p-Np produced was quantified using a plate reader (Epoch2, BioTek Instruments, 

Vermont, USA). Absorbance values at 405 nm were normalized to total protein concentration, 

which was determined using the Pierce BCA Assay with cell lysates. For the BCA assay, cells 

were lysed using a tris buffer containing 1% Triton X-100, 2 mM phenylmethylsulfonyl fluoride 

(PMSF), and 1X HALT protease inhibitor cocktail (Sigma Aldrich). The ALP assay included 3 

biological replicates (representing different passages) involving a 6-well plate for each replicate: 

4 wells were used as technical replicates for the ALP assay, and 2 wells were used as technical 

replicates for the BSA assay. Each of the technical replicates from the 6-well plate were loaded 

into a 96-well plate in duplicate for both the ALP and BCA assays. The duplicates from the 

assays and technical replicates from the 6-well plate within a biological replicate were averaged 

for the final biological replicate quantification. 

Statistical Analyses 

 Statistical analyses were performed using GraphPad Prism 8 (GraphPad, La Jolla, CA, 

USA). Data are expressed as the mean ± SEM, unless noted otherwise. In most cases, either an 
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unpaired t-test or a Welch’s t-test was used to test for differences between groups. Welch’s t-test 

was performed if the F test to compare variances revealed significantly different variances 

between comparison groups. For multiple comparisons, two-way ANOVAs were performed with 

a post-hoc test to determine differences within and among treatment groups. The confidence 

level was set to 95%, where p < 0.05 was considered significant. 

Results 

IL-10R1 Depletion in Mouse Intestinal Tissue Alters  
Goblet Cell Abundance and the Colonocyte Marker CAR1 

 To determine whether IL-10 signaling plays a role in IEC differentiation and lineage fate 

under a homeostatic state, we used Alcian blue and periodic acid-Schiff (AB-PAS) staining to 

visualize goblet cells and associated mucus in colon tissues collected from villin-cre x IL-

10R1fl/fl (IEC IL-10R1-/- or KO) and littermate villin-cre negative x IL-10R1fl/fl (Control) mice.11 

Colonic crypts of IEC IL-10R1-/- mice contained more mucus-producing goblet cells compared to 

control mice (Figure 1A), with a significant increase in mean percentage of AB-PAS-stained 

crypt area of 17.78 ± 2.45%  (Figure 1B). The increase in goblet cell numbers and associated 

mucus demonstrate that the lack of IL-10R1 in IECs may drive proliferating IECs towards this 

cell fate. 

 The absorptive IEC lineage is the most abundant differentiated cell type in the intestinal 

epithelium, comprising upwards of 80-90% enterocytes in the small intestine31, 32 and 50%-60% 

colonocytes (the absorptive lineage of the colon) in the colon.31 Having demonstrated that IEC 

IL-10R1-/- mice exhibit significantly more goblet cells than control mice, we next sought to 

determine whether colonocyte differentiation was also impacted by loss of epithelial IL-10  
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Figure 1. Mouse colon tissue exhibit goblet cell hyperplasia and reduced colonocytes with loss of 
IEC IL-10R1. (A) Representative brightfield micrographs of goblet cells and associated mucus 
using AB-PAS staining with villin-cre negative x IL-10R1fl/fl (Control) and villin-cre x IL-
10R1fl/fl (KO) colon tissues. Images were taken with a Nikon Eclipse 80i microscope at 20X 
magnification (scale bar = 100 µm). (B) Percentage of area stained with AB-PAS out of total 
crypt area. (C) Representative immunofluorescence micrographs of the colonocyte marker 
carbonic anhydrase 1 (CAR1) protein (green) and DAPI (blue) in mouse colon tissue. Images 
were taken using a Nikon Ti-Eclipse at 20X magnification (scale bar = 100 µm). (D) CAR1-
stained epithelium was calculated as percentage of total epithelium area. (B, D) Each data point 
represents measurements from 3-4 viewing fields per mouse tissue section (control mice n = 5, 
KO mice n = 6). (E) Relative expression of delta like canonical notch ligand 1 (Dll1) was 
calculated by normalizing Ct values to the geometric mean of β-actin and Hprt and then 
calculating 2^-ΔCt; data points represent individual mice (control mice n = 14, KO mice n = 7, 
Welch’s t test). (B, D, E) Data are represented by mean ± SEM. Unpaired t test was performed 
unless indicated otherwise, * p < 0.05, ** p < 0.01. 
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signaling. To address this, expression of the colonocyte marker carbonic anhydrase 1 (CAR1) 

was assessed. IF staining with mouse colon tissue showed that CAR1 was mostly diffuse at the 

brush border, with some cells displaying punctate expression dispersed throughout the 

epithelium (Figure 1C). Quantification of CAR1-stained tissue sections, calculated as percent of 

total epithelium area, demonstrated a significant decrease in CAR1 protein expression in IEC IL-

10R1-/- colon tissue compared to control tissue (Figure 1D). Mouse colon epithelium scrapes 

were collected to isolate epithelial cells, and RT-qPCR was performed. Gene expression profiles 

that are hallmarks of secretory goblet cells and absorptive colonocyte lineages, as well as Notch 

signaling components that drive IEC lineage fate were assessed. Interestingly, most target gene 

transcripts were not statistically different between control and IEC IL-10R1-/- groups (Figure 

S1A-C), with the exception that epithelium scrapes from IEC IL-10R1-/- colon tissue exhibited 

lower expression of the Notch ligand Dll1 (Figure 1E). Less Dll1 in IEC IL-10R1-/- colon tissue 

may indicate less Notch signaling and, thus, a shift of IEC differentiation towards the secretory 

lineage and away from the absorptive lineage. Taken together, assessment of IEC lineage fate at 

the protein level highlights the importance of IL-10 signaling in maintaining a proper balance of 

goblet cells and colonocytes. 

Loss of IEC-Specific IL-10R1 Increases  
Proliferation in Mouse Colon Tissue 

 Next, we investigated whether IEC-specific IL-10R1 expression influences IEC 

proliferation. Immunofluorescence (IF) with a Ki-67 antibody was performed to detect 

proliferating cells33 in control and IEC IL-10R1-/- mouse colon tissues. Whereas Ki-67 staining 

was limited to the lower portion of crypts in control mouse tissue, a finding consistent with 

published findings in both wild-type mice and humans,33, 34 Ki-67-positive cells extended along  
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Figure 2. Ablation of IEC-specific IL-10R1 increases IEC proliferation and crypt length in the 
mouse colon. (A) Representative immunofluorescence micrographs of mouse colon tissue from 
villin-cre negative x IL-10R1fl/fl (Control) and villin-cre x IL-10R1fl/fl (KO) littermates stained 
using Ki-67 antibody (red) and DAPI (blue). Images were taken using a Nikon Eclipse 80i at 
20X magnification, scale bar = 100 µm. (B) Proportion of Ki-67-stained cells relative to number 
of DAPI-stained cells (mean ± SEM). C Comparison of mouse colon crypt lengths (mean ± SD). 
(B, C) Images were analyzed using ImageJ; each data point represents an average of crypt 
measurements taken from 3-4 viewing fields per mouse (control mice n = 5, KO mice n = 6). (D) 
Relative expression of octamer-binding protein 4 (Oct4) from colon epithelium scrapes. Ct 
values were normalized to the geometric mean of β-actin and Hprt, and relative expression (2^-
ΔCt) was calculated. Data points represent individual mice and mean ± SEM (control n = 14, KO 
n = 7). (B-D) unpaired t-test, *p < 0.05.  
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the entire length of the crypt in IEC IL-10R1-/- colon sections (Figure 2A). The number of Ki-

67-positive cells relative to DAPI-stained cells was on average 12.61 ± 3.53% higher in KO 

mouse colon tissue sections compared to control mice (Figure 2B). In addition to increased IEC 

proliferation, IEC IL-10R1-/- colon crypts were on average 31.11 ± 4.33 µm longer than control 

colon crypts (Figure 2C). Transcriptional analysis from colonic epithelium scrapes revealed 

significantly higher expression of the downstream Wnt target Oct4 in IEC IL-10R1-/- tissue 

compared to control tissue (Figure 2D). Assessment of other Wnt signaling components did not 

show notable differences in mRNA expression from colon epithelium scrapes between control 

and IEC IL-10R1-/- mice (Figure S1D). Overall, these results indicate that ablation of IL-10R1 in 

the intestinal epithelium under homeostatic conditions triggers hyperplasia in the colon, as 

marked by more proliferation and lengthening of colon crypts. These alterations in proliferation 

may be due to aberrant Wnt signaling as demonstrated by heightened Oct4 transcripts in colon 

epithelium scrapes.  

Diminished IL-10R1 Expression Results in  
Aberrant IEC Differentiation In Vitro 

 To more fully characterize which signaling pathways and subsequent IEC lineage fates 

are modulated by IL-10R1 expression, we utilized the T84 human intestinal epithelium cell line. 

T84 cells exhibit a spectrum of absorptive enterocyte features and are capable of producing 

mucus.35 Because of this phenotypic plasticity, these cells provide a suitable in vitro model to 

more fully explore the impact of IL-10R1 depletion on proliferation and lineage fate. To 

diminish IL-10 signaling, IL-10R1 was knocked down by lentiviral transduction using a shRNA 

targeting IL-10R1 transcripts (IL-10R1 KD or KD).27 IL-10R1 KD cells were compared to cells 

that were transduced using a non-template targeting shRNA (Control). Although control and IL-
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10R1 KD cells were exposed to rhIL-10 cytokine to assess the effect on the expression of genes 

underlying IEC differentiation and proliferation, most of the variation in transcript levels 

appeared to be due to the loss of IL-10R1 expression. Baseline levels of IL-10 cytokine were 

detected using a Mesoscale assay with T84 monolayers formed on transwell plates to sample 

from both the apical and basolateral sides of the monolayer; the assay demonstrates that T84 

cells produce IL-10 cytokine at detectable levels without any stimulation (Figure 3A). 

Accordingly, the majority of in vitro data shown here is from untreated (baseline or basal) 

samples, unless shown otherwise. 

 To assess how IEC lineage fate may be altered in IL-10R1 KD cells, we used RT-qPCR 

to characterize expression profiles indicative of goblet cells and enterocytes. Compared to 

control cells, IL-10R1 KD cells exhibited heightened goblet cell-like phenotypes (Figure 3B). 

The predominant mucin expressed in the intestine, MUC2, increased over 8-fold in transcript 

levels in IL-10R1 KD cells. Additionally, expression of the goblet cell-related transcription 

factor SPDEF increased 5-fold in IL-10R1 KD cells compared to control cells. The trefoil factor 

TFF3 is important in IEC migration and wound healing and is shown to be secreted mainly by 

goblet cells.36 In our model, IL-10R1 KD cells showed 169-fold increase in expression of TFF3 

relative to control cells. In contrast, markers for enterocytes were significantly downregulated in 

IL-10R1 KD cells compared to control cells (Figure 3C): CAR1 transcript levels were decreased 

over 4-fold, and SI had a 2-fold decrease in expression.  

 The role of IL-10 signaling in IEC differentiation was explored further by administering 

rhIL-10 cytokine to control and IL-10R1 KD T84 cells. In time course studies, IL-10 treatment 

significantly decreased MUC2 transcripts 2.5-fold in control cells following 6 h exposure, but  
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Figure 3. IL-10 cytokine is produced by T84 cells under basal conditions, and knocking down 
IL-10R1 in vitro shifts IEC phenotypes. (A) IL-10 cytokine concentrations were determined 
using a Mesoscale assay; T84 cells were grown as confluent monolayers on transwell plates and 
the apical and basolateral sides were sampled (n = 4 biological replicates). (B) Control and IL-
10R1 KD T84 cell fold change in transcript of goblet cell markers mucin 2 (MUC2, n = 9), SAM 
pointed domain containing ETS transcription factor (SPDEF, n = 8) and trefoil factor 3 (TFF3, n 
= 8); (C) Fold change in transcript of the enterocyte markers CAR1 (n = 4; n = 4 below level of 
detection) and sucrase isomaltase (SI, n = 10). (D) Control and KD cells were treated with rhIL-
10 cytokine at 10 ng/mL and collected either after 6 h (MUC2, n = 8) or 18 h (SI, n = 8); two-
way ANOVA was performed. (E) Alkaline phosphatase (ALP) activity was measured at 405 nm 
after 10 min exposure to p-Npp substrate (n = 3 technical replicates averaged for each of 3 
biological replicates, unpaired t test). (F) Fold change in transcripts of Notch signaling 
components at baseline: atonal BHLH transcription factor 1 (ATOH1, n = 8), hes family BHLH 
transcription factor 1 (HES1, n =8), and olfactomedin 4 (OLFM4, n = 7; n = 1 replicate below 
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(Figure 3 caption continued): level of detection). (B-D, F) RT-qPCR was performed with RNA 
extracted from control and KD cells collected under homeostatic conditions. Transcripts of target 
genes were normalized to β-ACTIN and fold change was calculated using the 2^-ΔΔCt method to 
compare back to control cells. Data are represented as mean ± SEM, and unpaired t-tests were 
performed; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 

there was no effect of IL-10 treatment on MUC2 expression in IL-10R1 KD cells (Figure 3D). 

Conversely, the effect of IL-10 treatment on the expression of the enterocyte marker SI 

demonstrated a significant 1.6-fold increase in transcripts in control cells compared to vehicle-

treated control cells after 18 h, whereas IL-10R1 KD cells did not exhibit a response to IL-10 

treatment at any of the time points analyzed (Figure S2). These findings suggest that IL-10 

signaling serves to maintain a balance of goblet cell and enterocyte phenotypes within the 

intestinal epithelium, and this balance is disrupted in the absence of IL-10R1. 

 As a functional readout of enterocyte metabolic activity, we performed an alkaline 

phosphatase (ALP) assay. Corroborating our transcriptional data, there was significantly less 

ALP activity detected in IL-10R1 KD cells compared to control cells (Figure 3E). These data 

could indicate either less enterocyte-related phenotypes overall or less functional output of the 

enterocytes within the cell culture when IL-10R1 expression is diminished. Overall, these results 

strongly support the finding that IL-10 signaling in IECs mediates absorptive and secretory 

lineage determination.  

 Based on the compelling in vivo and in vitro observations that diminished IEC-specific 

IL-10R1 expression results in IEC hyperproliferation and skewed IEC differentiation, we 

measured the expression of Notch signaling components. Notch signaling is intricately involved 

in both the proliferation of progenitor IECs from intestinal stem cells,37 as well as IEC lineage 

fate.22 Intact Notch signaling drives HES1 activation leading to the transcriptional programming 
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of absorptive enterocytes.38 Alternatively, Notch inhibition triggers Atoh1 expression driving 

lineage fate towards a secretory phenotype, often resulting in the development of goblet cells in 

the colon.39 Transcriptional analysis demonstrated that both ATOH1 and HES1 expression were 

significantly upregulated when IL-10R1 mRNA is knocked down in T84 cells (Figure 3F). An 

additional indicator of Notch signaling that is linked to heightened proliferation is Olfm4 

expression.37 We found that OLFM4 transcript is significantly elevated over 1000-fold in IL-

10R1 KD cells compared to control cells. These data suggest Notch signaling is enhanced in IL-

10R1-deficient cells to drive proliferation and HES1 expression but is insufficient to upregulate 

the expression of other enterocyte markers downstream of lineage commitment. Since both 

Olfm4 and Hes1 are direct targets of Notch signaling it appears that Notch signaling itself is 

intact, albeit dysregulated. There is likely some other yet unknown IL-10R1-regulated 

component that controls or responds to Notch signaling to impede enterocyte lineage 

commitment. Nonetheless, data shown here are in line with what we would predict based on 

greater goblet cell markers with a significant increase in ATOH1 expression in IL-10R1 KD 

cells. Again, this suggests that IEC differentiation is being driven towards a secretory fate, 

regardless of heightened Notch signaling that would normally be indicative of a dominant 

enterocyte phenotype.  

Proliferation and Components of Wnt Signaling are  
Dysregulated with Diminished IL-10R1 Expression 

 Based on the initial observations made in vivo, as well as the striking differences in 

OLFM4 mRNA expression, a WST-1 proliferation assay was used to assess the effect of IL-

10R1 deficiency on cellular proliferation rates in our T84 in vitro model. This assay was 

performed either 24 hr or 48 hr after seeding and demonstrated that proliferation of cells was 
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significantly higher for IL-10R1 KD cells compared to control cells at both time points (Figure 

4A). Proliferation was also significantly faster 48 hr post seeding compared to the 24 hr time 

point in IL-10R1 KD cells, whereas there was no difference in the rate of proliferation between 

seeding times within control cells. These results indicate significantly increased cellular 

proliferation following IL-10R1 depletion, supporting our observations made with mouse colon 

tissue.  

 The accumulation of β-catenin in the nucleus, where it interacts with other transcription 

factors to regulate the expression of target genes, is directly tied to canonical Wnt signaling and 

cellular proliferation.3, 22, 40 To discern if reduced IL-10R1 impacts the nuclear localization of β-

catenin, nuclear fractions were extracted from untreated control and IL-10R1 KD cells and β-

catenin protein was detected using western blotting (Figure 4B). Densiometric analysis of 

immunoblot band intensities after normalizing to RNA polymerase II showed significantly 

higher β-catenin protein in IL-10R1 KD cells compared to control cells (Figure 4C). The 

cytoplasmic fraction also showed a significant increase in β-catenin protein levels when 

correcting for total protein loaded (20 ug, Figure S3A). However, this pattern is not as 

pronounced when normalizing to β-Actin loading control; interestingly, β-Actin protein was 

significantly lower in IL-10R1 KD cells regardless of the protein extraction method used (Figure 

S3B and S3C). Nonetheless, our results indicated more β-catenin nuclear localization with loss 

of IL-10R1. We further assessed Wnt signaling by looking at the Wnt targets Myc, Oct4, and 

Sox9. Expression of these genes at the mRNA level showed differential patterns between control 

and IL-10R1 KD cells, with either a significant decrease, no difference, or a significant increase, 

respectively (Figure 4D). To further characterize the effect of reduced IL-10R1 expression on  
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Figure 4. Depletion of IL-10R1 in vitro disrupts proliferation and Wnt signaling. (A) WST-1 
proliferation assays were performed with control and IL-10R KD (KD) T84 cells 24 h and 48 h 
after seeding (n = 3 technical replicates averaged for each of 3 biological replicates; two-way 
ANOVA with multiple comparisons). (B) Representative western blot images of untreated 
control and KD cell nuclear protein fractions for β-catenin (top) and the nuclear loading control 
RNA polymerase II (RNA Pol II, bottom). (C) Densiometric band intensity analysis from β-
catenin immunoblots after normalizing to RNA Pol II (n = 3 biological replicates). (D) Fold 
change in transcripts at baseline for the Wnt target genes MYC, OCT4, SOX9 (n = 9 biological 
replicates). E Fold change in transcripts at baseline of the Wnt inhibitor dickkopf-related protein 
1 (DKK1, n = 9). (F) Ln of DKK1 protein concentrations, detected by ELISA from control and 
KD supernatants collected at baseline (Control n = 5 biological replicates, IL-10R KD n = 3 
biological replicates, two IL-10R KD samples fell below limit of detection. For control and IL-
10R KD cells, two technical replicates were averaged per biological replicate). (D, E) RT-qPCR 
was performed with RNA extracted from control and IL-10R KD T84 cells. Transcripts of target 
genes were normalized to β-ACTIN and fold change was calculated using the 2^-ΔΔCt method to 
compare to control cells. (A, C-F) Data are represented by mean ± SEM ; *p < 0.05, ***p < 
0.001, ****p < 0.0001. 
 

WNT signaling, Dickkopf-1 (DKK1) expression was investigated. DKK1 inhibits of Wnt 

signaling by binding to and depleting the Wnt co-receptor LRP6.41 Diminished DKK1 
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expression is associated with increases in intestinal epithelium proliferation and crypt length, and 

it has been implicated in the regulation of IBD pathogenesis.41, 42As shown in Figure 4E, we 

found DKK1 transcript levels were almost completely depleted in IL-10R1 KD cells compared to 

control cells, with a 21-fold reduction in expression. To corroborate this data, DKK1 protein 

concentrations in cell culture supernatants were assessed using an ELISA; IL-10R1 KD cells had 

significantly less DKK1 secreted protein compared to control cells, with even a couple of IL-

10R1 KD replicates falling below the detection threshold (Figure 4F). Altogether, these findings 

support the observation of epithelial hyperproliferation following loss of IL-10R1 expression, 

potentially due to aberrant Wnt signaling. 

Discerning the Link between IL-10 Signaling,  
IEC Proliferation and Lineage Determination 

 The JAK/STAT signal transduction pathway is activated downstream of canonical IL-10 

signaling, in addition to a variety of other membrane receptors, and is shown to modulate 

important cellular processes like proliferation, differentiation, and even oncogenesis.43 To 

discern if there is altered STAT3 signaling as a consequence of diminished IL-10R1, western 

blotting was used to detect phosphorylated (pSTAT3) and total STAT3 protein. Control and IL-

10R1 KD cells were treated with rhIL-10 cytokine alone or in conjunction with a pre-treatment 

of either an IL-10R1 blocking antibody or a STAT3 inhibitor (Figure 5A). As expected, control 

cells showed a significant increase in pSTAT3 protein after exposure to IL-10 whereas pSTAT3 

was barely detectable in IL-10R1 KD cells (Figure 5B). Pre-treatment with anti-IL10R1 or anti-

STAT3 in control cells sufficiently reduced the effect of IL-10 back to vehicle-treated pSTAT3 

protein levels. Recombinant hIL-6 was used as a positive control but was imaged and analyzed 

separately from the other treatments due to oversaturation of signal intensity (Figure S4). This  
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Figure 5. STAT3 phosphorylation is abolished in IL-10R KD cells at baseline and following IL-
10 treatment. Control and IL-10R1 KD cells were exposed to rhIL-10 cytokine (10 ng/mL) alone 
for 10 minutes or in conjunction with a pre-treatment of either an IL-10R1 blocking antibody 
(anti-10RA, 2 hr prior) or a STAT3 inhibitor (anti-STAT3, WP1066, 1 hr prior); cells were also 
treated with rh IL-6 (10 ng/mL) for 20 min alone or following 1 hr pretreatment with STAT3 
inhibitor. (A) Representative immunoblots of phosphorylated STAT3 (pSTAT3) or total STAT3 
protein from whole cell lysates. (B) Densiometric band intensities from immunoblots were 
quantified by normalizing pSTAT3 to total STAT3 and then calculating fold change relative to 
vehicle treated control cells (n = 3 biological replicates for each treatment. A two-way ANOVA 
was performed, and data are represented by mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. 
 

verified that STAT3 signaling is not only in-tact in the IL-10R KD cells but that there is 

significantly more phosphorylation of STAT3 after IL-6 treatment in these cells compared to 

control cells. Notably, pSTAT3 protein was detectable in vehicle treated control cells, which was 
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not evident in the IL-10R KD cells. Collectively, this data illustrates the potential for IL-10 

signaling to influence lineage determination and cellular proliferation under homeostatic 

conditions. 

Discussion 

 In this study, utilizing both in vivo and in vitro models we demonstrated that impairment 

of IL-10R1 expression in IECs resulted in hyperproliferation and skewed lineage commitment. 

Multiple studies have shown that increased proliferation of IECs and chronic intestinal 

inflammation are precursors to dysplasia and colorectal cancer.33, 44, 45 Additionally, IL-10-null 

mice and mice with conditional knockout of STAT3 in select myeloid and lymphoid cells exhibit 

hyperplasia, and both models develop tumors with similar frequency as IBD patients.5, 6 The link 

between aberrant IL-10 signaling and colitis in humans and mice is also well established.11, 18, 19 

However, to our knowledge this is the first study to show that IEC-specific depletion of IL-10R1 

induces hyperplasia in the intestinal epithelium. Although we did not perform extensive, long-

term histological examination of IEC-IL-10R1 KO mice to determine presence/absence of 

dysplastic lesions or carcinomas, future studies should include this line of investigation to more 

fully elucidate the potential association between IL-10R1, IEC proliferation, and tumorigenesis. 

Interestingly, Quiros et al.17 showed that IL-10 stimulates IEC proliferation in an acute intestinal 

wound model in mice by upregulating WISP-1 and Wnt signaling. Conversely, Biton and 

colleagues25 found that depletion of Treg-derived IL-10 promoted proliferation of IECs under 

basal conditions. Given these conflicting results, mucosal condition (e.g. homeostasis, wound 

repair, inflammation) and sources of IL-10 should be considered when assessing the impact of 

cytokine signaling on IEC regeneration. 
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 Examination of the changes in IEC lineage fate in our IEC-IL10R1-deficient models 

under homeostatic conditions demonstrated that compared to controls, IEC IL-10R1-/- mouse 

colon tissue harbored significantly more goblet cells. These findings were corroborated in our in 

vitro model, where IL-10R1 lentiviral knockdown IECs exhibited increased expression of 

markers associated with goblet cells. IEC IL-10R1 KO and KD models also had reduced 

expression of markers for enterocytes. In line with these findings, Biton et al.25 showed that 

when Treg-derived IL-10 was depleted in mouse intestinal mucosa there were also more goblet 

cells and less differentiated enterocytes. Again, how IL-10 signaling influences processes 

involving IEC lineage determination may largely depend on homeostatic state of the intestinal 

mucosa. That our findings corroborate similar phenotypes reported by another study using a 

different IL-10 signaling-deficient model25 substantiates the role of IL-10 signaling in mediating 

these cellular processes. 

 In order to characterize potential mechanisms driving the observed proliferation and 

differentiation defects, we explored the expression profiles of Wnt and Notch signaling 

components. Our in vivo analysis of colon epithelium scrapes demonstrated that the downstream 

Wnt target Oct4 was significantly upregulated and the Notch ligand Dll1 was significantly 

downregulated when IL-10R1 is ablated in mouse intestinal epithelium. In vitro diminishment of 

IL-10R1 lead to increased β-catenin nuclear localization and an almost complete depletion of the 

Wnt signaling antagonist DKK1.  Additionally, OLFM4, a Notch signaling target that promotes 

proliferation,37 was drastically upregulated in IL-10R1 KD cells. These findings support aberrant 

Wnt signaling, possibly due to a lack of negative feedback, and provide insights into potential 

mechanistic underpinnings of the observed hyperproliferation with loss of IL-10 signaling. 
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However, OLFM4 expression is also a product of the Notch signaling pathway.37 Since Notch 

signaling mediates differentiation of progenitor cells into the default absorptive 

enterocyte/colonocyte pathway, the observation of increased goblet cells was surprising. 

Knocking down IL-10R1 resulted in impaired STAT3 signaling, with a heightened response to 

IL-6. Since the Jak/Stat signaling transduction pathway intersects many other pathways that 

regulate proliferation and differentiation,43 this could point to a potential mechanism for the 

observed disruption in these processes. Additional studies involving human intestinal organoids 

may help address limitations inherent to in vivo and immortalized cell models and elucidate 

mechanistic underpinnings more robustly.46 

 Currently there are no described pathologies in the colon connected to increased goblet 

cells and/or mucus production, so it is difficult to discern the overall impact this change in 

phenotype might have on intestinal function and homeostasis. Structural or functional differences 

in the mucus layers of the colon could exist, and these changes would likely influence overall 

digestion and possibly gut microbiome composition. Further studies are required to determine if 

increased goblet cells in IEC-IL10R1-/- mice has consequences on these aspects of gut health. 

Conversely, reduced enterocytes would likely have significant implications for intestinal 

function. This lineage is important in metabolism and water absorption, as well as supporting 

intestinal barrier integrity by preventing exposure of luminal antigenic material to immune cells 

via tight junctions, the secretion of antimicrobial proteins, and support of autophagy.11, 13, 31 

Additionally, CAR1 is indicated as a potential biomarker for colon adenocarcinoma severity,47 

where colorectal tumors exhibit significantly reduced CAR1 expression compared to healthy 

control samples.48 Thus, reduced colonocytes may explain, at least in part, the defective barrier 
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integrity and increased susceptibility to IBD seen in IL-10R1-deficient models and patients.11, 27 

Again, additional assays should be performed to examine these metrics of colonocyte function to 

understand the impact of reduced absorptive cells in the intestinal epithelium. 

 Overall, these findings present a novel link between IL-10R1 and intestinal epithelial 

proliferation and differentiation. This research offers a new perspective on how IL-10 signaling 

may play a role in IEC homeostasis beyond its well-established role in immunomodulation. 

These studies also suggest epithelial IL-10 signaling as a potential link connecting dysregulated 

IEC proliferation and differentiation to IBD-associated cancers, which will be explored in future 

investigations.  
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Supplemental Materials 

 

Figure S1. In vivo mRNA expression of hallmark genes for goblet cells, colonocytes, and Wnt 
and Notch signaling. RT-qPCR was performed with RNA extracted from villin x cre negative 
IL10R1fl/fl (Control) and IEC-IL10R1 KO (KO) colon epithelium scrapes. Ct values were 
normalized to the geometric mean of β-actin and Hprt, and relative change (2^-ΔCt) was 
calculated. Graphs show mean ± SEM with data points representing individual mice.  (A) 
Relative expression of goblet cell markers Muc2 (control n = 19, KO = 12), Spdef (control n = 
20, KO = 12), and Tff3 (control n = 20, KO = 12). (B) Relative expression of colonocyte markers 
Car1 (control n = 20, KO n = 12, Welch’s t-test), and SI (control = 16, KO n = 10, Welch’s t-
test). (C) Relative expression of Notch signaling and lineage determination Atoh1 (control n = 
20, KO n = 12), Hes1 (control n = 19, KO n = 12). (D) Relative expression of Wnt targets Myc 
(control n = 15, KO n=7) and Dkk1 (control n = 20, KO n = 12). Unpaired t tests were 
performed. 
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Figure S2. In vitro time-course treatments with rhIL-10 cytokine. Non-template targeting shRNA 
T84 cells (Control) or IL-10R1 shRNA targeting T84 cells (KD) were treated with either vehicle 
(veh) or 10 ng/mL of rhIL-10 for 6, 12, 18, 24, or 36 h. RNA was isolated and RT-qPCR was 
performed. Ct values were normalized to β-ACTIN and fold change was calculated using the 2^-
ΔΔCt method for comparison to control cells treated with vehicle within each replicate. Fold 
change in transcript for MUC2 (6 h n = 7, 18 h n = 10, other time points n = 5), and SI (6 h n = 7, 
18 h n = 10, other time points n = 5). Data represents mean ± SEM; two-way ANOVA was 
performed to test the effect of treatment and cell type; * p < 0.05, ** p < 0.01. 
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Figure S3. Cytoplasmic β-Catenin shows differential expression levels depending on 
normalization method; β-Actin is expressed at lower levels in IL-10R1 KD cells. (A) 
Representative western blot images of untreated non-template targeting shRNA T84 cells 
(Control) or IL-10R1 shRNA targeting T84 cells (KD) cytoplasmic protein fractions for β-
catenin (top) and the loading controls β-Actin (middle) and RNA polymerase II (RNA Pol II, 
nuclear only, bottom). (B) Densiometric band intensity analysis with β-catenin immunoblots 
after normalizing the cytoplasmic protein fractions to either β-Actin (left) or 20 ng total protein 
as determined by BCA assay (middle). Shown here again, as in the main text for reference, is the 
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(Figure S3 caption continued): nuclear fraction for β-catenin after normalizing to the nuclear 
loading control RNA Pol II (right) (n = 3 biological replicates). C β-Actin densiometric analysis 
was performed from total protein lysates using a RIPA lysis buffer, as well as from cytoplasmic 
and nuclear protein fractions from the NE-PER Cytoplasmic and Nuclear Extraction Kit 
(ThermoFisher Scientific, #78833). (B, C) Data are represented by mean ± SEM, *p < 0.05, 
****p < 0.0001 
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ARYL HYDROCARBON RECEPTOR MODULATION OF INTESTINAL  

EPITHELIAL CELL FATE IS SEX-DEPENDENT AND EXHIBITS  

VARIABILITY AMONG ALLELIC VARIANTS 

Abstract 

 Intestinal epithelial cells (IECs) provide crucial metabolic functions and form a barrier 

that protects the host from luminal content and pathogens. Breakdown in IEC function can lead 

to injury, dysregulated inflammatory responses, and gastrointestinal diseases such as colorectal 

cancer and inflammatory bowel disease (IBD). Intrinsic pathways regulating IEC differentiation 

are well described. However, it is unclear if pathways influenced by extrinsic factors, such as 

microbial metabolites, shape IEC lineage fate and subsequent intestinal function. Aryl 

hydrocarbon receptor (AHR) is a transcription factor that is activated by a variety of ligands 

including microbe-derived tryptophan metabolites and has been shown to mediate IEC function, 

particularly by dampening inflammation and promoting wound healing. AHR activation also 

modulates differentiation of several immune cell lineages, but little is known about the role of 

AHR in IEC lineage fate. Thus, we hypothesized if AHR signaling influences cell fate, then 

ablation of AHR will alter expression profiles of the two prominent IEC lineages, absorptive 

cells and mucus-secreting goblet cells. Our investigations utilized the T84 colonic epithelium 

cell line where clonally-selected AHR-targeted deletion was achieved using CRISPR-Cas9 

technology, human-derived colon enteroids (h-colonoids) exposed to an AHR inhibitor, IEC-

specific deletion of AHR (IEC-AHR KO) in mouse models under baseline and inflammatory 

conditions, and mouse-derived colon enteroids (m-colonoids). RT-qPCR, western blotting, and 

histological examination revealed that AHR knockout models exhibited heightened expression of 
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markers for absorptive cells and diminished goblet cell characteristics under homeostatic 

conditions. Treatment of genetically unmodified T84 cells with microbial tryptophan metabolites 

exhibited the opposite expression profiles than AHR deficient cells for these dominant cell types. 

IEC-AHR KO male and female mice both had significant weight loss from dextran sodium 

sulfate (DSS)-induced colitis compared to wild type C57Bl/6 mice (WT), while cre recombinase 

negative AHRfl/fl littermate controls (Cre-AHRfl/fl) displayed intermediate disease severity. Under 

both homeostatic conditions and during DSS recovery, IEC-AHR KO females had more 

discernable dysregulated expression of colon IEC lineage markers compared to males. 

Differences in IEC lineages and Wnt signaling components among human and mouse models 

may be partly due to genetic variation and AHR ligand selectivity as demonstrated previously. 

Collectively, this study represents a novel perspective on how AHR signaling, potentially via the 

activation of microbe-derived metabolites, can direct IEC differentiation. These findings shed 

light on potential underpinnings of mucosal homeostasis and dysregulated intestinal barrier 

function with implications for bowel diseases. 

Introduction 

 Aryl hydrocarbon receptor (AHR) is a sensor for a variety of polycyclic aromatic 

hydrocarbons and is expressed relatively ubiquitously across mammalian tissues including 

immune cells and intestinal epithelial cells (IECs). Activation of AHR is shown to promote 

intestinal barrier function, resolve inflammation, and maintain overall mucosal homeostasis.1-3 

The importance of AHR signaling is exemplified by numerous in vivo studies utilizing 

endogenously produced,4-6 exogenously acquired,7-9 and microbe-derived ligands10-13 to 

ameliorate pathologies associated with inflammatory bowel disease (IBD) and gastrointestinal 
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infection. Furthermore, AHR null mice exhibit extensive abnormalities in vascular, hepatic, skin, 

bladder, and hematopoietic functions,14 increased susceptibility to experimentally induced 

colitis,8, 9, 15, 16 and exhibit higher prevalence of intestinal6, 17 tumorigenesis. 

 The beneficial effects of AHR activation at mucosal sites can be partly explained by its 

immunomodulatory role during inflammation.4, 16, 18, 19 These effects are also attributed to AHR-

mediated differentiation of immune cell subsets, such as balancing the Treg/Th17 axis that is 

involved in anti- and pro-inflammatory responses, respectively,20-22 and the differentiation of 

innate immune cells like dendritic cells23 and macrophages19, 24 that are the first responders to 

injury and infection. Studies to date have primarily focused on AHR signaling in mucosal 

homeostasis in the context of immune cells, while the role of AHR in IEC proliferation and 

differentiation, processes that are likely to be integral to proper intestinal function and barrier 

integrity, remains poorly understood.  

 IECs provide crucial physical and chemical barriers that protect host tissues from  

antigens in the lumen. Breakdown in IEC function can lead to injury, dysregulated inflammatory 

responses, and various GI diseases like IBD. The distinct cell types of the intestinal epithelium 

exhibit unique metabolic and physiological features, and work in a carefully coordinated fashion 

to maintain proper digestive function and overall homeostasis. Although the intestine is a 

dynamic organ with a continuous turnover of cells, IEC proliferation, migration, and lineage 

determination are tightly regulated processes. All IEC lineages are derived from crypt base 

columnar (CBC) Lgr5+ stem cells.25 Fundamentally, Wnt signaling maintains the stem cell 

compartment and perpetuates proliferative progenitor IECs while Notch signaling in progenitors 

cells triggers differentiation into the most abundant lineage, the absorptive 



100 
 
enterocyte/colonocyte, via Hes1 expression.26, 27 When Notch signaling is absent, Atoh1 

expression is activated and drives differentiation into the secretory lineages with the majority  

developing into mucus-producing goblet cells.  

 Although the intrinsic pathways regulating IEC proliferation and differentiation have 

been well-described, how other signaling pathways shape the generation and maintenance of IEC 

lineages remains poorly understood. Nonetheless, some fundamental insights into AHR activity 

and these processes are beginning to emerge in the literature. AHR response elements (also 

known as dioxin or xenobiotic responsive elements) have been identified in Notch1/2 

promoters.28, 29 AHR signaling via Notch activation is reported to augment hematopoietic stem 

cell expansion30 and drive differentiation of NKp46+ ILCs and subsequent secretion of IL-22.15 

Conversely, activation of AHR by the endogenous ligands kynurenine in the human HT-29 colon 

carcinoma cell line31 or indole-3-carbinol in mouse small intestine organoids32 reduced 

expression of Notch1 and the downstream target Hes1 in both models while either increasing 

goblet cell markers in HT-29 cells or reducing these markers in the mouse organoids. In terms of 

addressing AHR-dependent IEC differentiation with in vivo models, one study demonstrated that 

IEC-AHR KO mice had reduced colonocyte and goblet cell markers and heightened proliferation 

compared to littermate controls,33 while another study showed IDO1 null mice, the enzyme that 

converts tryptophan into the AHR ligand kynurenine, reduced proliferation and reduced goblet 

cells while increasing absorptive markers.34 The influence of AHR signaling on proliferation and 

carcinogenesis is also contentious. AHR can suppress murine intestinal carcinogenesis by 

impeding Wnt/β-Catenin signaling,17 but AHR activation is also shown to stimulate human 

cancer cell proliferation via activation of epidermal growth factor receptor (EGFR), ERK1/2, and 
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Src kinases.35 AHR null mice spontaneously developed cecal tumors,17 and IEC-specific AHR 

knockout mice being fed a high-fat diet enhanced the development of premalignant colon cancer 

lesions.36 Evidently, there is a range of effects of AHR signaling on IEC differentiation and 

proliferation, especially involving cancer biology, and is likely context dependent.37 Given that 

AHR influences IEC barrier function and overall mucosal homeostasis, and in consideration of 

previously published findings, we hypothesized that IEC-specific deletion of AHR will disrupt 

IEC differentiation and proliferation. 

 One caveat to AHR deficient mouse models is the lack of full disclosure regarding 

polymorphisms in the AHR allele expressed by different mouse strains, and how this might 

translate to human health and disease. The AHR allelic variants in mouse strains and different 

human populations are shown to impact the metabolism of environmental toxins 38-41 and the 

level of activation of downstream targets due to differences in binding dynamics of certain 

ligands.42, 43 Specifically, mice harboring the AHR d allele like the  129 S/v AHRfl/fl mouse strain 

(congener of the DBA/2J strain for this allele), are shown to have lower binding affinities for 

certain AHR ligands, like TCDD, compared to wildtype C57Bl/6 mice expressing the b AHR 

allele.38, 44 However, binding affinities are higher for natural and microbe-derived ligands in mice 

expressing the d AHR allele and in humans.43, 45 Moreover, some studies utilizing the conditional 

AHR knockout generated from the 129 S/v AHRfl/fl mouse strain designate the cre recombinase-

negative littermates as wildtype controls.33, 46 This can be problematic given that these mice are 

transgenic with the C57Bl/6 genetic background except at the AHR locus, often displaying an 

intermediate phenotype between WT and cre recombinase driven cell-specific KO mice.47 The 

interactions between these allelic variants of AHR and other regulatory elements are likely to 
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result in different outcomes in the expression of target genes.47 To address the influence of AHR 

polymorphisms on IEC-specific AHR ablation on cell lineage fate and proliferation, we utilized 

both C57Bl/6 mice expressing the b allele (WT) and cre negative littermates expressing the d 

allele (Cre-AHRfl/fl) under homeostatic and inflammatory conditions. We also examined a human 

colon cancer cell line, and organoids derived from human colon biopsies and mouse colon 

crypts. These in vitro models recapitulate some of the observations made in our in vivo mouse 

models, while demonstrating other differential effects of AHR signaling and AHR deficiency on 

IEC differentiation. These findings support earlier studies reporting differences in mouse and 

human responses to AHR ligands,43, 44 likely due to the genetic differences within the AHR allele 

itself that translates to different binding affinities for certain ligands and regulation of 

transcriptional activity. 42, 45 This study is among the first to investigate the intersection of IEC-

specific AHR signaling and signaling pathways controlling intestinal epithelium proliferation 

and differentiation. It is also among the first to consider the influence of AHR allelic variation by 

using different in vivo models under both homeostatic and inflammatory conditions as well as 

using in vitro human cell and tissue models within the framework of IEC differentiation. 

Methods 

Cell Lines and CRISPR-Cas9 Gene Editing 

 The human carcinoma colon epithelial cell line T84 (ATCC, Manassas, VA, USA; CCL-

248, RRID: CVCL_0555) was maintained at 37oC and 5% CO2 in DMEM/F12 media (Gibco, 

Gaithersburg, MD, USA) supplemented with 1X GlutaMAX (Gibco, Dublin, Ireland), 10% heat-

inactivated fetal bovine serum (GE Healthcare, Wauwatosa, WI, USA), and 1% penicillin-

streptomycin (GE Healthcare). The AHR gene was knocked out using CRISPR-Cas9 gene 
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editing technology where a single guide RNA (sgRNA) targeting AHR exon 2 and the DNA 

sequence for the Cas9 protein were delivered on separate plasmids and lentiviral particles. 

Transduced T84 cells were placed under puromycin and blastomycin selection for stable 

integration of each plasmid. Cells were plated using a dilution series to achieve single-cell clonal 

growth, and sequencing of the AHR gene revealed a 21bp deletion within the helix-loop-helix 

DNA binding domain. Cells were grown in 12-well plates for experiments and grown to 100% 

confluence. Selection for AHR ligands and dosage were based on previously published data for 

indole-3-aldehyde (IAld, 1 mM)10, 12, indole-3-propionic acid (IPA, 1 mM)12, and 6-

Formylindolo[3,2-b]carbazole (Ficz, 10 µM) was used as a positive control for AHR activation.4, 

5, 16 

Animal Studies 

 Conditional knockout of AHR in intestinal epithelium was achieved by crossing C57Bl/6 

mice (Mus musculus) expressing cre recombinase under the villin promoter (B6.Cg-Tg(Vil1-cre) 

997Gum/J, Stock No: 004586, Jackson Laboratory, Bar Harbor, ME) with AHRfl/fl mice (‘IEC-

AHR KO’, Ahrtm3.1Bra/J, Stock No: 006203, Jackson Laboratory).48 AHRfl/fl littermates that do 

not express villin-cre recombinase (Cre-AHRfl/fl) were used as one type of control since they 

share the same d AHR allele as the non-villin expressing cells of the IEC-AHR KO mice. 

C57Bl/6J (Stock No: 000664, Jackson Laboratory) mice were used as another point of 

comparison due to the expression of the high ligand binding affinity of the b allele expressed by 

this strain. Mice were housed and handled in accordance with guidelines from the American 

Association for Laboratory Animal Care and Research Protocols, and experiments were 

approved by the Institutional Animal Care and Use Committee of Montana State University. 
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 Untreated (‘homeostatic’ conditions) female and male 16 week old mice33 were 

euthanized, and colons were collected for histological examination, RNA extraction, and protein 

analysis. Histological preparation was performed as published previously.49 Briefly, proximal 

colon containing a fecal pellet was excised and kept in-tact during methacarn fixation (60% 

anhydrous methanol, 30% chloroform, and 10% glacial acetic acid), followed by processing with 

anhydrous washes of ethanol and xylenes, paraffin-embedded, and sectioned. For RNA isolation, 

colon epithelium scrapes were collected from mid to distal colon to enrich for epithelial cells. 

Scrapings were divided and placed in either Trizol (Invitrogen, Carlsbad CA, USA) for RNA 

isolation or in a Tris lysis buffer (300 mM NaCl, 20 mM Tris, 1 mM EDTA, 1 mM EGTA, and 

1% TritonX-100, 2 mM phenylmethylsulfonyl fluoride (PMSF), 1X HALT protease inhibitor 

cocktail and phosphatase inhibitor (Sigma Aldrich)) for total protein isolation, and samples were 

stored at -80oC until processing.  

 Permeability assays with mice 9-11weeks old was performed with 4 kDa fluorescein 

isothiocyanate (FITC)-dextran (FD4) under homeostatic conditions. Female and male mice were 

orally gavaged with 120 or 150 µL, respectively, of 80 mg/mL FD4 solution made in sterile PBS. 

Four hours later, mice were subjected to isofluorane anesthesia and blood was collected using 

cardiac puncture. Blood was allowed to clot in the dark for approximately 1 h at room 

temperature, and then serum was isolated by centrifugation. For FD4 quantification eight 

standards were made with FD4 in PBS ranging from 8 µg/mL to 0.125 µg/mL, samples were 

diluted 1:2 with PBS, and all standards and samples were loaded in duplicate into 96-well, black-

walled plates with clear bottoms. PBS and pooled serum samples from untreated mice were 

loaded into separate wells as blanks/negative controls. Fluorescence was detected using 
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Spectramax Paradigm microplate reader (Molecular Devices, San Jose, CA, USA) set at 520 nm 

emission. FD4 concentrations were calculated from the standard curve and absorbance values, 

and were multiplied by the dilution factor after subtracting out background signal from the PBS 

blank wells. Background signal from PBS and serum from untreated mouse serum were not 

statistically different. Technical replicates were averaged to represent one data point per mouse. 

 For preliminary acute dextran sodium sulfate (DSS)-induced colitis 9-11-week-old WT, 

Cre-AHRfl/fl, and IEC-AHR KO male mice were given 2.5% DSS (Colitis Grade M.W. 36-50 

kDa, MP Biomedicals, Illkirch, France) in drinking water ad libitum for 5 days and was replaced 

by normal drinking water for two more days. Mice were weighed every day to track disease 

progression, and at day 7 mice were euthanized for tissue harvest as described above for 

homeostatic conditions. DSS recovery experiments involved 9-11-week-old female and male 

mice with 2% DSS ad libitum in drinking water; females were given DSS for 5 days and males 

for 4 days before replacement with normal drinking water. Mice were weighed every day until 

most transgenic mice returned to pre-DSS weight, which ranged from 9-13 days and varied 

between experimental groups. 

Human Colonoids 

 Human colon organoid cultures (h-colonoids) were derived from de-identified colonic 

biopsy tissues collected during routine colonoscopy procedures at the Bozeman Deaconess 

Hospital following an approved institutional review board protocol (IRB protocol DB050718-

FC, Montana State University). Derivation and maintenance protocols were adapted from as 

described previously.50, 51 Briefly, biopsy tissues were kept on ice in RPMI-1640 medium 

supplemented with 1% Pen/Strep, 50 μg/mL Gentamycin (IBI Scientific, Peosta, IL, USA), 
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0.25 μg/mL amphotericin B (Omega Scientific, Inc. Tarzana, CA, USA), 1X GlutaMAX, and 

1mmol/L HEPES (GE Healthcare Life Sciences, UT, USA). Tissues were minced to < 1 mm 

pieces and placed in Dispase (Stem Cell Technologies, Vancouver, Canada) for 30 min on ice 

with gentle shaking periodically, and then in 100% FBS for 15 min on ice with gentle shaking 

periodically. FBS with tissue was diluted with equal volume of Advanced DMEM/F-12 

(ThermoFisher Scientific, Waltham, MA, USA), passed through a 5 mL pipette several times, 

vortexed on high for 15-20 to release intestinal crypts from the tissue, and then tissues were 

allowed to settle at the bottom of the tube before transferring supernatant to a new tube. This 

process was repeated 2-3 times with Advanced DMEM/F-12 and supernatants were pooled. 

Isolated crypts from the collected supernatants was pelleted by centrifugation at 300-400 x g for 

8 min, resuspended in Matrigel (Corning, MA, USA), and beads of Matrigel with crypts were 

plated in several wells of a 24-well plate and allowed to polymerization. Media for h-colonoids 

and m-colonoids contained 50% L-WRN conditioned medium. L-WRN cells were kindly 

provided by Dr. T. Stappenbeck, Washington University, St. Louis, USA.52 The remaining 

components for h-colonoid media were Advanced DMEM/F-12, 10 mmol/L HEPES, 1% 

Pen/Strep, 0.25 ug/ml Amphotericin B, 50 ug/ml Gentamycin, 1X GlutaMAX, 1X B27 

supplement (Invitrogen, California, USA), 1X N2 Supplement (Invitrogen), 1 mM N-

acetylcysteine (Sigma-Aldrich, St. Louis, MO, USA), 10mM Nicotinamide (Sigma-Aldrich), and 

100 ng/mL epidermal growth factor (rhEGF, R&D Systems, MN, USA). The medium was 

changed each day for the first three days after initial isolation and supplemented with 4 µM 

CHIR99021 (Sigma-Aldrich), 100 nmol/L SB-431542 (Tocris Biosciences, Bristol, UK) and 2.5 

μmol/L Thiazovivin (Sigma-Aldrich); for the first 24 h the medium was also supplemented with 
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10 μmol/L ROCK-inhibitor Y-27632 (Tocris). After this, the medium was changed every other 

day. Gentamycin and amphotericin B were removed from the medium after the first passage. The 

h-colonoids were passaged every 5-8 days by incubating in TrypLE Express (Gibco) for 3 

minutes and then dissociated by multiple passes through a P1000 pipette tip. The dissociated 

tissues were resuspended in Matrigel and overlaid with growth medium. Differentiation media 

contained DMEM/F-12 (ThermoFisher Scientific), 10% heat-inactivated FBS, 1X GlutaMAX, 

and 1% Pen/Strep. For experiments, the AHR inhibitor CH-223191 (Sigma-Aldrich) was 

administered at 10 µM in DMSO (used as the vehicle) to h-colonoids the day after passaging and 

applied each time media was changed for about 5-6 days. The differentiation media was added to 

some wells for two days prior to harvest and AHR inhibitor was added back into these wells. For 

RNA isolation media was removed and replaced with PBS, then a P200 pipette tip was used to 

gently dislodge the Matrigel bead. Using a P1000 pipette tip with the end cut off for a larger 

diameter, Matrigel beads with the colonoids were transferred in to a tube containing PBS, 3 wells 

per treatment were pooled. The colonoids were collected by centrifuging at 300-400 x g for 5 

min, PBS removed and 500 µL Trizol added. 

Mouse Colonoids 

 Mouse colon organoids (m-colonoids) were prepared similarly to h-colonoids with a few 

differences. Approximately 1 cm of proximal colon was excised, cut longitudinally and 

thoroughly washed with PBS before mincing and placing in PBS on ice. Tissues were washed 

several times with PBS and passed through a 10 mL pipette 3 times during each round of PBS 

washes, and then digested in Gentle Cell Dissociation Reagent (Stem Cell Technologies) on a 

rocker for 15 min at room temperature (in place of the Dispase and FBS steps for h-colonoids). 
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Tissues were centrifuged to remove the Dissociation Reagent, and 10 mL 0.1% BSA solution in 

PBS was used to wash tissue by passing through a 10 mL pipette several times followed by 

vortexing for 20 sec and then letting tissues settle. Supernatants were transferred to a new tube, 

and the 0.1% BSA washes with pipetting, vortexing, and supernatant transfer was repeated 2-3 

more times, pooling transferred supernatants. Crypts from pooled supernatants were pelleted and 

resuspended in Matrigel. Media for recently isolated m-colonoids contained 50% L-WRN, 

Advanced DMEM/F-12, 10% heat-inactivated FBS, 1% Pen/Strep, 1X GlutaMAX, 100 ng/mL 

rhEGF, 0.25 ug/ml Amphotericin B, and 50 ug/ml Gentamycin. For the first three days media 

was supplemented with 4 µM CHIR99021, 2.5 μmol/L Thiazovivin (Sigma-Aldrich), and 10 

μmol/L ROCK-inhibitor Y-27632 (Tocris). Amphotericin B and Gentamycin were within a few 

days after the first passage. Passaging, media change, and prep for RNA isolation followed a 

similar protocol as described for h-colonoids.  

RNA Extraction and RT-qPCR 

 T84 cells were collected for RNA isolation by washing cells with PBS before adding 

Trizol, and manufacturer’s instructions were followed for Trizol RNA isolation. Mouse colon 

epithelium scrapes, h-colonoids, and m-colonoids that were placed in Trizol were homogenized 

by passing through a 22-gauge needle and syringe several times, spun down, and supernatants 

transferred to a new tube. RNA from these tissue samples was isolated using the Direct-zol RNA 

Miniprep Kit (Zymo Research, Irvine, CA, USA). Reverse transcription was performed with 1 

µg (T84 cells and mouse colon epithelium scrapes) or 500 ng (h- and m-colonoids) of RNA, 

iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA), and a thermal cycler set to 

manufacturer’s instructions. For qPCR, cDNA was added to a solution containing a final 
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concentration of 1x of Power SYBR Green master mix (Applied Biosystems, Foster City, CA, 

USA) and 0.5 µM of each forward and reverse primers (Invitrogen). Quantitative PCR reactions 

were carried out using a Roche LightCycler96 Thermocycler (Roche, Basel, Switzerland). For 

mouse colon epithelium scrapes, target transcript Ct values were normalized to the geometric 

mean of the housekeeping genes β-actin and Hprt, and relative transcript expression was 

calculated using 2^-ΔCt method.53 For T84 cells and h-colonoids, target transcript Ct values were 

normalized to the housekeeping gene HSPCB, and fold change in transcripts were calculated 

using the 2^-ΔΔCt method53 to compare to expression in the control cells, since each biological 

replicate involved both control and kd cells maintained under the same conditions. M-colonoids 

were normalized to Hprt and both relative expression and fold change were calculated and 

assessed for differences among mouse groups. Primer sequences can be found in Table 1. 

Table 1. qPCR primers for detecting mRNA transcripts.  
Human Forward (5’-3’) Reverse (5’-3’) 

AHR ACATCACCTACGCCAGTCG TCTATGCCGCTTGGAAGGA 

CYP1A1 ACATGCTGACCCTGGGAAAG GGTGTGGAGCCAATTCGGAT 

CAR1 GCAAGTCCAGACTGGGGATA TCAGCACTGATCGGTTATCG 

CFTR GGCACCCAGAGTAGTAGGTC AGGCGCTGTCTGTATCCTTT 

SI GCCAGCTTATTGGGCTTTGGGTT AACTGAGGAAGGTCCTGGAATGCT 

MUC2 CGACTACTACAACCCTCCGC GGGAGGAGTTGGTACACACG 

REG3A GGCACCGAGCCCAATG GGATTTCTCTCCCATGCAAAGT 

TFF3 CCAAGGACAGGGTGGACTG AAGGTGCATTCTGCTTCCTG 

NOTCH1 TGAATGGCGGGAAGTGTGAA ATAGTCTGCCACGCCTCTG 

HES1 CCTGTCATCCCCGTCTACAC CACATGGAGTCCGCCGTAA 

ATOH1 ACTTGCCTCATCCGAGTCAC GCAGGAGGAAAACAGCAAAA 

OLFM4 CCAGCTGGAGGTGGAGATAA  GCTGATGTTCACCACACCAC 

MYC CCACAGCAAACCTCCTCACAG  GCAGGATAGTCCTTCCGAGTG 
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OCT4 TCTCCAGGTTGCCTCTCACT GTGGAGGAAGCTGACAACAA 

DKK1 ATAGCACCTTGGATGGGTATTCC CTGATGACCGGAGACAAACAG 

RNF34 CCTGTGTGTGCCATCTGTCT GCAAGTCCGATGCTGATGTA 

ZNRF3 GCGGGTCATCCCCTGTAC GCTTGGGTTTCCCTTTTGTT 

HSPCB TCTGGGTATCGGAAAGCAAGCC GTGCACTTCCTCAGGCATCTTG 

Mouse   

Ahr CTGTTCTTAGGCTCAGCGTC TGCCAGTCTCTGATTTGTGC 

Cyp1a1 GGTTAACCATGACCGGGAACT TGCCCAAACCAAAGAGAGTGA 

Car1 AACAGAATTATGTCAGTGCTAA AGAGAATGAATCACTTAGTTGTAA 

SI GCTATCGCTCTTGTTGTGGTT  TTCCAGGACTAGGGGTTGAAG 

Cftr CGAGCCAAAAGCATTGACCTG CTCCAAGTGGTGTCTGTACCC 

Muc2 CCTGAAGACTGTCGTGCTGT  GGGTAGGGTCACCTCCATCT 

Tff3 TACCCCTCTGTCACATCGGA AGATCGGGGATGCTTGCTAC 

Hes1 CACCGGACAAACCAAAGACG TTCTTGCCCTTCGCCTCTTC 

Atoh1 GTGCGATCTCCGAGTGAGAG GGGATAAGCCCCGAACAACA 

Myc GCTCGCCCAAATCCTGTACCT  TCTCCACAGACACCACATCAATTTC 

Oct4 AGAGGATCACCTTGGGGTACA CGAAGCGACAGATGGTGGTC 

Lgr5 TCTCCTACATCGCCTCTGCT CATCTAGGCGCAGGGATTGA 

Dkk1 TCTCTATGAGGGCGGGAACA ATCTTCAGCGCAAGGGTAGG 

Rnf43 GGCCTATGTGTGGATTGAGC TGAGGCCAGGATGATCACAA 

Znrf3 CATCCGACTGTGCCATCTGT GCCATGGATCCACACACTTC 

β-actin AACCCTAAGGCCAACCGTGAA TCACGCACGATTTCCCTCTCA 

Hprt TCAGTCAACGGGGGACATAAA  GGGGCTGTACTGCTTAACCAG 

 

Luciferase Assay 

 As part of validating the T84 AHR KO cell line, a dual luciferase renilla Cignal Reporter 

Assay was employed for transcriptional activity readouts of four AHR xenobiotic response 

elements (XRE, Qiagen, Hilden, Germany). Wild type T84 and AHR KO cells were plated in 24-

well plates and two days later transfected with either the XRE reporter construct (mixture of the 
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inducible transcription factor responsive construct and constitutively expressing Renilla 

luciferase construct), a negative control (non-inducible reporter + renilla construct) or a positive 

control (GFP + luciferase + renilla constructs) using Lipofectamine 3000 following 

manufacturer’s instructions (ThermoFisher Scientific, Waltham, MA, USA). The day after 

transfection cells were treated with IPA or IAld (0.1 or 1 mM), Ficz (1 µM or 10 µM), or DMSO 

vehicle, and approximately 18 h after treatment cells were lysed and prepared for the luciferase 

assay per manufacturer’s instructions. Some of the positive control wells were prepared for flow 

cytometry to measure GFP activity and verified similar transfection efficiency among cell types 

and treatment groups. Luminescence was detected using a Spectramax Paradigm microplate 

reader, and after subtracting background signal from blank wells and negative control wells, 

luminescence outputs were normalized to renilla outputs (relative light units, RLU). Fold change 

was calculated by normalizing WT and AHR KO treated wells to averaged WT vehicle wells. 

Cells were plated for two replicate wells per treatment, two technical replicates were performed 

for each well with the luciferase assay, and three biological replicates were performed for IAld 

and IPA treated cells; ficz treatments were performed once.  

Western Blot 

 WT and AHR KO T84 cells were washed with PBS, lysed in RIPA buffer (50 mM Tris, 

pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% TritonX-100, 2 mM PMSF, 

1X HALT protease inhibitor cocktail and phosphatase inhibitor (Sigma Aldrich)), and stored at -

80°C until processing. T84 cells and mouse colon epithelium scrapes were lysed further using a 

sonicator. Total protein concentrations for samples were determined using Pierce BCA Protein 

Assay (ThermoFisher Scientific, #23227), and 20 µg of protein was loaded into and separated by 
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SDS-PAGE. Protein was transferred to PVDF membrane for immunoblotting, and membranes 

were blocked in a 5% dry non-fat milk TBS-T solution. Immunoblots were incubated at 4°C in 

2% dry non-fat milk TBS-T solution either for 2 hours with the β-Actin (Abcam, #179467) 

antibody or overnight for SI antibody (Cloud-Clone Corp, Houston, TX, USA; #PAD186Hu01) 

or CAR1 antibody (ProteinTech, #13198-2-AP, Rosemont, IL, USA). Secondary antibodies 

conjugated to HRP were incubated on immunoblots for 1 hr at room temperature, and then 

development with chemiluminescence substrates was conducted using an imaging system 

(ProteinSimple FluorChem E Imaging System, San Jose, CA, USA). Image J was used for 

densiometric analysis.  

Alkaline Phosphatase Activity Assay 

 Alkaline phosphatase (ALP) enzyme activity was measured using a modified version of a 

previously published protocol.54 Briefly, T84 cells were grown to 100% confluence in 6-well 

plates, wells were washed twice with PBS supplemented with 1 mM each CaCl2 and MgCl2, and 

then a solution containing the ALP substrate p-nitrophenyl phosphate (‘p-Npp,’ Sigma-Aldrich, 

#N3129) was added to the monolayers and placed in a 37°C incubator. A portion of the solution 

in each well was transferred to a 96-well plate containing 0.5 M NaOH to stop the hydrolysis of 

p-Npp to p-nitrophenol (p-Np) at 5, 10 and 20 min. The amount of p-Np produced was quantified 

using a plate reader (Epoch2, BioTek Instruments, Vermont, USA). Absorbance values at 405 

nm were normalized to total protein concentration, which was determined using the Pierce BCA 

Assay with cell lysates. For the BCA assay, cells were lysed using the Tris lysis buffer described 

in the Animal Studies section. The ALP assay included 3 biological replicates (representing 

different passages) involving two different wells sampled for 2 technical replicates per biological 
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replicate, and 2 separate wells were used as technical replicates for the BSA assay. Each of the 

technical replicates were loaded into a 96-well plate in duplicate for both the ALP and BCA 

assays. The duplicates from the assays and technical replicates from the 6-well plate within a 

biological replicate were averaged for the final biological replicate quantification. 

WST-1 Proliferation Assay 

 Preliminary data collected on T84 cell proliferation was measured using the WST-1 assay 

(Abcam, Cambridge, UK). Cells were seeded in quadruplicate in 96-well plates at a density of 

1x105 cells/mL. At 48 hr or 72 hr post-seeding 10 µL of WST reagent was added to each well 

and incubated for 2 hr at 37o C. A plate reader (Epoch2, BioTek Instruments, Vermont, USA) 

was used to measure absorbance at 450 nm and 650 nm, and proliferation rates were calculated 

per manufacturer’s instructions.  

AB-PAS Staining 

 Paraffin-embedded mouse colon tissue sections were deparaffinized and rehydrated. 

Tissue sections were stained for mucus and mucus-containing goblet cells using an Alcian blue-

periodic acid-Schiff (AB-PAS) Special Stain Kit (Thermo Fisher Scientific, Waltham, MA, 

USA) according to manufacturer’s instructions. Stained sections were viewed under a bright 

field microscope (Nikon Eclipse 80i) at 20X magnification, and 8-10 crypts were analyzed for 

each of 3-5 spatially different viewing fields. An average of all crypts across view fields was 

used to represent a single data point per mouse tissue section. The amount of AB-PAS staining 

was quantified using ImageJ FIJI software (http://imagej.nih.gov/ij; NIH, Bethesda, MD, USA) 

by drawing regions of interest (ROIs) using the freehand selection tool around properly aligned 

crypts. Images were converted to greyscale (8-bit), the image threshold was adjusted using the 
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pre-set black and white threshold of ‘Moments’ to optimize the amount of staining detected 

while eliminating background signal,55 and the “Analyze Particles” tool was used. The percent 

area output from the analyze particles tools was used as the estimate for percentage of epithelium 

stained with AB-PAS within each region of interest. This provided a percentage of the crypt area 

containing AB-PAS stained mucus within goblet cells.  

In Vivo Proliferation Analysis with Ki-67 Immunofluorescence 

 Sectioned mouse colon tissue was deparaffinized and rehydrated, followed by an antigen 

retrieval step with a citrate-based buffer (Vector Laboratories, Burlingame, CA, USA) and a 

decloaking chamber set at 110oC for 15 minutes (Biocare Medical, Pacheco, CA, USA). A 

blocking step was performed with 5% goat serum and 2% BSA (Equitech-Bio, Inc., Kerrville, 

TX, USA) in PBS for 1 hr. Sections were stained overnight at 4oC with a solution containing 2% 

goat serum and 1% BSA and anti-rabbit Ki-67 (Cell Signaling Technologies, Danvers, MA, 

USA; #12202). Incubation with AlexaFluor 555 in 1% BSA was done for 45 minutes at room 

temperature. Sections were counterstained with DAPI (Invitrogen), and then coverslips were 

mounted to the slides using Prolong Gold Antifade Mountant (Invitrogen). Images were obtained 

at 20X magnification using an inverted epifluorescence microscope (Nikon Eclipse 80i, Melville, 

NY, USA). ImageJ was used to quantify the number of Ki-67 and Dapi stained cells separately: 

ROIs were drawn around properly aligned crypts using the freehand selection tool, the image 

was converted to 8-bit image and inverted, and the ‘ITCN’ plug-in cell counter analysis tool was 

used with each ROI (settings for width and minimum distance were determined based on average 

pixels between two nuclei) to produce a cell count. The proportion of Ki-67 positive cells to 

Dapi stained cells within each crypt was counted and averaged per viewing field. Approximately 
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10 crypts were analyzed for each of 3-5 viewing fields, which were all averaged for one data 

point per mouse tissue section. 

Fluorescence In Situ Hybridization  
(FISH) Staining with EUB338 
  
 Sectioned mouse colon tissues were deparaffinized, rehydrated, and prepared for FISH 

using the EUB338 universal 16S rRNA or a negative control, both conjugated to a TAMRA 

probe, as previously described.49 Stained sections were imaged using an inverted epifluorescence 

microscope with the 20X objective (Nikon Eclipse 80i, Melville, NY, US). 

Statistical Analyses 

 Statistical analyses were performed using GraphPad Prism 8 (GraphPad, La Jolla, CA, 

USA). Data are expressed as the mean ± SEM. Unpaired t-tests, one-way and two-way ANOVAs 

were used test for differences in means between or among different treatment groups. For 

multiple comparisons, a post-hoc test was performed to determine differences within and among 

treatment groups. The confidence level was set to 95%, where p < 0.05 was considered 

significant. 

RESULTS 

Validation of the AHR-deficient T84 Cell Model 

 The influence of AHR signaling on IEC proliferation and differentiation was first 

assessed using the immortalized human colon epithelial T84 cell line. T84 cells exhibit 

absorptive enterocyte features and are capable of producing mucus.56 This phenotypic plasticity 

provides a suitable in vitro model to more fully explore the impact of AHR depletion on 
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proliferation and lineage fate. T84 cells were bioengineered to knockout AHR function using 

CRISPR-Cas9 gene editing technology; lentiviral transduction was used to introduce a guide 

RNA (gRNA) targeting AHR exon2 and the DNA sequence for the Cas9 protein (achieved in 

collaboration with Dr. Blake Wiedenheft and Dr. Royce Wilkinson at Montana State University). 

Unmanipulated T84 cells of similar passage number were used as the control. Ablation of AHR 

function in T84 cells was validated by quantitative reverse transcription polymerase chain 

reaction (RT-qPCR) to quantify cytochrome P450 enzyme CYP1A1 mRNA expression, which is 

a canonical readout of AHR signaling. Baseline levels of CYP1A1 in AHR KO T84 cells were 

significantly reduced with close to an 80% reduction compared to control cells (Figure 1A). A 

time-course study was conducted with control and AHR KO cells using microbe-derived 

tryptophan metabolites indole-3-carboxaldehyde (IAld)10 and indole-3-propionic acid (IPA),12 

and an endogenously produced tryptophan metabolite 6-Formylindolo[3,2-b]carbazole (FICZ or 

FZ),5, 57 all of which are shown to be AHR ligands. Exposure of control cells to these AHR 

ligands significantly induced of CYP1A1 gene expression (Figure 1B), whereas AHR KO cells 

remained near vehicle-treated levels (Figure 1C, WT data is the same as in Figure 1B but shown 

here for point of comparison). An additional validation assay was performed with control and 

AHR KO cells using the xenobiotic response element (XRE) dual luciferase reporter system and 

IPA, IAld, and FZ treatments at two different concentrations. Although IPA did not show 

significant luciferase activity at the chosen time point or doses, IAld did significantly induce 

XRE activation at both concentrations (Figure 1D). There was also a trend for the well-

established AHR ligand Ficz to induced XRE transcriptional activity, however the Ficz data only 

represents a sample size of one and will require additional replicates for statistical analysis. 
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Figure 1. In vitro AHR KO model validation. RT-qPCR was performed with RNA extracted 
from genetically unmanipulated control T84 cells (control) or cells where CRISPR-Cas9 
technology via lentiviral transduction was used to target AHR exon 2 (KO). (A) Control and 
AHR KO cells were assessed at baseline/untreated conditions (WT & KO n = 7, unpaired t-test). 
(B) Control cells, shown here to simplify graph in Figure 1C, following treatment at the specified 
timepoints with the microbe-derived AHR ligands indole-3-carboxaldehyde (IAld) or indole-3-
propionic acid at 1 mM, or the endogenously produced tryptophan metabolite Ficz (FZ) at 10 
µM (n = 4, one-way ANOVA with multiple comparisons test to compare means to the vehicle 
(veh, demso) group). (C) Control and AHR KO cells following the same treatment listed in (B) 
(n = 4, two-way ANOVA with multiple comparisons test to compare means between control and 
AHR KO groups for each treatment group). (A-C) Transcripts of target genes were normalized to 
HSPCB and fold change was calculated using the 2^-ΔΔCt method to compare back to control 
vehicle-treated cells. (D) A Dual Luciferase Reporter system was used as a functional readout for 
xenobiotic response element (XRE) transcriptional activity in response to AHR ligands IAld and 
IPA after 18 h exposure (n = 3 for IPA and IAld; two-way ANOVA with multiple comparisons 
to compare means to the vehicle group); Ficz (FZ) was used as a positive control for AHR and 
XRE activation but only one assay was performed with this treatment. Data represent mean ± 
SEM, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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On the contrary, AHR KO cells did not show luciferase activity of statistical significance above 

the vehicle treated control cells. Taken together, these assays verify that AHR function as it 

relates to Cyp1a1 activity is significantly reduced following CRISPR-Cas9 genetic engineering 

and serves as an AHR-deficient in vitro model for the remaining downstream assays. 

Loss of AHR Signaling In Vitro Enhances Absorptive Cell  
Lineage Phenotypes while Masking Goblet Cell Expression Profiles  

 Initially, the impact of diminished AHR signaling on IEC lineage fate was assessed in 

control and AHR KO T84 cells using RT-qPCR. Although absorptive cells represent the most 

prominent IEC lineage, expression of mRNA transcripts for absorptive markers were even more 

amplified in AHR KO cells compared to controls. Carbonic anhydrase 1 (CAR1) trended towards 

a significant increase, even with relatively high variance among samples, and had an average 

43.3-fold increase in transcripts (Figure 2A). Cystic fibrosis transmembrane conductance 

regulator (CFTR) was significantly higher in AHR KO cells with an average 3.1-fold increase, 

and sucrase isomaltase (SI) was also drastically increased an average 668.7-fold in transcripts in 

AHR KO cells (Figure 2A). These trends largely carried over when AHR KO cells were treated 

with IAld, IPA, or Ficz; fold change relative to each specific vehicle timepoint is shown for SI 

(Figure 2B). The general trends for AHR KO cells remained relatively consistent between 

baseline transcript levels and the different tryptophan metabolite treatment groups. Therefore, we 

focused more on comparisons between control and AHR KO at baseline levels, and the 

remaining comparisons with mRNA transcripts will be shown for control cells only; data that 

includes both control with AHR KO will be referenced in the supplemental materials (e.g. 

Figure S1A). Focusing specifically on control cells, CFTR transcripts were significantly reduced 
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Figure 2. Absorptive markers are drastically increased in AHR KO T84 cells. (A-C) RT-qPCR 
was performed, transcripts of target genes were normalized to HSPCB and fold change was 
calculated using the 2^-ΔΔCt method. (A) Fold change in transcripts for absorptive cell markers 
(n = 5, unpaired t-test). (B) Fold change in SI transcripts. Control and KO cells were exposed to 
1 mM IAld or IPA, or 10 µM Ficz (FZ), or DMSO vehicle (Veh) for the indicated times. Fold 
change was calculated by comparing back to each vehicle-specific time point (n = 4, two-way 
ANOVA). (C) Data from (B) with control cells only (n = 4, one-way ANOVA). (D) Western blot 
image with control and KO protein for SI (top) and the loading control β-ACTIN (bottom), n = 4 
samples taken at baseline per cell line. (E) Densiometric analysis of SI protein from the 
immunoblot in (D) after normalizing to β-ACTIN and calculating the fold change for each 
biological replicate (n = 4, unpaired t-test). (F) Alkaline phosphatase (ALP) activity was 
measured at 405 nm after 5, 10, and 20 min exposure to p-Npp substrate; samples were 
normalized to total protein (n = 3, unpaired t test). (A-C, E, F) Data represent mean ± SEM, * p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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following exposure to either IPA or IAld, at both the 12 and 24 h time points, and SI expression 

was significantly reduced after 24 h exposure to IAld (Figure 2C). Control cell transcripts for 

CAR1 fell below the level of detection/did not amplify for many of the replicates across the 

different treatment groups, and therefore is not shown here. However, the fact that CAR1 

transcripts were detectable in control cells at baseline but were undetectable for many of the 

replicates following AHR ligand administration corroborates that when AHR signaling is in-tact 

it serves to balance absorptive cell expression profiles. Increased transcripts of SI in AHR KO 

cells translated into more SI protein as indicated by western blotting (Figure 2D) and 

densiometric analysis of the associated immunoblots (Figure 2E). As a functional readout of 

absorptive cell metabolic activity, we performed an alkaline phosphatase (ALP) assay. 

Corroborating our transcriptional data, there was significantly more ALP activity AHR KO cells 

compared to control cells (Figure 2F). Overall, these observations strongly suggest heightened 

absorptive cell phenotypes following ablation of AHR function in T84 cells, and treatment with 

different microbial tryptophan AHR ligands normalizes these aberrant absorptive expression 

profiles.  

 Expression patterns for goblet cells, the other major differentiated IEC lineage, showed 

opposite patterns to absorptive cells at baseline. Compared to control cells, AHR KO cells had an 

average 3.42-fold reduction in transcripts of the major intestinal mucin MUC2, a 2.21-fold 

decrease in the secreted antimicrobial C-type lectin REG3A, and a striking 1,646.48-fold 

decrease in trefoil factor 3 (TFF3), which is important in IEC migration and wound healing 

(Figure 3A).58 Heightened notch signaling, which serves as a molecular switch for driving IEC 

differentiation towards the absorptive lineage, is indicated by a trend towards increased 
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NOTCH1 transcripts and a significant 1.75-fold increase in transcripts in the transcription factor 

HES1 in AHR KO cells (Figure 3B). These findings for heightened Notch signaling coincided 

with a significant 19.9-fold decrease in ATOH1 mRNA expression that is in line with the 

observed reduction in goblet cell marker transcripts.  

 The effects of the AHR-activating tryptophan metabolites IAld, IPA, and Ficz on goblet 

cell expression profiles in control cells were less pronounced than what was observed with 

enterocyte markers, yet a few trends emerged. Interestingly, MUC2 was significantly reduced 

1.98-fold with 24 h IAld treatment. Conversely, administration of IAld for 24 h trended towards 

an increase in REG3A, and treatment with IAld for 12 h trended towards an increase in TFF3 

transcripts (Figure 3C). Neither NOTCH1 or HES1 transcripts were altered with AHR 

activation, whereas IPA treatment at 6 and 12 h reduced ATOH1 gene expression by 1.72 and 

1.79-fold, respectively (Figure 3D and Figure S1B-C). These findings suggest that both 

diminished and activated AHR signaling modulate goblet cell phenotypes and secretory lineage 

fate, but these interactions appear to be context dependent and might also be ligand specific.  

AHR-deficient T84 Cells Exhibit Aberrant Proliferation  
and Increased Expression of Negative Regulators of Wnt Signaling  
 
 In addition to maintaining the relative abundances of IEC lineages, proliferation is 

another crucial cellular process that requires an equilibrium between replenishing the epithelium 

while restricting oncogenesis that is often a byproduct of highly proliferative tissues. Taking this 

into account, a WST-1 proliferation assay was performed with control and AHR KO T84 cells. 
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Figure 3. Characteristics of goblet cells are masked and Notch signaling is induced in AHR KO 
T84 cells. RT-qPCR was performed, transcripts of target genes were normalized to HSPCB and 
fold change was calculated using the 2^-ΔΔCt method. (A) Fold change in transcripts for goblet 
cell markers mucin2 (MUC2), regenerating islet-derived protein 3 alpha (REG3A), and trefoil 
factor 3(TFF3) (n = 7, unpaired t-test). (B) Fold change in transcripts for the Notch signaling 
components NOTCH1, transcription factor and absorptive cell lineage marker hairy and 
enhancer of split 1 (HES1) and the secretory lineage marker atonal BHLH transcription factor 1 
(ATOH1) (n = 7, unpaired t-test). (C-D) Control cells were exposed to 1 mM IAld or IPA, or 10 
µM Ficz (FZ) for the indicated times. Fold change in transcripts was calculated by comparing 
back to each vehicle (veh)-specific time point for (C) the goblet cell markers MUC2, REG3A, 
and TFF3 (n = 4, one-way ANOVA), and (D) Notch signaling components NOTCH1, and the 
absorptive and secretory lineage markers HES1 and ATOH1, respectively (n = 4). Data represent 
mean ± SEM, * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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Preliminary results using three different seeding cell densities and two different time points post-

seeding (i.e. after counting and plating cells) reveal AHR KO cells have a lower proliferation 

rate than control cells at each corresponding seeding density and post-seeding time (Figure 4A). 

T84 cells are notorious for forming clusters that are difficult to disperse. To address this, we 

plated four technical replicates for each of three different seeding densities to control for 

variance between calculated and actual seeding densities. It was only when the lowest seeding 

density for control cells was compared to the highest seeding density for AHR KO cells within a 

particular time point that proliferation rates were at a similar rate (Table 2, asterisks for control 

0.5X vs. AHR KO 2X comparisons). Although this is preliminary data and will need to be 

repeated, these results indicate that loss of AHR under baseline conditions leads to aberrant 

cellular proliferation.  

Table 2. Average proliferation rates in relative light units (RLU) from control and AHR KO T84 
cells after performing the WST-1 proliferation assay. 
Seeding Density Control Avg. Proliferation 

(RLU) 
       48 h                    72 h 

AHR KO Avg. Proliferation 
(RLU) 

48 h                     72 h 
0.5X (5 X 103 cells/well) *0.071 ± 0.015 *0.099 ± 0.01 0.026 ± 0.011 0.068 ± 0.048 

1X (1 x 104 cells/well) 0.137 ± 0.006 0.227 ± 0.008 0.043 ± 0.005 0.072 ± 0.011 

2X (2 X 104 cells/well) 0.251 ± 0.016 0.388 ± 0.01 *0.067 ± 0.017 *0.091 ± 0.003 

 

 Next, we sought to characterize the transcriptional profiles for proliferation-associated 

markers. Olfactomedin-4 (Olfm4) is involved in a wide range of processes like cell adhesion, 

regulating innate immune responses, and preventing apoptosis.59 Additionally, Olfm4 is 

important in cellular proliferation and reduced expression is a specific biomarker for malignant  
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Figure 4. AHR KO T84 cells have reduced proliferation and aberrant expression of Wnt 
signaling negative regulators. (A) A WST-1 proliferation assay was performed with control and 
AHR KO T84 cells plated at 0.5X (5 X 103 cells/well), 1X (1 x 104 cells/well) and 2X (2 x 104 

cells/well) seeding densities. Cells were incubated with WST-1 reagent for two hours either 48 h 
or 72 h after seeding and proliferation rates were quantified as relative light units (RLU) by 
measuring the difference in absorbance between 450 and 650 nm (n = 1 biological replicate, 4 
technical replicates per group). (B-F) RT-qPCR was performed with RNA extracted from control 
and AHR KO cells; transcripts of target genes were normalized to HSPCB and fold change was 
calculated using the 2^-ΔΔCt method. (B) Fold change in transcripts for the proliferation marker 
OLFM4 at baseline (n = 6, unpaired t-test), and (C) after treatment of control cells with dmso 
(Veh), 1mM IAld or IPA, or 10 µM Ficz (FZ) at the indicated times (n = 4, one-way ANOVA). 
(D-E) Fold change in transcripts for Wnt signaling targets MYC and OCT4, and negative 
regulators DKK1, RNF43, and ZNRF3 (n = 7, unpaired t-tests). (F) Fold change in transcripts for 
Wnt negative regulators in control cells after treatments as described in (C) (n = 4, one-way 
ANOVA). Data represent mean ± SEM * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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progression of colon tumors.60 AHR-deficient T84 cells had a drastic, 16.57-fold reduction in 

OLFM4 mRNA levels compared to control cells (Figure 4B), which is in-line with the WST-1 

proliferation assay results. Treatment of control cells with IAld at 12 or 24 h also reduced 

OLFM4 transcripts, but to a lesser extent than what was observed with loss of AHR signaling at 

baseline (Figure 4C and Figure S2A). Given that Wnt/β-Catenin signaling directly regulates 

proliferation, downstream targets of this pathway were assessed but neither MYC nor OCT4 

showed differences between control and AHR KO cells at baseline (Figure 4D), and this was 

also the case following stimulation of the AHR signaling pathway (Figure S2A). However, 

transcripts for the LRP5/6 antagonist dickkopf Wnt signaling pathway inhibitor 1 (DKK1) were 

significantly elevated by 16.3 fold in AHR KO cells, as were two E3 ligases known to inhibit 

Wnt signaling by degrading Wnt receptors, ring finger protein 43 (RNF43) and zinc and ring 

finger 3 (ZNRF3) (Figure 4E). Although DKK1 mRNA expression was not altered following 

AHR ligand administration, IPA treatment for 6 h reduced RNF43 transcripts while exposure to 

IPA at 12 h and IAld at both the 6 and 12 h time points all lead to less ZNRF3 transcripts in 

control cells (Figure 4F and Figure S2B). Taken together, AHR signaling impedes cellular 

proliferation as measured by WST-1 proliferation assay, and this is supported by reduced 

OLFM4 expression and heightened negative regulators of Wnt signaling.  

Preliminary Studies with Human Colon Organoids and an  
AHR Inhibitor Recapitulate Some of the T84 AHR KO Phenotypes 
 
 Human colon organoid cultures (h-colonoids) are three-dimensional spheres that contain 

all the cell lineages representative of intestinal epithelial tissue including intestinal stem cells, 

absorptive and secretory lineages. H-colonoids were derived from colon biopsy tissues collected 
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during routine colonoscopy procedures, and were initially maintained in normal growth medium 

containing 50% conditioned L-WRN media.52 After 1-2 passages, the AHR-specific antagonist 

CH-22319161 was administered to some of the h-colonoid wells for approximately 1 week total, 

with replacement of media and the inhibitor occurring every other day in an attempt to induce 

stable changes in lineage fate during organoid development. Two days prior to tissue harvest, the 

LWRN media in some wells was replaced with fetal bovine serum (FBS) to encourage 

differentiation.31, 62 Initial assessment of h-colonoids under these conditions demonstrate that 

AHR is expressed in this model and that CH-223191 (inhibitor) reduced expression of CYP1A1, 

although there was variation between the two biological replicates in the extent of CYP1A1 

inhibition (Figure 5A). The high variation between the two biological replicates is apparent in 

most of the transcriptional data analyzed, but there were several trends that appeared to 

recapitulate our findings from the AHR-deficient T84 cell model. For instance, the absorptive 

markers CAR1, CFTR, and SI all exhibit higher fold change in transcripts after long-term 

exposure to the AHR inhibitor in the differentiation media (Figure 5B). Other observations that 

were consistent with the T84 data include a trend towards decreased MUC2 transcripts with 

inhibitor + differentiation media (Figure 5C), a slight upregulation of NOTCH1 with inhibitor in 

the normal growth media (Figure 5D), and slight increases in DKK1 and RNF3 in the inhibitor + 

differentiation media or the inhibitor + 50% LWRN media, respectively (Figure 5E). However, 

there were other patterns that were contrary to the T84 data, such as less NOTCH1 and more 

ATOH1 in the inhibitor + differentiation media. Many other transcriptional profiles showed little 

to no differences between vehicle and inhibitor groups, and considering that this data represents 

only two biological replicates from two different donors displaying large variances in many of  
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Figure 5. Preliminary data with h-colonoids exposed to an AHR inhibitor corroborates results 
from T84 AHR KO cells. H-colonoids were cultured in either normal 50% L-WRN media or in 
media with FBS (two days prior to harvest, Diff Media). Organoids were treated with either 
dmso (veh) or 10 µM CH-223191 every other day for 1 week. RT-qPCR was performed for 
transcripts of (A) AHR and CYP1A1, (B) markers for IEC absorptive lineage (C) goblet cell 
lineages, (D) Notch signaling, and (E) Wnt signaling components. Transcripts were normalized 
to HSPCB, and either relative expression (AHR) or fold change (remaining transcripts) was 
calculated using the 2^-Δ or 2^ΔΔCt method, respectively (n = 2 biological replicates with 3 
wells of h-colonoids treated and pooled prior to RT-qPCR). Data represents mean ± SEM. 
 
 
the mRNA levels assessed more biological replicates are required to test our hypothesis more 

robustly using the h-colonoid model. 
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Under Homeostatic Conditions, In Vivo IEC-Specific AHR  
Ablation Alters Cell Lineage Fate in a Sex-Specific Manner 
 
 Based on the striking observations made in vitro, we next sought to examine the effects 

of AHR ablation in vivo on IEC lineage determination and associated phenotypes under 

homeostatic conditions using a conditional knockout of AHR in intestinal epithelial cells (IEC-

AHR KO or KO). AHRfl/fl littermates that did not express villin-cre recombinase (Cre-AHRfl/fl or 

Cre-) were used as one point of comparison. Bearing in mind that AHRfl/fl mice express the d 

AHR allele,48 which is shown to bind with different affinities to certain ligands compared to the 

b allele expressed by C57Bl/6 counterparts,38 we also used C56Bl/6 wildtype (WT) as another 

control and point of comparison. Mouse colon epithelial scrapings were used to isolate IECs 

from the underlying submucosa and muscular layers. RT-qPCR for Ahr gene transcripts 

demonstrated that tissue collected in this manner yielded a cleaner prep of AHR-deficient cells 

from IEC-AHR KO mice than using whole colon tissue (Figure 6A and Figure S3A, 

respectively). For the remaining RT-qPCR data using mouse colon epithelium scrapes, females 

and males were initially analyzed separately and sex differences were also assessed. If significant 

differences in transcripts were found between the WT, Cre-AHRfl/fl, and/or IEC-AHR KO groups 

within one or both sexes, then data was graphed separately for females and males. However, if 

no significant differences were found between mouse groups of either sex and there were also no 

differences between the sexes within each mouse group (using a two-way ANOVA statistical 

test), then data from females and males were combined to increase statistical power. 

 RT-qPCR analysis of mouse colon epithelium scrapes for colonocyte markers showed 

differential mRNA expression for the target genes analyzed. Combined female and male colon 

epithelium scrapes had a similar pattern that trended towards increased Car1 in IEC-AHR KO 
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mice compared to WT and Cre-AHRfl/fl mice (Figure 6B). Similarly, IEC-AHR KO female 

epithelium scrapes were significantly enriched with SI transcripts compared to Cre-AHRfl/fl, 

whereas males did not display this pattern. Conversely, male Cre-AHRfl/fl and IEC-AHR KO 

mice had significantly less Cftr mRNA expression compared to WT mice while females were not 

significantly different among mouse groups. Assessment of mRNA expression for goblet cell 

markers revealed less pronounced differences among mouse groups: Muc2 was neither 

statistically different between mouse groups within each sex nor among mouse groups when data 

was combined (Figure 6C), Tff3 trended towards an increase in Cre-AHRfl/fl  colon epithelium 

scrapes compared to WT mice in females but there were no differences between control groups 

and IEC AHR KO mice in either females or males. Transcripts for the Notch1 signaling target 

and absorptive lineage marker, Hes1, was significantly reduced in Cre-AHRfl/fl compared to WT 

females, and this pattern also carried over for the secretory lineage marker Atoh1. However, no 

other differences were found between other groups in the expression of these gene targets 

(Figure 6D). Next, we sought to determine alterations in colonocyte and goblet cell phenotypes 

at the protein level. Using western blotting, densiometric analysis revealed that female colon 

epithelium scrapes from Cre-AHRfl/fl mice were significantly lower in CAR1 protein compared to 

WT mice, and IEC-AHR KO epithelium scrapes had significantly more CAR1 protein compared 

to Cre-AHRfl/fl but not WT mice (Figure 7A and 7B). Alternatively, male mice epithelium 

scrapes did not differ significantly in CAR1 protein levels. To visualize goblet cells and 

associated mucus, Alcian blue and periodic acid-Schiff (AB-PAS) staining was used with female 

colon tissue (Figure 7C). Compared to WT female mice, IEC-AHR KO females had 

significantly less AB-PAS staining per crypt area with an average 6.79% ± 2.1% reduction, 
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Figure 6. IEC-AHR KO mice have altered mRNA expression of colonocyte markers. RT-qPCR 
was performed with RNA extracted from colon epithelium scrapes from C57Bl/6 wild type 
(WT), Cre-AHRfl/fl (Cre-), and IEC-AHR KO (KO) mice. Relative expression was calculated by 
normalizing Ct values to the geometric mean of β-actin and Hprt and then calculating 2^-ΔCt; 
data points represent individual mice with mean ± SEM: WT n = 5 females and 5 males, Cre- n = 
11 females and 5 males, KO n = 13 females and 14 males. (A) Ahr expression status was 
validated. (B) Colonocyte markers Car1, SI, and Cftr. (C) Goblet cell markers Muc2 and Tff3. 
(D) Notch signaling target and absorptive marker Hes1, and secretory lineage marker. One-way 
ANOVAs were performed with multiple comparisons for each mouse group mean compared 
with every other group mean, * p < 0.05, ** p < 0.01, **** p < 0.0001. 
 

and Cre-AHRfl/fl females fell somewhere in the middle with AB-PAS staining per crypt area 

(Figure 7D and Figure S3B). Male mouse colon tissues require further analysis to increase 

sample sizes. Taken together, our findings demonstrate that loss of AHR in vivo impacts IEC 

differentiation, with sex differences being apparent for certain colonocyte markers. Although 

colonocyte and goblet cell markers differed to varying degrees between the control groups and 

the IEC-AHR KO mice, most of the data collected from female mice corroborates our in vitro 

data and suggests IEC-specific ablation of AHR increases absorptive phenotypes while reducing 

goblet cell characteristics.   
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Figure 7. Female IEC-AHR KO mice exhibit elevated colonocyte and reduced goblet cell 
phenotypes at the protein level. (A) Representative immunoblots with colon epithelium scrapes 
and either CAR1 antibody (top blot for each sex) or β-ACTIN antibody loading control (bottom 
blot for each sex). (B) Densiometric analysis of immunoblots for CAR1 after normalizing to β-
ACTIN. Each data point represents individual mice with mean ± SEM (WT n = 5 females and 9 
males, Cre- n = 12 females and 5 males, KO n = 13 females and 14 males). (C) Representative 
AB-PAS staining with female mouse colon tissue (scale bar = 100 µm). (D) Percent area stained 
with AB-PAS out of total crypt area. Each data point represents individual mice where 8-10 
crypt measurements taken from 3-5 viewing fields per mouse were averaged, with mean ± SEM 
(WT n = 8, Cre- n = 3, KO n = 7). (B, D) One-way ANOVAs were performed with multiple 
comparisons for each mouse group mean compared with every other group mean, * p < 0.05, ** 
p < 0.01. 

Preliminary Data Points Towards Reduced  
Proliferation in IEC AHR KO Mouse Colon Tissue 

 Preliminary findings from our AHR deficient model in T84 cells indicated reduced 

proliferation rates compared to control cells. To test the influence that loss of AHR signaling has 

on IEC proliferation in vivo, Ki-67 immunofluorescence (IF) staining was used to visualize and 

quantify proliferative cells in mouse colon tissue. Initial IF staining analysis included three 
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mouse colon tissue samples per group (WT, Cre-AHRfl/fl, and IEC-AHR KO) with a mixture of 

females and males in each group; visual inspection alone indicated a reduced proliferative 

compartment in IEC-AHR KO colon tissue compared to the control groups (Figure 8A). The 

number of Ki-67 positive cells were quantified as a percentage of dapi-stained cells per crypt 

area, however due to variation within the Cre-AHRfl/fl and IEC-AHR KO groups there were no 

statistical differences found among the three groups (Figure 8B). Increased sample sizes for each 

group and analysis of sex differences will be required for a more robust characterization of how 

loss of AHR impacts IEC proliferation. RT-qPCR analysis with mouse colon epithelium scrapes 

for Wnt signaling targets and antagonists were also explored given their roles in controlling 

proliferation. Expression of mRNA for the downstream Wnt target Myc was significantly 

reduced in Cre-AHRfl/fl and trended towards a reduction in IEC-AHR KO mice compared to WT 

mice when data from females and males were combined, which suggests reduced Wnt signaling 

with diminished AHR signaling (Figure 8C). The Wnt target Oct4 was not different among 

mouse groups, however another Wnt target and a marker for intestinal stem cells (ISC), Lgr5, 

was significantly lower in transcripts for Cre-AHRfl/fl compared to WT mice with the combined 

data. Lastly, antagonists of Wnt signaling were assessed. When female and male data was 

combined, Dkk1 mRNA levels were significantly reduced in IEC-AHR KO compared to Cre-

AHRfl/fl mice but were not statistically different from WT mice, and Cre-AHRfl/fl had 

significantly more Dkk1 transcripts than WT mice (Figure 8D). Cre-AHRfl/fl female colon 

epithelium scrapes had reduced Rnf43 mRNA levels compared to WT scrapes, but no other 

differences were found between IEC-AHR KO mice and the control groups within females or 

among males, and this was also true for Znrf3 transcripts. Overall, some of our data suggests 
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Figure 8. Aberrant AHR signaling impacts mouse colon epithelium proliferation. (A) 
Representative IF micrographs of Ki-67 staining (left), nuclear staining with dapi (middle), and 
merged images (right) with WT, Cre-, and IEC-AHR KO mouse colon tissue (scale bar = 100 
µm). (B) Percent of Ki-67 positive cells relative to dapi-stained cells. Each data point represents 
individual mice where 8-10 crypt measurements taken from 3-5 viewing fields per mouse were 
averaged, with mean ± SEM (n = 2 females and 1 male for each group). (C) Wnt signaling 
targets and (D) antagonists:  RT-qPCR was performed with RNA extracted from colon 
epithelium scrapes; relative expression was calculated by normalizing Ct values to the geometric 
mean of β-actin and Hprt and then calculating 2^-ΔCt. Data points represent individual mice 
with mean ± SEM (WT n = 5 females and 5 males, Cre- n = 11 females and 5 males, KO n = 12 
females and 14 males). One-way ANOVAs were performed with multiple comparisons for each 
mouse group mean compared with every other group mean, * p < 0.05. 
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reduced proliferation with aberrant and deficient AHR signaling, but expression profiles for the 

Wnt signaling antagonists in vivo did not necessarily match profiles found in vitro. 

RT-qPCR Analysis with Mouse Colon Organoids 
Recapitulates In Vivo AHR-Dependent IEC Lineage Fate 

 Organoids were derived from female WT, Cre-AHRfl/fl, and IEC-AHR KO mouse colon 

tissue (m-colonoids) to isolate the IEC-specific responses of lineage determination and 

proliferation pathways to the AHR allelic/phenotypic variations among these three mouse 

groups. Two WT mice and one mouse per Cre- and KO groups were used to derive m-colonoids, 

and experiments were carried out across three passages. Growth media and differentiation media 

were similar to what was described for the h-colonoid experiments: some organoids were 

maintained on 50% L-WRN conditioned media while other organoids were switched to 

differentiation media (L-WRN replaced by 10% FBS) two days prior to collection for RNA and 

RT-qPCR analysis. As described in more detail below, there was some variation observed 

between passages, thus data was analyzed in two separate ways: 1) relative expression in 

transcript using the 2^-ΔCt method (default method) or 2) fold change where normalized Ct 

values were corrected to an average of the two WT mice within each passage (2^-ΔΔCt method), 

because in some cases there were larger differences observed between passages and calculating 

fold change reduced some of this variance. 

 Ahr mRNA expression was validated for Cre-AHRfl/fl m-colonoids and demonstrated that 

IEC-AHR KO m-colonoids did not express AHR (Figure 9A, data for WT not shown). Cyp1a1 

transcripts were detected in WT m-colonoids but were either reduced or not detected in Cre-

AHRfl/fl and IEC-AHR KO m-colonoids in 50% L-WRN or differentiation media, respectively. 

There are AHR ligands and ligand precursors (e.g. tryptophan) in the cell culture media, and the 
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allelic variation among mouse groups for AHR ligand binding affinity might explain these 

differences in Cyp1a1 expression. Considering the influence of AHR status on IEC lineage 

determination, relative expression in transcripts for the absorptive colonocyte marker Car1 was 

significantly increased in IEC-AHR KO as well as Cre-AHRfl/fl compared to WT m-colonoids 

(Figure 9B). However, differentiation media increased SI transcripts similarly for all three m-

colonoid groups, whereas Cftr transcripts for colonoids derived from Cre-AHRfl/fl and IEC-AHR 

KO mice were significantly lower than WT colonoids in differentiation media, which is in 

accordance with findings from male colon epithelium scrapes under homeostatic conditions. 

For goblet cell markers, Muc2 trended towards a reduction in IEC-AHR KO compared to WT m-

colonoids in both types of media using the fold change analysis method, and Tff3 was 

significantly reduced in IEC-AHR KO m-colonoids compared to WT mice but to different 

extents depending on media type and analysis method (Figure 9C). For the Notch signaling 

switch that determines absorptive versus secretory lineage commitment, IEC-AHR KO m-

colonoids trended towards increased relative expression in transcripts of the absorptive marker 

Hes1 compared to WT m-colonoids in 50% L-WRN media, whereas differentiation media 

elicited a significant reduction in the secretory marker Atoh1 in IEC-AHR KO compared to WT 

m-colonoids using the fold change analysis method (Figure 9D). For Wnt signaling targets Myc 

transcripts were significantly upregulated in relative expression for both Cre-AHRfl/fl and IEC-

AHR KO compared to WT m-colonoids in 50% L-WRN media, but all three groups were 

similarly downregulated in differentiation media (Figure 9E). Oct4 transcripts were not different 

among the mouse groups in either media conditions. As expected, the stem cell marker and Wnt 

target Lgr5 expression was maintained in the 50% L-WRN media but was significantly reduced 
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Figure 9. RT-qPCR analysis demonstrates loss of AHR expression influences IEC differentiation 
and Wnt singaling components. M-colonoids were cultured in either normal 50% L-WRN media 
or in media with FBS (two days prior to harvest, diff media). RNA was extracted and RT-qPCR 
was performed for (A) AHR and CYP1A1, (B) absorptive/colonocyte markers, (C) goblet cell 
markers (D) absorptive and secretory lineage commitment markers, (E) Wnt signaling targets, 
and (F) Wnt signaling antagonists. Transcripts were normalized to Hprt, and either relative 
expression (2^-ΔCt) or fold change (2^ΔΔCt) was calculated (WT n = 2 different m-coloniod 
derived samples and 2 passages each; Cre- and KO n = 1 m-colonoid derived sample and 3 
passages each; 3 wells of m-colonoids were treated and pooled prior to RNA extraction/RT-
qPCR). Data represents mean ± SEM, two-way ANOVAs were performed with multiple 
comparisons across all group means, with a focus on differences among groups within each 
media type for all transcripts except for the Lgr5 data. * p < 0.05, ** p < 0.01, *** p < 0.0001. 
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as IECs were allowed to differentiate after removal of L-WRN; however, Lgr5 transcripts did not 

differ significantly between mouse groups within either media condition. In terms of Wnt 

signaling antagonists, Dkk1 transcripts were significantly reduced in IEC-AHR KO compared to 

WT m-colonoids in differentiation media, whereas m-colonoid groups did not display any 

statistically significant differences in Rnf43 and Znrf3 mRNA expression levels (Figure 9F). 

Collectively, this data confirms many of our findings in T84 cells and female colon epithelium 

scrapes for elevated absorptive markers and reduced goblet cell markers, and also recapitulates 

the Dkk1 mouse colon epithelium data while showing a different trend for the Wnt target Myc.  

 
Functional Assays Reveal Aberrant AHR Signaling 
Impacts Water Absorption and Intestinal Barrier Integrity 

 A major feature of colonic epithelium is water absorption that is carried out by 

colonocytes. Based on some of our findings demonstrating increased expression profiles of 

absorptive cells, we assessed water absorption function by weighing wet and dry stool weights 

from mice under homeostatic conditions. IEC-AHR KO female mice displayed a trend towards 

less change between wet and dry stool weights compared to WT mice, with Cre-AHRfl/fl mice 

falling in between the other two groups (Figure 10A). The changes in wet and dry stool weights 

were less pronounced between the different groups in males. This data implies, at least with 

female mice, that less water is retained in stool samples, thus more water is absorbed by IEC-

AHR KO colonocytes; this supports other in vivo and in vitro findings of either increased 

colonocyte abundance or functional activity. Intestinal barrier function is another metric of 

mucosal homeostasis and overall GI health. Integrity of intestinal barrier was measured using 4-

kDa fluorescein isothiocyanate (FITC)-dextran (FD4) permeability assay and revealed that IEC-
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AHR KO female mice had significantly more FD4 in their serum compared to WT mice, which 

translates to a defective intestinal barrier when AHR signaling in IECs is compromised (Figure 

10B). Although female and male IEC-AHR KO mice were similar in that 2-3 individuals had 

heightened gut leakiness, there were no significant differences among the groups of male mice.    

 Continuing along this line of investigation regarding the influence of AHR signaling on 

intestinal barrier integrity, fluorescence in situ hybridization (FISH) was used to target bacterial 

16S rRNA (EUB338) in mouse colon tissue. Preliminary inspection of one representative female 

colon tissue section per mouse group revealed that EUB336 distribution was relatively consistent 

within the luminal space, but there was evidence for bacterial translocation within the epithelium 

layer in both IEC-AHR KO and Cre-AHRfl/fl colon tissues (Figure 10C). There was considerable 

background signal with the TAMRA fluorescence probe as indicated in the Non-EUB338 

negative control. Nonetheless, translocation events were easily distinguishable from non-specific 

staining of the colon tissue and non-bacterial luminal content, especially after adjusting 

brightness and contrast. Future studies will include optimization of this protocol49 in conjunction 

with MUC2 antibody co-staining to gain further insights into bacteria-mucus-epithelium 

interactions.  

AHR Deficiency Increases Susceptibility  
to Experimentally Induced Colitis 

 A key hallmark of IBD is gut leakiness, contributing to translocation of antigens across 

the intestinal epithelium and a heightened inflammatory response. Given the evidence supporting 

increased intestinal permeability in IEC-AHR KO mice, experimentally induced colitis using 

dextran sodium sulfate (DSS) was performed to assess the impact of AHR signaling on disease 

outcome. Because males exhibit greater disease severity than females,63 a preliminary  



139 
 

 
Figure 10. IEC-AHR KO females retain more water but have impaired intestinal barrier integrity. 
(A) Change in stool weight (wet weight - dry weight; WT n = 4 females and males, Cre- n = 10 
females and 3 males, KO n = 8 females and 9 males). (B) Concentration of FD4 in serum 
collected 4 hours after oral gavage (WT n = 11 females and 9 males, Cre- n = 9 females and 6 
males, KO n = 10 females and 13 males). (A, B) Data represent mean ± SEM, one-way 
ANOVAs were performed with multiple comparisons for each mouse group mean compared 
with every other group mean, * p < 0.05. (C) Representative micrographs of FISH staining 
performed with either EUB338 targeting 16S rRNA (top 3 rows) or with negative control with 
the same TAMRA probe (bottom row). Left: Un-altered images; Middle left: fluorescence 
brightness and contrast adjusted to eliminate most non-specific background; Middle right: Dapi 
staining; Right: merged images from 2nd and 3rd columns (scale bar = 100 µm). 
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experiment with males was performed to determine dosing parameters for DSS administration.64-

66 With 2.5% DSS for 5 days followed by replacement of normal drinking water, both IEC-AHR 

KO and Cre-AHRfl/fl mice had substantially larger differences in the calculated percent starting 

weight (i.e. greater weight loss) compared to WT mice starting around day 5 (Figure 11A). 

IEC-AHR KO mice lost on average 22.5% ± 8.81% and Cre-AHRfl/fl mice lost 19.14% ± 10.94% 

their initial body weight, while WT mice lost only 10.46% ± 2.42% (mean ± SD) by day 7. 

 In order to examine how restitution of the intestinal epithelium unfolds for allelic AHR 

variants following DSS-induced injury, experiments were performed at a reduced dosage to 

allow mice to recover. As in the acute DSS experiment, IEC-AHR KO females and males lost 

more weight than the other two control groups over the course of the experiment (Figure 11B). 

Interestingly, Cre-AHR fl/fl mice tracked more closely to the WT mice in percent weight lost for 

females whereas male Cre-AHR fl/fl mice tracked more closely with IEC-AHR KO males during 

the acute phase of colitis (approximately days 6-9). Although there were no statistically 

significant differences in colon lengths among the groups of males during either acute DSS 

(Figure 11C) or following recovery from DSS (Figure 11D), IEC-AHR KO males tended to 

have slightly smaller colon lengths compared to the other two control groups in both 

experimental conditions. Conversely, female IEC-AHR KO mice trended towards a significant 

increase in colon length compared to WT mice, and it has been shown previously that females 

recover more quickly from DSS-induced colitis and colon lengths are minimally altered 

compared to males.7, 63, 64  
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Figure 11. IEC-AHR KO mice have increased susceptibility to DSS-induced colitis. (A) Percent 
starting weight for acute 2.5% DSS (One experiment, WT n = 5, Cre- n = 4, KO n = 6). (B) 
Percent starting weight for 2% DSS followed by recovery (Females: three experiments combined 
for WT n = 15, two experiments combined for transgenic mice for Cre- n = 4, KO n = 10. Males: 
two experiments combined each for WT n = 10, Cre- n = 8, KO n = 7). (A, B) Percent starting 
weight was calculated ((weight on day X/weight on day 0)*100%) showing mean ± SEM; two-
way ANOVA was performed with multiple comparisons for testing differences among mouse 
groups for each day. For two sets of asterisks: top asterisks represent statistically significant 
differences between WT and Cre- mice and bottom asterisks represent differences between WT 
and KO mice. (C, D) Colon length from acute 2.5% DSS or 2% DSS followed by recovery, 
respectively. Data represents individual mice with mean ± SEM, one-way ANOVAs were 
performed with multiple comparisons for each mouse group mean compared with every other 
group mean, * p < 0.05, ** p < 0.01, *** p < 0.0001, **** p < 0.00001. 
 

Sex-Differences in AHR-Dependent IEC Differentiation 
Persist During DSS-Induced Intestinal Reconstitution 

 Due to the chemical colitogenic effects that DSS exerts on IECs, which involve almost 

complete erosion of the epithelia monolayer followed by IEC regeneration after removal of DSS, 

pathways underlying IEC lineage determination and proliferation are likely to be impacted 

during the repair process. Basically, we wanted to know if IECs are wiped out and forced to 

regenerate, what does IEC differentiation and proliferation look like under this context?! RT-
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qPCR analysis of mouse colon epithelium scrapes validated AHR genotype assignment (Figure 

S3C). Looking at IEC lineage fate, the colonocyte marker CAR1 was highly expressed at the 

mRNA level but at relatively similar levels for all mouse groups (Figure 12A). Western blot 

analysis of CAR1 protein reflected these similarities among mouse groups from female colon 

epithelium scrapes, but male IEC-AHR KO scrapes trended towards significant increase in 

CAR1 protein compared to Cre-AHRfl/fl scrapes (Figure 12B). RT-qPCR analysis of transcripts 

for another absorptive cell maker SI was also similar across all mouse groups (Figure 12C). Cftr 

transcripts, on the other hand, was significantly reduced in colon epithelium scrapes of IEC-AHR 

KO female and male mice compared to either Cre-AHRfl/fl or WT mice, respectively, which is a 

finding relatively consistent with qPCR data from homeostatic conditions for male mice. Counter 

to what was found under homeostatic conditions, mRNA expression of the goblet cell marker 

Muc2 was elevated in both Cre-AHRfl/fl and IEC-AHR KO female epithelium scrapes compared 

to WT scrapes, while Tff3 was significantly reduced for both AHR transgenic female mouse 

groups compared to WT females (Figure 12D). Interestingly, Hes1 transcripts were higher in 

Cre-AHRfl/fl and IEC-AHR KO female mice compared to WT mice even though there is no 

evidence for upregulation of other colonocyte markers for females in colon epithelium scrapes. 

However, in support of heightened Muc2 expression in female Cre-AHRfl/fl and IEC-AHR KO 

epithelium scrapes we found significant increases in the secretory lineage marker Atoh1 for these 

same mouse groups (Figure 12E).  

 Although transcripts of the Wnt target Oct4 remained unaffected by the different AHR 

genotypes/phenotypes between groups, Myc transcripts were also relatively consistent between  



143 
 

 
Figure 12. Recovery from DSS-induced colitis stimulates goblet cells and ISCs in female AHR 
transgenic mice. RT-qPCR was performed for (A) absorptive/colonocyte marker Car1 with 
mouse colon epithelium scrapes (B) Densiometric analysis of CAR1 protein immunoblots after 
normalizing to β-ACTIN. For remaining graphs: RT-qPCR for (C) absorptive cells markers, (D) 
goblet cell markers (E) absorptive and secretory lineage commitment markers, (F) Wnt signaling 
target Lgr5 and antagonists. RT-qPCR transcripts were normalized to the geomean of β-Actin 
and Hprt, and and relative expression (2^-ΔCt) was calculated. For all graphs: WT n = 10 
females and 9 males, Cre- n = 4 females and 8 males, KO n = 10 females and 7 males. Data 
represents mean ± SEM, one-way ANOVAs were performed with multiple comparisons for each 
mouse group mean compared with every other group mean, * p < 0.05, ** p < 0.01, *** p < 
0.0001. 
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mouse groups following DSS exposure, which is different from findings under homeostatic 

conditions and in our m-colonoid experiments (Figure S3D). Another Wnt target and the 

prominent ISC marker Lgr5 was significantly upregulated in Cre-AHRfl/fl and IEC-AHR KO 

female epithelium scrapes compared to WT scrapes, even though IEC-AHR KO transcripts were 

lower than Cre-AHRfl/fl transcripts (Figure 12F). The Wnt signaling antagonists Dkk1 and Rnf43 

did not differ in transcripts among mouse groups, whereas Znfr3 mRNA levels were significantly 

increased for both Cre-AHRfl/fl and IEC-AHR KO female mouse groups compared to WT 

females. Overall, repair of IECs following DSS-induced injury influenced IEC lineage 

determination and some aspects of ISC and Wnt signaling expression profiles. Notably, Muc2, 

Atoh1, and Lgr5 exhibited heightened expression in female Cre-AHRfl/fl and IEC-AHR KO colon 

epithelium scrapes that was not observed in males and also differed from what was observed 

under homeostatic conditions. 

Discussion 

 AHR signaling has been studied extensively in many contexts including the metabolism 

of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and other environmental toxins,39, 67 

immunomodulation,2, 11, 68-70 and the development of cell, tissue and organ systems.14, 15, 48, 71 It 

has only been recently that the importance of AHR signaling in IEC-specific physiology and 

processes important to intestinal barrier function has gained attention. Moreoever, how AHR 

modulates the differentiation of IECs remains largely unexplored. Importantly, this study is 

among the first to address this gap in knowledge by examining human and mouse models 

expressing different AHR alleles. Our findings indicate a strong role for allelic variation as well 

as sex differences in how IEC-specific loss of AHR alters IEC lineage fate.   
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 Findings that were consistent across the in vitro and in vivo models under homeostatic 

conditions demonstrated that loss of AHR signaling accentuated markers associated with 

prominent absorptive cell phenotype while reducing characteristics of goblet cells. These altered 

expression profiles were more likely to be presented by female mice than by male mice. 

Furthermore, when m-colonoids were encouraged to differentiate by replacing L-WRN 

conditioned media with FBS these patterns of increased enterocyte markers and decreased goblet 

cell markers emerged from IEC-AHR KO colonoids. Preliminary experiments exposing h-

colonoids to the AHR inhibitor CH-223191 during development and after L-WRN replacement 

with FBS appeared to recaptiulate these findings. There was some variation between the two h-

colonoid biological replicates and this could represent genetic or epigenetic differences between 

donors that impact AHR expression itself or regulation of AHR signaling, 72 or individual 

genetic signatures retained in the ISC niche that are involved in differentiation processes. Due to 

this variation, more replicates are required to run statistical analyses and to confirm these 

findings. Also, exposure time of h-colonoids to CH-223191 might require more optimization, 

and additional experiments involving the addition of AHR ligands would provide further insights 

in to the role of AHR signaling in human IEC lineage determination. Indeed, treatment of WT 

T84 cells with the microbe-derived  tryptophan metabolites IAld and IPA had the opposite effect 

on many of the lineage markers than what was displayed by AHR KO cells. Thus, AHR 

signaling appears to balance processes underlying IEC differentiation and diminshsed AHR 

function disrupts that balance. 

 The differences between the two control mouse lines, WT (b allele) and Cre-AHRfl/fl (d 

allele), added another level of complexity and demonstrated, perhaps unsurprisingly, that AHR 
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alleleic variation and associated phenotypic variation in AHR activation/regulation impacts 

AHR-dependent IEC differentiation patterns. Markers that indicated a change in IEC-AHR KO 

mice were typically only observed in comparison to either one control mouse or the other, but 

rarely both. Additionally, transcripts for Ahr were significantly higher in Cre-AHRfl/fl compared 

to WT mice and would be another factor potentially influencing cell fate outcomes. Expression 

of other genes that differed significantly between WT and Cre-AHRfl/fl female mice under 

homeostatic conditions included Hes1, Atoh1, and Rnf43 transcripts and CAR1 protein based on 

western blot. Cftr transcripts differed between WT and Cre-AHRfl/fl male mice, and Myc and 

Lgr5 transcripts differed between these control groups when females and males were combined. 

Taken together, these differences underscore the importance for acknowledging that cre 

recombinase-negative littermates for this strain of AHRfl/fl mice are not equivalent to wild type 

C57Bl/6 mice and should be designated more clearly in future studies. Several studies have also 

shed light on the disparities in sex ratios of various animal models,73, 74 and data presented here 

highlights the need to address sex differences more comprehensively in basic and translational 

biomedical fields.   

 These sex differences and differences in AHR allelic variants carried over during 

intestinal reconstitution following DSS exposure. Expression of enterocyte markers were either 

similar across all groups of mice or reduced in IEC-AHR KO mice compared to control mice, 

whereas goblet cells markers were heightened for female mice. Females had a marked reduction 

of mucus-associated goblet cells under homeostatic conditions according to AB-PAS staing 

colon tissue, but then expressed heightened transcripts of Muc2, Atoh1, and Lgr5 during recovery 

from DSS and lends some insights into why females may have reduced DSS-induced colitis 
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severity compared to males – this phenotypic plasticity could allow females to respond more 

quickly to perturbations in homeostasis, albeit dysregulated responses. Additional analyses are 

required such as AB-PAS staining with male colon tissue under homeostatic conditions as well 

as AB-PAS staining of both male and female colon tissue from the DSS + recovery experiments. 

These analyses would help to verify the transcriptional data since the production of mucus 

involves modifications of the MUC2 protein and other processes that may not be completely 

transcriptionally regulated.75 It should be noted that because WT mice recovered weight loss 

more quickly than transgenic mice, differences in the stage of injury repair among mouse groups 

are likely. Future studies assessing the acute phase, or timing tissues harvests at a particular point 

of weight loss/diseases progression when mice are more likely to be at similar stages of barrier 

reformation could fill in some gaps in the timinig of these expression profiles. 

 Human and mouse models also represent allelic variants of the AHR gene. Although 

there are several reported polymorphisms in differen human populations,41, 76 on average the 

human AHR alleles share 58 and 86% amino acid sequence identity for C-terminal and N-

terminal portions, respectively, with the four different murine alleles.42 One of the reasons for 

deriving the 129 S/v AHRfl/fl mouse strain harboring the d allele is due to purported similarities 

to the human AHR in ligand binding affinities.40, 42, 44, 48 Although there were several similarities 

in expression of genes involved in IEC cell fate between our human and mouse models such as 

increases in the absorptive markers Car1 and SI  in the human in vitro models and female mice 

under homeostatic conditions, there was discordance in the expression of Cftr among the 

different models: diminished AHR expression in the T84 cells and h-colonoids elevated 

transcripts for the absorptive cell marker CFTR, but Cftr transcripts were significantly reduced in 
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IEC-AHR KO male mice under homeostatic conditions, Cre-AHRfl/fl  and IEC-AHR KO m-

colonoids in differentiation media, and both male and female mice after recovery from DSS. 

Expression in HES1 in T84 AHR KO cells were significantly increased compared to no 

differences between IEC-AHR KO mice and the control mouse groups under homeostatic 

conditions, although female mice had heightened Hes1 expression during the DSS repair process. 

The Wnt signaling antagonists Dkk1, Rnf43, and Znrf3 were also differentially expressed 

between human T84 cells and mouse colon epithelium under homeostatic conditions with loss of 

AHR signaling, yet Rnf43 transcripts increased in both Cre-AHRfl/fl and IEC-AHR KO female 

mice epithelium scrapes after DSS exposure. Based on these findings, it is important to consider 

other important aspects of AHR signaling and regulatory elements controlling expression of 

target genes that differ between humans and other mammals,47  reinforcing the dogma that 

animal models and humanized mice do not fully recapitulate the human condition. 

 Regardless of the direction of change among the models assessed here, loss of AHR 

expression lead to aberrant expression profiles in several markers of the absorptive cell lineage. 

Aberrations in colonocyte function, such as decreases in net Na and Cl ion absorption, can lead 

to improper water and electrolyte transport and is strongly linked to abnormalities observed in 

IBD.77 Loss of goblet cells, which was observed under homeostatic conditions in vitro and in 

vivo models, are a hallmark of ulcerative colitis and mucus secretion is shown to be protective 

from intestinal insults.78-80 Considering the effects of AHR signaling on cellular proliferation, 

preliminary data showed signs of decreased proliferation in AHR deficient models. We also 

observed altered expression in downstream targets and negative regulators of Wnt signaling, 

which collectively indicate dysregulated processes controlling cellular proliferation. AHR 
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signaling has been attributed to both negative and positive regulation of Wnt signaling, 

apoptosis, and carcinogenesis, and appears to be largely dependent on cell/tissue type, the 

activating ligand involved, and the environmental milieu.37, 81  

 A large number of microbial metabolites are shown to improve intestinal barrier function, 

dampen inflammation, and promote wound healing after injury by AHR activation,10-12, 82-87 yet 

relatively little has been reported on the influence of microbe-derived ligands on IEC 

proliferation and cell fate. Our in vitro data with the microbial tryptophan metabolites IPA and 

IAld reveal that microbes play a role in shaping these important processes, which would also 

contribute to overall intestinal barrier function and mucosal homeostasis. Metidji and colleagues 

showed that IEC-AHR KO mice exhibited hyperproliferation but had reduced expression of 

makers for both colonocytes and goblet cells.33 Based on unpublished data from our research 

group, we have a hunch that the observed differences between the Metidji et al. study and the 

findings reported here, which utilize the same mouse strains for the Cre-Ahrfl/fl and IEC-AHR 

KO mice, could be attributed to differences in the gut microbiomes of these mouse colonies. 

Variation in the types and relative amounts of AHR ligands produced by the gut microbiota 

could greatly impact signaling dynamics and skew IEC differentiation towards different 

outcomes. Given that the Cre-AHRfl/fl mice exhibited an intermediate phenotype between WT 

and IEC-AHR KO mice for many targets examined, this suggests that cells expressing AHR (e.g. 

resident immune cells, fibroblasts and other stromal cells within the lamina propria) also 

influence IEC proliferation and lineage determination. Since allelic variations in human and 

mouse AHR bind to certain endogenous and exogenous ligands with different affinities, the 

findings presented here likely capture the range of responses that would be observed in people 
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with varying degrees of AHR ligand-activating microbial metabolites (either due to different 

microbial compositions, differences in diet and precursors, or both). These findings also shed 

light on how dysbiosis might precipitate dysregulated IEC differentiation and barrier formation. 
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Supplemental Materials 

 
Figure S1. Absorptive markers are drastically increased, and goblet cell markers are greatly 
reduced in AHR KO T84 cells. Control and AHR KO (KO) cells were exposed to 1 mM IAld or 
IPA, 10 µM Ficz (FZ), or DMSO vehicle (Veh) for the indicated times. RT-qPCR was 
performed, transcripts of target genes were normalized to HSPCB and fold change was 
calculated using the 2^-ΔΔCt method by comparing back to each vehicle-specific time point. 
Fold change in transcripts for (A) absorptive cell markers CAR1 and CFTR, (B) goblet cell 
markers MUC2, REG3A, and TFF3, (C) Notch signaling component NOTCH1 and downstream 
target for the absorptive lineage HES1, and a secretory lineage marker ATOH1. Data represent 
mean ± SEM (n = 4 biological replicates per gene transcript); two-way ANOVAs were 
performed with multiple comparisons to test for differences in means between control and AHR 
KO for each vehicle or treatment group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure S2. Loss of AHR in T84 cells reduces the proliferative marker OLFM4 while increasing 
Wnt signaling antagonists. Control and AHR KO (KO) cells were exposed to 1 mM IAld or IPA, 
10 µM Ficz (FZ) or DMSO vehicle (Veh) for the indicated times. RT-qPCR was performed, 
transcripts of target genes were normalized to HSPCB and fold change was calculated using the 
2^-ΔΔCt method by comparing back to each vehicle-specific time point. Fold change in 
transcripts for (A) Wnt signaling targets (B) Wnt signaling antagonists. Data represent mean ± 
SEM (n = 4 biological replicates); two-way ANOVAs were performed with multiple 
comparisons to test for differences in means between control and AHR KO for each vehicle or 
treatment group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure S3. AHR mRNA expression from whole colon tissue, and AB-PAS staining of female 
mouse colons from all data. Colon tissue from wild type C57Bl/6 (WT), Cre-AHRfl/fl littermates 
(Cre-) and IEC-AHR KO (KO) mice. (A) Relative expression in transcript for Ahr for female and 
male mice combined from RNA extracted from whole colon tissue (WT n = 8 females and 5 
males, Cre- n = 5 females only, KO n = 9 females and 7 males). (B) Percent area stained with 
AB-PAS out of total crypt area. Pooled data (all measurements) from 8-10 crypt measurements 
taken from 3-5 viewing fields per mouse (WT n = 8, Cre- n = 3, KO n = 7 mice). (C) Relative 
expression in transcript for Ahr in mice recovering from DSS-induced colitis (WT n = 5 males 
only, Cre- n = 3 females and males, KO n = 7 females and 3 males). (D) Relative expression in 
the Wnt signaling targets Myc and Oct4 from DSS recovery mice (WT n = 10 each, Cre- n = 4 
females and 8 males, KO n = 10 females and 7 males). (A, C-D) RT-qPCR was performed and 
transcripts were normalized to the geomean of Hprt, and relative expression (2^-ΔCt) was 
calculated. All graphs: Data represents mean ± SEM, one-way ANOVAs were performed with 
multiple comparisons for each mouse group mean compared with every other group mean, * p < 
0.05, ** p < 0.01, *** p < 0.0001, ****p < 0.00001. 
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The mammalian gastrointesti
of microbes, collectively ter
Interactions between the gut microbiota and the host are important for health, where dysbiosis has
emerged as a likely component of mucosal disease. The specific constituents of the microbiota that
contribute to mucosal disease are not well defined. The authors sought to define microbial components
that regulate homeostasis within the intestinal mucosa. Using an unbiased, metabolomic profiling
approach, a selective depletion of indole and indole-derived metabolites was identified in murine and
human colitis. Indole-3-propionic acid (IPA) was selectively diminished in circulating serum from
human subjects with active colitis, and IPA served as a biomarker of disease remission. Administration
of indole metabolites showed prominent induction of IL-10R1 on cultured intestinal epithelia that was
explained by activation of the aryl hydrocarbon receptor. Colonization of germ-free mice with wild-type
Escherichia coli, but not E. coli mutants unable to generate indole, induced colonic epithelial IL-10R1.
Moreover, oral administration of IPA significantly ameliorated disease in a chemically induced murine
colitis model. This work defines a novel role of indole metabolites in anti-inflammatory pathways
mediated by epithelial IL-10 signaling and identifies possible avenues for utilizing indoles as novel
therapeutics in mucosal disease. (Am J Pathol 2018, 188: 1183e1194; https://doi.org/10.1016/
j.ajpath.2018.01.011)
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critical mutualism exists within the intestinal mucosa. The
microbiota contributes significantly to gut homeostasis but
can also contribute to establishing and maintaining mucosal
disease.1 Intestinal mucosal surfaces act as primary barriers
to microbial invasion, where commensal bacteria work in a
dynamic and intimate interaction with the gut epithelium
and influence host cellular and immune responses.2 In-
flammatory bowel disease (IBD) is a chronic inflammatory
disease of the gastrointestinal tract that comprises Crohn
disease and ulcerative colitis (UC). It is known that IBD is
caused by interactions between genetic and environmental
factors, and results in perturbations of the microbiota,
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The significance of IL-10 signaling is well established in
D. This anti-inflammatory cytokine, which signals through
e IL-10 receptor ligand-binding subunit (IL-10R1), is
duced during inflammation and attenuates excessive
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production of proinflammatory mediators in various cell
types, including intestinal epithelial cells (IEC).6,7 Functional
IL-10 signaling is associated with enhanced mucosal barrier
function and results in maintenance and homeostasis of the
epithelia.7 Previous work, including our own, has shown that
the epithelial IL-10R1 contributes fundamentally to resis-
tance to intestinal inflammation and represents a component
of epithelial innate immunity originally described to be
induced by cytokines such as interferon-g (IFN-g).8 For
instance, mice deficient in IL-10 or IL-10 receptor develop
spontaneous severe colitis, and mice conditionally lacking
intestinal epithelial IL-10R1 show increased susceptibility to
colitis.7,9,10

Metabolomic analysis has revealed that gut bacteria
impact host immunity through a variety of metabolites,
including indole metabolites,11 which originate from the
microbial metabolism of tryptophan. Indole-3-propionic
acid (IPA) and indole-3-aldehyde (IAld), which are trypto-
phan metabolites produced by intestinal bacteria, are known
for their intercellular signaling activity. Further, IAld has
recently been identified as an aryl hydrocarbon receptor
(AHR) ligand.12 AHR is a ligand-dependent transcription
factor activated by a variety of synthetic and biological
molecules that plays an important role in immunological
response and inhibition of inflammation.13 AHR contributes
to immune homeostasis through various methods, including
T-cell differentiation and Th17 development,14,15 as well as
the up-regulation of IL-22 production.16 Recently, several
studies have shown that the host microbiota provides a
consistent source of endogenous AHR ligands with distinct
effects on immune homeostasis.16e18 However, the precise
role of indole metabolites in the gastrointestinal tract re-
mains elusive. Together, these data lead us to hypothesize
that microbial-derived indole metabolites promote intestinal
homeostasis through AHR-mediated regulation of the IEC
IL-10R1.

Materials and Methods

Animal Studies

For metabolomics analysis, C57BL/6-129 mice were
administered 3% (wt/vol) dextran sodium sulfate (DSS)
(molecular weight 36,000 to 50,000; MP Biochemicals,
Burlingame, CA) in drinking water for 5 days, followed by
a 2-day recovery period. Normal tap water was returned
during these 2 days before tissue collection. Control mice
were maintained on tap water for 7 days. In subsequent
animal experiments, 8e to 12-weekeold C57BL/6 mice
were administered water or 2.5% DSS ad libitum for 9 days.
This administration approach varied slightly to account for a
change in death susceptibility to DSS. DSS was then
removed and mice were allowed to recover for 2 days before
euthanasia. For IPA treatment experiments, the addition of
IPA at 0.1 mg/mL was administered to water- and
DSS-treated animals. Mice were housed in accordance with
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guidelines from the American Association for Laboratory
Animal Care and Research Protocols, and all animal work
was approved by the Institutional Animal Care and Use
Committee of the University of Colorado.

Cell Lines and shRNA Knockdown

Human T84 IEC were cultured in 1:1 Dulbecco’s modified
Eagle’s mediumeHam’s F12 with 2.5 mmol/L L-glutamine
and 10% fetal bovine serum. Cells were maintained at 37�C
with 5% CO2. Transepithelial electrical resistances were
monitored using an EVOM2Voltohmmeter (World Precision
Instruments, Sarasota, FL). Cytokines were purchased from
R&D Systems (Minneapolis, MN). IAld, IPA, and AHR in-
hibitor, CH-223191, were obtained from Sigma-Aldrich (St.
Louis, MO). 6-Formylindole[3,2-b] carbazole was obtained
from Tocris Bioscience (Bristol, UK). All compounds were
used at indicated concentrations. Human intestinal organoids
(HIOs) were derived following previously described
methods19 and kindly provided by Dr. Jason Spence (Uni-
versity of Michigan, Ann Arbor, MI). HIOs were maintained
by embedding in Matrigel (BD Biosciences, San Jose, CA)
and applying Advanced DMEM-F12 medium (Invitrogen,
Carlsbad, CA) containing 1X B27 supplement (Invitrogen),
1X GlutaMAX (Life Technologies, Carlsbad, CA), 10 mmol/
L HEPES, 10% penicillin/streptomycin, 100 ng/mL rhNog-
gin (R&D Systems), 100 ng/mL epidermal growth factor
(R&D Systems), and approximately 500 ng/mL R-Spondin1
(RSPO1). RSPO1 was obtained from conditioned media
collected from a HEK293 cell line that was stably transfected
and zeocin-selected for the RSPO1 expression vector. The
medium was changed every 2 to 4 days, and HIOs were
transferred to fresh Matrigel once a week until they reached
approximately 0.5 mm to 1 mm in size for experiments and
RNA isolation. Lentiviral particles encoding shRNA directed
against aryl hydrocarbon receptor nuclear translocator
(ARNT; TRC MISSION shRNA, University of Colorado
Functional Genomics Facility) were used to transduce T84
cells using standard protocols. Stable integration was ach-
ieved by puromycin selection at 6 mg/mL. Knockdown was
confirmed by real-time quantitative PCR analysis, indicating
80% to 85% depletion of ARNT levels.

RNA Isolation and Real-Time PCR

Total RNA was extracted from cells using TRIzol (Invi-
trogen) and from tissue using RNeasy Mini Kit (Qiagen,
Hilden, Germany). cDNA was prepared using iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA). Real-time PCR to
measure transcripts was performed in 1 � Power SYBR
Green Master Mix (Applied Biosystems, Foster City, CA)
using an ABI 7300 thermocycler (Applied Biosystems).
Fold-change in expression of target mRNA relative to
b-actin mRNA was calculated as previously described.20

Total RNA from HIOs was isolated using Direct-zol
RNA Miniprep Kit (Zymo Research Corp, Irvine, CA).
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Table 1 Primer Sequences for Real-Time Quantitative PCR

Gene Forward primer Reverse primer

Human
ACTB 50-CCTGGCACCCAGCACAAT-30 50-GCCGATCCACACGGAGTACT-30

HSPCB 50-TCTGGGTATCGGAAAGCAAGCC-30 50-GTGCACTTCCTCAGGCATCTTG-30

IL10R1 50-CACATCCTCCACTGGACACC-30 50-CAAGGTCACTGCGGTAAGGT-30

SOCS3 50-GGCCACTCTTCAGCATCTC-30 50-ATCGTACTGGTCCAGGAACTC-30

CYP1A1 50-ACCCGCCACCCTTCGACAGTTC-30 50-TGCCCAGGCGTTGCGTGAGAAG-30

CYP1B1 50-CTGGCACTGACGACGCCAAGA-30 50-TGGTCTGCTGGATGGACAGC-30

MDR1 50-AACGGAAGCCAGAACATTCC-30 50-AGGCTTCCTGTGGCAAAGAG-30

Mouse
Actb 50-TACGGATGTCAACGTCACAC-30 50-AAGAGCTATGAGCTGCCTGA-30

Il10r1 50-CCCATTCCTCGTCACGATCTC-30 50-TCAGACTGGTTTGGGATAGGTTT-30

Ta

Characteristic Control UC remission colitis

Number 20 20 15
Sex
Male 11 12 13
Female 9 8 2

Age, years 58.6 � 10.9 46.5 � 18.6 40.4 � 13.4
Disease location
Left-sided NA 6 1
Extensive NA 14 12
Proctitis NA 0 2

NA, not applicable.
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Fold-change in expression of mRNA transcript from HIO
experiments was calculated relative to HSPCB (heat shock
protein 90 a family class B member 1). Human and mouse
primer sequences are listed in Table 1.

Western Blot Analysis

Whole-cell and tissue lysates were extracted in Tris-Lysis
buffer on ice and disrupted by sonication. Protein content
was quantified using BCA protein assay reagent (Thermo
Fisher Scientific, Waltham, MA) and 30 mg of whole-cell or
tissue extract was boiled in Laemmli buffer in reducing
conditions subjected to SDS-PAGE. The SDS-PAGE was
transferred onto a polyvinylidene difluoride membrane and
probed for IL-10R1 using a rabbit polyclonal IL-10RA
antibody (dilution 1:1000; Thermo Fisher Scientific) and
b-actin (dilution 1:10,000; Abcam, Cambridge, UK).

Metabolomic Analysis

Distal colon tissue (1 cm) was collected from control and
DSS-treated mice. Tissues were flash-frozen and placed at
�80�C. Global metabolomics was performed by Metabolon,
Inc. (Durham, NC). Briefly, tissue samples were thawed and
weighed in tared cryovials, and 80% ice-cold methanol was
added at a ratio of 75 mL of solvent per mg of sample, then
incubated overnight at 4�C to extract biochemicals. Internal
standards were included to control for extraction efficiency.
Following methanol extraction, colon samples were pro-
cessed and analyzed as previously described.21

HPLC Metabolite Analysis

Indole derivatives were quantified in mouse and human
samples using reversed-phase high-performance liquid
chromatography with electrochemical coulometric array
detection (EC-HPLC) (CoulArray; Thermo Fisher Scienti-
fic). Archived human serum samples from patients diag-
nosed with IBD or from healthy individuals were obtained
under research protocols approved by the Colorado Multi-
Institutional Review Board. Study participant demographics

The American Journal of Pathology - ajp.amjpathol.org
e listed in Table 2. Tissue and serum samples were
tracted in 80% methanol, and protein precipitate was
moved by centrifugation at 15,000 � g. Separation was
hieved using an Acclaim Polar Advantage II C18 column
hermo Fisher Scientific) at a flow rate of 1 mL/minute on
gradient of 10% to 55% acetonitrile in 50 mmol/L sodium
osphate buffer (pH 3), containing 0.42 mmol/L octane-
lphonic acid as an ion-pairing agent. Calibration curves
ere composed by performing linear regression analysis of
e peak area versus the analyte concentration. The data
ere quantified using the peak area in comparison to
andards.

acterial Strains and Gnotobiotic Colonization
periments

scherichia coli (E. coli) strains were obtained from GE
harmacon (Lafayette, CO). An E. coli K12 parent strain
. coli BW25113; wild type (WT)], along with strains
ntaining a deletion of tnaA (E. coli JW3686; DtnaA) and
aB (E. coli JW5619; DtnaB) were used for experiments.
ll strains were grown in Lysogeny broth (10 g/L tryptone,

g/L NaCl, 5 g/L yeast extract) or on Lysogeny
otheagar plates supplemented with appropriate antibiotics
anamycin, 50 mg/mL), if needed. Cultures were grown
ernight at 37�C to stationary phase and tested for the
esence of indole by the addition of 200 mL of Kovac’s

ble 2 Study Participant Demographics
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reagent (Sigma-Aldrich) to 2 mL bacterial culture. For T84
cell experiments, cultures were grown overnight at 37�C to
stationary phase. Briefly, cultures were spun, supernatants
collected, and afterward serially diluted and placed onto cells
for 24 hours. Bacterial supernatants used for EC-HPLC
analysis were placed through a 0.22-mm filter before the run.
For gnotobiotic colonization experiments, 5- to 8-weekeold
germ-free C57BL/6 mice were gavaged with a 100-mL bac-
terial suspension for mono-association (109 colony forming
units of each bacterial strain collected from a stationary-phase
culture and re-suspended in phosphate-buffered saline). Mice
were colonized for 2 weeks before euthanasia. Fresh fecal
pellets were collected periodically, weighed, homogenized,
and then serially diluted in phosphate-buffered saline
phosphate-buffered saline for plating to determine bacterial
colony forming units per g of feces.

Histology

Colon samples were fixed in 10% neutral buffered formalin
and paraffin embedded before staining with hematoxylin
and eosin. All histologic quantitation was performed blinded
by the same individual (S.P.C.) using a scoring system
previously described.22 Briefly, the three independent pa-
rameters measured were severity of inflammation (0 to 3:
none, slight, moderate, severe), extent of injury (0 to 3:
none, mucosal, mucosal and submucosal, transmural), and
crypt damage (0 to 4: none, basal 1/3 damaged, basal 2/3
damaged, only surface epithelium intact, entire crypt and
epithelium lost). The score of each parameter was multiplied
by a factor reflecting the percentage of tissue involvement
(�1: 0% to 25%, �2: 26% to 50%, �3: 51% to 75%, �4:
76% to 100%), and all numbers were summed. Maximum
possible score was 40.

Quantification of Cytokines in Colon Tissue

For cytokine analysis, colon tissue was extracted in Tris-
Lysis buffer by sonication and protein homogenates were
quantified using BCA protein assay reagent (Thermo Fisher
Scientific). Tissue concentrations of cytokines were
measured using a proinflammatory cytokine screen (Meso
Scale Discovery, Rockville, MD). Assays were performed
according to the manufacturer’s instructions. Cytokine
concentrations were normalized to total protein
concentration.

Quantification and Statistical Analysis

Data are expressed as means � SEM. Statistical analyses
were performed with GraphPad Prism software version
7.0 (GraphPad Software, La Jolla, CA) using a two-tailed
unpaired t-test for direct comparisons, and one-way or two-
way analysis of variance with Tukey’s test for multiple
comparisons. Statistical differences are reported as signifi-
cant when P < 0.05.
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Results

Tryptophan-Indole Metabolism Is Altered in Murine
and Human Colitis

To better understand microbe-derived factors that contribute
to intestinal homeostasis, a comprehensive, unbiased screen
of serum and colonic tissue metabolites was performed from
healthy and DSS colitic mice. Mice were administered DSS
via drinking water, and serum and colonic tissue were
collected during peak disease (day 7). Of the microbe-
derived metabolites, most notable were decreases in
tryptophan-indole metabolites in both serum and colons of
colitic mice compared with mice administered water alone
(Figure 1A). Tryptophan is metabolized through various
pathways, including the indole pathway, resulting in de-
rivatives that are produced from metabolism by gut micro-
biota (Figure 1B). Colitis profoundly altered tryptophan
metabolism, specifically revealing a selective decrease in
indole metabolites. To validate this mass
spectrometryebased metabolite screen, an HPLC-based
protocol was developed using electrochemical detection
methods (Figure 1C). Eight- to 10-weekeold C57BL/6 mice
were administered water or 2.5% DSS ad libitum for 9 days.
DSS was then removed and mice were allowed to recover
for 2 days before euthanasia. Serum indole metabolites were
profiled by EC-HPLC (Figure 1D). Serum indole and IPA
levels were significantly decreased in actively colitic ani-
mals (P < 0.05). A marked decrease in serum IAld was also
observed (P Z 0.09). It is notable that overall, tryptophan
levels in DSS colitis actually increase (Figure 1A), sug-
gesting that the findings of indole depletion are not a result
of diminished tryptophan absorption.
Guided by results of indole depletion in active murine

colitis, we attempted to translate our results to human pa-
tients. Here, the EC-HPLC method was used to quantify
various indole metabolites in serum samples from patients
with UC. For these purposes, serum samples from healthy
controls (n Z 20), subjects with active UC (n Z 15), and
subjects with UC in remission (n Z 20) were profiled
(Table 2). This analysis revealed that serum IPA was
deceased by nearly 60% in subjects with active UC
compared with healthy controls (P < 0.05) (Figure 1E).
Notably, this IPA deficiency normalized in UC patients in
remission, implicating IPA as both a biomarker for active
UC as well as an indicator of disease remission in human
UC. Based on these findings, the role of indole and
metabolites IPA and IAld on intestinal epithelial function
was further studied.

Indole Metabolites Induce IL-10R1 Expression on
Intestinal Epithelia and Improve Barrier Formation

We have previously shown that tryptophan metabolites are
important regulators of IL-10R1 in IEC.23 Guided by our
unbiased metabolomic profile of serum and colon tissue
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Figure 1 Tryptophan metabolism is altered in murine and human colitis. A: Relative levels of indole metabolites in serum and whole colon tissue of mice
receiving either water or 3% dextran sodium sulfate (DSS) for 7 days. Metabolites were measured by liquid chromatographyemass spectrometry and gas
chromatographyemass spectrometry analysis. B: Condensed pathway of tryptophan metabolism to indole and indole derivatives. C: EC-HPLC analysis of indole
metabolites in serum of mice receiving either water or 2.5% DSS for 9 days. D: Concentrations of indole metabolites in serum of mice receiving either water or 2.5%
DSS for 9 days. E: Indole-3-propionic acid (IPA) levels in serum samples from healthy controls (Con), subjects with active ulcerative colitis (UC), and subjects with UC
in remission (Rem) profiled by EC-HPLC. Data are expressed as means� SEM (A, D, and E). nZ 5 (A, mice per treatment group, and D, water treatment); nZ 10 (D,
DSS treatment); n Z 20 (E, control and remission); n Z 15 (E, UC). *P < 0.05, **P < 0.01, t-test and one-way analysis of variance. IAld, indole-3-aldehyde.
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from healthy and DSS-colitic mice, and our recent work
identifying the epithelial interleukin-10 receptor as the
dominant signature for resolution of inflammation in DSS
colitis,6,7 it was hypothesized that indole-containing tryp-
tophan metabolites regulate intestinal homeostasis via
regulation of epithelial IL-10R1 expression. To examine the
induction of IL-10R1 in response to indole metabolites, T84
IEC were exposed to IPA or IAld for 6 hours; real-time
quantitative PCR of IL-10R1 transcript levels showed a
concentration-dependent induction of IL-10R1 (Figure 2A).
These findings were not limited to colonic cancer cell lines.
HIOs are complex, three-dimensional spheroid tissues
derived from human pluripotent stems cells19 and contain
the majority of functional epithelial cell types (ie, enter-
ocytes, goblet, Paneth, enteroendocrine, intestinal stem
cells) and structures (ie, brush borders of microvilli, crypt-
like structures, and a mesoderm layer) comprising the
human small intestine.24 HIOs treated with IPA exhibited
increasing levels of IL-10R1 transcript, with significant
induction at 24 hours (P < 0.001) (Figure 2B). Further
analysis revealed a prominent induction of IL-10R1 protein
expression in T84 IEC exposed to IPA and IAld
(Figure 2C).

The influence of the metabolite IAld on barrier formation
in T84 cell monolayers was further examined, as our

The American Journal of Pathology - ajp.amjpathol.org
evious work has demonstrated that IL-10 signaling is
portant in IEC barrier development and maintenance.7,23

ells exposed to both IAld and IL-10 exhibited signifi-
ntly increased barrier formation at 72 hours compared
ith untreated cells as measured by transepithelial electrical
sistances (P < 0.01) (Figure 2D). Further, IAld in com-
nation with IL-10 (10 ng/mL) significantly induced sup-
essor of cytokine signaling 3 (SOCS3), an
-10eresponsive gene that has been found to be protective
intestinal inflammation25 (P < 0.05) (Figure 2E). From
is perspective, it is notable that SOCS3 was not induced
IL-10 alone as a result of nearly undetectable levels of
-10R1 at baseline.6,7 Overall, these results identify indole
etaboliteedependent induction of the epithelial IL-10R1
a target pathway for mucosal homeostasis.

ss of Indole-Dependent IL-10R1 Induction in Cells
cking ARNT

he mechanism of indole signaling in intestinal epithelia
as studied next. Others have shown that tryptophan me-
bolites function as endogenous ligands for AHR.26 To
termine the relative contribution of AHR to indole
gnaling, shRNA knockdown was used to deplete the AHR
meric partner ARNT, and IL-10R1 induction was
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Figure 2 Indole metabolites improve barrier
formation and induce IL-10R1 on intestinal
epithelia. A: Real-time quantitative PCR (qPCR) of
IL-10R1 transcript levels in T84 cells treated with
indole-3-propionic acid (IPA) or indole-3-aldehyde
(IAld) at varying concentrations for 6 hours.
B: Human intestinal organoids treated with
1 mmol/L IPA over 24 hours. C: Western blot anal-
ysis of IL-10R1 levels in T84 cells treated with IPA at
varying concentrations for 6 hours or in response to
1 mmol/L IAld over 24 hours. D: Transepithelial
electrical resistance of T84 cells treated with IAld
(1 mmol/L), IL-10 (10 ng/mL), or a combination of
both was measured over 72 hours. E: qPCR of SOCS3
transcript in T84 cells treatedwith IAld for 12 hours,
followed by treatment with IL-10 for 6 hours. Data
are expressed as the average TEER� SEM (D) and as
means� SEM (A, B, and E). nZ 3 (D, samples, and
E, experiments). *P < 0.05, t-test, **P < 0.01
versus untreated cells, two-way analysis of
variance, and ***P < 0.001, t-test. þctrl,
6-formylindole[3,2-b] carbazole at 1 mmol/L; TEER,
transepithelial electrical resistance; Veh, vehicle.
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examined as an endpoint. Lentiviral shRNA-mediated
knockdown of ARNT (shARNT) in T84 IEC resulted in
significantly reduced ARNT mRNA expression (81% � 5%
decrease; P < 0.01) relative to cells containing a non-
template control (shNTC) (Figure 3A). A broader
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examination of classical AHR-ARNT target genes26e28

revealed that transcript levels of cytochrome P450 family
1 subfamily A member 1 (CYP1A1) and cytochrome P450
family 1 subfamily B member 1 (CYP1B1) were signifi-
cantly increased in shNTC cells treated with IAld compared
Figure 3 IL-10R1 expression is not induced by
cells lacking aryl hydrocarbon receptor (AHR)
binding partner aryl hydrocarbon receptor nuclear
translocator (ARNT). A: Lentiviral shRNA-mediated
knockdown of ARNT (shARNT) in T84 intestinal
epithelial cells relative to T84 cells containing a
nontemplate control (shNTC). B: Transcript levels
of cytochrome P450 family 1 subfamily A member
1 (CYP1A1) and cytochrome P450 family 1 sub-
family B member 1 (CYP1B1) by real-time quan-
titative PCR (qPCR) in shNTC and shARNT T84 cells
following indole-3-aldehyde (IAld) treatment for
12 hours. C: qPCR analysis of IL-10R1 expression
in shNTC and shARNT T84 cells treated with 1
mmol/L IAld for 24 hours. D: Western blot analysis
of IL-10R1 levels in ARNT knockdown T84 cells.
Confluent monolayers of T84 cells were treated
with IAld for 24 hours. E and F: Protein expression
was quantified by densitometry (E) and normal-
ized to b-actin. (F) qPCR of IL-10R1 transcript
levels in shNTC and shARNT T84 cells treated with
AHR inhibitor (AHRi, 10 mmol/L), IAld (1 mmol/
L), or both for 24 hours. Data are expressed as
means � SEM (AeC, E, and F). n Z 3. *P < 0.05,
**P < 0.01 versus untreated shNTC, t-test. tx,
treatment; Veh, vehicle.
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Figure 4 Bacterial indole production induces
IL-10R1. A: Indole production test of cultures
from E. coli K12 WT, tnaA, and tnaB mutants; plus
sign indicates presence of indole. B: EC-HPLC
chromatogram of supernatants collected from E.
coli K12 WT and E. coli DtnaA. C: T84 cells were
treated for 24 hours with serially diluted super-
natants from E. coli WT or E. coli DtnaA cultures
grown to stationary phase, followed by media
replenishment. Germ-free mice were colonized
with E. coli WT or E. coli DtnaA for 2 weeks fol-
lowed by euthanasia. D and E: Indole concentra-
tions in cecal contents were validated by HPLC in
vehicle and colonized mice (D), and RNA was
extracted from colons for real-time quantitative
PCR analysis of Il10r1 expression (E). Data are
expressed as means � SEM (D and E). n Z 5 (D
and E, PBS and E. coli DtnaA); n Z 4 (D and E, E.
coli WT). *P < 0.05, **P < 0.01, t-test. þ ctrl,
interferon-g at 10 ng/mL; M, molecular marker;
PBS, phosphate-buffered saline; sup, supernatant;
tx, treatment.
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with untreated shNTC cells. Both targets were also signifi-
cantly increased in the IAld-treated shNTC compared with
shARNT T84 IEC following IAld treatment (P < 0.01,
P< 0.05, respectively) (Figure 3B). Analysis of these ARNT-
deficient cells revealed a prominent decrease in IAld-
dependent induction of IL-10R1 transcript and protein
(P < 0.05) (Figure 3, CeE). The AHR small-molecule in-
hibitor, CH-223191, serves as a specific AHR antagonist.
shNTC and shARNTT84 IECwere exposed to IAld (1mmol/
L), CH-223191 (10 mmol/L), or in combination for 24 hours.
IAld treatment alone significantly increased IL-10R1
expression at 24 hours. CH-223191 significantly reduced
IAld-mediated IL-10R1 induction, supporting the hypothesis
that IAld modulates IL-10R1 expression via an AHR-
mediated mechanism (P < 0.05) (Figure 3F). These results
suggest that the AHR pathway is involved in the indole
metaboliteedependent expression of IL-10R1 in IEC.

Bacterial Indole Production Induces IL-10R1

Whether microbe-derived sources of indole could similarly
regulate epithelial target genes was examined next. Indole
production was targeted in E. coli. Indole is synthesized
from tryptophan by microbial tryptophanase.29 Using

The American Journal of Pathology - ajp.amjpathol.org
ovac’s reagent to test for the presence of indole, an E.
oli K12 strain (E. coli BW25113; WT) clearly produced
dole (Figure 4A), whereas deletion of the tryptophanase
ene (DtnaA) revealed a lack of detectable indole.
onversely, deletion of one of the tryptophan transporters
tnaB) did not compromise indole production
igure 4A). To validate these observations, the presence
f indole in cell-free supernatants of bacteria was exam-
ed by EC-HPLC. Although E. coli WT bacteria exhibited
adily detectable levels of indole, metabolism of trypto-
han to indole was completely abolished in E. coli DtnaA
igure 4B). To test the activity of this microbial-derived
dole, cell-free supernatants from E. coli WT and DtnaA
utant were serially diluted and exposed to T84 IEC for
4 hours. Supernatants from E. coli WT readily induced
-10R1 protein expression, whereas minimal IL-10R1
duction was observed in cells exposed to E. coli DtnaA
pernatant (Figure 4C).
These findings were extended to an in vivo model. The
nction of indole-producing bacteria was examined on
pithelial IL-10R1 in germ-free mice. Germ-free mice were
olonized with E. coli WT or E. coli DtnaA for 2 weeks
llowed by euthanasia. Fresh fecal pellets were collected
eriodically for plating to ensure equal colonization,
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quantified as bacterial colony forming units per gram of
feces (data not shown). Indole concentrations in cecal con-
tents were validated by HPLC in vehicle and colonized
animals. Mice monocolonized with E. coli WT displayed
significantly increased cecal indole, whereas negligible
levels were measured in phosphate-buffered salinee and E.
coli DtnaAegavaged animals (P < 0.01) (Figure 4D).
Further, colons were harvested and RNA extracted for real-
time quantitative PCR analysis. This strategy revealed that
mice monocolonized with E. coli WT displayed signifi-
cantly increased colonic il10r1 expression, whereas no
significant il10r1 induction was observed in colon tissue of
mice colonized with E. coli DtnaA mutant (P < 0.05)
(Figure 4E). Taken together, these in vitro and in vivo
results strongly support the hypothesis that microbe-derived
indoles promote epithelial homeostasis.

IPA Improves DSS Colitis Outcomes

Given the observation that indole metabolites are signifi-
cantly decreased in active colitis, the therapeutic potential of
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Figure 5 Indole-3-propionic acid (IPA) improves dextran sodium sulfate (DSS
water or 2.5% DSS � IPA ad libitum for 9 days. DSS was then removed and mic
A: Concentration of IPA in colons of mice receiving DSS � IPA for up to 9 days. B:
and eosinestained colonic sections isolated from water-treated, water/IPA-trea
toxylin and eosinestained colonic sections. EeG: Colon tissue was homogenized
analysis [interferon-g (IFN-g; E); tumor necrosis factorea (TNF-a; F); and IL-1b
**P < 0.01, and ***P < 0.001, two-way analysis of variance and t-test. Origina
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IPA was tested in murine colitis outcomes. For these pur-
poses, mice were administered either normal drinking water,
DSS (2.5% wt/vol), or a combination of DSS and IPA
(0.1 mg/mL) in drinking water for 9 days, followed by DSS
removal and a 2-day recovery. To verify that oral adminis-
tration normalized IPA levels, colonic IPA was quantified by
EC-HPLC. This analysis revealed that although DSS colitic
mice displayed significantly lower levels of IPA, oral
administration of IPA normalized colonic levels of this
metabolite (P < 0.01) (Figure 5A). Under these treatment
conditions, DSS/IPA-treated animals displayed significantly
less reduction in colon length, a marker of intestinal
inflammation, compared with DSS-treated animals
(P < 0.05) (Figure 5B). Histologic analysis revealed that
DSS/IPA-treated mice displayed attenuated inflammatory
infiltration and decreased loss of architecture in comparison
with mice treated with DSS alone, which displayed
pronounced loss of epithelium and tissue architecture
(Figure 5C). These differences resulted in greater histopath-
ologic severity scores (P < 0.001) (Figure 5D). Tissue
cytokine levels were also examined in these mice.
Water Water/IPA

Water Water/IPA

Water Water/IPA
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) colitis outcomes. Eight- to 10-weekeold C57BL/6 mice were administered
e were allowed to recover for 2 days as predetermined before euthanasia.
Colon length measured at time of euthanasia. C: Representative hematoxylin
ted, DSS-treated, and DSS/IPA-treated mice. D: Histologic score of hema-
and cytokines were measured in protein lysates by Meso Scale Discovery
(G)]. Data are expressed as means � SEM (A, B, D, and EeG). *P < 0.05,
l magnification, �20.
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Proinflammatory cytokine levels were dramatically increased
in DSS-treated mice, specifically IFN-g (P < 0.05)
(Figure 5E), tumor necrosis factor-a (TNF-a) (P < 0.01)
(Figure 5F), and IL-1b (P < 0.05) (Figure 5G), whereas
cytokine levels in DSS/IPA-treated mice were similar to mice
administered water alone. Similarly, IL-10 levels were
significantly increased in DSS-treated mice, though IPA
administration did not alter levels of this cytokine
(Supplemental Figure S1). Further, IPA administration
increased transcript and protein levels of AHR target genes
(Supplemental Figure S2). Taken together, these results
indicate that therapeutic normalization of IPA during active

1

colitis attenuates disease and promotes intestinal
homeostasis. in
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Discussion

Recent efforts to define the complex nature of IBD have
focused on the contribution of the host microbiota. It is now
established that altered microbial composition, termed dys-
biosis, is strongly associated with IBD30 and other intestinal
diseases.31 Such dysbiosis is thought to alter the immune
response and influence epithelial function, resulting in
increased intestinal permeability.32 The particular compo-
nents of the microbiome that promote disease and distin-
guish phenotypes are not well understood. In the current
work, we sought to identify and characterize microbial-
derived metabolites that contribute to colonic disease and
homeostasis.

Immunometabolism is an area of significant interest in
mucosal inflammation.33 Guided by an unbiased metab-
olomic profile of serum and colon tissue from healthy and
DSS-colitic mice, a significant shift in tissue-associated,
microbiota-derived indole derivatives was identified. This
study shows that tryptophan does not decrease in murine
colitis. In fact, tryptophan levels significantly increased in
colons of colitic mice. On the basis of these findings, we
believe the observed decrease of indole metabolites to be a
result of a selective depletion of tryptophan-indole metab-
olites due to dysbiosis, rather than poor absorption of
tryptophan.

Indole is produced from the action of microbial trypto-
phanase on tryptophan to produce indole, pyruvate, and
ammonia via a b-elimination reaction.34 Microbes that
express tryptophanase have the capacity to utilize trypto-
phan as a source of nitrogen, carbon, and energy.35 The
tnaA gene, encoding tryptophanase, is highly conserved
among Gram-negative indole-producing species, including
Citrobacter, Morganella, Klebsiella, Providencia, and
Haemophilus influenzae type b.36 The presence of tnaA is
strongly associated with virulence of H. influenzae.37 At
present, we do not know the nature of indole deficiencies
associated with active inflammation, though our work is
consistent with a study demonstrating that bacterial
fermentation metabolites are less abundant in patients with

The American Journal of Pathology - ajp.amjpathol.org
D compared with healthy controls.38 Additionally, Wlo-
arska et al39 have recently shown that microbes of IBD
atients have a reduced ability to cleave intestinal mucins
d metabolize tryptophan. Such a precedent exists for other
icrobiota-derived metabolites. For example, studies
vestigating dysbiosis in IBD have identified lower con-
ntrations of luminal short chain fatty acids and significant
epletion of butyrate-producing organisms (eg, specific
aecalibacterium and Roseburia genera) with active colonic
isease.40e42 It is therefore likely that the observed
ecreases in indole metabolism reflect inflammation-
sociated dysbiosis.
Some evidence exists that microbial-derived indole and
dole metabolites could be anti-inflammatory. For instance,
himada et al43 demonstrated that indole administration to
erm-free mice increased the expression of some epithelial
ght junction proteins and attenuated weight loss in a DSS
litis model. No mechanisms were evaluated to describe
ese changes elicited by indole. Moreover, Venkatesh
al44 have shown that IPA is a ligand for the pregnane
receptor (PXR) and promotes intestinal barrier integrity
rough down-regulation of epithelial TNFa, induction of
DR1, and regulation of epithelial junctional complexes. It
interesting to note that PXR, a member of the superfamily
f nuclear receptors, is under consideration as a novel drug
rget in IBD.45 Further, Wlodarska et al39 have shown that
e metabolite indoleacrylic acid promotes intestinal barrier
nction and mitigates inflammatory responses through
own-regulation of genes involved in inflammation and
xidative stress. Conversely, it is also notable that some
dole derivatives have also been shown to be nephrotoxic.
or example, Devlin et al46 recently identified a widely
istributed family of tryptophanases produced by
mmensal Bacteroides within the gut microbiota. They
emonstrate that microbe-derived indoles are modified by
e host to generate toxic renal levels of indoxyl sulfate and
at colonization with tryptophanase-deficient Bacteroides
ecreases systemic levels of indoxyl sulfate that may be
nal protective.
We translated these findings of shifts in indole meta-

olism from murine colitis to human subjects. This analysis
vealed, for the first time, that serum indole metabolites in
uman subjects with active UC revealed a remarkable
milarity to mice with active colitis, with the exception that
uman subjects were selectively deficient in IPA and not
dole or IAld. The reason for this selective loss of IPA in
umans is not known. It should be noted that indole and
dole metabolites are produced by different pathways and
ifferent bacteria. Because IPA is an indole derivative
njugated to propionate, and propionate is among the short
ain fatty acids that become depleted in active human
D,40 it is possible that this selective depletion of IPA is
plained by an IBD-associated dysbiosis that results from
e combined depletion of both short chain fatty acide and
dole-producing microbiota. Further studies will be
ecessary to define the nature of this observation.

Indoles and Intestinal Homeostasis

1191

http://ajp.amjpathol.org
http://ajp.amjpathol.org


174
Therapeutic administration of oral IPA was protective in a
murine model of colitis. Animals that received IPA not only
exhibited fewer physical signs of disease, but also had
significantly less damage to crypt structure and restricted
inflammatory infiltration. Indoles and other tryptophan
metabolites have been demonstrated to function as AHR
ligands.26,47,48 It is likely that as AHR ligands, these mol-
ecules directly influence the epithelial/immune cell axis. For
example, Zelante et al12 showed that IAld drives AHR-
dependent IL-22 production and mucosal protection.
Others have shown innate lymphoid cell AHR responses to
be protective in inflammation through the production of
IL-22.16 It is also noteworthy that intraepithelial lympho-
cytes localize in response to AHR stimulation by dietary
ligands,49 including specific CD4þCD8aaþ subsets of
intraepithelial T cells.50 The activity of AHR ligands on
intestinal epithelia is less well understood. We recently
demonstrated that similar to indole metabolites, other
tryptophan-derived metabolites, including kynurenine,
regulate epithelial IL-10R1 activity in an AHR-dependent
manner.23 Such activity was associated with protection in
colitis models and promoted epithelial wound healing.
These varied ligands suggest a promiscuous ligand-binding
pocket of AHR that is associated with agonistic activity.51

Moreover, these results suggest redundant mechanisms to
maintain expression of functional epithelial IL-10 receptors,
which have been shown to be essential for the development
and maintenance of barrier function.7

Finally, it is known that colitis occurs as the result of
immune cell responses to microbiota in susceptible hosts.52

These interactions are complex, involving multiple cell
types and a spectrum of metabolites. In this regard, the
contribution of cell types beyond the epithelium (eg,
immune cells) in regulation by bacterial-derived metabolites
in DSS cannot be ruled out. Rather, it is likely that these
metabolites have a plethora of actions on various cell types
in the mucosa. In our studies, we have limited this analysis
to the epithelium to allow for a deeper and more mechanistic
understanding of these signaling responses. These studies
provide strong evidence for the role of microbiota-derived
indole metabolites in anti-inflammatory pathways medi-
ated by IL-10 signaling in the intestinal epithelium. These
findings present new insight to our understanding of host-
microbial communication within the mucosa and identify
possible avenues for utilizing indoles as novel therapeutics
in mucosal disease.
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Long-term flow through human intestinal
organoids with the gut organoid flow chip
(GOFlowChip)†

Barkan Sidar, ab Brittany R. Jenkins, c Sha Huang,d Jason R. Spence, *de

Seth T. Walk*c and James N. Wilking *ab

Human intestinal organoids (HIOs) are millimeter-scale models of the human intestinal epithelium and hold

tremendous potential for advancing fundamental and applied biomedical research. HIOs resemble the

native gut in that they consist of a fluid-filled lumen surrounded by a polarized epithelium and associated

mesenchyme; however, their topologically-closed, spherical shape prevents flow through the interior

luminal space, making the system less physiological and leading to the buildup of cellular and metabolic

waste. These factors ultimately limit experimentation inside the HIOs. Here, we present a millifluidic device

called the gut organoid flow chip (GOFlowChip), which we use to “port” HIOs and establish steady-state

liquid flow through the lumen for multiple days. This long-term flow is enabled by the use of laser-cut

silicone gaskets, which allow liquid in the device to be slightly pressurized, suppressing bubble formation.

To demonstrate the utility of the device, we establish separate luminal and extraluminal flow and use

luminal flow to remove accumulated waste. This represents the first demonstration of established liquid

flow through the luminal space of a gastrointestinal organoid over physiologically relevant time scales. Flow

cytometry results reveal that HIO cell viability is unaffected by long-term porting and luminal flow. We

expect the real-time, long-term control over luminal and extraluminal contents provided by the

GOFlowChip will enable a wide variety of studies including intestinal secretion, absorption, transport, and

co-culture with intestinal microorganisms.

Introduction

Human intestinal organoids (HIOs) are millimeter-scale
experimental models of the intestinal epithelium.1–3 These
tissues are grown in the lab through directed differentiation
of human pluripotent stem cells (iPSC)1 and have become a
standard for basic and applied biomedical research.3–13 HIOs
are spherical in shape and consist of an inner, liquid-filled
space enclosed by a polarized epithelial shell that mimics the
cellular complexity of the intestinal epithelium. The shell is
comprised of several epithelial lineages, including stem cells,
progenitors, and absorptive enterocytes, as well as secretory

goblet, enteroendocrine, and Paneth cell precursors.1,14 These
cells are bound to one another through tight junctions and
thus provide a physical barrier between the lumen and the
outside environment. As in the human gut, the HIO barrier is
dynamic and both actively and passively mediates the
transport of molecules and water.15–17 Quite remarkably,
HIOs exist as topologically closed, self-contained systems for
human gut research.

HIOs are particularly useful for studying interactions
between bacteria and human host tissue. For example, the
natural microbial colonization of immature intestinal
epithelium, such as that in newborn infants, has been
modeled by co-culturing microorganisms inside HIOs3.
HIOs also represent a new and unconventional model for
understanding enteric dysfunction, which can be caused
by pathogenic bacteria and viruses.10–12 To study such
interactions, microbes have been injected into the luminal
space using a micropipette.3,10–12 After injection, the
epithelial shell rapidly heals, and both HIO and microbes
can be cultured together. The topologically closed surface of
the epithelial shell is beneficial in that it acts to contain the
microorganisms, thus allowing for short-term assays.
However, the human gut is not a closed system and transport

Lab ChipThis journal is © The Royal Society of Chemistry 2019
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into and out of the intestine is critical to clear human and
microbial cellular waste. The lack of liquid advection through
the luminal space in HIOs and other gastrointestinal
organoids leads to a buildup of waste and cellular debris that
can eventually lead to “popping” events.18 Thus, enclosed
HIOs do not adequately mimic natural luminal flow through
the human gut.

Short-term luminal flow has been established through
human gastric organoids (HGOs) for tens of minutes;19

however, to perform physiologically relevant experiments
such as real-time monitoring and control of luminal
contents, luminal flow must be established for multiple days,
and extending flow time by more than two orders of
magnitude presents significant engineering challenges. For
example, the flow of biological media in millifluidic devices
is plagued by the formation of bubbles, which disrupt the
luminal space and interfere with organoid imaging.20

Moreover, luminal waste that dislodges during long-term flow
leads to device clogging. These issues preclude long-term
imaging and require new engineering solutions. Without a
fluidic system that better reflects in vivo conditions with
controlled luminal flow over multiple days, new avenues of
long-term experimentation involving gastrointestinal
organoids will be limited.

Here, we present a multilayer millifluidic device used to
establish long-term internal liquid HIO flow in parallel with
external flow around the outer surface of the HIO. We call
this device the gut organoid flow chip (GOFlowChip). Internal
liquid flow allows for the removal of accumulated waste from
the lumen, while the extraluminal flow exchanges nutrients
and waste to mimic collection by mesenteric arteries and
portal vein transport. Luminal flow through the organoid is
provided by tapered glass capillaries, which are used to
puncture the HIO and establish flow for periods as long as t
= 65 h. This long-term flow is enabled by the use of laser-cut
silicone gaskets, which allow liquid in the device to be
slightly pressurized, suppressing bubble formation. Flow
around the outside of the organoid is provided by an
additional channel cut into the device. The seal which forms
at each puncture site is sufficient to maintain separation
between the inner and outer contents of the organoid under
physiologically relevant flow conditions. This device can be
used for a broad range of experimentation and imaging. For
example, independent control of luminal and extra-luminal
liquid flow allows for the introduction of molecules or
colloidal-scale objects, such as bacteria, into the luminal
space. Additionally, fine-scale control of HIO luminal flow
will enable continuous sampling of the luminal contents.

Background

HIOs are routinely grown from stem cells into multi-lineage,
millimeter-scale, enclosed spheres with an internal lumen
(Fig. 1A).1,2 The spheres are generated and propagated within
a bio-compatible hydrogel,21–23 and during growth are
exposed to growth factors necessary for cellular

differentiation and proliferation.13 HIOs are considered fully
differentiated once they have reached several millimeters in
diameter, which requires six to eight weeks of growth.
Functional and physiological assays conducted on HIOs at
this stage reveal the presence of brush borders on
enterocytes, production of mucin by goblet cells, peptide
transport systems, and barrier-forming tight junctions.13,24

HIOs older than eight weeks become dense with accumulated
waste and the epithelial shell can lose mechanical integrity.
HIOs can be maintained as long-term cultures for periods
longer than a year, but this requires periodically cutting open
mature spheres into individual pieces,25 which then reform
into intact, closed, spherical organoids.15,16 Thus, methods
for establishing control over luminal and extraluminal
transport are clearly needed.

A common approach for establishing well-defined flow
control within a tissue culture is to integrate the tissue into a
microfluidic or millifluidic device.26–28 This typically involves
directing microscale fluid flow together with engineered cell
scaffolds to replicate the structure and function of a specific
human tissue or organ. For example, human “organ-on-a-
chip” systems that are designed to replicate the kidney,29–32

heart,33–38 lung,39–45 intestine,40,46–52 liver,44,47,51,53–64 blood
vessels,42,43,65–67 bone,68–70 marrow,71 nerve,72–77 muscle78

and cornea79 have been developed. The exquisite control of
liquid flow provided by fluidic devices can be used to deliver
minute quantities of chemical or biological material with
spatial and temporal precision,27,28 allows for on-demand
monitoring and analysis of nanoliter and picoliter liquid
volumes,26 and can be used to maintain chemostasis.28

Most organ-on-chip systems use traditional cell cultures.
By contrast, the integration of organoid cultures into fluidic
systems has been limited. In one approach, cells from

Fig. 1 Time-lapse microscopy imaging of a human intestinal organoid
(HIO) reveals waste accumulation. (A) Image series. Closed-shell
structure formed by an HIO. The epithelial sheet acts as
semipermeable membrane, limiting transport between the luminal and
extraluminal space. In the early stages of organoid growth, HIOs are
optically transparent, but cellular debris accumulates over time (black
arrows). Scale bar represents 1 mm. (B) Image series. High
magnification time-lapse images of small debris (black arrows)
sloughing off the inner surface and settling to the bottom of the
interior space. Images are separated by 1 h each. Scale bar represents
0.1 mm. (C) After 130 h, the HIO from (A) has darkened significantly
and waste has continued to accumulate in the luminal space.
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disrupted human gastrointestinal organoids have been
templated with microfluidic channels:80,81 a promising
method that controls organoid structure and provides access
to the luminal space. In another approach, preformed
organoids including liver, cardiac, and vascular organoids
were combined into a single, circulatory microfluidic system
to create a “body-on-a-chip” platform.82,83 The use of intact,
preformed organoids precludes the use of artificial
scaffolding and allows the tissue culture to form in an
environment more representative of in vitro conditions before
integration into the chip; however, for gastrointestinal
organoids, access to the luminal space remains challenging.
Short-term luminal flow has been established through
human gastric organoids (HGOs),19 but the time scale of flow
has been limited, and the impact of luminal flow on
organoid viability is not clear. A fluidic device capable of
establishing long-term flow through gastrointestinal
organoids is still needed.

Results and discussion

To demonstrate the transport limitations caused by the
closed epithelial shell, we follow the accumulation of waste
inside the lumen of an HIO over several days using time-
lapse light microscopy. Our imaging reveals that colloidal-
scale cell debris sloughs off from the inner surface of the
HIO and settles to the bottom of the lumen where it remains
for multiple days (image series, Fig. 1A and B and Video S1†).
As waste builds, HIOs eventually darken and become
optically opaque, as shown by the image in Fig. 1C. While
the images in Fig. 1 provide a visual depiction of waste
accumulation, dissolved molecular-scale waste, and
metabolites which are not visible also likely accumulate due
to the semipermeable nature of the epithelial shell.13,15–17,24

Accumulation of waste impacts organoid viability and
physiology and limits the time period over which organoids
remain viable for experimentation.13

To establish real-time control over luminal contents, we
develop a chip-based fluidic device for establishing luminal
liquid flow. Mature HIOs are millimeters in diameter; so, a
fabrication method capable of generating a device with
millimeter-scale features and channels is needed. To achieve
device features at this scale, we use a laser to cut thin acrylic
sheets into precise shapes. Our device consists of three layers: a
middle layer containing the organoid and a channel for
extraluminal flow, and an upper and lower layer which enclose
the middle layer (Fig. 2A). These layers are then sandwiched
together to form a three-dimensional millifluidic device
(Fig. 2B). Thin, laser-cut silicone rubber sheets are also included
between acrylic layers to seal the device and prevent leaking.
Holes in the upper acrylic layer allow for the introduction of
liquid into and out of the upper (extraluminal) flow channel,
and the bottom layer forms the floor of the device. Laser-cut
cylindrical side channels with long axes normal to the side walls
of the device and perpendicular to the layer plane (Fig. 2C) allow
for tapered glass capillaries to be inserted into the HIO. Luminal

flow is established in one of two ways: using a single double-
lumen capillary (Fig. 2D, bottom) or two single-lumen capillaries
(Fig. 2D, top). Laser-cut silicone rubber gaskets are used on the
sides as compression seals to prevent leakage. The modular
design of the device allows each layer to be designed
independently and the device to be disassembled and
reassembled for sterilization and repeated use. The transparency
of the acrylic allows for optical imaging of a ported HIO.

To establish flow through an organoid, the lower and
middle layers (Fig. 2A) are assembled under sterile
conditions. An HIO embedded in Matrigel is then placed in
the circular well formed by the two layers, and the organoid
is punctured on one or two sides by manipulating tapered
capillaries using independent three-axis micromanipulators.
An HIO before and after puncturing is depicted in
Fig. 3A and B, respectively. Most organoids, when punctured,

Fig. 2 Multilayer millifluidic chip for establishing distinct luminal and
extraluminal flow. (A) The device is composed of three layers. The HIO
is contained in a central well in the middle layer. Extraluminal flow is
guided by an engraved channel in the top layer just above the
organoid. The bottom layer encloses the bottom of the device. Arrows
indicate laser-cut silicone gaskets. (B) Orthogonal view of the
assembled device with fluidics assembled for extraluminal flow but no
capillaries yet inserted for HIO porting. (C) Side view of the assembled
device with the side port gasket (white) clearly visible. (D) Illustrations
highlighting two different configurations for HIO porting. Upper:
Porting with a single, double-lumen capillary (green-red). Lower:
Porting with two, single-lumen capillaries (red and green).

Fig. 3 HIO porting process. (A) Microscopy image of HIO in an
assembled device before puncturing with capillaries (c1, c2). (B) Image
of the same HIO after puncturing on either side. The diameter of the
circular well in (A) and (B) is 4 mm.
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deflate slightly but do not immediately collapse. This is due
to the fact that the outer surface of the organoid attaches to
the surrounding Matrigel through cellular adhesions.
Matrigel is viscoelastic with a characteristic relaxation time
on the order of tens of minutes, which provides sufficient
time to puncture both sides and establish flow. We find that
HIOs with diameters between 2 mm and 3 mm are ideal for
porting in our device; HIOs with diameters larger than 3 mm
typically have a large amount of accumulated waste, which
leads to clogging of the outlet capillary, and organoids with
diameters smaller than 1 mm are difficult to manipulate with
our current setup. While this lower size limit precludes the
use of mouse organoids and human organoids derived from
primary tissues, which are an order of magnitude smaller in
diameter than HIOs derived from iPSCs,18,25 a smaller
version of a GOFlowChip imaged with appropriate optics
could be used to port organoids and spheroids with sub-mm
scale sizes. After the HIO is punctured, the upper layer is
added to the assembly, and the device is sealed by
compression. To drive luminal liquid flow through the HIO,
the outer ends of the glass capillaries are attached through
microfluidic tubing to computer-controlled syringe pumps,
two of which provide independent control over the infusion
and withdrawal of liquid from the organoid. To drive liquid
flow through the extraluminal flow channel, ferrules inserted
into the top layer of the chip (Fig. 2A–C) are connected
through microfluidic tubing to other computer-controlled
syringe pumps. A detailed description of the loading and
assembly protocol, including the most commonly
encountered problems, is included in ESI† along with the
design files needed to fabricate the device.

A ported HIO will ideally possess the same barrier
integrity found in the native gastrointestinal tract. In an
unported HIO, barrier integrity is maintained by the
epithelial shell via intact cellular tight junctions; however,
when the shell is punctured, integrity is contingent on the
formation of a seal at the puncture site. To test the seal of a
fully ported HIO, we pressurize the HIO by flowing liquid
through the left-side capillary, c1 (qin = 5 μL h−1) while
suppressing liquid outflow through the right-side capillary,
c2 (qout = 0). Thus, a seal forms at the puncture site which
allows for dramatic inflation without any leakage of liquid
even over several hours, as shown by the series of images in
Fig. 4A (Video S2†). High-resolution imaging suggests that
Matrigel plays a role in maintaining this seal by closing
around the capillary until the ruptured epithelium regrows
and adheres to the capillary. This is not surprising, given that
gut organoids are commonly punctured, injected with
material, and the capillary removed without observable
deflation or ejection of luminal contents.12 We note that the
temporary barrier provided by Matrigel differs from that
provided by intact epithelium; while Matrigel suppresses
liquid flow and the diffusion of colloidal-scale objects,84

molecules smaller than the mesh size of the gel (ξ ≈ 10 nm)
diffuse through the gel.85 Thus, for experiments where
barrier integrity immediately following HIO puncture is

critical, the nature of the seal and time needed to ensure
complete epithelium healing should be investigated further.
To establish luminal flow and verify the integrity of the
ported seal, we design a flow sequence that should result in
organoid inflation and deflation. The inflation condition is
achieved by infusing liquid media through c1, while
preventing flow through c2, resulting in a positive net flow of
media into the organoid, Δq. Here, Δq = qin − qout, where qin
is the total flow rate into the organoid and qout is the total
flow rate out of the organoid. The deflation condition is
achieved by withdrawing liquid from c2, while preventing
flow through c1, resulting in a negative net flow of liquid (qin
< qout). We initiate this flow sequence, alternating between
the two flow conditions, and observe that the organoid
undergoes striking volume changes in response to flow, as
depicted by the series of images in Fig. 4B and C (Video S3†).
To quantify this volume change, we plot the net imposed flow
rate as a function of time (Fig. 4D, top plot) along with the
maximum diameter of the organoid measured along the
y-axis as a function of time (Fig. 4D, bottom plot), and
observe that the diameter changes consistently in response to
the imposed flow. This represents, to our knowledge, the first

Fig. 4 Demonstration of puncture seal and luminal flow. (A)
Microscopy image series. An HIO punctured on both sides and
subjected to a net influx of liquid (qin = 5 μL h−1; qout = 0 μL h−1) swells,
but no leaking of liquid at the puncture site is detected. (B) Microscopy
image series. An HIO punctured on both sides swells as aqueous
media is infused from the left capillary (qin = 5 μL h−1). No liquid is
removed from the HIO through the right capillary (qout = 0 μL h−1).
Time between images is 20 s. (C) Microscopy image series. The HIO
shrinks as media is withdrawn through the right capillary (qout = 5 μL
h−1; qin = 0 μL h−1). Images in each series (B and C) are separated by Δt
= 20 s. (D) Upper plot. Net flow of media, Δq = qin − qout, into or out of
the HIO is plotted as a function of time. Lower plot. Corresponding
change in HIO diameter, d (y-axis) as a function of time in response to
infusion and withdrawal.
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demonstration of luminal flow through a topologically closed
gastrointestinal organoid.

For long-term experimentation, the chip must be capable
of maintaining luminal flow through an HIO for hours and
even days. In preliminary attempts, we find that establishing
flow for this length of time is limited mainly by clogging of
the exit capillary. Clogging presents a problem because
syringe pumps are flow rate-controlled rather than pressure-
controlled and thus insensitive to pressure buildup in the
HIO; if blockage of the exit capillary occurs, liquid is driven
into the HIO until it ruptures. To mitigate this, we explore a
range of exit tip diameters (20 μm ≤ d ≤ 120 μm) and find
that for fully differentiated organoids containing a significant
amount of waste, an exit capillary with a tip diameter d ≈ 80
μm and a flow rate qout ≤ 5 μL h−1 is ideal; capillaries with
smaller tip diameters tend to clog, and capillaries with larger
tip diameters are difficult to puncture HIOs. We also find
that during long-term experiments bubbles form in the
overflow liquid, which negatively impacts image quality and
HIO barrier integrity. Thus, to suppress bubble formation, we
pressurize the liquid slightly by constricting the outlet of the
overflow liquid (see Experimental). After significant
optimization we regularly establish steady-state flow through
HIOs for t ≥ 65 h using both the single, double-lumen
capillary and double, single-lumen capillary porting methods

(Videos S4 and S5†); longer flow experiments could be
achieved but we were limited by microscope access in our
shared facility. Luminal flow on the order of days will enable
a wide variety of future experiments.

A continuous luminal flow could be used to introduce
materials to the lumen or remove and sample luminal
contents. To demonstrate the value of luminal flow, we port
an HIO containing significant accumulated waste and use
flow to remove waste. The HIO is ported using capillaries
with tip diameters c1 = 40 μm and c2 = 80 μm, steady state
flow is established by setting flow into and out of organoid
equal (qin = qout = 5 μL h−1), and the organoid is imaged for
20 h. During this time, the organoid undergoes significant
fluctuations, moving in and out of our objective focus (Video
S6†); however, no leaking, signs of cell death, or loss of
barrier integrity are observed. At the 20 h mark, when the
microscope is refocused, it is apparent that the HIO has
clarified, and that waste is being removed by liquid flow
through the exit capillary (Fig. 5A). The organoid continues
to clarify over the next 7 hours as depicted by the series of
microscopy images in Fig. 5B–D. Waste is observed exiting
the organoid through c2. Images of the flow profile along c2
reveal the movement of large objects moving from left to
right as they are carried by liquid flow, as shown by the series
of microscopy images in Fig. 5E (Video S7†). To determine
the velocity of waste exiting the HIO, we measure the
intensity profile along the center of the capillary as a function
of time and plot the data as a kymograph in Fig. 5F. In this
format, the y-axis represents the grayscale pixel intensity
along a horizontal line bisecting the images in Fig. 5E, and
the x-axis represents time. Thus, the lines moving from the
bottom left to the upper right represent the movement of
objects from left to right within c2, and the slope of these
lines provides their velocity. The dark line represents the
large piece of waste depicted by the image series in Fig. 5E
with a velocity, v = 27 μm s−1. The green crosses in Fig. 5E
represent the positions associated with the pixels marked by
the green crosses in Fig. 5F. This result demonstrates
qualitatively that luminal flow can be used to perform a
useful function: the removal of accumulated waste.

Ideally, flow through a ported HIO will mimic flow
through the human gut. The topology of a dual-ported HIO,
with an inlet and outlet on opposing sides, is identical to that
of the gut, but the dimensions and aspect ratio differ
significantly. A dual-ported HIO is a short tube with equal
diameter and length (d ≈ 3–5 mm); by comparison, the
lumen of the human intestine is an order of magnitude wider
in diameter (d ≈ 2–3 cm), and the length of the human
intestine is three orders of magnitude longer (ℓ ≈ 2–3 m)
than an HIO. Because of these differences in size and aspect
ratio, matching the volumetric flow rate would result in flow
conditions that are unrealistically fast, which could result in
the removal of not just waste, but also key molecules that are
critical to epithelial health and function. Instead of flow rate,
liquid velocity, v appears to be the relevant parameter as it
controls the rate at which materials are transported to and

Fig. 5 Clearing waste with luminal flow. (A) Microscopy image series.
Steady state luminal flow is established in an HIO with significant
waste accumulation by setting qin = qout = 5 μL h−1. Flow is from left to
right. After 20 h, the HIO is still viable, and no blebbing or leaking is
observed. (B–D) Over time, the HIO becomes more transparent as
waste is carried by liquid flow through c2. Images correspond to
region in (A), red dashed box. The clarified region of the lumen is
labeled in (D). (E) Series of images of c2 depict movement of the waste
exiting the organoid from left to right. Images correspond to region in
(D), blue dashed box. (F) Kymograph representing the intensity profile
along a line in the center of the channel in c2 (E) is plotted (y-axis) as a
function of time (x-axis). The dark line indicated by the green crosses
represents a large piece of waste moving from left to right along the
channel. The scale of the y-axis represents 150 μm and the scale of
the x-axis represents 150 minutes. The slope of the line represents the
velocity, v = 27 μm s−1.
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from the inner wall of the epithelium, as well as determining
the stress exerted by the luminal contents on the inner lining
of the gut, which is critical for gut physiology. The average
velocity through the human gut is reported to be on the order
of 0.4 mm s−1.86,87 For comparison, the average velocity in
our pulsatile experiment (Fig. 3), where q = 25 μL min−1, d =
2r ≈ 1.5 mm, is v = q/πr2 ≈ 0.24 mm s−1. Thus, the luminal
flow velocity through our HIOs is comparable to that in the
human gut. We note that the shear stress exerted by luminal
contents on the inner wall of the gut is also governed by the
topography of the gut lining and the rheological properties of
the material in the lumen, and the impact of these
parameters on HIO physiology warrant further investigation.

Similarly, flow outside a ported HIO should ideally mimic
flow around the outside of the human gut. To determine the
relevant range for extraluminal flow in our HIO chip, we
begin by considering the frequency of media exchange
needed to maintain HIOs under standard culture conditions.
Cultured HIOs require media replacements of 50 μl per HIO
every 48 h, which is approximately equal to 1 μl h−1 of
continuous flow in our chip for a single HIO. In the native
human gut, the transport of blood through gut tissue is on
the order of 10 μl h−1 mg−1 of tissue, which corresponds to
continuous flow on the order of 10 s of μl h−1 in our chip for
a single HIO (see Experimental). For practical purposes, in
the experiments described here we use flow rates in the range
50 μl h−1 ≤ q ≤ 300 μl h−1, but to explore the impact of
extraluminal flow on HIO physiology, q could be significantly
reduced. In the future, additional changes could be made to
mimic physiologically relevant conditions. For example,
media composition could be altered such that oxygen-poor,
nutrient-rich liquid is delivered to the lumen and oxygen-
rich, nutrient-poor liquid is delivered to the basolateral
surface. Additionally, the structure of the material around the
HIO could be engineered to mimic the complex, layered
tissues around the native gut, which govern liquid flow and
transport and contain vasculature.

To determine if puncturing the epithelium and
subjecting HIOs to long-term luminal and extraluminal flow
adversely affects HIO viability, we perform measurements of
cell viability using flow cytometry. Ported HIOs subjected to
flow for t = 65 h are removed from the device, individually
dispersed as single cell suspensions, stained with a
fluorescent indicator of membrane integrity (intracellular/
extracellular amines stained with a Live/Dead cell stain,
ThermoFisher Inc.) that differentially labels viable and
nonviable cells, and assayed using flow cytometry (see
Experimental). A histogram of stain fluorescence intensity
reveals a bimodal distribution (Fig. 6A), representing the
fraction of live and dead cells from each HIO. When the
data are compared (Fig. 6C), we find that the fraction of
dead cells in ported HIOs (mean ± SD: 0.1296 ± 0.063, n =
3) was not statistically different from our two controls:
unported HIOs assayed individually (0.1555 ± 0.1115, n = 4)
and unported HIOs combined and assayed together (0.177
± 0.0512, n = 3) (ANOVA: F2,7 0.64, P = 0.55). This critical

experiment and positive result support our microscopy
observations that HIO viability is not adversely affected by
porting and luminal flow. In the future, the impact of flow
velocity, luminal content rheology, and nutrient
concentration on gene expression, cellular differentiation,
and cellular proliferation should be investigated to
determine how these parameters impact the distribution of
cell types and behaviors in an HIO.

Flow cytometry can also provide a measure of insoluble
cellular debris; particles with low intensity forward and side
scattering are characteristic of suspended particles with sizes
smaller than a cell (Fig. 6B). When these data are compared
(Fig. 6D), we also find that the fraction of scattering events in
ported HIOs corresponding to cellular debris (mean ± SD:
0.098 ± 0.01, n = 3) was not statistically different from
controls: unported HIOs assayed individually (0.1415 ± 0.07,
n = 4) and unported HIOs assayed collectively (0.1133 ±
0.0522, n = 3) (ANOVA: F2, 7 = 1.42, P = 0.30). While this is
somewhat surprising given the dramatic removal of luminal
waste depicted in Fig. 5, it could be that luminal HIO waste
is solubilized during preparation for flow cytometry and no
longer scatters light. It is also possible that even though more
debris is being removed, the epithelium is producing more
waste because it is more active in the ported state.

Fig. 6 Flow cytometry results show that HIO viability is not adversely
affected by porting and luminal flow. (A) Representative flow
cytometry histograms of near-IR fluorescence intensity (APC-Cy7-A)
from homogenized HIOs reveal two populations of cells: live (low
intensity) and dead (high intensity). (B) Forward (FSC) and side (SSC)
scattering at low intensities provide a measure of cellular debris as
indicated by the black box and percentage values. (C) The average
percent of dead cells present in HIOs that were either unported or
ported, as determined by the LIVE/DEAD cell staining data represented
in (A). (D) The average percent of cell debris present in HIOs that were
either unported or ported, as determined by the scattering data
represented in (A).
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Regardless, it is clearly apparent from microscopy that
luminal material is being removed by the porting and flow
process in manner which is physiologically relevant. In the
future, more specific chemical or biochemical assays for
quantifying the luminal concentrations of specific metabolic
byproducts and waste as a function of luminal flow should
be explored.

We expect that the results presented here will enable a
wide variety of experiments. Luminal flow provides a means
of introducing materials to the luminal space as well as
extracting materials from this space; so, the device will be
ideal for experiments exploring the establishment and
stability of the microbiome, including the introduction of
microbes, monitoring microbial dynamics with fluorescence
microscopy, and detecting the presence of detached microbes
and dissolved waste products and metabolites in the luminal
effluent. In addition, maintained barrier integrity and
independent control of luminal and extraluminal liquid
streams will allow researchers to explore the transport of
substances across the epithelial shell. For example, the
absorption of nutrients and pharmaceutical compounds from
the lumen through the apical surface of the epithelium could
be explored. Inversely, the excretion of materials such as
mucus and fluid into the lumen could also be studied. The
functionality of the millifluidic chip presented here could be
enhanced through the integration of a variety of soft, PDMS-
based microfluidic modules such as flow-focusing drop
makers and detection and sorting capabilities.88,89 While the
design presented here could be parallelized to port small
numbers of HIOs, the delicate porting process is not
amenable to high-throughput testing. Truly massive
parallelization would require the development of an
automated porting method as well as improvements in HIO
culture techniques to generate large numbers of HIOs with
monodisperse sizes.

Conclusions

In conclusion, the gut organoid flow chip (GOFlowChip),
presented here represents the first device engineered to
establish liquid flow through the lumen of a gastrointestinal
organoid for multiple days. This is achieved by pressurizing
the device to suppress bubble formation and optimizing
device design to prevent clogging. While the limits of HIO
culturing and experimentation have not been fully explored,
this prototype provides a significant advancement by
mimicking a critically important physiologic parameter of the
human gut: long-term luminal flow. Moreover, the chip holds
several other advantages over previous gut organoid chip
designs: the multilayer design allows for straightforward
assembly, disassembly, sterilization, and reuse; a seal which
forms at each epithelial puncture site allows for independent
control of luminal and extraluminal liquid flow conditions,
and biological assays of cell viability confirm the long-term
viability of HIOs in the device. Thus, the GOFlowChip opens

the field for broader application of HIO models in
biomedical research.

Experimental
Device fabrication

Multilayer devices composed of three distinct layers and
silicone rubber gaskets were cut from clear cast acrylic plastic
sheets (McMaster Carr; dimensions: 12″ × 12″) and silicone
rubber sheets (McMaster Carr, Durometer 40A, White;
dimensions: 12″ × 12″, 1/16″ thickness) using an automated
laser cutter (Universal). Top and bottom layers were cut from
sheets with thicknesses of h = 2.0 mm and h = 1.5 mm,
respectively. The middle layer was cut from h = 4.5 mm thick
sheets. Layers and gaskets were designed using AutoCAD
software and design files are included in the ESI† section.
Layers were sealed through gaskets between each layer and
compressing the assembled layers using nuts and bolts
(McMaster Carr; 316 stainless steel, M3 × 0.3 mm thread, 10
mm length). For the single-lumen, two capillary setup;
tapered glass capillaries for puncturing the HIOs were
created by pulling thin-wall borosilicate glass capillaries
(World Precision Instruments TW150-6) using a micropipette
puller (Sutter Instruments, P-97). Capillaries with tip
diameters between 40 μm and 80 μm and taper lengths of 4
mm and 3.5 cm were used. For dual-lumen, single capillary
setup; septum theta borosilicate glass capillaries (World
Precision Instruments TST150-6) were pulled in the same way
to obtain a 100 μm tip with 3 mm taper length. Capillaries
were mounted to three-axis translational micromanipulators
(Quater Research; XYZ 300 ML) with capillary holders
designed in Fusion 360 and 3D printed using SLA 3D printer
(see design files) for precision control during organoid
puncturing.

Liquid flow

Luminal and extraluminal liquids were introduced to the
device by connecting liquid-filled syringes (Hamilton 500
μL and BD 10 mL, respectively) fitted with blunt-tip
stainless steel dispensing needles (McMaster Carr; luminal
flow: 26 gauge and 17; extraluminal flow: 16 gauge) to
medical grade polyethylene micro-tubing (Scientific
Commodities Inc., PE/9, ID = 1.40 mm, OD = 1.91 mm).
For luminal flow, tubing was connected to the non-
tapered ends of the glass capillaries. For extraluminal
flow, tubing was connected to blunt-tip stainless steel
dispensing needles (McMaster Carr, 90° angle, 20 gauge)
inserted into holes in the upper layer of the device. Both
luminal and extraluminal liquid flow was driven by
programmable, computer-controlled New Era NE-1000
syringe pumps for precise delivery and withdrawal of
small volumes of liquid. For short-term periodic flow
experiments, phosphate-buffered saline (PBS) was used for
both luminal and extraluminal flow. For long-term, steady-
state flow experiments, HIO growth media was used for
both luminal and extraluminal flow. To establish a
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baseline for extraluminal flow, we estimate the transport
of blood through gut tissue in the native human gut.

We estimate cardiac output to be 5 L min−1 of which 20%
is shared between the spleen, liver, stomach, small intestine
and large intestine which are approximately 5 kg in total.90–93

This corresponds to approximately 10 μl h−1 mg−1 of tissue.
The HIOs used in our experiments contain tissue mass on
the order of 2–5 mg, so we estimate the baseline for
extraluminal flow to be 20–50 μl h−1.

Sterilization

The glass transition of the cast acrylic sheets is below our
autoclave temperature range (T ≈ 121–132 C), so sterilizing
the millifluidic device using heat is not feasible. Instead, the
device was sterilized by disassembling individual layers and
soaking them in pure ethanol for five minutes, followed by
rinsing in autoclaved distilled water. After assembly, the
device and associated tubing and connectors were again
flushed with pure ethanol followed by autoclaved distilled
water.

Bubble suppression

The pressure required to drive liquid flow through a
microfluidic device is usually sufficient to suppress air
bubble formation in the device; however, this is not the case
for millifluidic devices. To suppress bubble formation, we
pressurized the liquid by attaching a tapered capillary at the
outlet of the overflow channel. We observed that flow rates of
100–150 μl h and exit tip diameters of 40–60 μm
corresponding to pressure drops of 70–140 Pa were sufficient
to suppress bubble formation during multiday flow
experiments.

Imaging

Time-lapse video microscopy measurements were performed
using a laser scanning confocal microscope (Leica SP5 II)
equipped with an environmental control chamber (Life
Imaging Services) maintained at 37 °C. Fluorescence and
brightfield images were collected with 10× air objective (Leica
506 505, HC PL Fluotar 10×/0.03) and 1.25× air objective
(Leica 506 215, HCX PL Fluotar 1.25×/0.04). Time-lapse
measurements were also collected using a stereomicroscope
(Leica, M205 FA) equipped with color CMOS video camera
(Leica, DFC3000 G). After collection, images were processed
and analyzed using IMARIS, MetaMorph and ImageJ image
analysis software.

Organoid culture

Derivation and maintenance of HIOs followed published
protocols.1,25 Briefly, HIOs were embedded in Matrigel (BD
Biosciences) and overlaid with Advanced DMEM-F12 medium
(Invitrogen, Carlsbad, CA) containing 1× B27 supplement
(Invitrogen), 1× GlutaMAX (Life Technologies, Carlsbad, CA),
10 μM Hepes, 10% pen/strep, 100 ng mL−1 rhNoggin (R&D

Systems), 100 ng mL−1 epidermal growth factor (R&D
Systems), and approximately 500 ng mL−1 R-Spondin1
(RSPO1). RSPO1 was obtained from conditioned media
collected from a HEK293 cell line that was stably transfected
and zeocin-selected for the RSPO1 expression vector. Media
was changed every two to four days, and HIOs were
transferred to fresh Matrigel once a week until they reached
approximately 2 to 3 mm in diameter for experiments. This
size was reached on average 48 days after initial spheroid
formation.

Cell viability and cellular debris assays

Cell viability and cellular debris assays were determined
using a LIVE/DEAD Fixable Dead Cell Stain Kit
(ThermoFisher) and flow cytometry. Ported HIOs were
collected after being subjected to luminal flow for t ≥ 65 h
and preparation of the HIOs for the LIVE/DEAD stain
occurred within 1 hour of collection. To disperse HIOs as
single-cell suspensions, individual HIOs were washed with
PBS, incubated in 0.25% trypsin–EDTA, and subjected to
mechanical shear by passing the HIO through a P1000
pipette tip or 21 gauge needle. Cells were then washed in
PBS, incubated with fluorescent dye, and fixed with
formaldehyde following the manufacturer's instructions. Cell
viability, as determined by near-IR fluorescence intensity, was
quantified using a LSRFortessa flow cytometer, fluorescence-
activated cell sorting (FACS), and FACSDiva software (BD
Biosciences). Gating single cells was based on forward and
side-scatter profiles using an isotype control made from a
pooled sample of four unported HIOs that were maintained
under static cell culture conditions. The percentages of live
and dead cells were determined by using the manufacturer's
recommended settings and guidelines. After removing
doublets and cell clumps from analysis, infrared staining was
analyzed to determine the best fit of separation between live
cells and dead cells, which are represented by low and high
APC-Cy7-A emission intensity, respectively. As an additional
control, unported HIOs similar in size and age to the ported
HIOs were collected and analyzed individually following the
protocol above.

Statistical analysis

A one-way ANOVA with multiple comparisons was performed
to test statistical differences between the means of three
groups: unported, pooled HIOs; unported, single HIOs; and
ported HIOs.
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CHAPTER SIX 

CONCLUDING REMARKS 

Chapter One 

 In the first chapter an overview of the intestinal mucosa was provided. The structure and 

function of the intestinal epithelium is impressively dynamic and interactive, where it is 

constantly sensing and responding to changes in the environmental milieu of the lumen. Immune 

cells in close proximity to intestinal epithelial cells (IECs) and microbes that either are passing 

through or inhabit this space for longer all contribute to homeostatic functions as well as 

inflammatory and restorative responses when the ecosystem equilibrium is off balance. IBD and 

colorectal cancers are highly consequential intestinal diseases and elucidating the roles that 

different mucosal communities (IECs, immune cells, gut microbes) play in exacerbating and 

ameliorating these diseases is of utmost importance, potentially providing insights into 

therapeutics. The preceding sections introduced IL-10R and AHR signaling pathways and 

organoid study systems were reviewed to set the stage for the subsequent chapters. 

Chapter Two  

 IL-10 signaling has been studied extensively and is shown to be crucial in protective 

functions in the IEC and immune cell compartments. Yet, there is a paucity of data on the role of 

IL-10 signaling in IEC-specific proliferation and differentiation. The submitted manuscript 

provided in this chapter addresses this gap in the field. The main findings show that diminished 

IL-10R1 signaling in mouse colon epithelium and in human T84 cells results in drastic 
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alterations in IEC lineage fate with evidence for goblet cell hyperplasia and hyperproliferation 

while reducing major absorptive cell markers. Alterations in signaling involving Wnt antagonists 

(Dkk1 and Olfm4) and JAK/STAT3 (downstream of IL-10R) may partially explain these 

aberrant gene and protein expression profiles.  

Chapter Three 

 A similar approach to the study presented in Chapter 2 was taken to elucidate the role of 

AHR signaling in IEC proliferation and differentiation. In addition to T84 and mouse AHR-

deficient models, human and mouse colonoids were also employed to improve the ‘broad 

robustness’ of our question in different study systems. Given that AHR ligands exert differing 

effects, we chose to perform in vitro treatments with microbe-derived tryptophan metabolites 

that have not been studied in this context previously. Considering this is still in preparation for 

submission to a peer-reviewed journal, there are many trends that emerged and held true when 

AHR signaling was diminished. Mainly, markers representing the absorptive lineage increased 

while goblet cell phenotypes were less prevalent, and data indicated reduced proliferation. These 

patterns varied between female and male mice and were context dependent (i.e. homeostatic state 

vs. inflammation in vivo; presence/absence of ISC growth factors in colonoid media). Additional 

analyses including Ki-67, AB-PAS, and MUC2 IF +16S rRNA FISH co-staining with mouse 

colon tissue and IPA/IAld treatments with h-colonoids will be performed prior to submission. 

Another on-going project is the contribution of different gut microbiomes to AHR-IEC 

differentiation dynamics. Preliminary data comparing this dataset to a dataset collected from a 

different IEC-AHRfl/fl colony (same genetics but different microbiomes) shows differing effects 

of AHR ablation on these cellular processes. Sequencing data for the 16S rRNA gene from these 
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different mouse colonies is currently in the que. This could result in an additional manuscript 

addressing the interplay of the gut microbiome in AHR-dependent IEC differentiation and 

renewal.   

Chapter Four 

 As a new graduate student, I started out with the question “Do microbial tryptophan 

metabolites modulate IL-10R signaling in an AHR-dependent manner?”.  Preliminary research 

provided in Chapter One pointed to “yes”. However, IL-10R responses in T84 cells and HIOs 

were ligand and time dependent. Additional experiments in collaboration with Erica Alexeev and 

colleagues from the University of Colorado resulted in a publication demonstrating that these 

metabolites not only increased IL-10R1 expression in vitro but also enhanced expression in the 

murine gut and provided protection against DSS-induced colitis. Although this work came before 

the studies conducted for Chapters 2 and 3, this publication nicely ties together the interplay 

between these two signaling pathways that were explored separately in the previous 

chapters/manuscripts.  

Chapter Five   

 The last chapter in this dissertation contains the publication demonstrating that HIOs can 

be ported using the GOFlowChip to introduce media into the luminal space, providing a solution 

to a major challenge faced in the organoid field. This was a collaborative effort between the 

Wilking (bioenginners), the Walk (microbiologists), and the Spence (stem cell scientists that 

make many different organoid systems) labs, and is a great example of how biologists and soft-

material bioengineers work together to develop innovative platforms for conducting science. 
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This apparatus is not only cool because of its catchy name, but also because it will allow 

researchers to introduce compounds and microbes into the luminal space over time instead of 

performing tedious injection experiments that are typically a one-time/end-point application. 

Currently, additional modifications to the apparatus are being made to improve porting 

efficiency and stability of the organoid tissue over time, to allow adaptation for smaller 

enteroid/adult stem cell-derived systems, and for high throughput applications.   

 Overall, it is with high hopes that these studies improve our understanding of how 

specific signaling pathways shape intestinal homeostasis. Many intestinal diseases are 

multifactorial in their origins and susceptibility determinants, likely due to the ever-changing 

mucosal environment and cross-talk between host and microbial symbionts. Therefore, it is 

especially difficult to treat diseases like IBD and bowel-associated cancers. Current therapies 

lack long-term efficacy. Probing these types of interactions at this particular mucosal surface is 

challenging given the enormous number of variables and potential players involved, but it is also 

a rapidly evolving field of study that continues to provide insights and applications geared 

towards improving human health and quality of life.     
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Swain SD, Grifka-Walk HN, Gripentrog J, Lehmann M, Deul-
ing B, Jenkins B, Liss H, Blaseg N, Bimczok D, Kominsky DJ. Slug
and Snail have differential effects in directing colonic epithelial
wound healing and partially mediate the restitutive effects of butyrate.
Am J Physiol Gastrointest Liver Physiol 317: G531–G544, 2019. First
published August 8, 2019; doi:10.1152/ajpgi.00071.2019.—Restitu-
tion of wounds in colonic epithelium is essential in the maintenance of
health. Microbial products, such as the short-chain fatty acid butyrate,
can have positive effects on wound healing. We used an in vitro model
of T84 colonic epithelial cells to determine if the Snail genes Slug
(SNAI2) and Snail (SNAI1), implemented in keratinocyte monolayer
healing, are involved in butyrate-enhanced colonic epithelial wound
healing. Using shRNA-mediated Slug/Snail knockdown, we found
that knockdown of Slug (Slug-KD), but not Snail (Snail-KD), impairs
wound healing in scratch assays with and without butyrate. Slug and
Snail had differential effects on T84 monolayer barrier integrity,
measured by transepithelial resistance, as Snail-KD impaired the
barrier (with or without butyrate), whereas Slug-KD enhanced the
barrier, again with or without butyrate. Targeted transcriptional anal-
ysis demonstrated differential expression of several tight junction
genes, as well as focal adhesion genes. This included altered regula-
tion of Annexin A2 and ITGB1 in Slug-KD, which was reflected in
confocal microscopy, showing increased accumulation of B1-integrin
protein in Slug-KD cells, which was previously shown to impair
wound healing. Transcriptional analysis also indicated altered expres-
sion of genes associated with epithelial terminal differentiation, such
that Slug-KD cells skewed toward overexpression of secretory cell
pathway-associated genes. This included trefoil factors TFF1 and
TFF3, which were expressed at lower than control levels in Snail-KD
cells. Since TFFs can enhance the barrier in epithelial cells, this points
to a potential mechanism of differential modulation by Snail genes.
Although Snail genes are crucial in epithelial wound restitution,
butyrate responses are mediated by other pathways as well.

NEW & NOTEWORTHY Although butyrate can promote colonic
mucosal healing, not all of its downstream pathways are understood.
We show that the Snail genes Snail and Slug are mediators of butyrate
responses. Furthermore, these genes, and Slug in particular, are
necessary for efficient restitution of wounds and barriers in T84
epithelial cells even in the absence of butyrate. These effects are
achieved in part through effects on regulation of �1 integrin and
cellular differentiation state.

butyrate; colon; epithelium; Slug; Snail

INTRODUCTION

The ability of the colonic epithelium to preserve a consistent
barrier against luminal contents, such as digested food and
bacteria, is crucial in the maintenance of a disease-free state.
Resident bacteria in the colon can promote epithelial barrier
integrity through the release of metabolites, such as short-chain
fatty acids (SCFAs), in particular butyrate (3, 50). A large
number of positive effects of butyrate have been reported,
including modulation of inflammation (18, 68), oxidation (21,
25), promotion of wound healing (36, 40), changes in cellular
transport (15, 37), and enhanced barrier function (41, 47, 48,
64). The mechanisms by which butyrate can implement these
effects are diverse. Butyrate can serve as a primary fuel source
for epithelial cells (6), and in vivo, this can be an important
survival factor for colonocytes (58). Butyrate can also initiate
downstream responses via a G protein-coupled receptor that
can also impact cellular pathways, such as barrier function
(12). Finally, butyrate can have profound epigenetic effects on
gene expression through its actions as a histone deacetylase
inhibitor (HDACi), including immune responses (11, 30) and
epithelial continuity (7, 13). Given the many effects of butyrate
treatment, it is unsurprising that experimental outcomes are
variable depending on the experimental design.

Because of the many beneficial responses to butyrate, it has
been used directly in a large number of clinical applications,
with mixed but promising results (10). In vitro, butyrate is a
useful tool to explore mechanisms of colonic epithelial resti-
tution. To understand these actions, it is important to determine
relevant downstream mechanisms implicated in butyrate ef-
fects on barrier function and epithelial wound healing. Some
well-known pathways involved in butyrate response include
STAT1 (27), Wnt (29), and p21 (66). A less well-studied
candidate as a downstream effector of butyrate stimulation is
the Snail family of transcription factors. These genes, including
SNAI1 (Snail) and SNAI2 (Slug), are well known as key
elements in epithelial-to-mesenchymal transition (EMT), a
widely studied phenomenon in cancer metastasis (46). More
recently, however, these genes have been proposed to be
important in additional cellular responses, including cellular
survival and motility (5, 57). Slug in particular has a crucial
role in wound healing in epidermal keratinocytes (reviewed in
(59)) and corneal epithelial cells (1). Snail also has similar but
distinct functions, such as promoting migratory capacity of
macrophages during wound healing in vivo (24) and promoting
survival in a number of cell types (65). Because of these
well-characterized effects in other epithelial cells, we hypoth-
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esized that they would have similar effects in colonic epithelial
cells as well. Here, we show that in an in vitro colonic
epithelial cell model, Snail and Slug are strongly upregulated
by butyrate stimulation but have differential effects with re-
spect to changes in barrier and wound healing. Furthermore,
many of the effects of these transcription factors are apparent
even in the absence of butyrate stimulation. These results
highlight the importance of Slug and Snail in barrier mainte-
nance but also highlight that there are multiple downstream
factors that mediate the broad response to SCFAs.

MATERIALS AND METHODS

Cell cultures and treatments. Human T84 intestinal epithelial cells
(cat. no. CCL-248; ATCC) were maintained in DMEM-Ham’s F12
with 2.5 mM glutamate (Thermo Fisher, Waltham, MA), 10% FBS
(HyClone, Logan, UT), and penicillin-streptomycin (HyClone) at
95% O2-5% CO2. For experiments, cells were seeded into tissue
culture plates coated with rat tail collagen I (Corning, Tewksbury,
MA) at 50 �g/9.5 cm2. Working stocks of sodium butyrate were made
by diluting concentrated butyric acid (Fisher, Hampton, NH) to 100
mM in PBS with 10 mM HEPES (GE Healthcare Life Sciences) and
adjusting the pH to 7.5. Vehicle for controls was PBS/HEPES without
butyric acid.

Human colon organoid culture. Human colon organoid cultures
were derived from deidentified colonic biopsy tissues collected during
routine colonoscopy procedures at the Bozeman Deaconess Hospital,
following an approved institutional review board protocol (protocol
no. DB050718-FC, Montana State University). Derivation and main-
tenance protocols were adapted from published protocols (56, 62).
Briefly, biopsy tissues were kept on ice in RPMI-1640 medium
supplemented with 1% penicillin-streptomycin, 50 �g/mL gentamicin
(IBI Scientific, Peosta, IA), 0.25 �g/mL amphotericin B (Omega
Scientific, Incorporated, Tarzana, CA), 1X GlutaMAX (Gibco, Dub-
lin, Ireland), and 1 mmol/L HEPES. Tissues were minced to �1 mm
and placed in isolation medium containing Advanced DMEM/F-12,
antibiotics as above, and 1 mg/mL collagenase D (Roche, Basel,
Switzerland), 0.2 mg/mL DNase I (Sigma-Aldrich, MO), and 0.3%
BSA. Tissues were incubated on a vortex shaker at room temperature
for 1 h. Tissues were vortexed for 30 s to release intestinal crypts from
the tissue, and isolated crypts and remaining tissue pieces were
centrifuged at 300 relative centrifugal force at 4°C for 5 min. The
pellet was resuspended in cold Dulbecco’s phosphate-buffered saline
(HyClone GE Healthcare Life Sciences) and vortexed again for 30 s.
Tissue pieces were allowed to settle to the bottom of the tube, and the
supernatant was transferred to a new tube. This process was repeated
2–3 times, and supernatants were pooled. Isolated crypts from the
collected supernatants were pelleted and resuspended in Matrigel
(Corning, NY). After polymerization, Matrigel was overlaid with a
growth medium containing 50% L-WRN conditioned medium. L-
WRN cells were kindly provided by Dr. T. Stappenbeck (Washington
University, St. Louis, MO) (43). The remaining components of the
growth medium were Advanced DMEM/F-12, 10 mmol/L HEPES,
1% penicillin-streptomycin, 0.25 �g/mL amphotericin B, 50 �g/ml
gentamicin, 1� GlutaMAX, 1� B27 supplement (Invitrogen, CA),
1� N2 Supplement (Invitrogen), 1 mM N-acetylcysteine (Sigma-
Aldrich), 10 mM nicotinamide (Sigma-Aldrich), and 100 ng/mL
epidermal growth factor (R&D Systems, MN). The medium was
changed each day for the first 3 days and supplemented with 100
nmol/L SB-431542 (Tocris Bioscience, Bristol, UK) and 2.5 �mol/L
Thiazovivin (Sigma); for the first 24 h, the medium was also supple-
mented with 10 �mol/L ROCK-inhibitor Y-27632 (Tocris). After this,
the medium was changed every 2 to 3 days. Gentamicin and ampho-
tericin B were removed from the medium after the first passage.

The human colon organoid cultures were passaged every 7–10 days
by incubating in TrypLE Express (Gibco) for 3 min and then disso-

ciated by multiple passes through a P1000 pipette tip. The dissociated
tissues were resuspended in Matrigel and overlaid with agrowth
medium. For plating monolayers, the same passage protocol was used
except dissociated tissues were resuspended in medium and plated in
24-well collagen-coated plates (Corning, NY). The growth medium
for the monolayers was supplemented for the first 24 h with 10 �M
ROCK-inhibitor Y-27632 (Tocris), which was replaced with a normal
growth medium for 2 days. Three days before the initiation of
experiments, L-WRN was reduced to 10% of the growth medium and
5% FBS was added to stimulate epithelial cell lineage differentiation.

Transduction of knockdown T84 cell lines. T84 cell lines with
knockdowns of Slug (Slug-KD) and Snail (Snail-KD) were generated
using the Sigma MISSION shRNA lentiviral system, according to
manufacturer’s instructions. The Slug-KD was made using preformed
lentiviral transduction particles, and the clone ID TRCN0000271300
was selected after testing several clones. The Snail-KD was purchased
as a bacterial glycerol stock, clone number TRCN0000454083. To
produce shRNA-expressing lentivirus, HEK293 cells were transfected
with envelope (VSV-G, Addgene no. 8454), packaging (psPAX2, no.
12260), and MISSION shRNA plasmids using Lipofectamine 3000.
Six hours after transfection, the media was changed. Forty-eight and
72 h after transfection, culture supernatant was collected, filtered
through a 0.45 �m filter, and ultracentrifuged for 2 h at 80,000 relative
centrifugal force. The resulting pellet contained lentivirus and was
resuspended in 1 mL of complete media and stored until used for
transduction in T84 cells. After transduction, cells were maintained on
puromycin selection for at least 21 days for use in experiments.
Knockdown was verified at the RNA and protein level by quantitative
PCR and Western blot as described below.

Transcriptional analysis. RNA was extracted from adherent cells
using TRIzol reagent (Ambion, Carlsbad, CA), following the man-
ufacturer’s instructions. Quality of the RNA was verified by
spectroscopic analysis at 230, 260, and 280 nm using an Epoch2
spectrophotometer (BioTek, Winooski, VT). RNA was converted
to cDNA via an iScript reverse transcription kit with oligo(dT) and
random primers (Bio-Rad, Hercules, CA). Transcript abundance
was determined by quantitative PCR using SYBER Green (iTaq,
Bio-Rad) and custom primers (Thermo Fisher). Primers were
designed to span an exon-exon junction whenever possible; se-
quences are given in Table 1. Expression was normalized to the
HSPCB gene and expressed as fold change over the baseline
condition unless otherwise indicated (33).

Western blot analysis. Because of the low abundance and history of
poor detection of Slug and Snail by Western blot (57), we tested several
cell lysis buffers to optimize yield of these proteins. We eventually turned
to 2% SDS in 20 mM Tris, pH 8.0, � 1 mM EDTA, � protease and
phosphatase inhibitor cocktails (Sigma P8340 and P0044; St. Louis,
MO). Lysates were assayed for protein content using the bicinchoninic
acid method (Thermo Fisher), using the manufacturer’s instructions, then
aliquots were mixed with 2� sample buffer with �-mercaptoethanol and
heated at 95°C for 5 min. Samples (20 �g protein) were run on 12%
polyacrylamide gels, then transferred to nitrocellulose. Blots were
blocked overnight in 5% goat serum in Tris-buffered saline with 0.5%
Tween-20 (TBST), then incubated in primary antibodies for 3 h at room
temperature. Antibodies were rabbit anti-Slug from Abcam (ab27568;
Cambridge, MA) at 1:500 dilution, and rabbit anti-Snail (no. 3879S; Cell
Signaling Technology, Danvers, MA) at 1:1,000. After extended washes
with TBST, secondary antibody (goat anti-rabbit HRP; MP Biomedical,
Solon, OH) at 1:20,000 was applied for 1 h at room temperature. After
TBST washes, LumiGLO chemiluminescent substrate (SeraCare, Mil-
ford, MA) was applied and blots exposed to autoradiography film.
Relative band intensity was estimated using ImageJ software (55).

Wound-healing assays. Wound-healing (scratch) assays were made
on cell monolayers in six-well collagen-coated plates 1–2 days after
they had reached confluence. Two parallel scratches were made in
each well using sterile 200 �l pipette tips connected to an aspirator.
The media was then changed to reduce floating cells, and butyrate at

G532 SLUG AND SNAIL DIFFERENTIALLY EFFECT COLONIC WOUND HEALING

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00071.2019 • www.ajpgi.org
Downloaded from www.physiology.org/journal/ajpgi at Montana State Univ Bozeman (153.090.063.031) on October 24, 2019.

228



1 or 2.5 mM or the comparable vehicle was added. Two lines
perpendicular to the scratches were made with a Sharpie on the
bottom of the wells, and images were taken at the top and bottom each
of scratch/line intersection for a total of eight images/well, and three
wells of each treatment were used per experiment. Images were taken
with a Nikon Eclipse Ti microscope with a motorized stage and a �4
objective at 0, 24, and 48 h. For analysis, images were cropped to a
uniform size, and the areas of the wounds measured using ImageJ.
Areas were averaged across the eight images per well and three wells
per treatment.

Measurement of barrier integrity. Transepithelial electrical resis-
tance (TEER) was used as a measurement of barrier integrity in all
cell lines. Collagen-coated inserts of 0.33 cm2 area with 0.4 �m pore
polyester membranes (Corning, Kennebunk, ME) were seeded with
~1.5 � 104 cells/insert, and 1 mL of media was added to the lower
chamber, whereas 0.2 mL was added to the insert (upper chamber).
After 2–6 days, TEER measurements were made daily using an
EVOM2 epithelial voltmeter (WPI, Sarasota, FL). TEER is reported as
tissue resistance in Ohms � insert area in cm2 (60). As the monolay-
ers neared peak TEER, as determined in preliminary experiments, 2.5
mM butyrate was added to some of the wells. As we were looking for
the peak response to butyrate, we took measurements 3–4 times daily
after treatment and reported the peak response for that treatment as
that day’s value, which was typically 12–18 h after butyrate was
added. Three inserts each were used for each treatment with each cell
type, and three or more experiments were performed with each cell
type.

Immunofluorescent staining of �1 integrin. The various cell types
were seeded onto 12-mm collagen-coated 1.5 coverslips (Neuvitro,
Vancouver, WA) placed in 24-well tissue culture plates with 1 mL of
media. Within 1–2 days of reaching confluence, cells were treated
with either vehicle or 2.5 mM butyrate. After 18 h, the cells were
washed once with sterile PBS, then fixed in 4% paraformaldehyde for
30 min, permeabilized in 0.5% Triton X-100, and then blocked in 5%

goat serum in PBS for 1 h. Primary antibodies (1:200; mouse anti-�1
integrin, Abcam no. ab30394) were applied for 2 h at room temper-
ature. After being washed in PBS, secondary antibodies at 1:500 (goat
anti-mouse IgG Alexa Fluor 594 or goat anti-rabbit IgG Alexa Fluor
555, Thermo Fisher) were applied for 1 h at room temperature in the
dark. After washing was completed, a mix of Alexa Fluor 488
conjugated phalloidin (to stain F-actin, 1:1,000; Abcam no. ab176753)
and DAPI at 1 �g/mL (Biotium, Fremont, CA) was added to the wells
for 20 min in the dark. After a final wash, the coverslips were mounted
onto slides using a drop of Prolong Gold antifade reagent (Thermo
Fisher). Imaging was done on a Leica TCS SP8 confocal microscope,
and Z-stacks were made of the monolayer thickness with 0.5-�m
optical slices. Images were analyzed with ImageJ, and the mean pixel
intensity for the Rhodamine channel (�1 integrin) was determined for
each slice and plotted against slice number. Slices in which F-actin
staining was indicative of cytoskeletal stress fibers connecting to focal
adhesions were classified as basal, whereas slices in which F-actin
was localized along cell perimeters (tight junctions) were classified as
apical. Mean �1 integrin pixel intensity was pooled for all basal slices,
then across four images/coverslip, and the same was done for apical
slices.

Alkaline phosphatase assay. Measurement of cell-surface alkaline
phosphatase (AP) activity was made using the method of Ferruzza et
al. (19). Briefly, monolayers of each cell type were grown to conflu-
ence in 12-well collagen-coated plates. Media was removed from
cells, and reaction buffer (100 mM diethanolamine pH 9.5 with 150
mM NaCl, 2 mM MgCl2, and 2.5 mg/ml 4-nitrophenyl phosphate)
was added to each well. After 10 min at 37°C, aliquots were removed,
the reaction stopped with 0.5 M NaOH, and absorbance read at 405
nm on the Epoch2 plate reader. The cells were then washed and lysed
and the total protein content of each well was determined with a
bicinchoninic acid assay. Results are expressed as the absorbance at
405 nm divided by total protein content.

Table 1. Real-time PCR primer design

Gene Forward Primer Reverse Primer Category

TJP1 (ZO-1) GTTTATTTGGGCTGTGGCGT TGTTTCCTCCATTGCTGTGC Tight junction
CLDN15 ATGGCGGTGATCATGAGTG TTTAGCTGTGCCACCGACTC Tight junction
CLDN1 CATACACTTCATGCCAACGG TTTGACTCCTTGCTGAATCTGA Tight junction
CLDN3 GCCACCAAGGTCGTCTACTC CGTAGTCCTTGCGGTCGTAG Tight junction
CLDN2 ACCTGCTACCGCCACTCTGT CTCCCTGGCCTGCATTATCTC Tight junction
CLDN10 TATGGAACCAAAGAAGCCCA CCAGGGTCTGTGGATGAACT Tight junction
OCLN CCAGGCACCTTGCGTATTTT CCGGGGTTATGGTCCAAAGT Tight junction
CRB3 GAGCTAGGTCAAAGACGCCC TCATTTGCAGAAGTGGTCTGT Tight junction regulation
JAM1 GCGCAAGTCGAGAGGAAACT CCGAGTAGGCACAGGACAAC Tight junction regulation
JAM3 GACAAGTGACCCCAGGATCG ACCTCACAGCGATAAAGGGC Tight junction regulation
CDH1 CCTTGGAGCCGCAGCC TCGACCGGTGCAATCTTCAA Adherens junction
ILK GAGAAGGATCCTGCAGCCC CATGATCGTCCCCCTGGTTG Focal adhesion
ANXA2 AGATCATCTGCTCCAGAACCAACC GGGACTTCGCGTACTTTCTCTTGA Integrin regulation
ITGB1 CAAAGGAACAGCAGAGAAGC ATTGAGTAAGACAGGTCCATAA Focal adhesion
KIND1 ACCGGGATTCCAGTGACAAC TAGCCGCCAATGTACTCGTG Focal adhesion
KIND2 AAATGGTCACCGTAGAGTTTGC CTCTCGTTTTGGTCTTTTGCAC Focal adhesion
FAK TTGGAGAGCTGAGGTCATT ATACACACACCAAACATCCATA Focal adhesion
TFF3 CCAAGGACAGGGTGGACTG AAGGTGCATTCTGCTTCCTG Differentiation marker
TFF1 GCCCAGACAGAGACGTGTA TGGGACTAATCACCGTGCTG Differentiation marker
SI AGACACCTGCTGTTGATGAAAT GAGAGTCATTCCACGGCCTC Differentiation marker
MUC2 CGACTACTACAACCCTCCGC GGGAGGAGTTGGTACACACG Differentiation marker
HES1 CCTGTCATCCCCGTCTACAC CACATGGAGTCCGCCGTAA Differentiation pathway
SOX9 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG Differentiation pathway
DKK1 ATAGCACCTTGGATGGGTATTCC CTGATGACCGGAGACAAACAG Differentiation/Wnt marker
AXIN2 GATGCAGACACCCTGTCCC GTACGTGCGGGGAATGTGA Differentiation/Wnt marker
ATOH1 ACTTGCCTCATCCGAGTCAC GCAGGAGGAAAACAGCAAAA Differentiation pathway
SNAI1 ACCCCAATCGGAAGCCTAAC TCCCAGATGAGCATTGGCAG Snail gene
SNAI2 CCCTGAAGATGCATATTCGGA CTTCTCCCCCGTGTGAGTTCTA Snail gene
HSPCB TCTGGGTATCGGAAAGCAAGCC GTGCACTTCCTCAGGCATCTTG Housekeeping gene

ANXA2, Annexin A2; MUC2, mucin 2; SI, sucrase isomaltase; TFF, trefoil factor.
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Statistics. All statistical analysis was done using GraphPad Prism,
v7. Determination of statistical significance was made using either
t-tests (two-tailed), one-way ANOVA (with Tukey’s post hoc test), or
two-way ANOVA (with Dunnett’s multiple comparisons), depending
on the data structure. Minimal level of significance was P � 0.05.

RESULTS

Slug and Snail are strongly upregulated in T84 cells by
physiological concentrations of butyrate. We first wanted to
establish whether Snail and Slug expression changed in re-
sponse to physiologically relevant concentrations of butyrate.
Published values of butyrate concentrations in the lumen of the
colon vary greatly, with ranges of 1 to �60 mM. However, as
pointed out by Sakata (52), effective concentrations at the
surface of the epithelial cells is probably much lower than
reported luminal values because of diffusional limitations in
the viscous colon contents and the rapid metabolism of the
available SCFA by the epithelial cells. Therefore, for our in
vitro experiments, we elected to use a lower concentration
range of 0.5–10 mM butyrate. Even at these low concentra-
tions, we saw significant transcriptional upregulation of both
Snail and Slug, with expression plateauing in the 2.5–5 mM
range (Fig. 1A). Many of butyrate’s effects occur because it
acts epigenetically as an HDCAi, resulting in increased histone
acetylation and opening up affected nucleosomes for enhanced
transcription. So, for comparison purposes, we treated T84
cells with two common pharmacological HDACi, trichostatin
A and SAHA. These compounds similarly elevated Snail and
Slug transcription (Fig. 1A), suggesting that the primary mech-
anism by which butyrate upregulates Slug and Snail expression
is through its action as an HDACi. Western blots of cellular
homogenates confirm that protein expression of Snail and Slug
is elevated with butyrate stimulation, although the relative
amount of the proteins is low, as would be expected with
transcription factors (Fig. 1B). As with the transcriptional
response, increase of these proteins appears to plateau in the
2.5–5 mM range of butyrate treatments.

Slug and Snail are also upregulated in primary human colon
cells. To verify that butyrate upregulation of Slug and Snail
was not strictly a phenomenon in transformed cells, we mea-

sured the same response in primary human colonic epithelial
cells derived from organoid cultures. In cells derived from
three separate patients, butyrate at 2.5 mM significantly ele-
vated both Slug and Snail (Fig. 2). Unlike in the transformed
cells, butyrate at 1 mM did not consistently elevate expression
of these genes. This was not unexpected, since the Warburg
effect in transformed cells shunts SCFA away from use as an
energy source, allowing it to have a higher effective concen-
tration as an HDACi (16). In these primary cells, Slug expres-
sion had a higher level of expression than in T84 cells, so the
resultant fold change was less. We attributed this to the fact
that the primary cells were nonconfluent (these cells tended to
become apoptotic as they reached confluence, so we avoided
using cells at this stage) and more motile than the confluent
T84 cells.

Knockdown cell lines of Slug and Snail were generated in
T84 cells. To assess the role of Snail transcription factors in our
model colon cell line, T84 cells were transduced with lentiviral
vectors expressing shRNA targeting Slug or Snail. Lentiviral
transduction resulted in substantial decreases in the amount of
stable proteins in both cell lines. In unstimulated cells, tran-
scriptional expression of Slug RNA was reduced by 90%
compared with cells transduced with a control scrambled
shRNA (Fig. 3A). When Slug-KD cells were treated with 2.5
mM butyrate, there was a slight increase in Slug transcript
production, less than 10% of the comparable control cells (Fig.
3A). This was reflected at the protein level, where in unstimu-
lated Slug-KD cells, Slug is barely detectable by Western blot
analysis. After 18 h incubation with 2.5 mM butyrate, Slug
protein expression in Slug-KD cells was less than 10% of the
increase seen in control cells (Fig. 3A). Although not as robust,
transcriptional knockdown occurred in our Snail-KD cell line,
with a 60% reduction in transcript in untreated cells and a 76%
reduction after 8 h butyrate incubation (Fig. 3B). In addition,
although stabile protein expression of Snail still increased upon
butyrate stimulation, the maximal amount that we observed at
2.5 mM butyrate after 18 h was still only ~13% of that
expressed in normal T84 cells. We did observe that upregula-
tion of RNA transcripts for both Slug and Snail increased to

Fig. 1. Butyrate causes a dose-dependent increase in Slug and
Snail RNA and protein expression in T84 cells. A and B:
relative RNA transcript expression after 8 h of indicated
butyrate or another histone deacetylase inhibitor. C: Western
blots of actin, Slug, and Snail from lysates of T84 cells
collected 18 h after treatment with indicated dose of butyrate.
Actin blot was 5 �g total protein; others were 20 �g. Repre-
sentative of 3 independent experiments. D: relative quantifi-
cation of Slug and Snail band in C; values normalized first to
actin content of the same sample, then to expression of that
protein at 0 mM butyrate. SA, SAHA; TC, trichostatin A.
*P � 0.05, **P � 0.01, ***P � 0.001, ****P � 0.0001, as
compared with untreated T84 cells.
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greater extents in both of the respective knockdowns with
concentrations of butyrate greater than 5 mM, indicating that
the inhibitory abilities of the shRNA might be overwhelmed at
these high doses. Therefore, we chose to limit butyrate con-

centrations in subsequent experiments to �2.5 mM. It is also
apparent from these data that there is some cross-regulation of
these two Snail genes with each other, in that Slug expression
is reduced in the Snail-KD and vice versa.

Slug-KD, but not Snail-KD, impairs wound healing in an in
vitro assay. To assess effects of Snail genes in wound healing,
a scratch wound assay was employed utilizing confluent mono-
layers of T84 cells, a common assessment of wound healing in
T84 and other epithelial monolayer cell models (28). Scratches
were made in confluent monolayers of cells, and the amount of
filling in or repair of these wounds was measured at 24 and 48
h with and without 1 and 2.5 mM butyrate. Application of
butyrate led to moderate increases in the rate of wound healing
(Fig. 4A). However, when Slug expression was knocked down,
healing of the wound was significantly delayed in the untreated
cells and at both doses of butyrate (Fig. 4, B and C). When
Snail expression was knocked down, the effects were less
distinct, and although some individual wells tested showed
impaired wound healing, when the data were pooled across
three experiments, there were no significant differences in
wound closure compared with normal T84 cells.

Reduced expression of Snail or Slug has opposing impacts
on epithelial barrier function. We next sought to determine
whether knockdown of either Snail or Slug modulates the
epithelial barrier as measured by TEER. Interestingly, although
silencing Snail-KD did not have a discernible effect on phys-
ical wound healing in T84 cells, it did result in a significant
deficiency in barrier integrity, as measured by TEER. As seen
in Fig. 5, wild-type (WT) and Snail-KD cells showed similar
rates of barrier formation over time after seeding, but the
knockdown cells plateaued at a lower stable TEER; Fig. 5A
shows a representative experiment, and in three such experi-
ments pooled, the average stable TEER was only 68.2% of that
formed by T84 cells. When 2.5 mM butyrate was applied to the
cells as they approached a stable TEER, both cell types

Fig. 2. Butyrate causes a dose-dependent increase in Slug (A) and Snail (B) RNA
and protein expression in human primary colonic epithelial cells. Relative RNA
transcript expression after 6 h of 2.5 or 5 mM butyrate treatment. Representative
of 3 independent experiments. CON, control. *P � 0.05, **P � 0.01.

Fig. 3. Knockdown cell lines were generated for Slug and Snail in T84 cells. A and B: RNA transcripts from T84, knockdown of Slug (Slug-KD), and knockdown
of Snail (Snail-KD) cells at 4 and 8 h after 2.5 mM butyrate treatment. C: Western blots of actin, Slug, and Snail from lysates of T84 cells collected 18 h after
treatment with indicated dose of butyrate in each cell type. Actin blot was 5 �g total protein, others were 20 �g. Representative of 3 independent experiments.
D: relative quantification of Slug and Snail band in C; values normalized first to actin content of the same sample, then to expression of that protein at 0 mM
butyrate. *P � 0.05, **P � 0.01, ***P � 0.001, as compared with T84 cells at same treatment regimen.
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responded by briefly forming a stronger barrier (over 24–48
h), but the magnitude of the increase over pretreatment values
was similar in T84 and Snail-KD cells (19.5% vs. 16.0%,
respectively). Conversely, Slug-KD cells (Fig. 5B) both exhib-
ited a faster rate of barrier formation and a significantly higher
sustained TEER (58.5% higher when averaged across three
experiments). Butyrate treatment also caused increased TEER
when applied to Slug-KD cells, although the response was
somewhat more rapid and slightly lower in magnitude (14.6%)
than the response observed in T84 cells.

Gene expression of certain focal adhesion/tight junction
cells is differentially regulated by the Snail genes. To better
understand potential mechanisms of epithelial barrier modula-
tion by the Snail proteins, we investigated the expression of a
number of tight junction and focal adhesion-associated genes
(Table 1). Very few of the tight junctional genes that we
analyzed exhibited changes in response to the applied doses of

butyrate in WT T84 cells in our model. CLDN2 expression
decreased in WT T84 cells following butyrate treatment (Fig.
6A), confirming our previously published data (69). Among all
cell lines, CLDN15 was consistently higher in Slug-KD cells
and remained elevated in untreated and butyrate-treated cells.
Conversely, ZO-1 was lower in expression in Slug-KD cells,
especially after 8 h of butyrate treatment, although it never
exceeded a twofold drop in expression (data not shown).
CLDN2 was differentially expressed among the different cell
types: although its expression declined with butyrate stimula-
tion in all three cell types, it was consistently higher in the
Slug-KD cells, whereas expression in the Snail-KD cells was
slightly below even WT T84 cells (Fig. 6A). These differential
results were more apparent in several of the focal adhesion
genes we analyzed. ITGB1 expression was marginally higher
in Slug-KD than in T84 or Snail-KD cells (Fig. 6C), whereas
Annexin A2 (ANXA2) was significantly lower in Slug-KD

Fig. 4. Wound healing is delayed in knockdown of
Slug (Slug-KD) but not in knockdown of Snail
(Snail-KD) cells, even with 2.5 mM butyrate. A:
representative images of scratched monolayers im-
mediately after scratching (0 h) and 24 and 48 h
later. B and C: pooled analysis of 3 experiments
each of Slug-KD and Snail-KD cells compared
with T84 cells with 1 and 2.5 mM butyrate after 48
h. Scale bar � 750 �m. *P � 0.05, **P � 0.01, as
compared with T84 cells at the same treatment
regimen.
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cells whether butyrate was applied or not, and lower in
Snail-KD cells only after 8 h of butyrate treatment (Fig. 6F).
Slug-KD cells also had significantly different expression of
both Kindlin genes compared with T84 cells. KIND1 ex-
pression decreases in all three cell types upon butyrate
treatment, but the overall gene expression in Slug-KD cells
was higher at each time point (Fig. 6D). Conversely, KIND2
expression increased with butyrate treatment in all three cell
types, but it was much lower at all times in the Slug-KD
cells, whereas it was expressed at intermediate levels in
Snail-KD cells (Fig. 6E).

Slug-KD cells exhibit altered morphology and beta-1 integ-
rin distribution. Although ITGB1 gene expression was only
moderately elevated in Slug-KD cells, the concomitant de-
crease in ANXA2 expression, together with the observed
deficit in wound healing, compelled us to examine whether
cellular accumulation of the integrin �1 protein was altered in
Slug-KD cells, as had been reported in a knockdown of
ANXA2 in another intestinal epithelial cell line (51). Using
confocal Z-stacks obtained in cells immunostained for �1
integrin together with Alexa Fluor 488-labeled phalloidin to
label F-actin, we compared the intensity of �1 integrin staining
in Z-space from basal to apical limits of the cell monolayer
(Fig. 7). Basal slices of the cells were characterized by F-actin
stress fibers, connecting the cytoskeleton with focal adhesions

representing the cellular interface with the collagen substrate,
whereas in apical slices, F-actin was arranged along tight
junctions of cells, forming a distinctive cobblestone appear-
ance (Fig. 7). Mean pixel intensity of the �1 integrin channel
was plotted versus slice number, giving a relative indicator of
�1 integrin abundance at each level of the cell monolayer. In
all cell types, �1 integrin was localized primarily in the basal
part of the cells (Fig. 8, A and B). However, �1 integrin
staining intensity in the Slug-KD cells was consistently near
twofold stronger at all levels of the cells (Fig. 8, C and D).
Treatment with butyrate resulted in diminished �1 integrin
staining at all levels in Slug-KD cells (and to a lesser extent in
Snail-KD cells), but this effect was not observed in normal T84
cells. Slug-KD cells also had morphological distinctions from
the other cell types, such that there was typically a higher
density of nuclei per field (Fig. 7), which is suggestive of cells
remaining tightly packed together.

Snail genes differentially affect the differentiation state of
T84 cells. Because the Snail genes are important regulators of
cellular differentiation, both in embryonic development and
during EMT, we wanted to examine a subset of genes that are
indicative of intestinal/colonic differentiation states (Table 1)
and whether they might correspond to any functional deficits
that we observed. As seen in Fig. 9, the Slug-KD cells exhibit
several distinctive changes in differentiation marker gene ex-
pression indicative of skewing toward a secretory cell pheno-
type. ATOH1, the transcription factor that drives secretory
lineage differentiation, exhibits over 10-fold higher expression
in the Slug-KD cells than in T84 cells and remains elevated
after butyrate treatment (Fig. 9A). Transcript levels for the
goblet cell products mucin 2 and trefoil factors (TFF1 and
TFF3) were also highly elevated in Slug-KD cells, even before
butyrate treatment (Fig. 9, B–D). Surprisingly, butyrate stim-
ulation of Slug-KD cells caused a strong upregulation of
sucrase isomaltase transcripts, normally considered a marker
for absorptive cells, even at the same time that secretory cell
markers were upregulated (Fig. 9E). Changes in differentiation
marker genes were much more subtle in the Snail-KD cells,
although there was some distinctive differential regulation
compared with WT and Slug-KD cells. The ATOH1 secretory
marker was moderately elevated in the Snail-KD cells, al-
though mucin 2 was not (Fig. 9, A and B). Interestingly, the
TFF1 and TFF3 were expressed at a much lower level than WT
cells, in contrast to the upregulation seen in the Slug-KD cells
(Fig. 9, C and D). As TFFs can initiate functional responses in
intestinal/colonic epithelium, this has potential mechanistic
implications, as discussed below. As with Slug-KD cells,
butyrate treatment caused increased expression of the sucrase
isomaltase gene in Snail-KD cells. Because of the mixed
expression of phenotypic markers by the Slug-KD cells, we
also performed a functional assay for cell-surface AP, which is
normally expressed by absorptive cells. AP activity was much
lower in Slug-KD cells then in the other cell types (Fig. 9F),
confirming that diminished Slug expression results in gene
expression and phenotypic changes indicative of epithelial
secretory cells.

DISCUSSION

Just as has been previously shown in keratinocytes (53), we
show here that the Slug transcription factor is an important

Fig. 5. Epithelial barrier integrity as measured with transepithelial electrical
resistance (TEER). Shown are representative experiments (from three repli-
cates each) of changes in TEER over 12–14 days in knockdown of Slug
(Slug-KD) (A) and knockdown of Snail (Snail-KD) (B) cells, compared with
wild-type T84 cells. The area indicated with the “a” bar represents the time
course during which TEER in the knockdown cells is significantly different
from T84 cells (at P � 0.05). The “b” point or bar indicates the time course in
which knockdown cells treated with butyrate are significantly different than the
same cells without butyrate at P � 0.05. The “c” point or bar indicates the time
course in which T84 cells treated with butyrate are significantly different than
the same cells without butyrate (at P � 0.05).
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regulator of physical wound restitution in colonic epithelial
cells, although the Snail transcription factor is not. This is
extremely important in the context of inflammatory bowel
diseases, as restitution of damage to the colonic epithelial
layer, which occurs as a common result of the digestive
process, is crucial in limiting inflammatory response to luminal
microbial contents. Indeed, because of the microbial environ-
ment surrounding colonic epithelium, wound healing requires
not only physical closure of the wound but also restoration of
effective tight junctions between adjacent cells to prevent
paracellular egress of luminal contents. Additionally, interac-
tions between the gut microbes and the epithelium are increas-
ingly understood to involve dynamic communication, most
notably in the responses of epithelial cells to microbially
produced SCFAs, such as butyrate. Our results show that Slug
and Snail are involved in these processes as well, although not
always in congruity. These differential roles of Slug and Snail
have been seen in other cell models. Slug and Snail may, for
example, act sequentially to complete a continuous process
involved in EMT (54), or they may have different contributions
in distinct cell types even within the same tissue (14). Because
of the observed cross-regulation of each other’s expression
mentioned above, we are limiting any speculation of the
specific actions or mechanisms of Slug or Snail to phenotypes
that are distinctly different between our two knockdown cell
lines.

As described above, the most distinct phenotypical differ-
ence we found was impaired physical restitution of wounds in
the Slug-KD cells. Effective wound healing requires migration
and expansion of cells along the border of the wound, which in
turn is dependent on the interactions the cells make with their
substrate. On a collagen substrate, cell-surface integrins, espe-
cially �1 integrin, are particularly important (26). Our obser-
vations that knockdown of Slug expression results in increased
�1 integrin accumulation is consistent with a previously re-
ported study, in which epidermal keratinocyte Slug expression
is associated with downregulation of �1 integrin, as well as
other adhesion molecules (63). Interestingly, other studies
point to a two-way dynamic between Slug and adhesion mol-
ecules, in that integrin-mediated responses can regulate Slug
expression (4, 67). Downregulation of �1 integrin has previ-
ously been reported in response to butyrate in other colonic
epithelial cell lines (9, 31). We did not observe that response in
T84 cells; however, we do see consistently higher �1 integrin
levels in the context of reduced Slug expression, suggesting
that Slug is normally important in the regulation of �1 integrin
expression in colonic epithelial cells. Integrins such as �1 are
essential in cellular adherence and the movement of cells
during wound healing (34). However proper regulation of
integrin function is critical for these events to occur in an
organized fashion. Rankin et al. (51) have described the im-
portance of ANXA2 in the regulation of �1 integrin internal-

Fig. 6. Knockdown of Slug (Slug-KD) and knockdown of
Snail (Snail-KD) cells have differential expression of
certain tight junction and focal adhesion genes before and
after butyrate treatment. A–F: relative expression of in-
dicated RNA transcript with and without 2.5 mM butyrate
treatment. Each data point is the mean of 3 samples; each
graph is representative of 3 independent experiments.
*P � 0.05, **P � 0.01, ***P � 0.001, as compared with T84
cells at same treatment regimen. ANXA2, Annexin A2.
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ization, and its effects on epithelial cell migration. In their
ANXA2 knockdown model, wound healing was also impaired
while matrix adherence increased, along with �1 integrin
abundance, whereas internalization and degradation of �1 was

reduced. Our results suggest that Snail genes, and Slug in
particular, are permissive for normal expression of ANXA2.
As such, our results demonstrate that in Slug-KD cells,
ANXA2 is reduced and �1 integrin is overexpressed on the

Fig. 7. Knockdown of Slug (Slug-KD) cells grow with greater cell density than wild-type cells and contain more �1 integrin at both the basal and apical parts
of the cells. F-actin is organized in stress fibers at the basal side of the cells, but along tight junctions in the apical portion of the cells. Scale bar � 50 �m.
Snail-KD, knockdown of Snail.
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basal surface, increasing adherence and impeding migration.
These data fit well with this model, with the addition of Slug as
a likely upstream modifier of the ANXA2-�1 integrin system.

In addition to ANXA2, we also demonstrate changes in
Kindlin-1 and Kindlin-2 expression, which are proteins that
have also been shown to be important in the context of wound
healing and cell motility. The Kindlin proteins interact with the
cytoplasmic tails of integrin molecules (including �1 integrin)
and are crucial to integrin activation, facilitating substrate
adherence, and also mediating outside-in signaling, resulting in
impacts on other cellular functions (49). �1 integrin expression
appears to decline in the absence of Kindlin-1 expression in
some cells (38); our evidence that Kindlin-1 expression is

elevated in the Slug-KD cells, concomitant with elevated �1
integrin expression, corroborates this sort of reciprocal rela-
tionship. In contrast to some published studies that point to the
importance of Kindlin-1 in cell spreading (22), we demonstrate
enhanced wound healing in response to butyrate despite Kind-
lin-1 expression being reduced under these circumstances in all
three of our cell lines. This could be due in part to an increase
in Kindlin-2 expression with butyrate treatment (at least in WT
cells) because Kindlin-2 can compensate for Kindlin-1 in some
respects (38, 61) and is also implicated as a promoter of cell
spreading (32). In this scenario, the reduced expression of
Kindlin-2 in the Slug-KD cells, even in the presence of bu-
tyrate, may be a contributing factor in impaired wound healing
in the Slug-KDs, perhaps via impaired interactions with �1
integrin. These observations of transcriptional changes in
ANXA2 and Kindlins 1 and 2, together with the altered cellular
accumulation and distribution of �1 integrin, point to this type
of altered adherence, previously shown in other models (51), to
be the mostly likely mechanism through which Slug deficiency
impairs wound healing. However, it should be noted that in the
Snail-KD cells, ANXA2 and Kindlin-2 expression are also
reduced (although not to the same degree as in Slug-KD), and
those cells do not have a significant wound-healing deficit.
This suggests that there is either a threshold effect on how
those pathways can alter �1 integrin distribution, or there are
other factors downstream of Slug, which we have yet to
determine, that have an important role in this process. Addi-
tionally, we cannot say for certain whether Slug has a direct
transcriptional effect on ANXA2 and Kindlin-2 or whether
these are indirect effects mediated through other factors. A
definitive study done with epidermal progenitor cells using
Slug chromatin immunoprecipitation followed by deep se-
quencing reported that just under half of the almost 500
Slug-induced genes were associated with direct binding of Slug
to the promoters of those genes, whereas the remaining genes
were indirectly induced, possibly via induction of other tran-
scription factors (42).

As discussed above, physiological restitution of wounds in
colonic epithelium require not just physical closure, but com-
petent tight junctions between cells. Our TEER measurements
indicate that Slug and Snail have differential effects on this
aspect of epithelial integrity, but we were not able to discrim-
inate a clear mechanistic path to explain this difference. Al-
tered expression of various tight junction proteins is often used
to explain decreases in barrier during inflammation (45) or
increases in barrier after butyrate treatment (48). Of the junc-
tional protein genes we surveyed, only two demonstrated
differential expression in the Slug-KD cells. These were
CLDN2 and CLDN15, two of the so-called “leaky” claudins,
which actually increased in expression in the cells with the
strongest barrier measurements, the Slug-KD cells. This sug-
gests that factors other than simple altered gene expression
were responsible for this difference in barrier. In fact, altera-
tions of tight junction function can also result from changes in
assembly or intracellular trafficking of tight junction compo-
nents independently of expression differences (35). This raises
the possibility that Slug may have some as yet uncharacterized
involvement with tight junction protein trafficking or recycling
that has a greater net effect on the overall barrier than any
changes in relative gene expression of some specific tight
junction proteins. This is consistent with our observations of

Fig. 8. �1 Integrin is significantly more abundant in knockdown of Slug
(Slug-KD) cells at all points along the basoapical axis. Mean pixel intensity in
the �1 integrin channel at each level of the Z-stack in control (A) and 18 h after
application of 2.5 mM butyrate (B). Measurements made from a representative
stack from 4 stacks per experiment, 3 independent experiments per condition.
Pooled mean pixel intensity of all slices from the apical cell area (C) and basal
area (D). Scale bar � 50 �m. Snail-KD, knockdown of Snail. **P � 0.01,
****P � 0.0001, as compared with T84 cells at same treatment regimen.
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�1 integrin accumulation in Slug-KD cells and also with the
key role of Slug as a facilitator of cell migration. Rearrange-
ment of tight junction proteins is involved in the process of
epithelial cell migration (17). The fact that our Slug-KD cells
remain tightly packed, even when stimulated with butyrate,
reinforces the importance of Slug in cell migration, and the
maintenance of strong tight junctions may be part of this,
whether as a directed mechanism or an indirect consequence.

In contrast to the Slug-KD cells, the weaker barrier in the
Snail-KD cells, despite unimpaired physical wound restitution,
highlighted the sometimes differential effects of these closely
related genes. We speculated that the well-known actions of
Snail in epithelial cell differentiation might offer a mechanistic
connection for this barrier defect. In vivo, intestinal and co-
lonic epithelial cells are constantly entering a state of differ-
entiation from precursor crypt cells (20), and tight junctions
tend to mature as cells progress from less to more mature (44).
Colorectal cancer cell lines are, to varying degrees, committed
to a particular linage, such as absorptive or mucus secreting,
depending on their derivation and adaptation. However, even
these cells will respond to agents, such as butyrate, that tend to
drive cells toward a particular phenotype (2). For those rea-
sons, we examined whether specific lineage differentiation
markers would reflect whether Slug-KD or Snail-KD would

skew butyrate-induced lineage changes in ways that would
impact wound healing and barrier function. However, as de-
scribed above, these knockdowns had distinct changes in
differentiation markers even in the absence of butyrate, most
notably the upregulated markers for secretory cells in Slug-KD
cells. Whether these phenotypical differences contribute to the
functional differences noted above is unclear, as it is impossi-
ble to know whether the specific differences in ANXA2, �1
integrin, and Kindlin genes are dependent on any of these
lineage type responses. What is potentially interesting as a
putative mechanism is the differential expression of TFFs in
Slug-KD versus Snail-KD cells. In addition to being markers
of secretory cell differentiation, TFFs have profound effects on
intestinal epithelium, such as promoting wound healing (23)
and increasing barrier strength (8). This latter effect has at least
a correlative relationship in our results, as Slug-KD cells,
which have highly upregulated TFFs, exhibit enhanced barri-
ers, whereas Snail-KD cells with reduced TFF expression have
reduced barrier function. Additionally, although high TFF
expression might be expected to promote enhanced wound
healing in Slug-KD cells, the fact that they do not reinforces
the importance of Slug in epithelial restitution and raises the
possibility that TFF stimulation of wound healing requires
Slug-, but not Snail-, mediated responses.

Fig. 9. Knockdown of Slug (Slug-KD) cells
exhibit skewed expression of differentiation
markers before and after butyrate treatment.
A–E: relative expression of RNA transcripts
with and without 2.5 mM butyrate treatment.
Each data point is the mean of 3 samples; each
graph is representative of 3 independent exper-
iments. F: activity of cell-surface alkaline phos-
phatase in intact cells before and after 2.5 mM
butyrate treatment. Values expressed as the ab-
sorbance at 405 nm divided by the total protein
content of the wells. n � 3 wells per point,
representative of 3 independent experiments.
MUC2, mucin 2; SI, sucrase isomaltase; Snail-
KD, knockdown of Snail; TFF, trefoil factor.
*P � 0.05, **P � 0.01, ***P � 0.001, ****P �
0.0001 as compared with T84 cells at same treat-
ment regimen.
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As a result of our preliminary observations that Slug and
Snail expression increased in colonic epithelial cells upon
stimulation with butyrate, our initial hypothesis was that re-
sponses mediated via the Snail transcription factors would
mediate, at least in part, the beneficial responses to butyrate in
the epithelium. However, a consistent finding in all of our
experiments was the importance of Slug and Snail in wound
restitution and barrier maintenance, even in the absence of
butyrate, when Slug and Snail expression were relatively low.
These genes, and Slug in particular, were still important in the
butyrate response, although they were clearly not exclusive
mediators of butyrate stimulation. For example, wound healing
is impaired when Slug is knocked down, but butyrate still
improved healing in Slug-KD cells, although in similar pro-
portions to the healing acceleration observed in WT cells. This
was also the case with respect to barrier formation. Slug-KD
and Snail-KD had opposite effects on the barrier in the absence
of butyrate, but application of butyrate caused a proportionate
increase in the barrier in both knockdowns, indicating that
although Slug and Snail are important in barrier generation,
other butyrate responsive factors mediate many of its positive
effects. This is not surprising given that butyrate treatment can
result in altered expression of several hundred genes, including
other transcription factors and regulatory pathway genes (29,
39). Indeed, this extremely broad response to butyrate is no
doubt responsible for the highly variable responses reported
with butyrate treatment, as plasticity of responses would be
context sensitive when other factors modulate the same path-
ways. However, our results here indicate that Snail genes are
an important set of response modifiers that warrant further
investigation in terms of their mechanistic role in modulating
the differential response to butyrate in the intestinal epithelium.

In summary, we show here the Slug and Snail have differ-
ential effects on wound healing and barrier integrity in colonic
epithelial cells, with or without stimulation with butyrate. Slug
in particular is crucial in the physical reconstitution of epithe-
lial wounds. The most likely mechanism to explain this im-
paired wound healing is disorganized regulation of �1 integrin
in the cells, resulting in increased accumulation at the basal
interface of the cell with its substrate, increasing adherence and
impeding cellular motility. Based on previous literature and
our transcriptional studies, this dysregulation of �1 integrin
may be related to decreases in ANXA2 and Kindlin-2 expres-
sion that occur when Slug expression is knocked down. A
mechanistic link for the differential response of barrier integ-
rity to Slug-KD and Snail-KD is less clear, but the most likely
candidate is the corresponding differential expression of TFFs.
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