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Colonic epithelium is situated directly above the lamina propria which houses fibroblasts and 

resident immune cells that provide support and protection for proliferative stem cells and 

terminally differentiated epithelial cells. In health, fibroblasts maintain the extracellular matrix 

(ECM) and provide signals to help enforce spatial organization in the epithelial layer. In the case 

of injury or inflammation, resident immune cells initiate the immune response while fibroblasts 

help to rebuild a healthy tissue, though in some cases persistent, pathological fibroblast activity 

may lead to tissue thickening and stiffening inducing fibrosis. Disruptions in the epithelium-

fibroblast relationship play a role in many diseases including colorectal cancer (CRC) while 

epithelium-immune cell interactions are critical for maintaining intestinal homeostasis, yet the 

complexity of the intestinal microenvironment makes it challenging to study these relationships 

in vivo. To better understand intestinal disease initiation and progression, in vitro model systems 

are needed to recapitulate the direct contact between fibroblasts and epithelial cells and to study 

the immune cell response within a controlled environment. 



  

This dissertation describes the development and testing of in vitro model systems to mimic 

interplay of multiple cell types present in the colonic mucosa. In Chapter 2, we describe a 3D, 

fully polarized in vitro tissue model with an array of crypts comprised of primary human colonic 

epithelial cells located above a layer of human primary pericryptal fibroblasts. Model crypts 

form a stem cell niche in their base and a differentiated cell zone at the luminal end. In this in 

vitro context underlying fibroblasts also support epithelial survival and barrier function while 

modulating proliferation. This model will enable work towards an improved understanding of the 

role fibroblasts play in healthy colon tissue and in disease initiation and development. Chapter 3 

describes a new model of colonic fibrosis wherein fibroblasts and epithelial cells are grown on 

two scaffolds that exhibit healthy or fibrotic biophysical characteristics. Though fibrosis is often 

the result of a persistent inflammatory response, fibrinogenesis is a self-perpetuating process and 

so we sought to model excessive ECM deposition within a tissue by altering the underlying 

substrate and then culturing primary fibroblasts and epithelial cells together. The hydrogel 

scaffolds on which cells were cultured possess diffusivity and stiffness characteristics similar to 

healthy and fibrotic tissues. Cells exhibited altered morphology and phenotype when cultured on 

stiff scaffolds, demonstrating the usefulness of this model for future fibrosis related 

investigations. In chapter 4 a different in vitro model system was used to observe the interaction 

between another pair of cell types present in the colonic mucosa: epithelium and resident 

immune cells. In this case, a soft, highly permeable hydrogel was used as a model of the 

interstitial space and the migration of macrophages towards a normal or damaged epithelial layer 

was measured. The epithelial cell barrier function and phenotype along with immune cell 

migration in response to stimuli were measured demonstrating the usefulness of this system for 



  

modeling acute inflammation. The model systems described in this dissertation will enable 

further discovery regarding colonic tissue repair and CRC initiation and progression.  
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Chapter 1. Introduction 

1.1. The Large Intestine 

1.1.1. Intestinal Physiology 

The large intestine (colon) is a tubular organ of the gastrointestinal (GI) tract, that absorbs 

water, electrolytes, and vitamins, and processes indigestible waste[1]. The cecum and ascending 

colon are suited for absorption while the transverse, descending and sigmoid colon sections 

primarily form, move and store feces[2]. Like other GI organs, colon tissue is organized into 

concentrically stratified regions. The mucosa is closest to the hollow lumen where waste passes 

and the gut microbiota is maintained. Outwards from the mucosa there is the submucosa with 

connective tissue and blood vessels, the muscularis propria with smooth muscle, and the serosa 

where nerve connections are found[2]. The innermost mucosa can be further subdivided into the 

epithelium, lamina propria, and contractile muscularis mucosae[2,3] (Figure 1). Columnar 

epithelial cells lining the lumen form a barrier, secrete mucus, send paracrine signals, and take up 

nutrients[4]. The lamina propria houses fibroblasts, immune cells, and blood vessels that all 

support the epithelium and help provide structure [2,5]. The physical and chemical 

microenvironment of epithelial cells is heavily influenced by cells in the lamina propria and 

interactions between these two regions is especially important to intestinal homeostasis. The 

condition of the intestinal epithelium is crucial to overall health and dysregulation in this barrier 

has been linked to Irritable Bowel Disease, Crohn’s, and Colorectal Cancer (CRC). An enhanced 

understanding of the interplay between the epithelium and lamina propria will be beneficial to 

understand disease progression and to study the interactions in the colonic mucosa it is important 

to consider the architecture of the tissue. 
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1.1.2. Colon Crypt Architecture 

The colon’s luminal surface is dotted with an array of 100 µm wide, 500 µm deep 

invaginations called the crypts of Lieberkühn[6,7]. A cross-section of colon tissue reveals crypts 

as a series of aligned tubes with a flat inter-crypt space (Figure 1). In postnatal development, 

colonic crypts form via deepening indentations, in mature individuals, crypts can multiply by 

fission or asymmetric budding, and in aging colons, crypts are often less frequent[8,9]. Crypts 

act as a stem cell niche, and in the early 19th century Joseph Paneth and Giulio Bizzozero 

independently proposed that that dividing cells in the crypt base are the source of epithelium in 

the luminal surface[10,11]. It has since been proven that the crypt structure enables constant 

regeneration, with multipotent and long-lived stem cells proliferating in the base of crypts for an 

individual’s entire lifetime[6]. As cells divide, some remain in the base with a stem phenotype 

while other daughter cells progress towards a certain lineage, first as transit amplifying cells then 

differentiating into several types of epithelial cells that migrate upwards towards the lumen 

where they live for about a week and are then sloughed off into the lumen[9]. Cells in the crypt 

base are physically distanced from the high-sheer, anaerobic, and bacteria filled lumen and the 

location also keeps them closer to vasculature and the lamina propria where cells like fibroblasts 

secrete supportive soluble factors[12]. The crypt three-dimensional architecture also has been 

shown to encourage stemness, as cells are responsive to the tight curvature in the crypt 

base[13,14]. 
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Figure 1.1. Histology of normal human colon. The left panel shows the full, stratified colon 
tissue while the right panel displays the mucosa. Image from Reinus & Simon 2014[2]. 

1.1.3. Characterizing Intestinal Epithelial Cells 

In early development a tube containing all three germ layers is the structural precursor to the 

GI system and, as it becomes spatially patterned, the posterior region develops into the hindgut 

and then the colon while the endoderm in this region develops into epithelium[15]. A radial 

crypt-villus axis is developed, though colonic villi will be flattened by birth, and multipotent 

stem cells that will be maintained for an individual’s lifetime are established in the base of crypts 

(Figure 2). Intestinal stem cells can be identified by expression of Leucine-rich repeat-containing 

G-protein coupled receptor 5 (Lgr5) or Achaete-Scute Family BHLH Transcription Factor 2 

(Ascl2) and they undergo mitosis more rapidly than neighboring cells [16–18]. About 95% of the 

time stem cells divide asymmetrically i.e., one progeny maintains the parent stem phenotype and 

the other daughter cell becomes a transit amplifying cell that proliferates 4-5 times before 

terminally differentiating[6,19]. Otherwise stem cells may divide symmetrically into two stem 

cells or two transit amplifying cells[20]. 
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Differentiated epithelial cells are mostly absorptive or secretory and they are localized in the 

upper crypt or inter-crypt space. Colonocytes and goblet cells are the most abundant 

differentiated epithelial cell types. Notch signaling is said to govern this lineage decision as 

expression of Notch intracellular domain (NCID) leads to colonocyte differentiation whereas 

Notch inhibition guides towards a goblet phenotype[21,22]. Colonocytes have cilia on their 

luminal side, are responsible for nutrient absorption, and form tight junctions with lateral 

neighbors to create the epithelium’s physical barrier[23]. Goblet cells secrete mucins into the 

lumen and the resultant layered mucus enforces the barrier preventing infiltration of bacteria or 

other pathogens. It is important to note, in the small intestine differentiated Paneth cells are 

present in the base of the crypt in direct contact with Lgr5+ stem cells, though these are absent in 

colonic crypts [18]. Other more rare epithelial cell types can be found in intestinal epithelium as 

well including Tuft cells and Enteroendocrine cells that can aid in the immune response via 

cytokine release or hormone secretion, directing the immune system or modulating nutrient 

absorption[23]. 

1.1.4. Crypt Polarization 

The three-dimensional architecture of colonic crypts is crucial for continuous regeneration of 

the tissue. The shape of these invaginations enables contrasting signals to be delivered near to 

one another to create a highly ordered environment with conditions in the base that are 

drastically different than in the top. With contrasting circumstances in the lamina propria versus 

the gut lumen, chemical concentration gradients are generated across the long axis of intestinal 

crypts, with a high concentration of a compound on one side and near-zero concentration on the 

other (Figure 3). For example, oxygen is delivered to the lamina propria via vasculature, but the 

colon lumen is anaerobic and thus as oxygen diffuses towards the lumen and is consumed, a 
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gradient is formed with an oxygen rich environment in the base and an oxygen depleted 

environment in the lumen. To further enforce this gradient, colonocytes in the lumen consume 

oxygen when available while colonocytes near the base of the crypt conduct fermentation, and 

do not consume oxygen, leaving more available for metabolically active stem and transit 

amplifying cells[23]. Oxygen serves as a good example of how formed gradients help maintain 

the organization within crypts though other signaling factors are perhaps more important to the 

polarization of the intestinal stem cell niche. 

Wnt signaling is a major controller of proliferation in intestinal crypt stem cells[24]. This 

highly conserved pathway is active when Wnt ligands complex with transmembrane proteins 

such as Frizzled (Fz) and lipoprotein receptor-related protein (LRP) which subsequently inhibit 

proteasomal degradation of β-catenin in the cytosol. When β-catenin concentration builds up in 

the cytosol, it will translocate to the nucleus and activate transcription of Wnt targeted genes[19]. 

In situ RNA hybridization has revealed that activity of canonical Wnt ligands, like Wnt-3, Wnt-

6, and Wnt-9b that are associated with proliferation, are localized to the crypt base [24]. 

Conversely, Wnt ligands associated with noncanonical signaling like Wnt-2b, Wnt-4, Wnt-5a, 

and Wnt-5b may modulate proliferation and have been observed in mesenchyme near the colonic 

lumen[24]. Bone morphogenetic proteins (BMP), mainly BMP-2 and BMP-4, inhibit intestinal 

stem cells[25]. In healthy tissue BMP is excluded from the crypt base and BMP inhibition has 

been observed to induce proliferation[25–27]. Noggin, a BMP antagonist expressed in the 

submucosal region, protects proliferating stem cells from BMP signals in the crypt base[25]. R-

spondin is another important signaling factor that is a strong agonist of canonical Wnt found in 

the crypt base[28,29]. While this is not an exhaustive list of all the factors present within the 

crypt stem cell niche, those mentioned here are most pertinent to this work and with exogenously 
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provided canonical Wnt, R-spondin, and BMP antagonist Noggin it is possible to maintain 

intestinal stem cells in vitro [30]. 

 

Figure 1.2. Schematic showing the positioning of epithelium and fibroblasts within a colon 
crypt. 

 

Figure 1.3. Various gradients present in the colon crypt. Figure from Wang et al.[31]. 
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1.2. Role of Fibroblasts 

1.2.1. Characterizing Intestinal Fibroblasts 

There is ongoing discovery regarding the specific location of a myriad of fibroblast subtypes, 

which we will not focus on here, but it is important to characterize the main contributors in the 

lamina propria: intestinal fibroblasts and myofibroblasts can be recognized as CD45-, CD 31-, 

and CD90+ cells[32]. Vimentin, a cytoskeleton filament protein, is present in both fibroblasts 

and myofibroblasts while α-smooth muscle actin (α-SMA) is observed in myofibroblasts[33]. 

Both fibroblasts and myofibroblasts secrete collagens though only myofibroblasts are contractile 

and there is usually a transition from fibroblasts to myofibroblasts during injury repair[34]. 

Myofibroblasts can be distinguished from smooth muscle cells by measuring desmin expression 

which is only expressed in the muscle cells and α-SMA is also more highly expressed in smooth 

muscle[33]. Further, fibroblasts and myofibroblasts have abundant endoplasmic reticulum and 

collagen secretion granules, though focal adhesions can only be observed in fibroblasts and inter-

cell fibronexus are only observable in myofibroblasts[33,35]. Recently platelet-derived growth 

factor receptor-α (PDGFR-α) has also been identified in pericryptal fibroblasts and it has been 

shown that these cells might have different expression levels of PDGFR-α near the top or bottom 

of crypts indicating that the lamina propria is polarized like the epithelium [36,37]. 

A note for clarity: When discussing mesenchymal cells of the intestinal lamina propria this 

can include an array of cell types that share a similar differentiation pathway and have 

coordinated biological functions[38]. Though this category encompasses mural cells of the 

vasculature, stromal stem cells, and smooth muscle cells which are all important to the function 

of the lamina propria, this study will focus on fibroblasts and myofibroblasts. That said, these 

cells have been observed to have a plastic phenotype i.e., switching back-and-forth depending on 
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environmental stimuli. While there is an important distinction between the function and impact 

of fibroblasts versus myofibroblasts, further discussed in chapter 3, herein we will mostly refer to 

the vimentin-positive supportive cell-type nearest to the epithelium within the lamina propria as 

pericryptal fibroblasts. 

1.2.2. Colonic Fibroblasts in Health and Disease 

Fibroblasts act in support of stem and differentiated epithelial cells within the large intestine 

and spatially specific fibroblast signaling helps preserve precise order along the crypt axis. 

Bidirectional communication between fibroblasts and epithelium occurs via secreted factors, 

direct cell-to-cell contact, and mechanical cues from the fibroblast-generated ECM[33,39–42]. 

To help maintain the crypt stem cell niche, fibroblasts near the crypt bottom secrete Wnt 

(canonical signaling), R-spondin and BMP antagonists Gremlin and Noggin[33,39,40,43]. In 

contrast, fibroblasts closer to the lumen conduct direct-contact Notch signaling, secrete BMPs 

and express noncanonical Wnt ligands to direct epithelium differentiation. Fibroblasts also play 

an important role in establishing the ECM, especially during wound repair. Collagen, fibronectin, 

and laminin secretion helps build the ECM while MMP secretion and (myo)fibroblast 

contraction can reorder the physical environment as necessary[33]. Varied ECM production 

along the crypt axis can also contribute to crypt polarization[31]. As fibroblasts play such an 

important role in upholding and restoring order within the colonic mucosa, it follows that 

dysregulation amongst these cells can lead to disease. 

Although colonic adenocarcinoma develops from hyperproliferative epithelial cells, recent 

studies have shown that fibroblasts play an important role in CRC development and 

progression[44]. An imbalance between epithelium proliferation and differentiation is a hallmark 

of CRC and this can be a result of atypical fibroblast behavior. As reviewed by Dang and 
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colleagues, specific alterations in fibroblast-epithelial signaling can lead to CRC related 

proliferation, invasion, migration, angiogenesis, therapy resistance, immune invasion, and 

metastasis of epithelial tumor[44]. The immune response can also be aided by fibroblast and 

again when fibroblast behavior is dysregulated, persistent activation can lead to fibrosis within 

the colon altering the microenvironment and enabling CRC initiation and progression. 

Upon insult or injury to the colonic mucosa, the immune response is set into action by 

resident immune cells or other local mediators such as epithelial cells or fibroblasts [45]. Several 

immune-related signaling pathways have been connected to fibrinogenesis including 

transforming growth factor- β (TGF-β), tumor necrosis factor- α (TNF-α) and interleukins (IL) 

including IL-1, -17, -4, -13, and -36 [46,47]. While these signaling factors play an important role 

in activating and recruiting immune cells to prevent further tissue damage, a persisting 

inflammatory response leads to fibrinogenesis. Continuous ECM deposition complemented by an 

imbalance in matrix metalloproteases (MMPs) and tissue inhibitors metalloproteinases (TIMPs) 

results in excessive ECM accumulation [48]. Local mesenchymal cells, the primary cell type 

responsible for ECM remodeling, also change phenotype to an activated myofibroblast state 

while more mesenchymal cells are recruited to the area via migration or epithelial and 

endothelial to mesenchymal transition (EMT) [33,49]. Notably, upregulation of platelet derived 

growth factor alpha (PDGFα), TGF-β, insulin-like growth factor (IGF), epithelial growth factor 

(EGF), fibronectin (FN), and N-cadherin (N-cad) in myofibroblasts has been observed in 

intestinal fibrosis [50,51]. Metabolism in these cells also switches mainly to glycolysis indicative 

of a highly activated phenotype [50]. Damage to the intestinal barrier can also lead to a host 

response to pathogens infiltrating from the microbiome resulting in profibrotic activation of 

fibroblasts and activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
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κB) related genes along with contraction within the collagen matrix [45,52]. These changes to 

mesenchymal cells and the biophysical and biochemical environment have a great impact on the 

epithelium. While in some isolated regions epithelial hyperplasia may occur, tissue integrity can 

be lost as epithelial cells flatten, die, and fall off leading to increased gaps between cells [53,54]. 

Though the impact of fibrosis on mesenchymal cells and epithelium has been studied, much is 

yet to be learned regarding the complex interplay between mesenchymal cells and epithelium 

within fibrotic tissue. 

1.3. Colorectal Cancer 

1.3.1. CRC Burden 

Colorectal cancer (CRC) is the third most common cancer and the second most deadly 

worldwide with 1.93 million new cases and 935,173 deaths caused in 2020[55]. Incidence is 

higher in Western countries with 55% of global cases, though only 33% of CRC related deaths 

occurred in Western countries[56,57]. The 5-year survival rate for patients with localized CRC is 

relatively good at 90%, but the outlook is more grim for advanced or metastasized disease with a 

survival rate of just 15% [58,59]. It is thus important to understand the mechanism by which 

CRC is initiated as prevention or early detection could greatly reduce the global burden. 

1.3.2. CRC Initiation and the Tumor Microenvironment 

In the most common form of CRC, adenocarcinoma, hyperproliferation in the epithelium is 

the first step which can lead to polyp formation. Hyperproliferation may be due to aberrant Wnt 

signaling caused by genetic mutation, microenvironmental circumstances influenced by diet and 

the microbiota, or dysregulation of other cell types in or near the crypt niche[60]. Though 

colonic polyps are not inherently malignant, they are closely monitored and may be biopsied in 
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clinic because they indicate an imbalance in the ratio of proliferating versus differentiating 

epithelial cells. Mutation of the APC gene, a common tumor suppressor, directly affects Wnt 

signaling and can impede β-catenin degradation in the cytosol leading to a build-up of the 

transcription factor in the nucleus and increased activity of canonical Wnt signaling. Following 

epithelial hyperproliferation and APC mutation, further mutations in a rapidly dividing neoplasm 

within the KRAS, SMAD4 or p53 genes can enable a tumor to grow, invade and 

metastasize[56,61].  

While cancer research often focuses on the genotypic and phenotypic changes in tumor cells, 

the biophysical characteristic of a microenvironment also plays an important role in 

tumorigenesis and cancer progression[62]. Cells are responsive to the number of binding sites 

available, and the stiffness of the surrounding ECM and it has been observed that there is 

increased stromal collagen deposition in tumor microenvironments [63]. In fact, tissue stiffening, 

especially in the case of fibrosis, has been shown to encourage tumor growth, metastasis, and 

inflammation [64–66]. A key property of fibrotic tissue is increased resistance to deformation, 

i.e., stiffness, and reduced mobility of soluble factors, i.e., diffusion. Ex vivo measurement of 

healthy and fibrotic human colonic tissue reveals the Young’s modulus (E’) to be 2.9 and 16.7 

kPa, respectively [67]. Additionally, it has been observed that apparent diffusion coefficient can 

be almost 50% lower within a fibrotic stricture when compared to other regions within the same 

tissue [68,69]. 

1.4. Models of the Large Intestine 

1.4.1. Enabling Discoveries 

To date, in vitro models of the intestinal mucosa have focused on the epithelium alone since 

the health and regeneration of the epithelial barrier is integral to human health. In the past 15 
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years, several paradigm shifting publications have enabled researchers to accomplish the 

challenging task of maintaining and expanding intestinal stem cells in vitro[31]. First, in 2009 

Toshiro Sato et al. described methods for isolating Lgr5+ stem cells from whole intestinal tissue 

for expansion as organoids that were observed to develop intestinal crypt and villus 

architecture[30]. This seminal work showed that murine intestinal stem cells could proliferate 

within laminin-rich Matrigel when supplied with Wnt agonist R-spondin, Epithelial Growth 

Factor (EGF), and BMP antagonist Noggin without supportive mesenchymal cells 

present[30,70]. Later, Miyoshi and Stappenbeck genetically modified a fibroblast-like cell line to 

secrete Wnt3a, R-spondin 3, and Noggin (L-WRN) and they described how media conditioned 

by L-WRN cells could be provided to support intestinal epithelial stem cells in vitro in a highly 

repeatable fashion[71–73]. Sharing this L-WRN cell line (ATCC, CRL-3276™) has enabled 

researchers around the world to generate their own conditioned media to support in vitro 

intestinal stem cell growth. More recently, methods have been developed for long-term 

expansion of colonic epithelium in vitro atop a flat slab of neutralized collagen without Matrigel 

embedded organoids[74]. Additionally, a stiff collagen scaffold that mimics the intestinal crypt 

architecture and is suspended within a well-insert has been employed to grow intestinal 

epithelium with precise control over the luminal and basal conditions, i.e., chemical gradients, of 

the tissue[75,76].  

 

1.4.2. Overview of Other Human Fibroblast-Epithelium Intestinal In Vitro Models 

Most human in vitro models of the intestinal mucosa have focused solely on the epithelium; 

however, increasingly fibroblasts are integrated into coculture models to investigate the 

interactions between the two cell types[37,77–88]. Fibroblasts cultured at a distance from the 
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epithelial cells but sharing a common medium have permitted investigation of paracrine 

signaling[30,72,73,81,89]. Crucially, this work has enabled long-term in vitro culture of 

intestinal epithelial cells and identified secreted factors playing a role in fibroblast-epithelial cell 

interactions. Yet these models fail to capture the impact of direct cell-cell communication 

occurring in vivo. Multi-layered planar coculture models have been used to mimic pericryptal 

fibroblasts and examine direct cell-cell interactions[79,82]. These models have revealed how 

direct contact between cells influences tissue barrier function; however, these planar systems do 

not possess the complex 3D architecture or cell compartmentalization of the crypt. Epithelial 

organoids have been cultured within a fibroblast-laden hydrogel to mimic the fibroblast-filled 

stroma of the in vivo intestine[85,90,91]. These methods revealed that a stroma containing 

fibroblasts supported the formation of a budding small intestine organoid. Nonetheless, these 

models did not mimic the pericryptal positioning of fibroblasts or support direct epithelial cell-

fibroblast contacts. Microengineered intestine-on-chip systems with accurate crypt architecture 

and epithelial cell compartmentalization have been developed but to date these physiologically 

accurate systems do not fully incorporate pericryptal fibroblasts[75,78,80,86,92–94]. Given that 

surface topography and curvature, direct cell-cell interactions, and cell compartmentalization are 

known to play critical roles in the physiology of the intestine, an improved understanding of the 

fibroblast-epithelial cell partnership awaits an architectural accurate model of the colonic 

epithelium with its pericryptal fibroblasts[14,95]. Thus, we set out to create a system with both 

primary-derived human cell types in direct contact within 3D crypt architecture where cells 

behavior could be monitored with spatial specificity.  



 

 14 

Chapter 2. Development of an in vitro model of intestinal tissue to study 

fibroblast and epithelial cell interplay 

Chapter 2 is adapted from the following manuscript: 

A. Massaro, C. Villegas-Novoa, Y. Wang, & N.L. Allbritton, Fibroblasts modulate epithelial cell 

behavior within the proliferative niche and differentiated cell zone within a human colonic crypt 

model (peer review). 

2.1. Abstract 

To study the fibroblast-epithelial cell interactions, an in vitro crypt model was formed on a 

shaped collagen scaffold with primary epithelial cells growing above a layer of primary colonic 

fibroblasts. The crypts possessed a basal stem cell niche populated with proliferative cells and a 

differentiated, nondividing cell zone at the luminal crypt end. The presence of fibroblasts 

enhanced cell differentiation and accelerated the rate at which a high resistance epithelial cell 

layer formed relative to cultures without fibroblasts. The fibroblasts modulated cell proliferation 

within crypts increasing the number of crypts populated with proliferative cells but decreasing 

the total number of proliferative cells in each crypt. Bulk-RNA sequencing revealed 41 genes 

that were significantly upregulated and 190 genes that were significantly downregulated in 

cocultured epithelium relative to epithelium cultured without fibroblasts. This epithelium-

fibroblast crypt model suggests bidirectional communication between the two cell types and has 

the potential to serve as a model to investigate fibroblast-epithelial cell interactions in health and 

disease. 

2.2. Introduction 

In this work, a 2D model and a micro-engineered 3D model was developed to enable colonic 

fibroblast-epithelial coculture. The planar or 2D coculture model was created for fast 
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optimization of the coculture conditions with assessment of cell viability and surface coverage. 

This simple model utilized a tissue-cultured fibroblast cell line CCD18-Co derived from normal 

human colon as fibroblasts. Scaffolding and culture conditions were optimized for the epithelial 

cells while maintaining the wellbeing of the fibroblasts. The 3D model possessed in vitro crypts 

comprised of primary human colonic epithelial cells and underlying primary pericryptal 

fibroblasts isolated from normal colonic stroma. The optimized planar conditions were applied to 

the 3D model or array of crypts with underlying fibroblasts. Fibroblasts and epithelial cells 

(alone or in coculture) were assessed for their ability to proliferate under different conditions as 

well as their ability to express cell-type specific markers. Epithelial cell function, for example, 

creation of a high resistance barrier, was evaluated over time. The impact of the fibroblasts on 

epithelial cell crypt formation and cell compartmentalization was also evaluated.  The impact on 

stem cell maintenance and proliferation was quantified followed by RNA expression analysis to 

investigate how the fibroblasts modified epithelial cell physiology. This system will enable an 

improved understanding of the interconnected relationship between epithelial cells and their 

partner cells, the pericryptal fibroblasts. 

2.3. Results 

2.3.1. Design of a platform for epithelial cell-fibroblast coculture 

To visualize the in vivo location of the epithelial cells with respect to fibroblasts, human 

colonic tissue was fixed, sectioned, and immunostained for vimentin to identify fibroblasts and 

EpCAM to label epithelial cells. Fibroblasts were observed throughout the stroma beneath and 

between the colon crypts (Figure 2.1A, B). Importantly a layer of pericryptal fibroblasts was in 

close apposition to all epithelial cells including those within the crypts as well as those lining the 

luminal surface. To recapitulate this close relationship between the pericryptal fibroblasts and 
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epithelial cells, two in vitro systems were developed (Figure 2.1C): i) a planar coculture model 

and ii) a 3D crypt coculture model. Both systems employed a scaffolding comprised of a cross-

linked collagen that was molded into either a flat surface or a three-dimensional crypt array. The 

collagen scaffold in both flat and molded-crypt models was placed within a hanging basket to 

enable control of media conditions on both sides of the scaffolding[96]. The flat collagen slab 

supported planar growth of the two cell types and enabled rapid screening of coculture 

conditions to support both fibroblasts and epithelial cells. Once the optimal coculture conditions 

were determined, a shaped scaffolding to support the crypt arrays was constructed. Screens on 

the flat collagen slabs employed a tissue-cultured intestinal, fibroblast cell-line (CCD18-Co). 

The 3D crypt arrays used primary human colonic fibroblasts which are a more restricted 

resource, but which more closely resembled the in vivo cell type than the cell line. 
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Figure 2.1. Model system to recapitulate the direct interactions of colonic fibroblasts with 
epithelium. (A) Fluorescence staining of a sliced section of human colon tissue displaying nuclei, 
epithelium, and fibroblasts. The white box in the left panel locates the higher magnification inset 
of the right panel. (B) Schematics showing the in vivo and in vitro positioning of columnar 
epithelial cells above pericryptal fibroblasts within a crypt. (C) Schematics of the sequential 
seeding process for generating a planar (2D) and crypt-shaped (3D) coculture model. 

2.3.2. Identification of common culture conditions for fibroblasts and epithelial cells 

Fibroblasts and epithelial cells are typically cultured under distinct conditions. Fibroblasts 

grow well in commonly used media such as DMEM supplemented with serum while epithelial 

cells require a wide range of additives such as B27, Y-27632, A83-01, SB202190, and growth 
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factors of Wnt, R-spondin, Noggin (WRN) and epithelial growth factor (EGF) to maintain stem 

cells and support their proliferation (Table 2.1). Fibroblasts are typically cultured on a 

polystyrene surface (stiffness ~ 3 GPa[97]) while intestinal epithelial stem cells require a much 

softer matrix (e.g. collagen, Matrigel with stiffness of 0.1-1 kPa) with proper ECM contacts for 

cell survival[98]. An initial goal of this work was to identify a medium and surface on which 

both fibroblasts and epithelial cells would be viable and maintain their appropriate phenotype. 

Since fibroblasts are more tolerant of their culture conditions than epithelial cells, fibroblasts 

were initially cultured under conditions supportive of intestinal epithelial stem cells. Under these 

culture conditions, fibroblasts demonstrated poor survival and altered morphology (Figure 2.2 

A). To understand which medium additive might be negatively impacting the cells, fibroblasts 

were cultured on polystyrene 12-well plates in fibroblast medium but with the addition of a 

single component from the epithelial medium. The impact of WRN, EGF, A83-01, and 

SB202190 was not assessed since epithelial stem/proliferative cells are critically dependent on 

these factors[70]. Cell morphology and surface coverage were examined over time. Fibroblasts 

without the epithelial-cell additives spread across the culture surface and grew to confluence 

within three days while fibroblasts in the presence of B27 or Y-27632 possessed a spindle-

shaped morphology and had either increased turnover or did not grow to cover the substrate 

(Figure 2.2 B). B27 is a serum-free cocktail of culture supplements originally tailored to 

optimize neuronal cell culture but commonly used in epithelial in vitro culture. Y-27632 is a Rho 

kinase inhibitor added to the epithelial media formulation to help epithelial cells survive while 

dissociated during thawing or passage[99]. Since B27 and Y-27632 altered fibroblast 

morphology and growth properties, both were removed from the medium. Primocin is a potent, 

broad-spectrum antibiotic used to eliminate fecal bacteria during initial colonic cell isolation and 
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it was also replaced with more conventional tissue culture antibiotics, e.g., 

penicillin/streptomycin. All subsequent cultures for fibroblasts and/or epithelial cells used 

penicillin/streptomycin but not Primocin, B27, or Y-27632 (Table 1).  

 

Figure 2.2. Testing media components’ impact on fibroblasts. (A) Fluorescence images of 
fibroblasts stained for Vimentin and Hoechst 33342 to display cell shape and nuclei, 
respectively. All samples are grown on polystyrene within a 12-well plate with the left top panel 
displaying fibroblasts grown in the recommended monoculture media (DMEM with 10% FBS 
and 1% Penn/Strep. In the center top panel fibroblasts were grown with epithelial expansion 
medium optimized for epithelial monoculture and cell density is diminished while cell shape is 
altered. In the right-top panel fibroblasts were grown in modified expansion medium (EM) as 
indicated in Table 2.1.   
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COMPONENT 

(VOLUME FOR 500 

ML) MM EM SM DM 

L-WRN CONDITIONED 

MEDIUM 

250 mL 250 mL 250 mL  

ADVANCED 

DMEM/F12 (1X) 

250 mL 250 mL 250 mL 500 mL 

GLUTAMAX (100X) 5 mL 5 mL 5 mL 5 mL 

HEPES (1M) 5 mL 5 mL 5 mL 5 mL 

PRIMOCIN (50 MG/ML) 500 µL (5 mL Pen/Strep) (5 mL Pen/Strep) (5 mL Pen/Strep) 

NAC (1M) 500 µL 500 µL 500 µL 500 µL 

EGF (250 µG/ML) 100 µL 100 µL 100 µL 100 µL 

NICOTINAMIDE (1M)  5 mL   

B27 (50X) 10 mL    

GASTRIN (1 MG/ML) 12.5 µL 12.5 µL   

PGE2 (1 mM)  5 µL   

A 83-01 (5 mM) 50 µL  50 µL 50 µL 

SB202190 (30 mM) 50 µL 50 µL   

Y-27632 (10 mM) 500 µL    

FBS    50 mL 

 

Table 2.1. Media composition. MM: Maintenance medium. EM: Expansion medium. SM: Stem 
medium. DM: Differentiation medium. Adapted from Hinman et al.[100]. Fibroblast Medium 
(FM) consists of 500 mL DMEM, 50 mL FBS, and 5 ml Penn/Strep.  
 
 

To identify a common substrate on which both epithelial cells and fibroblasts could attach 

and grow, the two cell types were cultured separately, and together, on a flat cross-linked 
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collagen surface (stiffness approximately 1 kPa) under the modified medium (Figure 2.4 A, B, 

C). Cell density was assessed by measuring the area covered by nuclei (Hoechst 33342-stained 

DNA) and quantifying cell proliferation (EdU incorporation). Cell morphology was judged 

following immunostaining for EpCAM or vimentin. When cultured alone, epithelial cells grew to 

confluence with large numbers of proliferative cells (Figure 2.4 D, E). All cells in the epithelial 

cell culture were EpCAM+ and vimentin- (Figure 2.4 F). Despite removal of Primocin, B27 and 

Y-27632, the epithelial cells grew well and displayed characteristic markers such as KRT20 and 

mucin-2 (Figure 2.4 G, H). The fibroblasts also grew to cover the cross-linked collagen surface. 

Very few proliferative cells were observed in the fibroblast cultures relative to that of the 

epithelial cells (Figure 2.4 E). As expected, all cells in the fibroblast cultures were vimentin+ and 

EpCAM- (Figure 2.4 F). Barrier function of the monocultures was assessed by measuring TEER 

over time. On day 1 after seeding, TEER was near zero and not significantly different between 

fibroblast and epithelium cultures (Figure 2.4 I). On day 4 and 12, the TEER was significantly 

greater for the epithelial cells compared to the fibroblasts. The fibroblast and epithelial cells both 

displayed excellent surface coverage, expected functional behavior and acceptable morphology 

on the cross-linked collagen which was therefore used for all subsequent experiments. 
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Figure 2.3. Timeline for in vitro tissue seeding. (A) Planar model timeline: Fibroblasts are added 
first atop a cross-linked collagen scaffold and cultured in FM for one week after which 
epithelium is added and the full tissue is culture in EM. (B) 3D-crypt model timeline: Like the 
planar setup, fibroblasts are first added to the scaffold and culture for one week in FM followed 
by epithelium addition. Cells are cultured in EM (supplied from above and below the scaffold) 
for eight days and then a chemical gradient is applied with DM supplied at the top of the scaffold 
within a well-insert and SM is supplied at bottom from below the well-insert. In all cases 0.5 mL 
of medium is added to the top of the well-insert and 1.5 mL is added below the well insert and 
the medium is replenished every 24 hours. 

2.3.3. Planar coculture of fibroblasts and epithelial cells in the presence of WRN 

For coculture, fibroblasts were plated at day 0 on the cross-linked collagen surface and 

cultured in fibroblast medium for 7 d. Epithelial cells were then plated onto the fibroblast-

covered collagen scaffold at day 7 and cultured in EM until the epithelial cells reached 

confluence above the fibroblasts (8 d) (Figure 2.3 A). The cocultures displayed both EpCAM+ 

and vimentin+ cells indicating that both epithelial cells and fibroblasts were present on the 

scaffold (Figure 2.4 C). The measured vimentin+ area was significantly higher in coculture as 
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compared to epithelium alone indicating that fibroblasts are present though there was a 

significant reduction in vimentin coverage for the coculture relative to that of the fibroblast only 

culture (Figure 2.4 F). Fewer fibroblasts were present in the coculture relative to the fibroblast 

only culture despite plating identical numbers of cells on day 0 so the presence of the epithelial 

cells appeared to diminish the number of fibroblasts. This was surprising since these cells grow 

in proximity in vivo. The Hoechst 33342+ surface area was not statistically different for 

coculture as compared to epithelial cells alone (Figure 2.4 D). The surface area occupied by 

EdU+ cells was significantly lower for coculture as compared to epithelial cells alone (Figure 2.4 

E).  The normalized expression of KRT20+ (a pan-differentiation marker for epithelial cells) was 

significantly greater for cells in coculture compared to that of epithelial cells alone although 

Muc2 (a marker for goblet cells) was not significantly different (Figure 2.4 G, H). The decreased 

EdU incorporation and increased KRT20 expression suggested that in this simple planar system, 

the fibroblasts act to decrease epithelial cell proliferation and encourage their differentiation. The 

TEER was significantly lower on day 4 for epithelial cells alone versus coculture (Figure 2.4 I). 

A high TEER signifies the presence of mature colonocytes with tight cell-cell interconnections 

again suggesting that the fibroblasts promote epithelial cell differentiation towards colonocyte 

lineage. By culture day 12, TEER was not significantly different between monoculture and 

coculture suggesting that both systems eventually grew to confluence with a majority of 

colonocytes. These data suggest that the fibroblasts modulate epithelial cell proliferation while 

encouraging mature colonocyte differentiation and tissue barrier function (even in the presence 

of exogenous WRN). However, limitations of this simple planar coculture system include the 

absence of discrete cell zones and the high concentration of WRN throughout the culture so that 
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subtle impacts of the fibroblasts on epithelial cells particularly the stem/proliferative cells might 

be obscured. 

 

Figure 2.4. Evaluation of fibroblast and epithelial cell coculture on a 2D scaffold. (A) 
Epithelium alone after 8 days, (B) fibroblasts alone after 7 days, and (C) coculture after 15 days 
total (7d fibroblasts only, then 8d after epithelium addition) in planar culture stained for Hoechst 
33342, EdU incorporation, and EpCAM and vimentin immunofluorescence. (D-F) The 
fluorescence area positive for (D) Hoechst 33342, (E) EdU incorporation, and (F) vimentin 
staining was plotted for each culture system. The area positive for each of these markers was 
determined as that above an empirically set threshold. (G-H) Shown is the normalized 
fluorescence area positive for (G) mucin 2 and (H) KRT20 immunofluorescence. The normalized 
area was calculated by dividing the area positive for mucin 2 and KRT20 (above an empirically 
set threshold) with the area positive for Hoechst 33342 fluorescence (above an empirically set 
threshold). (I) TEER (n=4) measured on different days for the cultures. ns = not significant, * = 
p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, **** = p-value < 0.0001. Panels D-I 
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display the average data with a single standard deviation marked by the error bar. In panels D-H, 
n=3 biological replicates for each with 3 technical replicates for each sample. 

2.3.4. Planar coculture of epithelial cells with fibroblasts without exogenous WRN 

In vivo, a major source of Wnt supporting the colonic stem cell niche is pericryptal 

fibroblasts[33]. To determine whether cocultured fibroblasts might provide supportive factors for 

the epithelial cells in this model, epithelial cells with or without fibroblasts were cultured in the 

absence of exogenous WRN. Just as before, fibroblasts were first cultured in simple fibroblast 

medium on the cross-linked collagen scaffold until confluent (5-7 d). Epithelium was then added 

above the fibroblasts for coculture or directly onto a collagen scaffold for monoculture and then 

cultured with optimized medium without WRN. A marked difference was observed in the cell 

coverage, proliferation, and lineage allocation of epithelium monoculture and coculture with and 

without WRN after 12 days in culture (Figure 2.4 A). On the first day after addition of the 

epithelial cells, TEER was near-zero for all cultures (Figure 2.4 B). On day 4 and 12 there was a 

significantly higher electrical resistance in the cocultures relative to that of day 1 as well as the 

epithelium only cultures on any day.  Epithelial cells without WRN or fibroblasts were not able 

to proliferate to cover the scaffolding and thus never achieved an elevated TEER. In coculture, 

epithelial cells proliferated to cover the scaffold with an increased TEER, suggesting that 

fibroblasts were able to mitigate the absence of exogenous WRN to some degree. On day 12, 

Hoechst 33342-stained nuclei covered almost four times more area in the cocultured cells 

compared to epithelial cells alone, again indicating that the fibroblasts supported an increased 

epithelial cell number in the absence of WRN (Figure 2.4 C). Notably, Hoechst 33342 coverage 

in coculture without WRN was not significantly different than previously measured coculture 

with WRN, indicating that these tissues reach similar levels of cell density. By day 12, both the 

coculture and epithelium monoculture possessed few EdU+ cells, a significant decrease 
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compared to both culture systems when exogenous WRN was provided (Figure 2.4 D). These 

data suggest that the fibroblasts partially compensated for the absence of WRN. Next, the 

presence of differentiated cells on day 12 was examined by staining the cultures for KRT20 and 

Muc2. The normalized area occupied by both markers was significantly diminished in coculture 

as compared to monoculture (Figure 2.4 E, F). The removal of exogenous WRN is known to 

induce rapid differentiation in epithelial cells and the presence of the fibroblasts partially 

mitigated this effect. Under these conditions fibroblasts appeared to support epithelial cells by 

slowing differentiation; however, fibroblasts alone did not mimic the full impact of exogenously 

added WRN. Thus, the fibroblasts appeared to be capable of supporting undifferentiated as well 

as differentiated epithelial cell states with the dominant effect dependent on the presence or 

absence of exogenous WRN. However, the absence of distinct cell compartments made these 

opposing impacts difficult to investigate motivating the construction of a 3D architecturally 

accurate model of the colonic crypt with an underlying layer of fibroblasts. 
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Figure 2.5. Impact of removal of exogenously added growth factors. (A) Epithelium with (Co) 
and without (Ep) fibroblasts cultured in the presence or absence of growth factors (+/- WRN). 
Images taken eight days after epithelium addition. (B) TEER measured over time for the 
epithelium monoculture and coculture after removal of exogenously added WRN. (C-D) The 
fluorescence area positive for (C) Hoechst 33342, and (D) EdU incorporation was plotted for 
each culture method. The area positive for each of these markers was determined as that above 
an empirically set threshold. (E-F) The normalized fluorescence area positive for (E) mucin 2 
and (F) KRT20 immunofluorescence. The normalized area was calculated by dividing the area 
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positive for MUC2 and KRT20 (above an empirically set threshold) with the area positive for 
Hoechst 33342 fluorescence (above an empirically set threshold). ns = not significant, * = p-
value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, **** = p-value < 0.0001. Panels B-F 
display the average data with a single standard deviation marked by the error bar and n=3 
biological replicates with 3 technical replicates for panels C-F. 
 

2.3.5. 3D coculture of fibroblasts and epithelial cells in a colon crypt architecture 

To enable deeper insights into the fibroblast-epithelial cell interactions, crypt arrays were 

formed on a molded cross-linked collagen scaffold positioned within the luminal compartment of 

a hanging basket (Figure 2.6A and 2.7 A). When fibroblasts were cultured on the arrays in 

fibroblast medium, the cells grew to confluence across the surface of the arrays and down into 

the microwells without occluding the microwells over 6-8 d (0% of crypt lumens obstructed, n = 

88, Figure 2.7 B and 2.6 B, C). Fibroblasts expressed vimentin but not EpCAM and the cells 

established a continuous monolayer along the base and walls of crypts and over the inter-crypt 

luminal surface (Figure 2.7 B, C). Additionally, little EdU incorporation was observed in 

fibroblast monoculture suggesting that the cells were very slow growing under these conditions. 
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Figure 2.6. Expanding the size of crypts to accommodate fibroblasts. (A) An exploded view of 
the components within modified well-inserts with a 3 mm diffusion window that are used in both 
the planar and 3D-crypt models. (B) Immunofluorescence image displaying fibroblasts on a 
scaffold with 150 µm-wide crypts (yellow = Vimentin, blue = Hoechst 33342). The focal plane 
for this image is at the top of the scaffold near the crypt openings and it shows that 100 % of 
crypts with a wider 150 µm opening are not blocked by spanning fibroblasts. (C) 
Immunofluorescence image displaying fibroblasts atop a scaffold with 80 µm-wide crypts 
(yellow = Vimentin). Red circles over an opening show a crypt that is occluded by fibroblasts 
into which epithelial cells could not be added and green circles denote clear opening (9/53 crypts 
occluded, 17%). 
 

For coculture, epithelial cells were placed atop fibroblasts after 7 days and then cultured for a 

further 12 days. Once the epithelial cells formed a confluent layer above the fibroblasts (day 8), 

the medium in the luminal reservoir of the hanging basket was replaced with differentiation 
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medium without WRN (DM, Table 2.1). Stem cell medium with WRN was maintained in the 

basal reservoir (SM). Prior work has demonstrated that a standing gradient of WRN is created 

along the long axis of the crypts under these conditions and that this gradient supports formation 

of a stem/proliferative cell niche and differentiated cell zone in epithelial cell only cultures 

(Figure 2.7 D)[75]. After culture for 4-5 d under the WRN gradient, cells on the coculture crypt 

arrays were assayed for proliferation and protein markers. As expected, EpCAM+ cells were 

identified in coculture and epithelium-only cultures while vimentin+ cells were present in 

coculture and fibroblast-only cultures (Figure 2.7 C, D, E). The vimentin+ cell volume in the 

crypt arrays was significantly lower for coculture crypts compared to fibroblast-only crypts 

suggesting that addition of the epithelial cells diminished the number of fibroblasts as observed 

on the planar scaffolds (Figure 2.7 F). The number of nuclei (Hoechst 33342+ objects) was 

significantly greater for the epithelium only and coculture crypts relative to the fibroblasts as 

predicted by the planar culture results (Figure 2.7 G).  EdU+ cells were localized to the crypt 

base of the epithelium only and the coculture arrays suggesting that a WRN gradient successfully 

formed along the crypt long-axis under both conditions (Figure 2.7 D, E). Finally, high 

magnification imaging revealed that flattened fibroblasts were established in close apposition to 

columnar epithelial cells within the 3D coculture (Figure 2.7 H). Overall, the attributes measured 

for the crypt arrays are consistent with the trends observed in the planar model. 
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Figure 2.7. Epithelium and fibroblasts cultured as 3D crypts. (A) Brightfield top-view image of a 
fabricated collagen crypt array. (B) Fluorescence image of fibroblasts growing on a crypt array. 
Images were obtained at different focal planes (dashed red line) along the length of the crypt as 
shown in the accompanying schematics (right panels). (C) Sideview maximum z-projection of 
crypt with only fibroblasts. (D) Sideview maximum z-projection of a crypt with only epithelial 
cells. (E) Sideview maximum z-projection of a crypt with cocultured fibroblasts and epithelium. 
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(F) Measured volumetric area (vimentin +) occupied by fibroblasts (n= 3 biological replicates, n 
= 34, 45, and 10 crypts for epithelium, coculture and fibroblast, respectively). The vimentin + 
area was that measured to above an empirically set threshold. (G) The total number of nuclei per 
crypts (n=3 biological replicates, n = 34, 45, and 10 crypts for epithelium, coculture and 
fibroblast, respectively). (H) Confocal image (X-Z plane) of fibroblasts beneath epithelium (red 
=EpCAM immunofluorescence, blue = Hoechst 33342, yellow = vimentin. ns = not significant, 
**** = p-value < 0.0001. Panels F and G display the average data with a single standard 
deviation marked by the error bar. 
 

To understand the impact of the fibroblasts on the stem/proliferative cell zone, 89 individual 

crypts across 27 arrays were characterized with respect to the number and location of the EdU+ 

cells. The number of crypts in the coculture arrays possessing at least one EdU+ cell was 

significantly greater than that of arrays with only epithelial cells (Figure 2.8 A, B). Since the 

arrays were seeded with similar numbers of cells, the large number of epithelium-only crypts 

without an EdU+ cell was most likely due to stem cell loss over time and thus a loss of cells 

competent to divide. In contrast, the underlying fibroblasts in coculture arrays appeared to 

maintain a more durable stem/proliferative cell compartment on the arrays. For crypts that did 

possess at least one EdU+ cell, the number of EdU+ cells/crypt was highly variable for both 

culture systems (Figure 2.8 C, D). Crypts with fibroblasts supporting the epithelial cells 

possessed a range of 20 to 230 EdU+ cells/crypt while the epithelial cell-only cultures possessed 

a range of 19 to 285 EdU+ cells/crypt. However, the mean number of EdU+ cells/crypt in the 

epithelial cell-only crypts was significantly greater than that of the coculture crypts (Figure 2.8 

E). Interestingly, although more of the epithelium-only crypts had zero EdU+ cells, those crypts 

with at least one EdU+ cell possessed a greater number of proliferative cells compared to crypts 

with underlying fibroblasts. Thus, the fibroblasts appear to act as a stabilizing influence on the 

proliferative cells supporting their survival yet diminishing their proliferation. 
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The impact of the fibroblasts on the spatial extent of the stem/proliferative cell zone was 

assessed for crypts that possessed at least one EdU+ cell. The distance between each EdU+ 

nucleus and the crypt base was measured. Significantly more EdU+ cells were found within the 

bottom half of epithelium-only crypts compared to the fibroblast supported crypts, and the 

average location of the EdU+ nuclei in the fibroblast-supported crypts was significantly closer to 

the crypt base than for crypts with only epithelial cells (Figure 2.8 F, G). In addition to 

modulating the numbers of EdU+ cells, the fibroblasts diminished the height of the proliferative 

cell zone along the crypt long axis creating a more compact proliferative cell zone. The 3D 

crypts revealed the subtle differences in the impact of fibroblasts on the proliferative cell 

compartment not observable in the simple planar model. 
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Figure 2.8. Characterization of the stem/proliferative cell zone. (A) Confocal image stack 
maximum z-projection of full crypt-arrays displaying cells that have incorporated EdU (green). 
(B) The percentage of crypts containing at least one visible EdU+ cell (n=5 biological replicates 
i.e., full crypt arrays, n=443 individual coculture crypts, n=410 epithelium monoculture crypts). 
(C-D) Sideview of a representative epithelium only and coculture crypt stained with Hoechst 
33342 and for EdU incorporation. (E) The number of EdU+ cells/crypt (n=3 biological 
replicates, n = 34, 45, and 10 individual crypts for epithelium, coculture and fibroblast, 
respectively). (F) The average position of EdU+ cells within individual crypts (n=3 biological 
replicates, n = 34 individual crypts for epithelium and 45 for coculture). (G) The number of 
EdU+ cells/crypt location plotted for four regions along the vertical axis of the crypts. Bins 
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correspond to the accompanying schematic, i.e., bin 4 represents the bottom quartile of a crypt. * 
= p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, **** = p-value < 0.0001. Box 
plots in panels B, E, and F display the mean value marked by the central horizontal bar while the 
box displays the extents of the middle two quartiles (25-75%) and the whiskers mark the 
minimum and maximum. Panel G displays the average data with a single standard deviation 
marked by the error bar. 

 

2.3.6. Bulk RNA-sequencing reveals differential gene expression in coculture 

To understand how the fibroblasts support the stem/proliferative cell compartment yet 

enhance differentiation, bulk RNA was isolated from whole crypt arrays with epithelium alone or 

fibroblasts and epithelium in coculture. mRNA for 12844 protein-coding sequences was detected 

and compared (Figure 2.9 A). Vimentin (VIM) mRNA, a fibroblast marker, was present only in 

cultures with fibroblasts while EPCAM mRNA encoding epithelial cell adhesion marker, a pan-

epithelial cell marker, was expressed only when epithelium was present (Figure 2.9 B, C). Of the 

12844 genes detected, 684 total genes possessed significantly different expression in the 

cocultured cells compared to epithelium alone. Of these, 305 genes were significantly 

downregulated, and 379 genes were significantly upregulated in coculture (Supplementary Table 

S1, S2). To identify which of these differentially expressed genes might be most informative, 

genes expressed predominantly in differentiated epithelial cells were first examined. MUC2 

mRNA encoding mucin-2 (MUC2), a major constituent of colonic mucus produced by goblet 

cells was highly expressed in both the coculture and epithelium only samples but with 

significantly greater MUC2 expression in the epithelium only culture relative to that of the 

coculture sample (Figure 6D). Other goblet cell markers such as TFF3 (trefoil factor 3), SPDEF 

(SAM pointed domain containing ETS transcription factor), SPINK4 (serine peptidase inhibitor 

Kazal type 4), DLL1 (delta like canonical Notch ligand 1), and DLL4 (delta like canonical Notch 

ligand 4) were also expressed in epithelial cell cultures with and without fibroblasts but without a 
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significant difference suggesting that goblet cell numbers may not have been altered in the 

presence of the fibroblasts (Figure 2.9 E)[101]. KRT20 mRNA encoding for cytokeratin-20, a 

marker for all differentiated colonic epithelial cells, was abundantly expressed in both coculture 

and epithelium samples with no significant difference (Figure 2.9 F). mRNA markers of 

colonocytes (absorptive cells) such as CA1 (carbonic anhydrase 1), CA2 (carbonic anhydrase 2), 

SLC26A3 (solute carrier family 26 member 3), AQP8 (Aquaporin 8), and GUCA2B (guanylate 

cyclase activator 2B) were down regulated in coculture relative to that of the epithelium alone 

suggesting that the cocultures might possess fewer mature colonocytes in the presence of the 

fibroblasts (Figure 2.9 G)[101].  

Next, markers of stem/progenitor intestinal cells were examined. LGR5 (leucine rich repeat 

containing G protein-coupled receptor 5) mRNA, a marker for colonic stem cells, was present at 

low counts and without significant difference for epithelial cell cultures with and without 

fibroblasts. OLFM4 (olfactomedin 4) mRNA, a marker for colonic transit amplifying cells in 

humans[102], was also present at low counts and without significant difference for epithelial 

monoculture and coculture. Of the 12 progenitor genes examined, only AQP10 (Aquaporin 10) 

mRNA, a marker for colonic progenitor cells was significantly different (downregulated) in 

coculture relative to epithelium alone (Figure 2.9 H)[101].  Due to the very low numbers of 

stem/proliferative cells in all the cultures, differences in the stem/proliferative cell gene 

expression with and without fibroblasts may have been masked by the very large numbers of 

differentiated epithelial cells in the cultures. Single-cell mRNA expression analysis may be 

required to see these low frequency stem/progenitor cell types.  

To examine a broader set of epithelial genes and remove confounding impacts of the 

fibroblast gene expression, all genes highly expressed in fibroblast monoculture (>1.0 CPM) 
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were removed from the data sets obtained from epithelial cells with or without fibroblasts. Of the 

original 12844 genes, 1835 filtered genes remained with 190 significantly downregulated and 43 

significantly upregulated in the epithelial cells with fibroblasts compared to the epithelial cells 

without fibroblasts (Figure 2.10, Table S3, S4). A GO Analysis (geneontology.org) was 

conducted with the 43 upregulated genes to determine whether common biological processes 

might be identified, and genes related to negative regulation of endopeptidase activity were 

overrepresented in the gene set upregulated in coculture compared to that epithelium 

monoculture (Table S5. Endopeptidase activity is associated with rapid proliferation with a need 

to recycle cellular constituents and this aligns with the observed increased proliferation in 

epithelium-only crypts where a stem/proliferative zone is maintained. A GO Analysis was also 

conducted for the 190 downregulated genes in coculture compared to epithelium monoculture 

and several transport related gene groups were overrepresented i.e., triglyceride transport, water 

transport, and long-chain fatty acid transport (Table S6). These transport genes are associated 

with a mature differentiated colonocyte consistent with the increased differentiation of the 

epithelial cells in the presence of fibroblasts observed in planar culture[103]. 

Next, genes commonly expressed by fibroblasts with the potential to modulate epithelial cell 

behavior were examined in epithelium alone, fibroblasts alone, and coculture conditions (Figure 

2.9 I)[104]. As expected, transcripts for hallmark fibroblast markers such as VIM and α-smooth 

muscle actin 2 (ACTA2) and platelet derived growth factor-α (PDGRFA) were highly expressed 

by fibroblasts alone and in coculture (Figure 2.9 K). The fibroblasts were also actively modifying 

their microenvironment as evidenced by mRNA expression of fibronectin, collagens, and matrix 

metalloprotease (FN1, COL15A1, COL14A1, COL4A5, COL1A1, COL1A2, MMP3. Figure 6I). 

Epithelial cell physiology is known to be regulated by ECM with components such as collagen 
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and fibronectin regulating adhesion, morphology and proliferation[105]. A variety of transcripts 

encoding growth factors were found to be expressed in fibroblast monoculture as well as the 

epithelium coculture. R-spondin 3 (RSPO3) participates in stem cell maintenance and drives 

proliferation while Noggin (NOG), a bone morphogenetic protein (BMP) antagonist, inhibits 

differentiation [104]. Wnt5a was highly expressed by fibroblasts alone and in coculture. This 

Wnt ligand associated with non-canonical Wnt signaling is often found to be expressed by 

luminal fibroblasts and it has a context-dependent effect though in the upper crypt region where 

it decreases beta-catenin signaling thus encouraging epithelial differentiation rather than 

proliferation [43,71,104,106,107]. Other transcripts identified include Neuregulin 1 (NRG1) 

which drives secretory cell formation and dickkopf 3 (DKK3), a WNT signaling pathway 

inhibitor. Taken together the presence of these transcripts indicate that the fibroblasts actively 

alter the microenvironment of the adjacent epithelial cells to modulate epithelial cell physiology. 
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Figure 2.9. Bulk RNA-sequencing cells from 3D crypt arrays. (A) Volcano plot comparing 
epithelium versus coculture that displays the fold change (FC) and false discovery rate (FDR) for 
all 12844 genes measured with red indicating significantly upregulated genes in coculture and 
blue signaling significantly downregulated genes in coculture. (B-D) Normalized counts per 
million (CPM) for mRNA expression of cell-type specific markers was compared for cultures of 
fibroblasts only, epithelial cells only and fibroblast-epithelial cell coculture. (B) Vimentin 
(fibroblasts). (C) EpCAM (all epithelial cells). (D) Muc2 (goblet cells). (E) Expression levels of 
additional goblet cell-specific mRNA transcripts. (F) Cytokeratin 20 (KRT20, differentiated 
epithelial cells). Expression levels of genes marking: (G) colonocytes (differentiated absorptive 
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epithelial cells), (H) progenitor cells (proliferative and not fully differentiated epithelial cells, 
including transit amplifying cells), and (I) Fibroblast-related genes [104]. N.b., * denotes 
statistical significance between epithelium monoculture and coculture only, as determined by 
Benjamini-Hochberg adjusted p-values from comparison of expression fold change. 
 

 
Figure 2.10. Differential gene expression for genes not expressed by fibroblasts. Gray dots 
display genes that are not significantly different between epithelium only and coculture samples 
while red dots signify significantly upregulated genes and blue dots show significantly 
downregulated genes in coculture. N.b., genes with significantly different expression are listed in 
Supplemental Table S3 and S4 
 

2.4. Discussion 

In the large intestine, fibroblasts are found in close association with the epithelial cells 

throughout the crypt as well as in the luminal region [33]. To mimic this close in vivo colonic 

fibroblast-epithelial cell interaction, primary intestinal fibroblasts were cultured as a supporting 

layer of cells just below and in contact with epithelial cells. Two models with the two cell types 

in apposition were employed, an easy-to-build and assay monolayer as well as a more complex 

3D model with the ability to reveal greater insights into the inter-cell type connectivity. The two 
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systems were complementary with the monolayer enabling fast screening of culture conditions 

with facile assay of outcomes while the 3D crypt array was lower in throughput but provided 

much richer information. In both systems, cell behavior indicative of enhanced differentiation 

was observed, and the overall rate of epithelial cell proliferation was diminished while in 

coculture with fibroblasts. In the absence of exogenously provided growth factors, fibroblasts 

appeared to enhance epithelial cell survival, though the presence of fibroblasts alone did not 

provide sufficient support for sustained epithelial cell proliferation i.e., replace the added growth 

factors. Consistent with this effect was that the presence of fibroblasts appeared to support the 

maintenance of stem cells at the base of the crypts as evidenced by the presence of EdU+ cells in 

nearly every crypt across an array of 3D crypts. Thus, in these models, the fibroblasts diminished 

proliferation while promoting epithelial stem cell survival as well as enhancing the physiologic 

function of the differentiated cells i.e., increased TEER. 

Bulk RNA-sequencing of full crypt arrays revealed differential epithelial cell mRNA 

expression in coculture, compared to that of epithelial cells cultured without fibroblasts. Genes 

that were differentially expressed in coculture when compared to epithelium monoculture 

revealed potential mechanisms for the fibroblast influence [37]. Secreted frizzled related protein 

1 (SFRP1), a ligand which modulates canonical Wnt-signaling to diminish proliferation of 

intestinal epithelial cells, was upregulated in coculture relative to epithelial cell monoculture 

[33,108]. The mRNA of five solute carriers (SLC6A19, SLC30A10, SLC17A4, SLC3A1, 

SLC36A1) and three ATP-binding cassette transporters (ABCG2, ABCB1, ABCG1) was 

significantly down regulated in coculture relative to the epithelial cell monoculture. These 

transporter proteins, typically found on epithelial cells throughout the digestive tract, are 

responsible for translocation across membranes of specific molecules (i.e., amino acids, 
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phosphate, manganese, etc.) or non-specific foreign substrates [109]. This suggests that the 

fibroblasts can modulate intestinal absorptive behavior. Additionally, two genes which are 

related to apoptosis (DAPK2, PRAP1) were significantly downregulated in coculture relative to 

the epithelial monoculture. Death-associated protein kinase 2 (DAPK2), normally found in the 

intestinal epithelium, stimulates programed cell death while proline-rich acidic protein 1 

(PRAP1), also expressed by intestinal epithelium, helps protect cells from oxidative stress-

induced apoptosis [110,111]. While these downregulated genes may have opposing influences, 

the altered expression levels indicate that programmed cell death is modulated by fibroblasts. We 

do note that our interpretation of these results is limited by the bulk sequencing format. For 

coculture samples, the two cell types (epithelial and fibroblasts) were intermixed and a complex 

interplay with each cell type modulating the other’s gene expression likely exists. This motivates 

future experiments focused on single-cell mRNA expression to fully dissect the interplay of 

these cell types. 

In addition to directing growth and differentiation, fibroblasts play key roles throughout the 

body by synthesizing and secreting ECM to provide a growth surface and support structure for 

other cell types. Intestinal fibroblasts are known to secrete collagen, laminin, and fibronectin as 

well as matrix metalloproteinases and they exert physical contractile forces all to build-up or 

reshape the basement membrane and interstitial space in health and disease[104,112]. Within this 

model, fibroblasts were actively synthesizing ECM as suggested by the expression of ECM-

related genes (e.g., FN1, COL12A1, FBN1, FMOD) in both the coculture and fibroblast 

monoculture. Matrix metalloproteinase 3 (MMP3), a protein that degrades collagen, fibronectins 

and laminins, is expressed by fibroblasts during development and remodeling within the colon 

and was highly expressed in coculture and fibroblast monoculture [112]. In the colon crypt in 
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vivo, a gradient in fibroblast physiology is thought to exist along the long axis of the crypt with 

fibroblasts in different crypt regions producing unique ECMs as well as growth and 

differentiation factors[37]. These distinct fibroblast behaviors support the epithelial cells as they 

proliferate in the crypt base and then migrate towards the luminal surface developing into mature 

differentiated epithelial cells. The developed models did not recapitulate this gradient of 

fibroblasts but rather placed fibroblasts randomly across the scaffolding surface. With further 

development of this model, it should be possible to tailor fibroblasts behavior along the crypt 

long axis to display a gradient of phenotypes as occurs in vivo. 

 

2.5. Methods 

2.5.1. Fabrication of crosslinked collagen scaffolds  

2D and 3D collagen scaffolds were constructed on the surface of modified 12-well culture 

inserts (Corning, cat. no. 354236) according to Hinman and colleagues[113]. Briefly, the factory-

supplied membrane was replaced with a permeable membrane (Millipore-Sigma, cat. no. 

BGCM00010) affixed with a biocompatible adhesive (3M, cat. no. 1504XL). A diffusion 

window was created by affixing another non-permeable polycarbonate film (McMaster-Carr, cat. 

no. 8689K44) with a 3 mm hole cut out. For the cross-linked collagen scaffold, N-(3-

dimethylaminopropyl)-N ′-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS) were mixed with rat tail type I collagen (Corning, cat. no. 354236) and this mixture, while 

still liquid, was added to the culture insert atop the diffusion window and then pressed into form 

by a flat or shaped polydimethylsiloxane (PDMS) stamp. The shaped stamp used for 3D crypt 

scaffolds contained an array of 150 µm wide by 600 µm tall posts and it was fabricated 

according to protocols from Hinman and colleagues[113]. To accommodate fibroblast-
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epithelium coculture, a photomask with larger hole diameters (150 µm) was used for mold 

construction and an additional layer of photoresist was added during spin coating to increase 

crypt height (1,500 rpm for 30 s with an acceleration of 300 rpm/s). Prior to cell plating, the 

collagen scaffolds were surface treated by overnight incubation with 10 µg/mL type 1 human 

collagen (Advanced BioMatrix, cat. no. 5007-20ML) in phosphate buffered saline (PBS). 

2.5.2. Cell culture 

Human colon epithelial stem cells from a transverse colon tissue sample (male, 23 years old, 

RRID: CVCL_ZR41) were cultured atop a neutralized collagen slab within maintenance media 

(MM) according to previously described methods[74]. Fibroblasts were expanded within a tissue 

culture flask in fibroblast medium (FM) containing Dulbecco's Modified Eagle Medium 

(DMEM, Thermo Fisher, cat. no. 11995065) supplemented with 10% heat-inactivated fetal 

bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin (Table 2.1). For planar 

experiments CCD18-Co fibroblasts (colon, female, 2.5 months old, ATCC: CRL-1459) were 

used, and for 3D crypt experiments primary fibroblasts isolated from descending colon (male, 12 

years old, RRID: CVCL_D6WE) were used. 

For seeding within molded scaffolds, fibroblasts were added to the luminal side of well-

inserts in 1mL FM at a concentration of 3x105 – 5x105 cells/mL for both planar and 3D crypt 

scaffolds. Then FM was replenished every day for up to 7 days, or until confluent. For 

subsequent epithelium addition, epithelial stem cells grown on 6-well plate above soft 

neutralized collagen were isolated and dissociated according to previous protocol using 

collagenase type 4 (Worthington Biochemical Corporation, cat. no. LS004189) and TrypLE 

express enzyme (Thermo Fisher, cat. no. 12605028)[113]. Epithelial cells were then added 

directly to the scaffolds for monoculture, or directly on top of fibroblasts for coculture, at a ratio 
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of 1:3 (1 well from 6-well maintenance plate to 3 well-inserts). N.b. It was critical that epithelial 

cells were cultured in above collagen in wells for only 3-4 days before isolation and sufficiently 

dissociated prior to addition to maximize the stem cell population upon initial seeding. In planar 

culture, the cells were then grown in expansions media (EM, modified from Hinman et al. See 

Table 2.1) with or without exogenously supplied Wnt, R-spondin, and Noggin (WRN) from L-

WRN conditioned media for 12d. In 3D crypts, cells were grown in EM +WRN for 8 d 

(replenished daily) and then polarization was executed by replacing basal medium with stem 

medium (SM, Table 2.1) and luminal medium with differentiation medium (DM). After 4 days 

of polarization (media replenished daily), the samples were fixed and stained for endpoint 

analysis. 

2.5.3. Measuring barrier function 

An EVOM2 Epithelial Voltohmmeter (World Precision Instruments) with a chopstick 

electrode was used to measure transepithelial electrical resistance (TEER) in planar samples. The 

background resistance was measured in cell-free, molded collagen scaffolds, and the effective 

surface area was considered 0.9 cm2, used to calculate TEER (Ohms*cm2). 

2.5.4. Fluorescence staining, imaging, and analysis 

5-ethynyl-2’-deoxyuridine (EdU, 1 µg/mL) was added to the culture medium 24 h before 

sample fixation. Cells were fixed with Prefer fixative (Anatech Ltd., cat. no.NC9053360) for 20 

min, permeabilized with 0.5% Triton X-100 at 20°C, and then blocked with 1% bovine serum 

albumin (BSA) for 1 h. Subsequently, integrated EdU was stained with sulfo-Cy5-azide (1.25 

µg/mL) and then primary antibodies were added[114]. In this study, a DNA stain (Hoechst 

33342, Sigma-Aldrich, cat. no. B2261) and antibodies for mucin-2 (MUC2, Santa Cruz, cat. no. 
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sc-15334), cytokeratin-20 (KRT20, Cell Signaling Technology, cat. no. 13063S), epithelial cell 

adhesion molecule (EpCAM, Bioss USA, cat. no. bs-0593R), and vimentin (VIM, Santa Cruz, 

cat. no. sc-6260) were used (all 1:500 dilution). After overnight incubation at 4 °C with primary 

antibodies, the samples were rinsed and matched secondary antibodies with Alexa Fluor 488  

(goat anti-mouse, Life Technologies Corp., cat. no. A28175), and Alexa Fluor 555 (donkey anti-

rabbit, Life Technologies Corp., cat. no. A31572) fluorophores were added and then rinsed away 

after overnight incubation at 4 °C. Confocal microscopy was performed with an inverted 

Olympus Fluoview 3000 equipped with 405, 488, 561, and 640 nm laser diodes and 4x, 10x, or 

20x magnifying objectives were used to obtain images. 

For image analysis in planar systems, Cell Profiler (cellprofiler.org[115]) was used to 

segment and measure area occupied by each fluorescent marker. Planar samples were each 

imaged in three representative sections with the 20x objective and a maximum intensity 

projection of the z-stack (step size 3.93 µm) was analyzed. Three images from three technical 

replicates were each analyzed across three repeated experiments. For 3D crypts, 4x overview 

images were obtained from the top (z-stack, slice 25.4 µm) and a maximum intensity z-

projection was used to analyze the number of crypts with EdU+ cells. Next, the membrane was 

detached from the insert base and cut in half using microdissection scissors, the crypt area was 

situated perpendicular to the objective and imaged from the side. The 10x objective (step size 4 

µm) was used to obtain images and the z-stacks were reconstructed in 3D using IMARIS X64 

v9.8.2 (imaris.oxinst.com, Oxford Instruments) for analysis. The number and position of nuclei 

(Hoechst 33342+), and proliferative nuclei (EdU+) were counted using the IMARIS spots 

module, and the volume occupied by fibroblasts (vimentin+) was measured using the volume 

module.  



 

 47 

2.5.5. Bulk RNA-sequencing 

For gene expression comparison, RNA was extracted from 3D crypt arrays with monoculture 

epithelium, fibroblasts, or coculture epithelium with fibroblasts (n = 3). To capture only the 

tissue of interest within crypt arrays, a 3 mm biopsy punch was used to remove the in vitro crypt 

array within well-plate inserts. The extracted tissue portions were then agitated via vortexing and 

repeated pipetting within RNA lysis buffer (Zymo Research, cat. no. R1057,) and then the RNA 

was extracted using a Quick-RNA™ MiniPrep Plus kit (Zymo Research, cat. no.  R1057,). 

Sequencing was then conducted on an Illumina NextSeq 2000 (Illumina. San Diego, CA). 

Software (STAR v2.7.7a), 2-pass mapping was used to align paired-end reads to human hg38 

assembly and then GENCODE annotation v38 along with gene-level read quantification was 

performed[116]. Software (FastQC 0.11.9, RNA-SeQC 2.3.4, RSeQC 4.0.0) were used for 

quality control with assessment of insert fragment size, read quality, read duplication rates, 

rRNA rates, gene body coverage and read distribution in different genomic regions[117–119]. 

Bioconductor package edgeR 3.36.0 was used to detect differential gene expression between 

sample groups[120]. Genes with low expression were excluded using the edgeR function 

filterByExpr with min.count = 10 and min.total.count = 15. The filtered expression matrix was 

normalized by trimmed mean of m-values (TMM) method and subject to significance testing 

using the quasi-likelihood pipeline implemented in edgeR. A gene was deemed differentially 

expressed if absolute log2 fold change was above 1 (i.e., fold change > 2 in either direction) and 

Benjamini-Hochberg adjusted p-values were less than 0.05. 

2.5.6. Statistical analysis 

For fluorescence and TEER data, a student’s t-test was conducted to assess the significant 

difference between epithelium-only and coculture conditions. Data are presented as mean ± 
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standard deviation. Differences between means from separate groups (epithelium, fibroblasts and 

coculture) were determined using 2-way ANOVA followed by Tukey’s multiple comparisons, 

unless otherwise specified. The level of significance is indicated as the p-value in each 

experiment. Asterisks in figures indicate: *, p-value < 0.05; **, p-value < 0.01; ***, p-value < 

0.001, ****, p-value < 0.001; ns (not significant), p-value > 0.05. Statistical analysis and 

graphical illustrations were performed using GraphPad PRISM 9 software, version 

9.5.0(GraphPad Software, San Diego, CA). 
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Chapter 3: Modeling colonic fibrosis with fibroblasts and epithelium on 

a stiffened collagen hydrogel 

3.1 Abstract 

Intestinal fibrosis reduces bowel function and increases an individual’s risk of CRC. Yet, 

there is a lack of understanding surrounding the progression intestinal fibrosis independent of 

inflammation and there are no approved drugs for treating this pathophysiology. Excessive ECM 

deposition which leads to fibrosis occurs mainly because of activated mesenchymal cells, a 

primary focus of previous investigations in fibrosis. However, a tortuous, stiff, and thick tissue 

also impacts the epithelial layer which makes up the intestinal barrier and which houses 

proliferative intestinal stem cells that are crucial for healthy tissue recovery. Herein we create an 

in vitro model of intestinal fibrosis involving primary human fibroblasts and epithelial cells on a 

tunable collagen hydrogel. Two substrates have been formulated to mimic healthy and fibrotic 

tissue stiffness and diffusivity. We have validated that both cell types can be cultured 

independently and in coculture atop these new scaffolds and the substrates can be shaped 

according to experimental needs. Through phenotypic and morphological analysis, it was found 

that epithelial proliferation and differentiation are impacted by the stiff and soft scaffold 

differently in the presence and absence of underlying fibroblasts. This model will be useful for 

future studies on intestinal fibrosis progression and impact. 

3.2. Introduction 

Intestinal fibrosis is the accumulation of excessive scar tissue in the intestinal wall which 

results in bowel narrowing and diminished tissue function. Healthy tissue is supplanted with stiff 

and thick connective tissue which cannot be recovered to a healthy state[121]. Chronic 
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inflammation is a major cause of intestinal fibrosis as a runaway wound healing process induces 

excessive extracellular matrix (ECM) deposition and lasting mesenchymal cell recruitment and 

activation [51,122]. Once it has begun, fibrosis is an independent and self-perpetuating process 

[50]. As a direct result of fibrosis, individuals experience a decrease in quality of life due to 

bowel obstruction, nausea, vomiting, and abdominal pain. Additionally, individuals with 

intestinal fibrosis, often as a result of Irritable Bowel Disease (IBD), are more likely to develop 

colorectal cancer (CRC) [123,124]. It has been shown that a stiff, tortuous, and disorganized 

ECM within fibrotic scars supports tumorigenesis [125]. A key mediator in tissue repair after 

injury is mesenchymal fibroblasts and these cells have proven to play an important role in 

determining the fate of wound recovery [126]. 

To date, there are zero approved drugs for treating intestinal fibrosis, though two drugs 

(Pirfenidone and Nintedanib) have been approved for treating fibrosis in the lungs, which may 

prove useful for treating intestinal fibrosis. There still exists a pressing clinical need for an 

intestinal fibrosis model which can be used to study disease mechanics and conduct drug testing 

[127]. Several mouse models have been used to study fibrosis, as documented by Rieder et al., 

and these models can be broken down into categories of disease initiation: spontaneous, gene-

targeted, chemical, immune-, bacteria, and radiation-induced [128]. Mouse models have 

provided important insights regarding fibrosis initiation and mechanisms, though animal testing 

remains a challenge especially within the intestine, as the outcomes do not always match that 

observed in humans. In vitro culture of myofibroblasts has also enabled discovery regarding 

fibrotic tissues, though these models only focus on the mesenchymal cells and often fail to 

recapitulate the 3D architecture present in vivo [49,67,129]. Organoids are another popular 

method for modeling intestinal disease, and enteroids have been shown to be responsive to 
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profibrotic conditions while integrating both mesenchymal and epithelial cells in a 3D 

architecture [130–132]. These organoids are limited in that the tissue is not accessible from 

either side and the integration of mesenchyme does not ensure that they are in direct contact with 

epithelium, a key interface for signaling. A comprehensive model of intestinal fibrosis must 

include both epithelium and fibroblasts as the former is most important for carrying out the 

functions of intestinal tissue and the latter is largely responsible for managing ECM deposition, 

organization, and breakdown. Additionally, the model must capture the spatially ordered nature 

of 3D intestinal crypts because behavior of both epithelial and mesenchymal cells is different at 

the luminal and basal sides of the tissue. A model must also ensure that mesenchymal cells and 

epithelium can be in direct contact with one another while interfacing with a substrate which 

mimics fibrotic stiffness. Direct contact communication, like Notch signaling, is important for 

cell interplay and distinct genetic responses can be linked to cytoskeletal response to a stiff or 

soft underlying substrate. 

Herein we describe a model of intestinal fibrosis which integrates primary intestinal 

fibroblasts and epithelial cells on a substrate with tunable stiffness. A cross-linked collagen 

substrate was molded to enable planar, layered coculture of fibroblasts and epithelium or molded 

to mimic the shape of the intestinal mucosa, allowing for the observation of both cells in healthy 

and fibrotic conditions. With an underlying substrate which has a similar stiffness to healthy and 

fibrotic tissue it was possible to model the biophysical conditions found in an intestinal fibrotic 

scar. Additionally, by varying media conditions and monitoring cell behavior over time it was 

possible to observe how cells grow into an area that was previously absent of cells, for example 

in the case of injury, and observe how luminal cells behave on varied surfaces after a monolayer 

is already established. Finally, using these healthy and fibrotic substrates, a molded 3D crypt 
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architecture allowed the study of pericryptal fibroblasts’ and epithelial cells’ response to fibrotic 

tissue while a physiologically relevant chemical gradient of growth factors was applied. Thus, it 

was possible to study, with spatial specificity, how basal and luminal cells might behave 

differently on a fibrotic scar. 

3.3. Results 

3.3.1. Development of substrates with a stiffness representative of normal and fibrotic tissue 

Two preparations of a cross-linked collagen hydrogel were used to mimic the fibrotic 

environment in vitro. At first, the two cell-free hydrogels with different collagen concentrations 

were characterized to determine their resistance to deformation and apparent diffusion 

coefficient. Shear storage and loss moduli were measured directly via rheometric testing of 

collagen hydrogel discs with twisting parallel plates. With a hydrogel preparation of 5.75 mg/mL 

collagen stock, the shear storage and loss moduli were determined to be 2842 ± 123 Pa and 29 ± 

14 Pa, respectively. A 12.5 mg/mL collagen hydrogel yielded shear storage and loss moduli of 

5287 ± 243 Pa and 58 ± 20 Pa, respectively (Figure 3.1 A). As expected, the hydrogel with a 

higher concentration of collagen was more rigid while the lower concentration was more 

flexible. Conversion of the shear storage modulus to Young’s modulus (E’) showed that the 

measured stiffness of the 5.75 mg/mL hydrogel was 2.84 ± 0.85 kPa and the 12.5 mg/mL 

hydrogel is 15.9 ± 0.73 kPa (Figure 3.1 B). These values align with published ex vivo 

measurements and it was determined that each of these hydrogel preparations would be useful to 

mimic the underlying substrate in healthy and fibrotic conditions. 

Another characteristic altered by the density of ECM deposited within a 

microenvironment is the speed at which molecules diffuse through the tissue. In a fibrotic tissue, 

with a denser microstructure, one would expect that diffusion might be slowed, especially for 
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larger molecules. To test this in the experimental scaffolds, fluorescence recovery after 

photobleaching (FRAP) was monitored after loading the hydrogels with FITC conjugated 

dextran. The molecular sizes tested were 4, 10, 40, and 150 kDa to capture a range of possible 

molecules. Importantly, Wnt is a growth signaling factor in the intestinal stem cell niche that is 

approximately 40 kDa [133]. The apparent diffusion coefficient was calculated for each of the 

four molecular sizes in both substrates and these data indicate, unsurprisingly, that diffusion is 

diminished in each substrate as molecule size increases (Figure 3.1 C). Regarding the differences 

in 5.75 mg/mL versus 12.5 mg/mL substrates, a significant difference was observed in the 

diffusion of 10 and 40 kDa molecules though there was no difference in the smallest, 4 kDa, or 

largest, 150 kDa, molecule tested. These data indicate that 10 and 40 kDa molecules move 

slower within the higher collagen concentration substrate but for compounds that are sufficiently 

small, i.e., 4 kDa, there is no apparent difference in the rate of diffusion in the stiff or soft 

scaffolds under the conditions used. Interestingly there is also no difference in the apparent 

diffusion of 150 kDa dextran through both substrates though this may be because in both 

hydrogels the larger molecule is relatively immobile, and so any minor difference in diffusion 

rate is too small to be detected with this method. Rheometric testing, and diffusion measurements 

show that these two substrates display characteristics that permit it to act as a model of healthy 

and fibrotic tissue. It was thus determined that comparison of cell behavior on these two 

substrates in vitro could be useful for studying response to excessive ECM deposition. 
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Figure 3.1. Physical characterization of hydrogel scaffolds. (A) Shear storage and loss moduli as 
measured by a rheometer in a range of angular frequencies (n=3). (B) Converted Young’s moduli 
for soft and stiff scaffolds (n=3). (C) Diffusion coefficient as measured via fluorescence recovery 
after photobleaching (FRAP) for 4 different sized FITC-conjugated dextran (n=5). nd = no 
difference detected, * = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, **** = p-
value < 0.0001. Panels A-C display the average data with a single standard deviation marked by 
the error bar. 
 

3.3.2. Culture of fibroblasts on planar soft and stiff collagen scaffolds 

Since fibroblasts are a key player in wound healing and fibrosis, it was important to integrate 

fibroblasts within both the in vitro soft and stiff scaffold models. Primary derived intestinal 

fibroblasts were cultured atop flat collagen substrates and fibroblast behavior was characterized 
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under four media conditions. For the purposes of this investigation fibroblast medium (FM), 

expansion medium (EM), differentiation medium (DM), and stem medium (SM) were used 

(Table 2.1). FM and EM are the traditional media used for culture of fibroblasts and epithelial 

cells, respectively, when cultured independently. DM was formulated to mimic the conditions at 

the luminal side of a crypt (i.e., differentiated cell zone) and so it does not possess WRN. SM 

reflected the conditions at a crypt base (i.e., stem cell zone) and is simplified compared to EM 

with nicotinamide, gastrin, pge2, and SB202190 removed but with A83-01 added to encourage 

an epithelial stem-like phenotype. After five days of culture in each of the four media conditions 

on the stiff and soft substrates, fibroblasts were fixed and stained for Hoechst 33342 to visualize 

nuclei, 5-ethynyl-2’-deoxyuridine (EdU)-incorporation to measure proliferation (S-phase cells), 

as well as fibronectin (FN) and α-smooth muscle actin (αSMA) to measure cellular ECM 

deposition and myofibroblast activation. The area occupied by EdU, FN, and αSMA 

fluorescence (above an empirically set threshold) was normalized to the total number of cells i.e., 

by dividing by the fluorescence area that was Hoechst 33342 positive (above an empirically set 

threshold). Across all conditions there was no statistically significant difference in cell 

confluence, FN deposition, or αSMA expression measured, although there was a significant 

increase in proliferation within FM on softer scaffolds when compared to all other media 

formulations (Figure 3.2 A-F). Although there is prior evidence suggesting that fibroblasts would 

express more αSMA on a stiffer substrate in vitro, the experiments conducted herein used a 

primary cell source rather than a cell line (CCD18-Co)[67]. Additionally, SM and DM contain a 

TGF-β pathway inhibitor which may be inhibiting fibroblast activation.  
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Figure 3.2. Fibroblasts on planar soft and stiff substrates under varied media conditions. (A) 
Confocal fluorescence images of fibroblasts cultured in FM with Hoechst 33342 in blue, EdU in 
green, FN in red, and αSMA in white. (B) Hoechst 33342 fluorescent area above an empirical 
threshold on soft and stiff hydrogels in SM, DM, FM, and EM. (C) EdU, (D) αSMA, and (E) FN 
fluorescent area above an empirical threshold divided by Hoechst 33342 positive area on soft and 
stiff hydrogels. (F) Experimental timeline. ns = not significant, * = p-value < 0.05, ** = p-value 
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< 0.01, *** = p-value < 0.001, **** = p-value < 0.0001. Panels B-E display the average data 
with a single standard deviation marked by the error bar with n=3 for each bar. 
 

3.3.3. Culture of epithelial cells on planar soft and stiff collagen scaffolds 

Epithelial cells line the interior of the intestine, and their function is paramount to the proper 

physiology of intestinal tissue. Thus, to understand fibrosis, it was important to understand how 

epithelial cells alone behave when grown on a soft or stiff underlying substrate. At first, 

epithelial cells were seeded onto flat collagen scaffolds in EM which is rich in growth factors 

promoting proliferation of epithelial cells. The samples were fixed and stained every 24 h for 

four days. This condition more closely represents the behavior of cells in proliferative intestinal 

zones i.e., along the crypt base. Separately, to model the responses of nondividing or 

differentiated cells, epithelial cells were grown to confluence on the scaffolds in EM for 7 days 

and then exposed to DM and samples were again fixed and stained every 24 h for four days. 

Hoechst 33342 was used to visualize nuclei, EdU-incorporation to monitor cells in S-phase, 

mucin 2 (Muc2) to identify goblet cells, and cytokeratin-20 (KRT20) to mark all differentiated 

epithelial cells. The area occupied by EdU, Muc2, and KRT20 fluorescence (above an 

empirically set threshold) was normalized to the total number of cells by dividing by the Hoechst 

33342+ fluorescence area. 

In the presence of EM, the Hoechst 33342+ area was significantly increased after the third 

day on the softer, 5.75 mg/mL scaffold when compared to day 1 (Figure 3.3 A, B, E).  In 

contrast, the Hoechst 33342+ area showed no significant differences on the stiffer 12.5 mg/mL 

scaffold from one day to the next. The soft scaffold also possessed a significantly greater 

Hoechst 33342+ area on day 3 compared to the cultures on the stiff substrate (Figure 3.3 A, B, 

E). These data suggested that on the soft substrate the cells were able to increase in number over 
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time whereas their numbers did not increase over time on the hard substrate. There was no 

significant difference in EdU integration over four days in EM on both soft and stiff scaffolds 

(Figure 3.3 A, B, F). With growth factor rich medium replenished daily it makes sense that the 

proportion of cells in S-phase does not change over time. In EM very little Muc2 signal was 

detected, and no significant difference was noted across four days on both scaffolds (Figure 3.3 

A, B, G). No significant difference was found in KRT20 expression across the four days in EM 

on both scaffolds as well (Figure 3.3 A, B, G, H). Thus, little change was observed on either 

scaffold regarding the proportion of proliferating and differentiated cells when the population 

was exposed to a growth factor rich medium (EM), though the density of cells was significantly 

different between soft and stiff scaffolds after 3 days. 

 Under DM conditions, the measured Hoechst 33342+ area was decreasing over time, though 

there was not a statistically significant difference measured when comparing coverage over four 

days on both soft and stiff scaffolds. The decrease in Hoechst 33342+ area suggests that fewer 

cells were present over time in the culture, and this is consistent with the expected cell death and 

sloughing over time of the mature non-dividing cells (Figure 3.3 C-E). With growth factor 

depleted media, significantly less EdU+ area was observed when comparing to DM to EM on 

days one and two. Almost zero EdU signal was detected in samples after 48 hours (Figure 3.3 C, 

D, F). Area stained positive for Muc2 was observable in DM at first, but by day four there was 

almost no detectable Muc2 signal, suggesting that few goblet cells were present (Figure 3.3 C, D, 

G). In DM, KRT20+ area increased over time and was significantly higher after 4 days when 

compared to EM conditions (Figure 3.3 C, D, H). As expected, the media in which epithelial 

cells are grown affected their proliferation, survival, and differentiation in vitro. Additionally, 

although there were few differences observed between the stiff and soft scaffold in DM, the 
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epithelium proliferated more and formed a more densely packed monolayer in EM on a softer, 

healthy-stiffness substrate as compared to the stiff fibrotic scaffold. 
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Figure 3.3. Epithelium expansion and differentiation on a soft or stiff substrate. First confocal 
fluorescence images shown of epithelium in EM over four days on a (A) soft, and (B) stiff 
hydrogel. Next confocal images shown are epithelium in DM over four days on a (C) soft, and 
(D) stiff hydrogel. I Hoechst 33342 fluorescent area above an empirical threshold on soft and 
stiff hydrogels in EM or DM. (F) EdU, (G) Muc2, and (H) KRT20 fluorescent area above an 
empirical threshold divided by Hoechst 33342 positive area on soft and stiff hydrogels in EM or 
DM. (I) Experimental timeline. Ns = not significant, * = p-value < 0.05, ** = p-value < 0.01, *** 
= p-value < 0.001, **** = p-value < 0.0001. Panels E-H display the average data with a single 
standard deviation marked by the error bar with (n=3). 
 

3.3.4. Coculture of mesenchymal and epithelial cells on planar soft and stiff collagen 

Myofibroblasts drive fibrosis and the impact on epithelial cells is what ultimately determines 

the functionality of the fibrotic tissue. So, it was important to include both cell types within the 

planar in vitro model. Primary mesenchymal and epithelial cells were grown in layers atop the 

collagen hydrogel with varied stiffness and the behavior of epithelial cells was observed. For 

coculture, fibroblasts were initially cultured alone on the scaffolds in FM for 5 days prior to 

adding epithelial cells on top of the fibroblasts. To monitor expansion behavior, cells were 

cultured in EM and stained and fixed daily for four days immediately after epithelial addition. To 

observe behavior in differentiated tissue, samples were grown in EM for 8 days before the media 

was switched to DM and then tissues were again fixed and stained daily for four days. Hoechst 

33342, EdU, Muc2, and KRT20 fluorescent area was used to evaluate nuclei density, 

proliferation, and differentiation. 

In EM there was no significant difference between soft and stiff scaffolds when comparing 

Hoechst 33342+ area over four days (Figure 3.4 A, B, E). Regarding proliferation behavior, 

EdU+ area was not significantly different over four days on both soft and stiff scaffolds in EM 

(Figure 3.4 F). Muc2+ area was scarce in EM samples after four days, though no statistically 
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significant difference was detected when comparing across all four days on both substrates 

(Figure 3.4 G). The KRT20+ normalized area was not significantly different when comparing 

across four days on both substrates (Figure 3.4 H).  

In DM there was also no significant difference in Hoechst 33342 positive area when 

comparing across four days on both scaffolds (Figure 3.4 C, D, E). This came as a surprise since 

epithelium in monoculture within DM was had decreased Hoechst 33342+ area after 4 days and 

holes in the monolayer were visible. Unsurprisingly, significantly lower EdU+ area was observed 

in all DM samples as compared to EM samples from day 2 onward (Figure 3.4 C, D, F). Notably, 

on both soft and stiff scaffolds there was some EdU signal observed on day 2 samples in DM in 

coculture (about 2% of the normalized Hoechst 33342 area) though this was not significantly 

different from day 3 and 4. In growth factor depleted DM the fluorescent area that was Muc2+ 

was not significantly different when comparing across four days, though this area was lower in 

coculture than in epithelial monoculture. 

These data suggest that fibroblasts influence epithelium in vitro. The presence of fibroblasts 

appears to support epithelial survival and mitigate the differential impact of soft versus stiff 

underlying scaffolds. Specifically, the nuclei density in coculture measured via Hoechst 33342 is 

unchanged for four days in both EM and DM conditions despite the decrease in proliferation 

activity observed in DM. Also, no holes in the monolayers were detected in coculture, perhaps 

meaning the epithelium is not being sloughed off the surface as quickly as when epithelium is 

grown in monoculture in these conditions. Additionally, in EM conditions with epithelium alone 

the stiff scaffold seemed to stunt proliferation, but in coculture this effect is not observed. 

Finally, very few Muc2+ cells were observed in all coculture conditions when compared to 

epithelium alone suggesting that fibroblasts are limiting this differentiation pathway. 
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Figure 3.4. Coculture expansion and differentiation on a soft or stiff substrate. First confocal 
fluorescence images shown of stained epithelium grown over fibroblasts in EM over four days 
on a (A) soft, and (B) stiff hydrogel. Next confocal images shown are stained epithelium grown 
over fibroblasts in DM over four days on a (C) soft, and (D) stiff hydrogel. (E) Hoechst 33342 
fluorescent area above an empirical threshold on soft and stiff hydrogels in EM or DM. (F) EdU, 
(G) Muc2, and (H) KRT20 fluorescent area above an empirical threshold divided by Hoechst 
33342 positive area on soft and stiff hydrogels in EM or DM. (I) Experimental timeline. ns = not 
significant, * = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, **** = p-value < 
0.0001. Panels E-H display the average data with a single standard deviation marked by the error 
bar with (n=3). 
 

3.3.5. Culture of epithelial cells on soft and stiff molded 3D crypt scaffolds 

The 3D crypt architecture present in vivo is a crucial feature of intestinal health. Spatially 

specific stimuli help define phenotypically distinct regions at the basal and luminal sides of the 

tissue and this enables the maintenance of proliferating stem cells which support continuous, 

healthy tissue regeneration. Molded, 3D collagen scaffolding (soft and stiff) was formed to 

mimic the shape of colonic crypts and enable formation of a chemical gradient of growth factors 

along the long axis of the crypts. Polarization, i.e., varied phenotypes along the vertical axis, in 

the epithelial layer is especially important to intestinal tissue function. Soft and stiff 3D crypt 

scaffolds were seeded with epithelial cells and cultured for 8 days in EM followed by 5 days in a 

chemical gradient with SM from the base and DM from the lumen. Samples were then fixed and 

stained for Hoechst 33342, EdU, Muc2, and KRT20. Image analysis software was used to extract 

the precise number and location (y-position) of Hoechst 33342+ objects and EdU+ objects so 

that crypt height, nuclear density, proliferative cell number and proliferative cell location could 

be compared. 
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Crypt height was significantly shorter in softer scaffolds compared to stiff, with an average 

height of 408 µm on soft substrates and 510 µm on stiff (n = 9, 17, Figure 3.5 A). The nuclear 

density (Hoechst 33342+ objects divided by crypt height) was significantly lower in stiff crypts 

compared to soft, indicative of a less tightly packed epithelial monolayer (Figure 3.5 B). 

Additionally, there were fewer EdU+ objects observed in the stiff crypts as compared to the soft 

(Figure 3.5 C). This aligns with trends noted on planar scaffolds and it is in line with prior 

observations that epithelium may proliferate more atop a scaffold that is softer. For further 

interrogation of the proliferative cell zone, crypts were split (mathematically) into four regions 

and the EdU+ object count for each crypt was averaged within the four quartiles. A significantly 

higher number of EdU+ cells were observed soft crypts versus stiff in the bottom two quartiles, 

suggesting that the proliferative cell zone was more densely packed and reached higher within 

softer, epithelium-only crypts (Figure 3.5 D, E). Muc2 was scarcely observed in soft crypts, 

though a few examples of Muc2 signal could be found in stiff, epithelium-only crypts (Figure 

5F). KRT20 was observed on the luminal size of all crypts showing that both soft and stiff crypts 

exhibit a polarized behavior with a luminal differentiated cell zone (Figure 3.5 E). Using KRT20, 

which is expressed at the extents of differentiated epithelial cells, the height to width ratio was 

assessed to determine if cells were more columnar or squamous on each scaffold (Figure 3.6 A). 

It was found that epithelial cells are more squamous on the stiffer scaffold, consistent with a 

fibrotic environment (Figure 3.6 B). Finally, the EdU+ area for full tissue samples was used to 

evaluate, relatively, how many crypts could support cell proliferation in their base. On the stiffer 

substrate EdU+ area was found to be less, though no statistical significance was found (Figure 

3.6 C). Taken together these data seem to show that the stiffer scaffold discourages proliferation 



 

 66 

and encourages differentiation while the softer scaffold can support a denser monolayer of 

columnar cells. 
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Figure 3.5. Characterizing molded 3D crypts with epithelium and fibroblasts on soft and stiff 
hydrogel substrates. (A) Crypt total height, (B) total number of EdU positive cells, and (C) total 
nuclei divided by crypt height for soft and stiff crypts with epithelium alone or epithelium in 
coculture with fibroblasts (n = 9, 15, 17, 29). (D) Distribution of EdU positive cells along the 
crypt vertical axis separated into quartiles. (E) Sample crypts for soft and stiff scaffold with 
monoculture or coculture fibroblasts and epithelium. (F) Crypts positively stained for 
differentiation markers KRT20 and Muc2. (G) Experimental timeline. ns = not significant, * = p-
value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, **** = p-value < 0.0001. Panels A-C 
display the average data with a single standard deviation marked by the error bar with (n=3). 
 

3.3.6. Coculture of mesenchymal and epithelial cells on soft and stiff molded 3D crypt scaffolds 

As discussed, the interplay of pericryptal fibroblasts and epithelium is important for 

determining the fate of healthy and fibrotic intestinal tissue. The spatial organization within 

crypts can be influenced by these inter-cell type interactions and so it was important to study 

how coculture of these cells in soft and stiff crypt-shaped scaffolds might change in vitro 

behavior. Fibroblasts were first established for 5 days in FM, then epithelium was added on top 

and samples were grown in EM for 8 days followed by 5 days in a chemical gradient (SM/DM). 

Hoechst 33342, EdU, and KRT20 were used for comparison while Vimentin immunostaining 

was conducted to visualize pericryptal fibroblasts. 

In coculture the crypt height was again significantly lower in softer scaffolds when compared 

to stiff (334 µm vs. 436 µm), and each coculture crypt was shorter than the epithelial 

monoculture crypt grown on the same stiffness substrate (Figure 3.5 A). Nuclei density was not 

significantly different between soft and stiff scaffolds in coculture and the number of EdU+ 

objects was also not significantly different, though the EdU+ cell count was significantly lower 

in both coculture conditions when compared to epithelial monoculture on a soft substrate (Figure 

3.5 B, C). When considering EdU+ object distribution, there was no significant difference in 

coculture in any of the four quartiles (Figure 3.5 D). Vimentin coverage was low compared to 
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KRT20, indicating far fewer fibroblasts than epithelial cells (Figure 3.5 E). Epithelial aspect ratio 

was diminished on the stiff scaffold compared to soft, with cells exhibiting a more squamous 

morphology on the 12.5 mg/mL collagen hydrogel (Figure 3.6 A, B). Finally, there was slightly 

lower EdU+ area on the full scaffolds in soft and stiff coculture, though this measured difference 

was not statistically significant with just three replicate tissues (Figure 3.6 C). These data 

demonstrate that when fibroblasts are present, there is less proliferation within crypts on the 

softer scaffolds. On the other hand, the impact of a stiff scaffold versus soft is comparatively 

lower when measuring epithelial cell proliferation and nuclei density. Additionally, crypts were 

found to be shorter in coculture when compared to monoculture indicating that fibroblasts may 

be manipulating their physical environment on both soft and stiff substrates. That said, fibroblast 

presence alone is not enough to mitigate the change in morphology observed in epithelial cells 

when placed on a stiffer scaffold. 
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Figure 3.6. Epithelium morphology and proliferation behavior on soft and stiff scaffolds with 
and without fibroblasts. (A) Fluorescent single-slice images displaying epithelial cells within 3D 
crypts. (B) Epithelial cell morphology quantified via aspect ratio (height/width) as visualized 
with KRT20 staining (n=10). (C) Full 3D crypt array maximum z-projection images displaying 
EdU in green. (D) Quantified area occupied by EdU above an empirical threshold within the 
circular crypt array area (n=3). ns = not significant, * = p-value < 0.05, ** = p-value < 0.01, *** 
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= p-value < 0.001, **** = p-value < 0.0001. Panel B and D display the average data with a 
single standard deviation marked by the error bar. 
  

3.4. Discussion 

Two substrates were developed to represent healthy and fibrotic colon tissue which could be 

molded into an easily imaged planar scaffold or a physiological 3D crypt scaffold. The 

diffusivity characteristics and Young’s modulus for each substrate was representative of a 

healthy and fibrotic colon and it was possible to grow primary intestinal fibroblasts and 

epithelium on the scaffolds in vitro. It was discovered that these primary fibroblasts behave 

largely the same on both scaffolds within this context, though epithelial cell proliferation, 

differentiation and morphology was altered atop stiff scaffolds when compared to the softer, 

healthy-stiffness substrate. Coculture of fibroblasts and epithelial cells revealed that fibroblasts 

aid in epithelial cell survival, but that coculture does not mitigate the morphological impact of a 

stiff substrate on epithelial cell aspect ratio. In 3D crypts, proliferative and differentiated cell 

zones were formed while crypt height and epithelial cell proliferation was altered by scaffold 

stiffness. In cocultured in vitro crypts fibroblast survival was minimal and their phenotype was 

not altered by scaffolds stiffness, though their effect was still noted in epithelial cells perhaps 

because of the ECM components laid down by fibroblasts before epithelial addition. In the future 

it will be useful to improve this system by mimicking chemical aspects of fibrosis through the 

addition of inflammatory factors like TGF-β while removing TGF-β inhibitors from the growth 

medium. This system properly recapitulates several aspects of the biophysical changes observed 

in intestinal fibrosis and it will be helpful in the future for investigations of the cellular 

mechanisms of intestinal fibrosis and for fibrosis-related drug testing. 
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3.5. Methods 

3.5.1. Measuring hydrogel moduli 

The hydrogels were cast by mixing N-(3-dimethylaminopropyl)-N ′-ethylcarbodiimide 

hydrochloride (EDC, 0.6 M (Oakwood Chemical, cat. no. 25952-53-8)) and N-

hydroxysuccinimide (NHS, 0.15 M (Millipore-Sigma, cat. no. 130672)) with rat tail type I 

collagen (Corning, cat. no. 354236) which had been lyophilized and then dissolved in MES 

buffer (Millipore-Sigma, cat. no. M8250, 0.1 M, pH 5) at a ratio of 1:1:8, as described by 

Hinman et al. [100]. The collagen concentration prior to crosslinking with EDC and NHS was 

5.75 mg/mL or 12.5 mg/mL to represent either healthy or fibrotic ECM, respectively. Prior to 

rheometric measurements, the hydrogel was cast between two glass slides covered by parafilm 

with 1 mm washer spacer. The resultant 1 mm tall collagen hydrogel slabs were cut into 8 mm 

diameter discs and taken to an Anton Paar MCR-301 Rheometer (Anton Paar USA, Ashland 

VA) equipped with an 8 mm diameter parallel plate platen. The gap was set at 0.8 mm and a 

frequency sweep was conducted between 0.1 and 100 rad s-1 with 1% strain amplitude. The shear 

storage and loss moduli were calculated from the linear region of the frequency sweep from 

0.251 – 2.51 rad s-1. From the shear storage modulus (G’) the young’s modulus was calculated 

using the Theory of Elasticity (E’ = 2G’(1+v)) assuming a Poisson Ratio (v) in hydrogel of 0.49 

[134].  

3.5.2. Diffusion measurement with fluorescence recovery after photobleaching (FRAP) 

For diffusion measurements, hydrogel samples for both 5.75 and 12.5 mg/mL conditions 

were cast between two glass slides covered with parafilm without a washer spacer to produce a 

thin hydrogel (< 0.5 mm). From the slab, 3 mm diameter discs were cut with a biopsy punch and 
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these samples were placed into a solution containing 100 ng/mL of various sized FITC-

conjugated dextran (4, 10, 40, and 150 kDa) and allowed to soak for 2 h. Next the dextran soaked 

hydrogels were placed on a glass slide on the stage of a confocal microscope (Olympus Fluoview 

3000 equipped with 405, 488, 561, and 640 nm laser diodes). With the 20x objective at 5x zoom 

a small circular area was photobleached with the 405 nm laser at the maximum allowable laser 

power (80-100%) for 1 minute. Immediately following photobleaching, the 20x objective at 1x 

zoom was used to obtain images every 1.1 seconds for 100 frames with the 405 nm laser 

providing 2-4% power. Following procedures outlined by Kang et al. for obtaining a diffusion 

coefficient from confocal FRAP data, a bleach profile at time 0 s was used to determine the 

effective radius (re) of the bleached area, a fluorescence recovery curve was used to determine 

the half-time of recovery (Tau) and the nominal radius (rn) was set as 75 µm for each 

test[135,136]. From these the diffusion coefficient was determined by the following equation: 

𝐷!"#$"!%& =
𝑟'( + 𝑟#(

8𝜏)/(
 

3.5.3. Cassette construction and scaffold casting 

As described previously, collagen hydrogel scaffolds were placed within a modified well-

insert that was used so that media conditions could be controlled on basal and luminal sides of 

the tissue. In brief, the factory-supplied membrane on the base of a 12-well culture insert 

(Corning, cat. no. 354236) was removed and replaced with a permeable membrane (Millipore-

Sigma, cat. no. BGCM00010) and then below that an impermeable membrane (McMaster-Carr, 

cat. no. 8689K44) was placed with a 3 mm diffusion window to restrict diffusion between the 

basal or luminal compartments. Hydrogel scaffolds were cast following the same procedure 

described above (mixing EDC/NHS/rat tail type 1 collagen), but molding was done in situ such 
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that the result was either a uniform flat surface or an array of crypt-shaped microwells. To cast 

flat scaffolds, 50 µL or mixed EDC/NHS/collage was pipetted onto the diffusion window of a 

modified well-insert and then a 24-well insert, with parafilm on the bottom, was pushed down to 

flatten the droplet. For 3D-crypt microstructures a PDMS stamp with 80 µm wide, 500 µm tall 

posts was pushed down into collagen and in both flat and crypt-shaped scaffolds the mold was 

left in place for 1 h while the whole construct was under pressure (25 psi). The PDMS stamp was 

fabricated and surface-treated with PEG according to Hinman et al. so that it could be easily 

removed after the collagen hydrogel was set. Before adding cells to the scaffolds, the well-inserts 

with set collagen were soaked in deionized water over night (2L per 12 inserts) to leech out 

excess cross-linking reagents and then then the constructs were sterilized by soaking in 75% 

ethanol for 5 minutes. Once sterile scaffolds were rinsed with PBS three times and then a 

solution of PBS containing 10 ng/mL human type I collagen (VitroCol, Advanced BioMatrix, 

cat. no. 5007-20ML) was added to the luminal compartment and allowed to incubate overnight 

thus pre-treating the surface for cell attachment. 

 

3.5.4. Cell culture 

Human colon epithelial cells from a transverse colon tissue sample (male, 23 years old, 

RRID: CVCL_ZR41) were expanded and maintained atop a neutralized collagen slab according 

to previously described methods[74]. Primary fibroblasts isolated from descending colon (male, 

12 years old, RRID: CVCL_D6WE) were expanded and maintained within a culture flask stored 

horizontally with Dulbecco's Modified Eagle Medium (DMEM, Thermo Fisher, cat. no. 

11995065) supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, 

and 100 μg/mL streptomycin (Table 2.1). 
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For seeding within molded scaffolds, fibroblasts were added to the luminal side of well-

inserts in 1mL FM at a concentration of 3x105 – 5x105 cells/mL for both planar and 3D crypt 

scaffolds. Then FM was replenished daily. For subsequent epithelium addition, epithelial stem 

cells grown on 6-well plate above soft neutralized collagen were isolated and dissociated 

according to previous protocol using collagenase type 4 (Worthington Biochemical Corporation, 

cat. no. LS004189) and TrypLE express enzyme (Thermo Fisher, cat. no. 12605028)[113]. 

Epithelial cells were then added directly to the scaffolds for monoculture, or directly on top of 

fibroblasts for coculture, at a ratio of 1:3 (1 well from 6-well maintenance plate to 3 well-

inserts). In 3D crypts, cells were grown in EM for 8 d (replenished daily) and then polarization 

was executed by replacing basal medium with stem medium (SM, Table 2.1) and luminal 

medium with differentiation medium (DM, Table 2.1). After 5 days of polarization (media 

replenished daily), the samples were fixed and stained for endpoint analysis. 

 

3.5.5. Fluorescence staining and confocal imaging 

5-ethynyl-2’-deoxyuridine (EdU, 1 µg/mL) was added to the culture medium 24 h before 

sample fixation. Cells were fixed with Prefer fixative (Anatech Ltd., cat. no.NC9053360) for 20 

min, permeabilized with 0.5% Triton X-100 at 20°C, and then blocked with 1% bovine serum 

albumin (BSA) for 1 h. Subsequently, integrated EdU was stained with sulfo-Cy5-azide (1.25 

µg/mL) and then primary antibodies were added[114]. In this study, a DNA stain (Hoechst 

33342, Sigma-Aldrich, cat. no. B2261) and antibodies for mucin-2 (MUC2, Santa Cruz, cat. no. 

sc-15334), cytokeratin-20 (KRT20, Cell Signaling Technology, cat. no. 13063S), and vimentin 

(VIM, Santa Cruz, cat. no. sc-6260) were used (all 1:500 dilution). After overnight incubation at 

4 °C with primary antibodies, the samples were rinsed and matched secondary antibodies with 
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Alexa Fluor 488 (goat anti-mouse, Life Technologies Corp., cat. no. A28175), and Alexa Fluor 

555 (donkey anti-rabbit, Life Technologies Corp., cat. no. A31572) fluorophores were added and 

then rinsed away after overnight incubation at 4 °C. Confocal microscopy was performed with an 

inverted Olympus Fluoview 3000 equipped with 405, 488, 561, and 640 nm laser diodes and 4x, 

10x, or 20x magnifying objectives were used to obtain images. 

For image analysis in planar systems, Cell Profiler (cellprofiler.org[115]) was used to 

segment and measure area occupied by each fluorescent marker. Planar samples were each 

imaged with a 10x objective to capture the full tissue that was above the 3 mm diffusion window 

and a maximum intensity projection of the z-stack (step size 4 µm) was analyzed. For 3D crypts, 

4x overview images were obtained from the top (z-stack, slice 25.4 µm) and a maximum 

intensity z-projection was used to analyze EdU positive area on full crypt arrays. Next, the 

membrane was detached from the insert base and cut in half using microdissection scissors, the 

crypt area was situated perpendicular to the objective and imaged from the side. The 20x 

objective (step size 4 µm) was used to obtain images and the z-stacks were reconstructed in 3D 

using IMARIS X64 v9.8.2 (imaris.oxinst.com, Oxford Instruments) for analysis. The number 

and position of nuclei (Hoechst 33342+), and proliferative nuclei (EdU+) were counted using the 

IMARIS spots module. 

3.5.6. Statistics 

Data are presented as mean ± standard deviation on all plots. Differences between means 

from separate groups (epithelium, fibroblasts and coculture) were determined using two-way 

ANOVA multiple comparisons by multiple comparisons with Bonferroni correction applied, 

unless otherwise specified. Statistical analysis and graphical illustration were performed using 
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GraphPad PRISM 9 software, version 9.5.0 (GraphPad Software, San Diego, CA) at a 

significance level (α) of 0.05 unless otherwise noted.  
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Chapter 4: A suspended collagen hydrogel for modeling epithelial and 

immune cell interactions 

 

Chapter 4 is adapted from the following manuscript: 

 

S. S. Hinman, A. Massaro, Y. Wang, C. E. Sims, R. Kim, N. L. Allbritton, Suspended Collagen 

Hydrogels to Replicate Human Colonic Epithelial Cell Interactions with Immune Cells. Adv. 

Biology 2022, 6, 2200129. 

 

4.1. Abstract 

The human colon plays a critical role in fluid and salt absorption and harbors the largest immune 

compartment. There is a widespread need for in vitro models of human colon physiology with its 

innate immune system. A method is described to produce a cassette with a network of struts 

supporting a suspended, non-chemically cross-linked collagen hydrogel scaffold compatible with 

the coculture of primary gastrointestinal epithelium and migratory inflammatory cells. The 

epithelial monolayer cultured on the suspended collagen possesses a population of polarized and 

differentiated cells like that present in vivo. This epithelial layer displays proper barrier function 

with a transepithelial electrical resistance (TEER) ≥ 1,500 Ω cm2 and an apparent permeability 

≤10−5 cm2 s−1. Immune cells plated on the basal face of the scaffold transmigrated over a period 

of 24 h to the epithelial layer in response to epithelial production of IL-8 induced by luminal 

stimulation of Clostridium difficile Toxin A. These studies demonstrate that this in vitro platform 

possesses a functional primary colonic epithelial layer with an immune cell compartment capable 

of recruitment in response to pro-inflammatory cues coming from the epithelium. 
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4.2. Introduction 

CRC often coincides with a defective interaction between the intestinal epithelium, 

subepithelial immune cells, and bacteria (or their metabolites and toxins)[137]. The normal 

intestinal epithelium acts as a tight barrier preventing the movement of bacteria, noxious 

bacterial metabolites, and undigested foodstuffs in the intestinal lumen from crossing into the 

bloodstream[4,138–140]. An epithelium-microbiome-immune (EMI) axis continuously regulates 

homeostatic responses at the intestinal wall via intricate intercellular crosstalk of microbial 

metabolites, cytokines, antigens, and hormones[139,141,142]. To maintain homeostasis, the 

intestinal epithelium and tissue resident mononuclear (e.g., monocyte, macrophage) and 

polymorphonuclear (e.g., neutrophil) immune cells deep within the lamina propria continuously 

monitor and actively respond to chemical signals foretelling intestinal damage [4,139,140]. For 

example, epithelial cells secrete cytokines, including interleukin-8 (IL-8) and monocyte 

chemoattractant protein-1 (MCP-1), that act as chemoattractants for the rapid recruitment of 

immune cells to the epithelial surface [139,141,142]. [7,10,11] This sentinel signaling system is 

thought to be chronically activated in many intestinal diseases including IBD, celiac disease, and 

CRC [139,143–146]. 

Model systems to understand the interactions of the EMI axis are essential to fulfill the 

promise of the next generation of gut therapeutics targeting the immune system-epithelial cell 

interaction. Given the importance of the EMI axis, a multitude of model systems strive to mimic 

these complex intercellular interactions. Most of our knowledge regarding the intestinal immune 

system has been gleaned from germ-free animal models [147–149]. However, these models do 

not adequately mimic human physiology due to the differing genetics, diets, and microbiomes 
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between mice and humans [30,150–153]. The coculture of human intestinal tumor cells and 

human immune cells has been performed by several groups using hanging basket inserts and 

microfluidic formats[154–158]. Although tumor cell lines are not reflective of in vivo human 

physiology due to their dedifferentiated state, aberrant signaling, and a plethora of genetic 

mutations,[29–31] the majority of these in vitro models have utilized these tumor cell lines by 

virtue of their robustness and ease of culture[159–163]. While often employed for pre-clinical 

pharmaceutical trials, these cell lines lack the cellular subtypes of the intestinal epithelium and 

fail to duplicate the important interactions between these subtypes, thus they fall short in 

replicating human physiology and predicting in vivo response[161]. To address these 

shortcomings, primary human intestinal epithelial cells and immune cells are being incorporated 

into microscale systems with the goal of replicating key attributes of the EMI axis. Tissue 

explant models are available, but are short-lived, thus limiting their usefulness [164,165]. 

Intestinal organoids offer another approach for creating a more accurate model; however, their 

spheroid morphology poses challenges due to the inaccessibility of the luminal compartment as 

well as possessing a basal surface embedded deeply within a hydrogel making assays of 

permeability, transport and luminal versus basal cytokine production a challenge[138]. Tumor 

cells have been combined with other tissues to mimic the intestinal epithelium but these 

abnormal cells do not replicate primary human epithelial cells’ biochemistry or physiology 

[82,166]. 

To overcome these challenges, human gastrointestinal stem cells have been successfully 

cultured and differentiated to form a monolayer when plated on a hydrogel scaffold and porous 

membrane under the combined influence of growth and morphogenic factors[167,168]. These 

primary intestinal epithelial monolayers have been cocultured with human macrophages seeded 
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on the opposing face of a track-etched membrane[169]. While communication between the 

epithelium and immune cells was demonstrated, the macrophages were incapable of migration to 

the epithelium due to the small pore size of the track-etched membrane. We and others have had 

similar experiences in the coculture of human peripheral blood mononuclear cells (PBMCs) 

separated from the intestinal monolayer by the porous membrane support that while allowing 

chemical crosstalk, limits physical contact [156,170]. Dual cylindrical layers of silk scaffold 

have been seeded with primary intestinal cells on the interior of the inner tube and macrophages 

on its outer surface[171]. The porous properties of the collagen-impregnated silk allowed 

macrophage migration toward the intestinal cells under a chemical gradient, but throughput was 

severely limited due to the required device assembly steps throughout the culture. There remains 

a need to develop an immune cell-intestinal coculture platform relying on a soft extracellular 

matrix (ECM) that enables both native primary human intercellular interactions including cell 

migration and cytokine exchange through the ECM. The ability to readily assay cells as well as 

the luminal and basal tissue compartments in an easy-to-use, scalable cassette would be of high 

value in investigations of intestinal physiology and compound screens [163]. 

In this work, an immunocompetent intestinal mucosal interface was developed. To 

accomplish this, an open polymer support structure was used to suspend a thick hydrogel layer 

compatible with both stem-cell-derived gastrointestinal epithelial tissue and migration competent 

inflammatory cells. The aim was to develop an easy-to-use cassette for coculture of primary 

human colonic epithelium with immune cells to enable the assay of intercompartmental 

communication, permit immune cell migration to the epithelium and assess bacterial toxin-

induced disruption of the intestinal barrier. The device was designed with simplicity in mind so 

that no specialized valves, pumps, or flow controllers were incorporated with the goal that the 
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method could be employed within labs lacking biomaterials or microdevice expertise. A standard 

hanging basket design with widely spaced supporting struts was used to provide a culture 

platform with access to the luminal and basal fluid compartments. The intestinal monolayer was 

created on the luminal surface of the strut-supported hydrogel. Inflammatory cells were plated on 

the basal aspect of the suspended collagen. The large open area between the polyester struts 

allowed these cells to migrate through the unobstructed soft collagen regions between the struts 

and into the hydrogel to interact directly with the intestinal tissue. This format enabled several 

assays pertinent to such a coculture system to be conducted to demonstrate the design’s 

functionality. 

 

4.3. Results 

4.3.1. Design Overview 

The design goal was to develop a platform to support a functional relationship between 

intestinal epithelial cells and the underlying resident immune cells. In a normal human, the 

immune cells reside in the lamina propria or connective tissue just below the epithelial cells 

which line the intestinal lumen and maintain constant vigilance with a goal of detecting loss of 

barrier integrity (Figure 4.1a). In defending against potential microbial invaders, the immune 

cells secrete a host of cytokines and other molecules to attract additional immune cells and block 

microbial incursion. To recapitulate these epithelial cell-immune cell interactions, a cassette 

comprised of four components was constructed: i) a modified hanging basket for luminal media 

containment, ii) a neutralized suspended collagen hydrogel for primary intestinal epithelial cell 

culture, iii) polyester struts for basal support of the suspended collagen scaffold, and iv) an 

underlying multi-well plate for provision of a basal medium (Figure 4.1b). In order to support a 
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normal human intestinal epithelium in close proximity to immune cells, the supported scaffold 

required several attributes: i) display of native ECM contacts and an appropriate stiffness 

(Young’s modulus: 0.1–1 kPa) to support the primary intestinal epithelial cells, ii) sufficient 

porosity so that microbial metabolites and toxins might diffuse across the scaffold, and iii) 

support migration of immune cells (10–20 μm diameter) into the scaffold matrix. For facile 

microscopy and immunoassay performance, the device needed to be optically transparent with 

accessible luminal and basal reservoirs. To encourage ready adoption of the method, the device 

should utilize a standard multi-well plate format without complex instrumentation such as valves 

and pumps. Additionally, the large intestine acts largely as a static waste storage organ and does 

not normally experience high luminal fluid flows (in contrast to the small intestine), so 

continuous fluid flow in the luminal compartment was not desirable. 
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Figure 4.1. Design of cassettes for the suspended collagen scaffolds. a) Schematic of the in vivo 
relationship between the epithelium (green) and immune (white and blue) compartments of the 
large intestine. The arrows demonstrate the movement of the immune cells within the intestinal 
stroma (pink). b) Schematic of the components of the cassette with polyester struts supporting 
the collagen hydrogel (pink). The inset demonstrates the in vitro cell relationships. The basal 
fluid reservoir in which the cassette is placed is not shown. c) Schematic of device surface 
coating steps. 

 

Figure. 4.2. Immune cell placement and behavior in the cassette with a supported scaffold. 
Scaffolds were formed from collagen at varying concentrations and then assayed for the ability 
of dHL60 immune cells (green) to migrate into the scaffold under an IL-8 gradient. 
 

4.3.2. Cassette Construction and Fabrication 

Most intestinal epithelial cell culture systems such as hanging baskets or microfluidic 

devices, use track-etched membranes or microfabricated films with small-sized openings to 

support the epithelial cells[157,172]. While these devices have enabled high-impact discoveries, 

the devices possess challenges in recreating epithelial-immune cell interactions. For example, the 
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membranes or films possess small pore openings, low porosity, and high stiffness (>1 MPa) and 

so they do not permit a physiologic contact between epithelial cells and white blood cells since 

the white blood cells are unable to move freely through these membranes or films (Table 4.1). In 

contrast, woven polyester stands possess large openings (up to 2.5 mm) and a very high percent 

open area (up to 60%). The polyester strands are also sufficiently rigid so that the strands could 

act as a network of supporting struts for soft hydrogels. Woven polyester strands with a range of 

openings (0.04–1.3 mm, 25%–59% open area) were affixed to the base of a polystyrene hanging 

basket (after removal of the hanging basket membrane) using a biomedical transfer adhesive 

(Figure 4.1b). Neutralized collagen was selected as the hydrogel since it is soft (100–200 Pa 

Young’s modulus) and porous, supports colonic epithelial cell growth and can be invaded by 

immune cells (Figure 4.2) [167]. After placement of the basket on a sterile surface, collagen was 

loaded into and gelled within the lumen of the hanging basket to form a 3.33 mm thick slab at the 

base of the hanging basket and above the rigid polyester strands. For all openings between the 

struts except the 1.3 mm size, the collagen slab maintained its integrity when the basket was 

removed from the surface yielding a collagen hydrogel suspended above the polyester strands. 

Thus, the polyester strands acted as a system of supporting struts for the soft collagen hydrogel 

while leaving nearly all of the basal surface of the collagen hydrogel in direct contact with the 

basal medium (air in this instance or medium during cell culture). When visualized by 

transmitted light microscopy, the polyester strands were opaque but the collagen between the 

fibers was transparent, and most of the collagen basal surface was not obstructed by the polyester 

strands (Figure 4.3a). When the fluorescein-labeled collagen was placed into the basket and 

visualized by fluorescence microscopy, homogenous fluorescence across the hydrogel was 

present for all sizes of strand openings except the 1.3 mm size. For this biggest woven polyester 
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stand openings, the supporting polyester struts or strands were too far apart to support the soft 

collagen and the 1.3 mm size was not used further. Next, primary human colonic epithelial cells 

were loaded onto the suspended collagen and placed into an expansion medium (EM) rich in 

growth factors (Wnt-3A, R-spondin, and Noggin). The cells were cultured over 4 days until a 

confluent monolayer was formed. During this time all cultures demonstrated detachment of the 

hydrogel from basket inserts (Figure 4.3b). While the soft collagen supports colonic stem cell 

expansion and self-renewal, this hydrogel is susceptible to deformation from cellular contractile 

forces leading to collagen deformation[151,167,173]. To circumvent this issue, the polyester 

struts and polystyrene hanging basket were chemically modified to covalently bind to the 

suspended collagen with the goal of increasing collagen adhesion and decreasing the deformation 

of the hydrogel over time (Figure 4.1c). The hanging basket was incubated with 3-

(aminopropyl)triethoxysilane (APTES) to add surface amino groups followed by incubation with 

glutaraldehyde to place reactive aldehydes on the surface of the basket and struts. These 

chemical moieties then reacted with amino acids (Cys, Lys, Arg) on the collagen covalently 

linking the collagen to the support structure. Since the reactive groups were localized to the 

strut/hanging basket surface, the collagen bulk was not cross-linked. When colonic epithelial 

cells were cultured on the suspended collagen scaffold, 100% of the suspended collagen 

hydrogels remained in place (n > 50). Since hanging baskets with a strut separation of 0.5 mm 

possessed the greatest percentage of open area and a stable suspended collagen scaffold, these 

baskets were used in all subsequent experiments. 

Class Available materials Pore sizes (Openings) Porosity (Open area) 

Woven strands/inter-strut 
distances 

Polyethylene, 
polypropylene, PTFE 

0.01-67 mm2 16%-61% 

Track-etched membranes Polycarbonate, PET 0.04-64.0 µm2 <1.5 x 10-5% 
Fibrous membranes Biopore PTFE, mixed 

cellulose esters 
0.04-0.16 µm2 <80% 

Table 4.1. Comparison of cell culture-compatible supports. 
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Figure 4.3. Characterization of the suspended collagen scaffold. a) Photographs (upper panels) 
and fluorescence images (lower panels) of polyester struts of varying spacing. The struts were 
attached to the base of the hanging basket and overlaid with fluorescein-labeled collagen. In the 
upper panels, the polyester struts are white and the suspended clear collagen between the struts is 
transparent and so appears black. Insets in the lower right hand of the image show a higher 
magnification view of the struts. The openings between the struts with a 40 μm spacing are 
difficult to visualize under these magnifications due to the small opening size. In the lower 
panels, the opaque struts are black and the fluorescein-labeled collagen is green. b) Photographs 
of suspended collagen on which epithelial cells were cultured. Upper panel - The collagen was 
overlaid onto non-activated polystyrene hanging basket/polyester struts. The red arrow marks 
where the collagen has pulled away from the hanging basket wall. Lower panel - The collagen 
was overlaid onto a chemically activated polystyrene hanging basket/polyester struts with cross-
linking of the collagen to the hanging basket/struts at points of contact. c,d) Determination of 
diffusion coefficients for varying molecular weight compounds and estimation of molecular 
weight cutoff. c) Shown is the concentration of each dye in the basal compartment (Cbasal) 
relative to its theoretical equilibrium concentration (Ceq) over the incubation period. 
Measurement of the movement of a low molecular weight dye (lucifer yellow) and varying 
molecular weight fluorescein-dextrans through the scaffold (n = 3). d) Plot of the measured 
diffusion coefficient (Dc) against the logarithmic transformation of the molecular weight to 
determine a theoretical molecular weight cutoff for the suspended collagen scaffolds (n = 3). 
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Molecular weight Log (molecular weight) 
[Da] 

Measured apparent 
Dc[µm2s-1] 

Theoretical Dc in H2O 
[µm2s-1] 

457 Da 2.660 1014 ± 32 605 
4 kDa 3.602 190 ± 15 223 
10 kDa 4.000 102 ±12 146 
40 kDa 4.602 60 ± 5 42 
500 kDa 5.699 8 ± 1 24 
2 MDa 6.301 6 ± 0.5 13 

Table 4.2. Measured apparent and theoretical diffusion coefficients (Dc). Theoretical diffusion 
coefficients are derived from a Stokes–Einstein relation with hydrodynamic radii approximated 
according to Aimar et al. [174]. 
 

4.3.3. Characterization of the Suspended Scaffold 

In vivo, the lamina propria is comprised of basement membrane and connective tissue that not 

only house stromal cells underlying the epithelium (e.g., immune and mesenchymal cells), but 

also facilitate their migration in response to bacterial invasion or biochemical messengers[175]. 

While it is established that the basement membrane, primarily composed of a fibrous network of 

collagen, enables free movement of these cell types in vivo, physicochemical properties such as 

density, porosity, and flexibility remain largely uncharacterized for isolated extracellular matrix 

devoid of cells[157,176]. The diffusion of solutes across in vitro scaffolds and culture systems 

has been subjected to rigorous study, however, with collagen-coated, track-etched membranes 

provide fractional diffusivities of solutes compared to their free diffusion in water,[51] and 

perforated PDMS culture systems impede transmigration of immune cells between segregated 

compartments [142,157,177]. We, therefore, benchmarked the permeability of our suspended 

hydrogel culture system by measuring the diffusivities of solutes possessing a range of molecular 

weights through the suspended collagen scaffold. Comparisons to their theoretical diffusivities in 

water were made to determine the degree of hindrance that the suspended scaffold provided and 

whether it might be suitable for immune cell migration assays. A concentrated fluorescent dye 

was added to the luminal compartment above a suspended collagen scaffold to generate a 
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gradient across the scaffold with dye passively diffusing from the luminal “source” 

compartment, through the suspended collagen, and into the basal “sink” compartment [178]. 

Dyes with a wide range of molecular weights (457 Da – 2 MDa) were used to determine the 

theoretical molecular weight cutoff (MWCO) for the scaffolds. The lowest molecular weight dye 

(457 Da) demonstrated rapid diffusion through the scaffold when incubated at 37 °C with near-

identical luminal and basal dye concentration by 96 h (Figure 4.2c). Increasing the molecular 

weight of dissolved solutes predictably lowered the speed at which they diffused through the 

scaffold (Table 2), though remarkably, even the largest solute tested (2 MDa) demonstrated 

measurable diffusion (5 ± 4% of equilibrium concentration) over 24 h. Large biomolecules such 

as IgGs and IgMs possess molecular weights of ≈150 kDa and 1 MDa, respectively, so they and 

smaller molecules are able to migrate between the compartments of this system. To determine 

the degree to which diffusion of these compounds may be hindered by the scaffold, apparent 

diffusion coefficients were extracted by fitting the basal concentrations over time to a linearized 

model based on Fick’s law [179]. This model assumes a two-compartment system separated by a 

membrane of a known thickness, which we define here as the suspended collagen scaffold. 

Binding sites for dextrans within collagen were assumed to be negligible. The measured apparent 

diffusion coefficients (Dc’s) were similar to that derived from hydrogel photobleaching assays 

(Table 2) [179–181]. As expected the Dc for 40 kDa FITC-dextran in this system without bulk 

cross-linking of the collagen was higher than that reported for covalently cross-linked collagen 

(34 μm2 s−1), as the extensive covalent modifications within the collagen bulk decrease collagen 

permeability[182]. Diffusion was minimally hindered for the low molecular weight dyes as 

compared to dyes in an aqueous solution suggesting that the assumption of negligible binding 

sites for dextran within collagen was reasonable. But the diffusion of larger molecular weight 
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dyes was slowed by the scaffold. Thus, diffusional hindrance in these suspended collagen 

scaffolds was substantially less than that of conventionally used porous membrane supports. For 

example, track-etched membranes in common use demonstrate a solute diffusivity ratio for small 

molecules (<150 Da) of <0.25 [177]. Analysis of the linear range of a logarithmic transformation 

of solute molecular weight against measured Dc suggested a molecular weight exclusion limit of 

357 kDa (Figure 4.2d). Since cytokines are soluble proteins with a lower molecular weight (≈6–

70 kDa) than 357 kDa, the scaffold supports the movement of these molecules through the 

scaffold. Even very large molecules such as immunoglobulins (≈150 kDa) are predicted to cross 

the scaffold. Thus the epithelial cells and immune cells can communicate by secretion of 

cytokines and other molecules below the exclusion limit since these higher molecular weight 

molecules will permeate through the scaffold [178,183]. Lenzini and colleagues demonstrated 

that the mechanical properties of the extracellular matrix are responsible for regulating the 

transport of large biomolecules through nanoporous ECMs possessing a smaller pore size; here, a 

similar effect may be facilitated through flexible collagen fibers assembled into a soft hydrogel 

network, enabling molecules larger than the pore size to migrate or squeeze through [167,173]. 

The lack of cross-linking within the hydrogel bulk and the large open area between the struts was 

critical to supporting the movement of molecules of a wide range of molecular weights through 

the scaffold. In the context of cellular migration, it is also important to note that invasive cells 

are capable of deforming their three-dimensional shape and degrading their tissue 

microenvironment [184]. Taking these findings together with the high measured diffusivities, the 

suspended collagen system is likely suitable for cellular migration and crosstalk studies where 

other in vitro systems have fallen short due to diffusional or mechanical hindrance. 
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4.3.4. Growth of Primary Epithelial Cells on the Suspended Collagen 

The epithelium of the colon is comprised of a monolayer of the following principal cell types: 

proliferative stem and transit amplifying cells, absorptive colonocytes, and mucous secreting 

goblet cells. Hormone-producing enteroendocrine cells are also present but are few in number. 

To determine the growth characteristics and establish the cell types within the intestinal 

epithelium on the suspended collagen, the monolayer was stained by immunocytochemistry and 

imaged at multiple time-points during expansion and differentiation. Human-derived colonic 

intestinal epithelial stem cells were seeded over the suspended collagen and cultured as a self-

renewing monolayer [75,167]. The cells were cultured for 6 days in a growth factor-rich medium 

with Wnt, R-spondin, and Noggin (EM, Table 2.1) to support cell number expansion (Figure 

4.4a). Once the cells formed a confluent monolayer (day 6), the medium was switched to a 

growth factor-depleted medium (DM) to support the differentiation of the cells. After varying 

days of culture, the cellular phenotype was measured by staining for EdU incorporation (S-phase 

proliferative cells), alkaline phosphatase (ALP, for colonocytes), mucin 2 (Muc2, for goblet 

cells), and Hoechst 33342 (DNA)[75,167]. The cells were then imaged by confocal fluorescence 

microscopy (Figure 4.4a). As expected, a majority of cells cultured in the presence of the 

growth-factor-rich medium remained proliferative (EdU+) with very few absorptive colonocytes 

(ALP+) [167]. Secretory goblet cells (MUC2+), one of the major cell types in the luminal 

differentiated epithelium in vivo were present on all days of culture as observed in prior culture 

systems (Figure 4.4a,c) [167]. After the removal of the growth factors, the number of EdU+ cells 

was significantly decreased suggesting the formation of a terminal, differentiated epithelium 

(Figure 4.4b) [167]. The intensity of ALP staining (on day 2 vs 8) increased significantly after 

conversion to a growth factor depleted medium as previously reported (Figure 4.4d) [167]. These 
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data suggested that the epithelial cell cultures on the suspended collagen were similar to that on a 

collagen slab with respect to cell proliferation and formation of the major differentiated cell 

types. 

 

Figure 4.4. Cell growth and maturation on the suspended collagen. a) Images acquired by 
fluorescence confocal microscopy of cells labeled with Hoechst 33342 (white), stained for EdU 
incorporation (cyan), immunostained for anti-Muc2 (yellow), and assayed for ALP activity 
(magenta) on different days of culture. The top row of images is a z-focus stack projection (XY) 
view of the cultures while the lower row represents XZ cross-sections through the monolayer. b–
d) Fluorescence staining was quantified by plotting the percentage of the culture area positive for 
b) EdU incorporation, c) MUC2 immunostaining or d) ALP activity relative to that stained by 
Hoechst 33342 (DNA). The transparent data points represent individual fields of view (FOVs) 
for each sample (5 FOVs imaged per cassette) and are color-coded by technical replicate, while 
the solid data points represent the mean value for each technical replicate (n = 5). The mean 
crossbar, error bars, and t-tests were calculated from the solid data points. 
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4.3.5. Characterization of Barrier Integrity of Primary Epithelial Cells on the Suspended 

Collagen 

One of the chief functions of the colonic epithelium is to act as a barrier to prevent colonic 

microbiota, microbial products, and toxins from entering the body. This barrier function also 

serves to enable the colon to carry out its function of controlled absorption of ions and water 

from the feces. The ability of the confluent monolayer grown on the suspended collagen to act as 

a barrier to the movement of ions and larger molecules was assessed by measuring the 

transepithelial electrical resistance (TEER) and the permeability of lucifer yellow (LY). TEER 

values reflect ionic conductance via paracellular pathways across the epithelial layer [185]. 

TEER was measured as the monolayers grew to confluency in EM and then differentiated in DM 

(Figure 4.5a). On day 2 when the cells were present largely in isolated patches, the TEER was 

not significantly different from that of the scaffold in the absence of cells (31.2 ± 7.9 Ω cm2 vs 

12.6 ± 2.4 Ω cm2, n = 9). By day 6, the cells formed a confluent monolayer in EM with TEER 

increasing to 176.5 ± 28.5 Ω cm2. Upon inducing differentiation of the monolayer under DM, 

TEER rapidly increased to a maximum on day 11 (Figure 4.5a). Over subsequent days, TEER 

began to decrease likely as a result of apoptosis of the terminally differentiated colonocytes as 

occurs in vivo [167].[38] These results suggest that once differentiated, the epithelial monolayer 

was resistant to the flow of ions through the paracellular spaces as is present in vivo [185]. 

Permeability reflects the ability of the colonic epithelium to act as a barrier to the passive transfer 

of small and large molecules. This property is dependent on the integrity of tight junctions 

between the cells and can be interrupted by inflammatory cells and factors [186]. Permeation of 

the small fluorescent, non-transported molecule LY was used to further evaluate the integrity of 

the monolayers. The apparent permeability (Papp) of LY through the cell monolayer was 
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measured over time and compared to that of the scaffold alone. The confluent monolayers on 

both days 8 and 10 displayed a Papp that was significantly lower than that of the suspended 

collagen without cells (Figure 4.5b). Since a Papp of <1 × 10−6 cm2 s−1 is considered 

impermeable and suitable for transport assays, these monolayers displayed barrier properties 

consistent with a mature colonic epithelium[187]. The colonic epithelium is made up of 

polarized cells having a luminal brush border and a basal surface adherent to the basement 

membrane of the lamina propria [188]. The intercellular borders are rich in tight and adherens 

junction proteins to enable the epithelium’s barrier function [186]. To further analyze the 

characteristics of the differentiated epithelium on the supported hydrogel scaffold, the 

monolayers were immunostained for the presence and localization of proteins involved in 

intercellular adhesion, and establishment of luminal-to-basal polarity in vivo human 

gastrointestinal epithelium. Cross-section views (XZ confocal images) of the monolayers clearly 

demonstrated the appropriate columnar geometry of the cells (Figure 4.5c). Monolayers stained 

for actin and villin, proteins enriched in the brush border of the epithelium, demonstrated the 

proper luminal localization of these proteins in the monolayer [189,190]. Likewise, staining for 

integrins, proteins that recognize collagens and laminins in the lamina propria, demonstrated 

enriched staining at the basal surface of the monolayer adjacent to the hydrogel. These results 

suggest that the epithelial monolayer grown on the suspended collagen was properly polarized in 

a basal-to-luminal direction. The expression and localization of tight junction and adherens 

junction proteins were also assessed. Zonula occludens-1 (ZO-1), occludin, and claudin are 

luminally restricted tight junction proteins between cells (Figure 4.5c). These proteins showed 

rich staining at cell-cell junctions and were localized along the luminal aspect of the monolayer 

in the cross-section. Likewise, the cells expressed E-cadherin, a basolateral adherens junction 
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protein, in a proper orientation as seen in the cross-section. These data demonstrate that the 

monolayer cultures were grown on the supported hydrogel scaffold to express structural proteins 

in the appropriate cellular locations. 
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Figure 4.5. Barrier integrity of suspended epithelial monolayers. a) Measurements of TEER 
values for cultures during the culture protocol are shown in Figure 3a. The pink-shaded region 



 

 96 

represents a single standard deviation (n = 5). b) Apparent permeability of epithelial monolayers 
to lucifer yellow at different times of culture (n = 8, with ROUT q = 1% removing outliers due to 
manually damaged scaffolds). c) Fluorescence confocal microscopy of day-10 cells stained for 
various proteins. The top row of images is the maximum intensity Z-projections (XY) of the 
cultures while the lower row represents XZ cross-sections through the monolayer. Hoechst 
33342 labeling of DNA is depicted in blue in the top left panel but white in all other panels. 
 

4.3.6. Epithelial-Immune Cell Response to Clostridium difficile Toxin A 

The coculture system was exposed to a well-characterized bacterial toxin known to incite an 

innate immune response, previously demonstrated to disrupt colonic barrier integrity and 

cytoskeletal organization, and elicit rapid and directional IL-8 secretion [170,191]. The wide 

openings between the supporting struts of the cassette facilitate the interaction of the epithelial 

and immune cells (i.e., dHL-60s), as both the luminal and basal faces of the hydrogel scaffold 

remain exposed to their respective media compartments throughout the entire culture period. The 

epithelial cells were seeded, expanded, and differentiated over the suspended collagen for 8 d of 

culture (Figure 4.6a). On day 8, the epithelial cells on the scaffold were stained with CellMask 

DeepRed. The cassette with epithelial cells was inverted and a suspension of immune cells pre-

labeled CellTracker Green CMFDA was applied to the basal surface of the scaffold. After a 30 

min adhesion time, the hanging basket was inverted and returned to a multi-well plate with 

media. The immune cells remained attached to the basal surface of the scaffold for >24 h of 

suspended culture (Figure 4.6b). This suggests the establishment of focal adhesions that would 

be hindered if extracellular matrix proteins were not present or if cell-binding domains on the 

scaffold were quenched through covalent cross-linking within the collagen [92,96]. Toxin A 

derived from C. difficile (TcdA) was added to the luminal compartment of the basket insert to 

elicit IL-8 secretion for the in situ recruitment of immune cells toward the epithelial surface. In 

the presence of TcdA, the immune cells migrate upward toward the epithelial surface, eventually 
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transmigrating across the epithelium and into the luminal compartment, as in vivo [157]. This 

effect can be observed as early as after 4 h of TcdA exposure (Figure 4.6c). By 24 h of exposure, 

immune cell recruitment into the scaffold was further enhanced relative to that of cultures 

without TcdA. To assess whether secreted chemoattractants might be inducing migration of the 

immune cells, IL-8 was assayed in the basal medium compartment. The basal IL-8 concentration 

was significantly higher in the basal compartment in the presence of luminal TcdA compared to 

that without (Figure 4.6d). These results demonstrate the feasibility for in vitro immune cell 

recruitment by primary colonic epithelium followed by transmigration of the immune cells. 

 

Figure 4.6. Immune cell chemotaxis in response to C. difficile toxin A. a) Timeline of the 
experiment. The right panel illustrates the cell relationships shortly after the addition of the toxin. 
b) Fluorescence images acquired by confocal microscopy at 0 and 24 h after toxin addition to the 
immune epithelial cell culture. The top row of images is a summed Z-stack (XY) view while the 
lower row represents an XZ cross-section through the monolayer. Shown are epithelial cells 
(magenta) and CellTracker Green stained dHL-60 cells (green). The opaque polyester struts are 
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black and the cells on the suspended collagen (2 × 2 regions) between the struts are shown. c) 
Density of cells measured as the number of cells crossing the scaffold per scaffold surface area 
over 24 h with and without TcdA exposure. The solid bars represent the average of the data 
points (black circles) while the error bars represent a single standard deviation (n = 3). d) IL-8 
measurements after 24 h with and without TcdA exposure in the basal reservoir (n = 8). Data 
points are shown as black circles while the upper and lower bars represent a single standard 
deviation from the mean (middle bar). 
4.4. Discussion 

A suspended collagen hydrogel supported by and cross-linked to widely spaced, polyester struts 

provided a scaffold possessing biophysical properties compatible with the simultaneous culture 

of normal stem-cell-derived colonic epithelium and migratory inflammatory cells. The immune 

cells were capable of migrating through the hydrogel toward an innate cytokine source produced 

by the epithelium in response to a biological insult. This system was able to maintain a TEER > 

500 Ω cm2 for 7 days and is, therefore, most suitable to mimic the acute inflammation. IL-8 

secretion was readily measured in response to acute inflammation and in the future additional 

cytokines (IL-6, TNF-α, and IL-1β) should be measured due to the presence of the immune cells 

since the entire cytokine network plays a role in the acute inflammation process. To mimic 

chronic inflammation for IBD studies, a self-renewing intestine tissue (such as the in vitro 3D 

crypt possessing a stem cell niche and differentiated cell zone with a long lifespan) can be used 

[75]. This in vitro microphysiological system recapitulated several tissue-scale responses that 

result from gastrointestinal infection including immune cell infiltration of the scaffolding/ 

stroma. In the future, it will be important to further refine the system to incorporate primary 

immune cells including those isolated from infiltrates within the human large intestine. The 

platform can be expected to be of value in conducting high-content assays of cellular interactions 

between the human colonic epithelium and its immune compartment. 
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4.5. Methods 

4.5.1. Formation of Suspended Collagen Hydrogels 

Each cassette with a suspended collagen hydrogel was fabricated from three components held 

together with a biocompatible transfer adhesive (1504XL, 3M): i) a modified polystyrene 

hanging basket (353180, Corning), ii) a neutralized collagen hydrogel, and iii) woven polyester 

struts or strands (9218T68, McMaster–Carr). Hanging baskets (353180, Corning) were 

disassembled by removal of the pre-installed membrane using a razor blade. Woven polyester 

strands or struts (9218T68, McMaster–Carr) were manually fixed to the base of the hanging 

basket with a biocompatible transfer adhesive (1504XL, 3M). The hanging basket with attached 

struts was immersed in a solution of 1% (w/v) Alconox dissolved in deionized (DI) water (18.2 

MΩ·cm, Milli-Q IQ 7000, Millipore-Sigma), bath sonicated for 1 h, and incubated at ambient 

temperature (20 °C) overnight. Thereafter, the cassettes were sequentially rinsed five times with 

DI water and once with 75% (v/v) ethanol prior to drying under compressed air and plasma 

treating at 30 W for 5 min (PDC-001, Harrick Plasma). The devices were then immediately 

immersed in a 5% (v/v) (3-aminopropyl) triethoxysilane (APTES) (440140, Millipore-Sigma) in 

DI water solution and incubated for 30 min. The silane-treated surfaces were then rinsed in 1 L 

of DI water five times, dried under compressed air, and immersed in the second solution of 1% 

(w/v) glutaraldehyde (G6257, Millipore-Sigma) in DI water for 30 min. These devices with 

aminereactive surfaces (struts and hanging basket walls) were sequentially rinsed in 1 L DI water 

five times and cleansed in 75% (v/v) ethanol for 5 min before transferring into an aseptic 

biosafety cabinet for collagen hydrogel formation. 

To prevent aqueous collagen from flowing around the struts prior to gelation and out of the 

hanging basket, parafilm was applied to the base of each insert below the struts and the 
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assemblies were placed into 12-well companion plates (353503, Corning). Collagen Type 1, rat 

tail in 20 mM acetic acid (354236, Corning) was diluted to 1.25 mg mL−1 in an ice-cold 

neutralization buffer.[38] The neutralization buffer was formulated so that the final constituent 

concentrations equated to: 1 × PBS (46-013- CM, Corning), 20 mM HEPES (25-060-CI, 

Corning), 53 mM sodium bicarbonate (25-035-CI, Corning), and NaOH (S2270, Millipore-

Sigma) equimolar to acetic acid, at pH 7.4. 300 μL of neutralized collagen (1.25 mg mL−1) was 

added to the luminal side of the hanging well basket with attached struts and placed at 37 °C 

under 5% CO2 for 2 h to solidify the hydrogel. The hydrogels were then overlaid with 1 mL of 

1× PBS and incubated for at least 24 h at 37 °C. Any residual amine-reactive sites on the 

surfaces of the hanging basket or struts were quenched by incubation of 1 mL of 10 μg mL−1 

Type 1 human collagen (#5007, Advanced Biomatrix) in 1× PBS overnight at ambient 

temperature (20 °C). Prior to cell culture, the parafilm was removed and each scaffold was rinsed 

with 3 mL of 1× PBS (1 mL luminal, 2 mL basal), followed by the expansion medium (EM, 

Supporting Information, 0.5 mL luminal only). Schematics of the hanging baskets with the strut-

supported hydrogel were created using Autodesk Fusion 360 (San Rafael, CA). 

 

4.5.2. Culture of Primary Human Colon Epithelial Cells 

The human colonic epithelial biopsy specimen (male, 52 y) was obtained during a routine 

screening colonoscopy performed at the University of North Carolina (UNC) Hospitals 

Meadowmount Endoscopy Center under UNC IRB #14-2013. The epithelial cells were expanded 

following a previously reported monolayer culture protocol (RRID:CVCL_ZL23, Supplementary 

Material) [100,167]. For seeding onto the suspended hydrogels, cells were passaged from a six-

well maintenance/expansion plate (9.6 cm2 well−1, ≥ 80% confluency) with one well from a six-
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well plate being subcultured into four suspended collagen scaffolds. These cultures were 

expanded to confluency for 6 days within an expansion medium (EM) containing Wnt3a, R-

spondin 3, and noggin, before differentiation for 4 days within a differentiation medium (DM) 

that was absent in these growth factors. Medium (1 mL) was added to the luminal reservoir 

above the suspended collagen hydrogel, and 2 mL of medium was added to each basal reservoir 

below the suspended hydrogel, with media replenishments occurring every 48 h. The primary 

cells tested negative for mycoplasma contamination (LT07-118, Lonza) and were discarded after 

passage 15 to minimize genetic drift. To induce acute inflammation, toxin A derived from C. 

difficile (ab123999, Abcam) at 0 or 12 μg mL−1 was added to the luminal side of the human 

colonic epithelial monolayers. Barrier Integrity Measurements: Throughout culture, 

transepithelial electrical resistance (TEER) was measured using an EVOM2 Epithelial 

Voltohmmeter (World Precision Instruments, Sarasota, FL). Background measurements in ohms 

were obtained from suspended collagen scaffolds without cells, which were subtracted from each 

experimental measurement and normalized to the basal surface area of the suspended collagen 

scaffold (0.9 cm2). Paracellular transport of lucifer yellow (LY, 457 Da) was also utilized as an 

endpoint assessment of barrier integrity [192]. Stock solutions of LY (L453, ThermoFisher 

Scientific) were prepared in 1.5 mL aliquots at a concentration of 2 mM in HBSS (14025076, 

ThermoFisher Scientific) and stored at −20 °C until the time of assay. For LY permeability 

measurements, each suspended collagen scaffold was rinsed with 3 mL of 1× PBS (1 mL 

luminal, 2 mL basal) and 0.5 mL of LY solution (200 μM in phenol red-free differentiation 

medium, Supporting Information) was dispensed into each luminal reservoir. Basal reservoirs 

were each filled with 1.5 mL of phenol red free differentiation medium possessing no LY. The 

samples were incubated within a humidified CO2 incubator set to 37 °C and 5% CO2 for 6 h. 



 

 102 

Thereafter, media from the basal reservoirs was sampled and LY fluorescence from each solution 

was measured on a Spectramax M5 plate reader (Ex: 430 nm, Em: 535 nm, Molecular Devices 

Corporation, San Jose, CA). The apparent permeability (Papp) of the epithelial monolayers was 

calculated using the following equation, where Cb is the measured LY concentration in the basal 

compartment at 6 h, V is the basal reservoir volume (1.5 cm3), A is the monolayer surface area 

(0.9 cm2), t is the incubation time (6 h), and Ca is the LY concentration in the luminal 

compartment at 0 h: 

 

 

4.5.3. Culture of HL-60 Model Immune Cell Line 

HL-60 cells (human acute promyelocytic leukemia, ATCC No. CCL-240, 

RRID:CVCL_0002) were obtained from American Type Culture Collection (ATCC, Manassas, 

VA) and cultured in IMDM with GlutaMAX and 25 mM HEPES (31980030, ThermoFisher 

Scientific), supplemented with 20% heat-inactivated FBS (S11150, Atlanta Biologicals) and 50 

μg mL−1 primocin (ant-pm-2, InvivoGen). Cells were maintained at a density between 2 × 105 

cells mL−1 and 2 × 106 cells mL−1 in T-75 flasks (353136, Corning) within a humidified 

incubator at 37 °C and 5% CO2, requiring passaging into fresh medium every 5–6 days. Cell 

lines were discarded after passage 10 from the original ATCC stocks to minimize genetic drift 

interferences. 

Chemotactic, neutrophil-like cells were derived from HL-60 cultures through differentiation 

with dimethylsulfoxide (DMSO) [193,194]. Once HL-60 cultures reached a density of 1.5 – 2 × 

106 cells mL−1, the cells were passaged into a fresh medium containing 1.5% (v/v) DMSO 



 

 103 

(D2650, Millipore-Sigma) at a density of 2 × 105 cells mL−1 in T-25 flasks (10062-868, VWR). 

The cells were cultured in this medium for 5 days, during which proliferation ceased and the 

cells became migratory. On day 8 of culture under DMSO, the differentiated HL-60 (dHL-60) 

cells were harvested, stained with 10 μM Cell Tracker Green CMFDA (C2925, ThermoFisher) 

for 30 min, and loaded onto the inverted suspended collagen scaffold at a concentration of 

250000 cells mL−1 (100 μL) for an additional 30 min in a humidified CO2 incubator. 

 

4.5.4. Endpoint Image Acquisition and Analysis 

Fixed cells were assayed by fluorescence imaging of DNA (Hoechst 33342, B2261, 

Millipore-Sigma), 5-ethynyl-2’-deoxyuridine (EdU) incorporation (A10044, ThermoFisher 

Scientific), alkaline phosphatase (ALP) activity (SK-5100, Vector Laboratories), mucin-2 

(MUC2) presence (sc-515032 AF488, Santa Cruz Biotechnology), actin localization (R37110, 

ThermoFisher Scientific), integrin-β4 localization (sc-9090, Santa Cruz Biotechnology), villin 

localization (sc-28283, Santa Cruz Biotechnology), claudin localization (71-7800, ThermoFisher 

Scientific), occludin localization (13401-1-AP, Proteintech), E-cadherin localization (sc-7870, 

Santa Cruz Biotechnology), and zonula occludens-1 (ZO-1) localization (21773-1-AP, 

Proteintech Group) using established labeling methods [75,167,195]. Confocal fluorescence 

microscopy was performed on an inverted Olympus Fluoview 3000 (Waltham, MA) equipped 

with 405, 488, 561, and 640 nm laser diodes operating in conjunction with a galvanometer 

scanner. Emission wavelengths (Hoechst: 430–470 nm, Cy5: 650–750 nm, AF 488: 505–545 nm, 

Texas Red: 600–640 nm) were selected from manufacturer-provided control software. All 

samples were mounted over a glass coverslip in a fructose/glycerol clearing solution and imaged 

as separate ROIs. Using the 4× objective (N.A. 0.16, UPlanSApo4X), regions of interest (ROIs) 
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were manually selected and imaged at 1× digital zoom (3.11 μm px−1, 1024 px2 area) with at 

least three z-series optical sections collected at a step size of 25 μm to account for sample 

thickness[196]. For select proteins (F-actin, E-cadherin, ZO-1) and other representative markers 

specified in the main text, a 30× silicone oil immersion objective (N.A. 1.05, correction collar: 

17 mm/23 °C, UPlanSApo30XS) with 2× digital zoom (0.21 μm px−1, 1024 px2 area) was 

employed. 

Image areas positive for EdU incorporation, mucin-2, immunostaining, and alkaline 

phosphatase activity were quantitatively evaluated and normalized to the Hoechst 33342-positive 

area (DNA). Initially, z-series optical stacks were subjected to three-dimensional constrained 

iterative deconvolution in cellSens Dimension v1.18 (Olympus Corp.) utilizing 20 iterations of 

an advanced maximum likelihood algorithm, with automatic denoising, background removal, 

and edge protection options enabled. The deconvolved images were flattened into 2D 

representations through maximum intensity z-projections and thereafter imported into 

CellProfiler v4.1.3 for further processing and segmentation[196]. Each 2D image was flat-field 

corrected using a gaussian-smoothed illumination correction function (100 px filter size). The 

corrected images were converted to binary using a global 3-class Otsu threshold selection with 

the middle pixel intensity class assigned to the foreground (DNA, EdU) or background (MUC2). 

A global 2-class Otsu threshold selection was utilized for ALP. The area occupied by each 

fluorescent marker was measured and exported to a spreadsheet. 

 

4.5.5. Live-Cell Image Acquisition and Analysis 

Live colonic epithelial cells and differentiated HL-60 cells were stained with CellMask 

DeepRed (1:1000 dilution, C10046, ThermoFisher Scientific) and CellTracker Green CMFDA 
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(10 μM, C2925, ThermoFisher Scientific), respectively, for 30 min within a humidified CO2 

incubator at 37 °C. Immune cells were placed onto the basal surface of the suspended collagen 

scaffolds as described above. The epithelial cells were then cultured on the luminal surface of the 

suspended collagen scaffold as above and the scaffold with cells was transferred to a humified 

Tokai Hit stage top incubator (Cat. no., STXG-IX3WX-SET, Flow rate: 75–250 mL min−1, 

TOKAI HIT USA INC. Bala Cynwyd, PA) set to 37 °C with a continuous flow of 5% medical 

grade CO2. Imaging via confocal fluorescence microscopy at 0, 2, 4, and 24 h of culture was 

performed on an inverted Olympus Fluoview 3000 (Waltham, MA) equipped with 405, 488, 561, 

and 640 nm laser diodes operating in conjunction with a high-speed resonant scanner. Emission 

wavelengths (CellMask DeepRed: 650–750 nm, CellTracker Green: 505–545 nm) were selected 

from manufacturer-provided control software. Using the 4× objective (N.A. 0.16, 

UPlanSApo4X), regions of interest (ROIs) were manually selected and imaged at 1× digital 

zoom (3.11 μm px−1, 512 px2 area) with at least 20 z-series optical sections collected at a step 

size of 25 μm to account for sample thickness. Z-series optical stacks were subjected to three-

dimensional constrained iterative deconvolution utilizing 20 iterations of an advanced maximum 

likelihood algorithm, with automatic denoising, background removal, and edge protection 

options enabled, and immune cell positions relative to the epithelial monolayer were manually 

annotated in cellSens Dimension v1.18 (Olympus Corp.). 

 

4.5.6. Estimation of Theoretical Diffusion Coefficients for Dextran 

The theoretical diffusion coefficient was estimated from the Stokes–Einstein equation for the 

diffusion of spherical particles through a liquid with a low Reynolds number D = (kT)/(6 phr) 

where k = Boltzman’s constant, T = absolute temperature, h = dynamic viscosity and r = radius 
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of a spherical particle[197]. The approximate radius of the different molecular weight dextran 

was estimated from the equation relating molar mass to radius r = 0.33(MM)0.46 where MM = 

molar mass [174,198]. The calculation assumes that the concentration of binding sites for 

dextran within the collagen was minimal. 

 

4.5.7. Statistical Comparisons 

Statistical analyses were performed using GraphPad Prism 8.1.2 (GraphPad Software, San 

Diego, CA) at a significance level (α) of 0.05 unless otherwise noted. Group means for 

permeability measurements (n = 6 condition–1) were compared by one-way Welch ANOVA to 

account for unequal variances (F-test, p < 0.001) followed by a Dunnett T3 test to determine p-

values. Group means from the immune cell transmigration counts (n = 3 condition−1) were 

compared using two-way repeated measures ANOVA followed by Šidák’s multiple comparison 

test to determine p-values. Group means from IL-8 ELISA measurements (n = 8 condition−1) 

were compared using an unpaired, two-tailed t-test. 

Cell growth comparisons were performed in RStudio v1.3.1056 (RStudio Team, Boston, 

MA) running R x64 v4.0.2 (R Core Team, Vienna, Austria) [199]. SuperPlots were generated by 

pooling the means of the stained surface area percentages (EdU, MUC2, or ALP positive area 

normalized to DNA positive area) from each suspended collagen scaffold, reducing the sample 

size from the total fields of view that were imaged (n = 5 FOVs cassette−1, 5 cassettes 

condition−1 or 25 FOVs condition−1) to the number of technical replicates (n = 5 cassettes 

condition−1), followed by a one-way ANOVA with Dunnett’s multiple comparison test to 

determine p values [200]. 
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Unless specified, data are presented as sample means with error bars depicting one standard 

deviation from the mean, and for statistical comparisons, p values are represented as follows: * 

for p ≤ 0.05, ** for p < 0.01, and *** for p < 0.001.  
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Chapter 5: Summary and conclusions 

5.1. Development of an in vitro model of intestinal tissue to study fibroblast and 

epithelial cell interplay 

The work conducted in chapter 2 demonstrates the feasibility of modeling fibroblast-

epithelial cell interactions in vitro. The model systems exhibited characteristics similar to those 

witnessed in vivo with proper barrier function, cell phenotype, crypt organization and gene 

expression. The two distinct architectures, planar and molded 3D crypts, represent new tools that 

will be useful for drug testing, disease modeling, and other cellular biology investigations in the 

future. In these primary experiments it was found that fibroblasts act in a supportive role, leading 

to enhanced epithelial survival and an increased number of viable crypts. Though crypts with 

fibroblasts and epithelium had, on average, fewer proliferative cells overall, the proliferative cell 

zone was smaller and perhaps more representative of the in vivo microenvironment. Lastly, bulk 

RNA-sequencing of molded 3D crypt tissue samples revealed that gene expression is also altered 

when fibroblasts and epithelial cells are cultured together in vitro, and the genes identified merit 

further investigation. 

This model is useful and representative of a human tissue, though there is still room for 

improvement. The system could be further characterized by interrogating fibroblast phenotype. 

Understanding the fibroblasts, and whether they exhibit a more active myofibroblast phenotype, 

could also be useful for devising a strategy to increase fibroblast coverage in coculture. 

Additionally, in vivo fibroblasts fill the entire lamina propria rather than just lining the walls of 

colonic crypts, so fibroblasts should be integrated throughout the scaffold in the next iterations of 

this model. Finally, spatial transcriptomic analysis of the in vitro crypts would make this tool 

extremely powerful. Single cell RNA-sequencing would allow for the study of rare phenotypes 
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and more minute changes to the in vitro tissue due to imposed conditions. Insights from this 

controlled environment would likely be impossible to extract from live human tissue further 

emphasizing the importance of this in vitro model. 

 

5.2. Modeling colonic fibrosis with fibroblasts and epithelium on a stiffened 

collagen hydrogel 

Intestinal fibrosis is the result of excessive ECM deposition, and it results in an obstructed, 

stiff bowel. In chapter 3 a model is described which mimics the biophysical characteristics of this 

pathology with a collagen hydrogel that has been formed from a high-concentration collagen 

stock. The result is a scaffold with diffusion and stiffness properties that mimic those found in 

vivo for both healthy and fibrotic tissue. Fibroblasts play an important role in fibrinogenesis and 

progression of fibrosis and in this case the mesenchymal cells could be cultured on the in vitro 

scaffold with or without epithelium for observation. While there was little change observed in 

fibroblasts on the stiff scaffold when compared to the softer, healthy stiffness hydrogel, the 

epithelium morphology and phenotype was altered in a fibrotic context. A bidirectional 

relationship between fibroblasts and epithelium was also observed within this in vitro model 

similar to what was seen in chapter 2, and this coculture method will enable future testing 

regarding fibroblasts role in fibrosis development or recovery. This fibrotic mimic could be 

improved by introducing some of the biochemical aspects of fibrosis. For example, inflammatory 

signaling is often a trigger of fibrosis and TGF-β stimulation (while omitting TGF-β antagonists 

from the cell medium) could be a simple way to mimic this effect in vitro. Additionally, fibrosis 

often accompanies Ulcerative Colitis or Crohn’s disease, so integrating primary epithelium or 

fibroblasts from patients with these diseases could aid in understanding how tissue stiffness 
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impacts these conditions. Cancer is also more likely in patients with IBD and fibrosis so it could 

be useful to include CRC cells or even cancer associated fibroblasts within the pre-stiffened 

scaffold.  

 

5.3. A suspended collagen hydrogel for modeling epithelial and immune cell 

interactions 

In chapter 4 an easy to produce, mesh-suspended hydrogel model was devised and validated 

enabling observable epithelial cell culture and immune cell migration. Proliferative and 

differentiated epithelial cell phenotypes were observed and the monolayer exhibited increasing 

TEER and expressed several key tight junction markers (ZO-1, Claudin, Occludin, E-cadherin). 

Lastly, macrophages were able to traverse the collagen hydrogel and increased migration was 

observed in the immune cells in response to luminal stimuli following epithelial barrier injury. In 

the future it will be useful to monitor the migration of other cells, including a peripheral blood 

mononuclear cell (PBMC) population. Integrating other stimuli, like bacterial from the 

microbiota or digested nutrient components could also increase the number of applications for 

which this system could be useful. Migration is also an important characteristic of metastatic 

colon tumor cells and resident mesenchymal cells in the lamina propria, and the techniques 

described in chapter 4 could be used to observe these phenomena in vitro as well.  
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