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Abstract 

Inflammatory bowel disease (IBD) is characterized by inflammation along the 

gastrointestinal tract, which may develop from disruptions in mucosal homeostasis. Intestinal 

epithelial cells are central in maintaining homeostasis by recognizing and responding to 

extracellular signals. One of these cell types, tuft cells, has been proposed to have a role in 

secretion, absorption, and/or reception. However, their role in the intestine remains understudied. 

We found that tuft cells express SH2 domain-containing inositol 5'-phosphatase (SHIP), which is 

thought to be hematopoietic-specific. SHIP is a negative regulator of the PI3-kinase pathway, so 

SHIP deficiency increases PI3K-mediated cell growth, proliferation, and activation. Tuft cells 

secrete IL-25, which activates group 2 innate lymphoid cells (ILC2s), inducing type 2 immune 

responses that can promote inflammation and tissue repair. Tuft cells also express 

cyclooxygenase (COX)1 and COX2, which produce prostaglandins that regulate inflammation 

and repair. I hypothesized that SHIP deficiency in tuft cells increases their activity, promoting 

inflammation and/or healing via activation of type 2 immunity and prostaglandin synthesis.  

We created a mouse deficient in SHIP only in intestinal tuft cells to examine tuft cell 

functions in DSS-induced colitis, a mouse model of colonic inflammation. I found that mice with 

SHIP-deficient tuft cells have exacerbated DSS-induced colitis that is accompanied by elevated 

IL-25 concentrations and reduced COX activity. IL-5 and IL-13 concentrations were not 

increased, suggesting that these type 2 cytokines did not worsen disease and the tuft cell-ILC2 

circuit may not function in the colon. Pro-inflammatory mediators, eosinophils, IL-1β, IL-6, and 

TNF-α, did not appear to exacerbate disease. Rather, my results suggest that endogenous IL-25 

plays a pro-inflammatory role, whereas COX is protective in DSS-induced colitis. I evaluated the 

potential protective function of COX during recovery from DSS-induced colitis. I found that 
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mice with SHIP-deficient tuft cells have increased disease activity early in recovery and may 

have some histological features that are consistent with increased type 2-mediated healing. 

Investigating the role of tuft cell-derived IL-25 and COX in DSS-induced colitis and recovery 

may provide insight into the biological processes that occur in the development of intestinal 

inflammation that is pertinent to IBD.  
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Lay Summary 

My research aims to characterize the role of a rare cell type in the gut, the tuft cell, in 

inflammation that is associated with IBD. Tuft cells have important functions in promoting 

immune responses during challenges and tissue repair after injury. However, their role remains 

understudied. Tuft cells express a protein called SHIP, which inhibits cell activation. We have 

created a mouse that lacks SHIP only in intestinal tuft cells. I found that loss of SHIP in tuft cells 

leads to worsened DSS-induced colitis, a mouse model of human IBD. Disease development 

may be affected by changes in the amount of tuft cell products in the gut that are induced by loss 

of SHIP. In future studies, these products can be targeted to treat DSS-induced colitis, which 

may lead to new therapeutic strategies that are especially important for the subset of people with 

IBD who have low SHIP activity.   
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Chapter 1: Introduction 

1.1 Inflammatory bowel disease 

Inflammatory bowel disease (IBD) is a group of disorders that are characterized by 

chronic, relapsing and remitting, or progressive inflammation along the gastrointestinal (GI) 

tract. People with IBD suffer from intestinal inflammation, leading to symptoms such as weight 

loss, rectal bleeding, pain, nausea, and diarrhea1, 2. IBD can occur at any age, affecting both 

sexes equally2. The highest incidence is reported in adolescents and people who are 20-30 years 

of age3. The incidence of IBD in developed and high-income nations, including North American 

and European countries, grew throughout the 20th century but has stabilized in the 21st century 

with high burden and prevalence4. The incidence of IBD is now rising in newly industrialized 

countries4. There were 6.8 million cases of IBD globally in 2017, with approximately 1.5 million 

in North America4, 5. Canada has among the highest prevalence of IBD globally with 1 in 140 

people affected3. This number is expected to rise to 1 in 100 by the year 20303. The chronic 

symptoms of IBD cause long-term morbidity and require lifelong treatment, creating significant 

economic and disease burden for individuals and society4. Park et al. (2020) estimated that the 

annual mean health care cost for people with IBD is over 3-fold higher than for people without 

IBD, driven by costs for therapeutics, hospitalization, and physician visits6. People with IBD also 

experience indirect costs related to loss of workplace productivity, time taken off work, 

premature retirement, and long-term disability6, 7. In Canada, the estimated direct costs of IBD 

were $1.28 billion (and possibly higher than $2 billion) in 20188. Indirect costs were estimated to 

be $1.29 billion in 2018 and may be significantly greater in reality due to limitations in 

measuring costs related to presenteeism, reduced achievement, and caregiver burden7.  
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1.1.1 Disease presentation 

IBD encompasses ulcerative colitis (UC) and Crohn’s disease (CD). Both conditions are 

associated with intestinal and extraintestinal symptoms9. UC describes a condition of continuous 

inflammation that is limited to the mucosal layer of the colon and rectum9. It is often 

complicated by ulceration and edema, which is swelling due to fluid retention9-11. Additionally, 

UC is associated with rectal bleeding, severe abdominal pain, diarrhea, and iron deficiency2. 

Characteristic histological features of UC include acute and chronic immune cell infiltration, 

cryptitis, crypt abscesses, loss of crypt architecture, distortion of mucosal glands, and goblet cell 

depletion9. CD causes inflammation that can occur anywhere along the digestive tract11. It most 

commonly affects the ileocecal region and terminal ileum9. CD involves discontinuous 

inflammation, where diseased sections (termed “skip lesions”) are frequently separated by 

normal tissue9. Additionally, inflammation in CD is transmural, affecting all layers of the 

intestine11. CD is often accompanied by fistulas, abnormal channels connecting the intestine to 

adjacent organs, and fibrosis that can contribute to stricture formation9. Histologically, it is 

associated with immune cell infiltration and granulomas12. Along with weight loss and delayed 

growth in children that result from inadequate nutrient absorption in CD, extraintestinal 

manifestations include fever, arthritis, and bone abnormalities9. 

1.1.2 Treatment 

There is no standard treatment for IBD, but options include non-specific anti-

inflammatories: aminosalicylates, corticosteroids and other immunosuppressants, and biological 

therapies2. Direct costs of IBD have shifted from being driven by hospitalization to prescription 

medication due to the use of expensive biological therapies8. The use of anti-tumor necrosis 

factor (TNF)-α therapy (including infliximab and adalimumab), which blocks TNF-α activity, 
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has revolutionized IBD treatment by improving response and remission rates in people with 

IBD13. However, efficacy is limited by a lack of primary response, secondary loss of response, 

and adverse side effects; approximately 30% of people with IBD are primarily unresponsive to 

anti-TNF antibodies, and up to 10% will lose their response each year14, 15. The wide variation in 

disease presentation and treatment efficacy may reflect the complexity of IBD and an incomplete 

understanding of its pathogenesis16. Thus, new therapeutic approaches are crucial. New 

biological therapies are gut-specific and have shown to minimize side effects and increase 

responsiveness15. These drugs include anti-integrin antibodies such as natalizumab and 

vedolizumab, which target leukocyte trafficking to the gut to reduce immune cell infiltration and 

the resulting inflammation15.  

1.1.3 Disease pathogenesis 

The etiology of IBD is largely unknown; however, research suggests that it involves 

genetic susceptibility, environmental influences (including abnormal gut microbiota 

composition), inappropriate immune activity, and barrier dysfunction (Fig 1.1)17. It is generally 

thought that IBD occurs in genetically susceptible people with environmental influences that 

result in a dysregulated immune response to commensal intestinal microbiota1.  
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Fig 1.1. Pathogenesis of IBD.  
IBD is complex and multifactorial, resulting from genetic susceptibility, environmental changes, 
abnormal gut microbiota composition, immunological dysregulation, and mucosal barrier 
dysfunction17.  

 

Genetic factors 

Genetic studies of IBD include family and twin studies that have shown a 26-fold and 9-

fold increased risk for developing CD and UC, respectively, when a sibling has the disease18. 

Genome-wide association studies (GWAS) in the past few decades have made significant 

advances in describing the role of genetics in IBD by identifying single nucleotide 

polymorphisms (SNPs) and genes that may influence disease susceptibility19. A meta-analysis in 

2015 identified 201 loci associated with IBD, which included 41 CD-specific and 30 UC-specific 

loci20, 21. For example, nucleotide-binding oligomerization domain containing 2 (NOD2) was the 

first gene to be associated with increased susceptibility for CD19. NOD2 is a receptor for 

muramyl dipeptides that activates nuclear factor-κB (NF-κB)-driven transcription, thereby 

regulating innate and subsequent adaptive immune responses22. A NOD2 loss of function variant 
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leads to increased production of pro-inflammatory cytokines23. Additionally, NOD2, autophagy 

related 16-like 1(ATG16L1), and immunity-related GTPase family M protein (IRGM) 

polymorphisms disrupt autophagy11, 24, which leads to increased bacterial persistence and 

potential intestinal inflammation25. Other genes that have been implicated are the interleukin 

(IL)-23 receptor (IL-23R), IL-10, and the IL-10 receptor (IL-10R)19, which encode proteins that 

regulate inflammation, and intelectin-1 (ITLN1) and mucin (MUC)1926, which are involved in 

barrier function27. Identifying genes and loci associated with IBD is crucial to understanding the 

biological processes relevant to intestinal inflammation and thus the development of new 

therapies21. The majority of the loci identified in GWAS are non-coding variations that are 

implicated in pathogenesis at the gene expression level21, 28. Thus, more recent studies have 

identified epigenetic markers that can broadly regulate gene expression, including noncoding 

RNAs and microRNAs21. Since the concordance rates of CD and UC in identical twins are 

approximately 50% and 16%, respectively, other factors such as environmental triggers must be 

involved in pathogenesis19, 28, 29.  

Environmental factors 

Environmental factors that influence the incidence of IBD include smoking, hygiene, 

diet, geography, pollution, and social status30. For example, diets rich in saturated fatty acids and 

processed meats (termed the “Western diet”) are reported to increase risk for IBD21, 31. This may 

explain the geographical differences observed in the incidence of IBD. Another factor reported to 

increase the risk of IBD is the use of medications, especially antibiotics, nonsteroidal anti-

inflammatory drugs (NSAIDs), oral contraceptives, and statins21, 32, 33. The major environmental 

driver of IBD that has been studied extensively is the microbiota, which is also influenced by 

genetics, immune responses, and the environment11, 34, 35. The GI tract is colonized at birth by 
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1000-5000 different species of microbes11. The gut microbiota is crucial for intestinal 

homeostasis; microbial dysbiosis, the imbalance in gut microbial composition, influences 

intestinal function, health, and disease and has been reported in people with IBD11, 21, 36. The 

most common changes in microbiota composition that are associated with disease are a decrease 

in Firmicutes and an increase in Proteobacteria and Bacteroidetes21, 37. Proteobacteria adhere to 

the intestinal epithelium, affecting permeability, altering microbiota composition, and inducing 

inflammation21, 38. Additionally, commensal microbes in the gut are necessary for the 

development of the immune system and protect from pathogens via colonization resistance11. 

The microbiota stimulates immune cells to produce cytokines like the precursor of IL-1β and IL-

22, which are important in pathogen defense39. Studies have also demonstrated that bacterial 

colonization in the gut is necessary for the development of intestinal inflammation in IBD in 

several ways; for example, IBD typically occurs in the regions with the highest abundance of 

microbes, and antibiotics can ameliorate symptoms in some cases of IBD34, 40.  

Immunological factors 

The intestine comprises the largest compartment of the immune system, which is 

constantly exposed to antigens and the microbiota41. The intestinal immune system is composed 

of organized lymphoid tissue and populations of innate and adaptive effector cells11, 41. Innate 

immunity includes barrier function of the intestinal mucosa, antibacterial proteins, stomach 

acidity that limits microbial growth, and innate immune cells and their products11, 42. The mucus 

layer on the surface of epithelial cells is the first line of defense43. Epithelial cells are the second 

physical barrier, which coordinate with immune cells to maintain homeostasis43. Immune cells 

that are present include dendritic cells (DCs), macrophages, and innate lymphoid cells. DCs are 
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antigen-presenting cells that sample antigen in the luminal contents via microfold (M) cells, 

extending dendrites through the epithelium, and breaches in the epithelial barrier11, 44. They can 

activate naïve T cells11 by transporting antigens to gut-associated lymphoid tissue (GALT), 

which consists of Peyer’s patches, mesenteric lymph nodes, and lymphoid follicles45. 

Macrophages similarly maintain close proximity to the luminal contents, lying just underneath 

the single-cell epithelial layer, to clear microbes and stimuli that cross the barrier46. In addition to 

DCs and macrophages, GALT contains populations of intraepithelial lymphocytes, B cells, 

plasma cells, and T cells, which induce an adaptive immune response to microbial infection47.  

The main hypotheses explaining the role of inappropriate innate immune responses in 

IBD suggest that there is a reduced response to gut microbes that allows accumulation of 

commensals and recruitment of inflammatory lymphocytes, or that defects in innate immune 

cells causes a loss of tolerance to the microbiota, initiating inappropriate inflammation48. For 

example, DCs accumulate in the inflammatory sites of the mucosa in murine models of colitis 

and people with IBD11, 21, 49. Furthermore, in murine colitis and people with IBD, defects in 

macrophages lead to an inflammatory phenotype that produces large amounts of pro-

inflammatory cytokines21. There is elevated production of non-specific pro-inflammatory 

mediators in the inflammatory sites of people with IBD, including free radicals, leukotrienes, and 

pro-inflammatory cytokines (e.g. IL1-β, TNF-α, and the IL-6 family of cytokines: IL-12, IL-23, 

IL-17, IL-18, and transforming growth factor (TGF)-β)11. Another immune cell involved in IBD 

is the eosinophil50, 51. Eosinophils have pro-inflammatory and promotility activity, producing 

mediators that interact with cells of the innate and adaptive immune response50, 51. In IBD, they 

are associated with an array of effects, including inflammation, tissue damage, tissue repair, and 

formation of fibrosis and strictures51, 52.  
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Fig 1.2. Epithelial and immune cells within the intestinal mucosa.  
The intestinal epithelium consists of a single layer of cells that separates luminal contents 
containing gut microbiota from underlying immune cells in the lamina propria. Created in 
BioRender.com. Modified and used with permission from BioMed Central Ltd: Bischoff et al. 
BMC Gastroenterol. 201453.  
 

When activated, antigen-presenting cells (e.g. DCs and macrophages) release various 

signals, including cytokines and chemokines, to induce migration of local and circulating 

lymphocytes to inflammatory sites21. Lymphocytes enter inflamed tissue via the binding of their 

integrin molecules to cellular adhesion molecules on endothelial cells54. An imbalance of signals 

leads to lymphocyte infiltration into the mucosa, causing excessive T cell responses21. Cluster of 

differentiation 4 (CD4+) Th cells have a key role in adaptive immunity, differentiating upon 

activation into the different Th cell subsets, including Th1, Th2, Th17, and Treg cells11. Naïve 
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CD4+ T cells differentiate into Th1 and Th17 cells with IL-12, IL-18, IL-23, and TGF-β 

stimulation, producing interferon (IFN)-γ and TNF-α11, 21. These cells drive the immune response 

against intracellular viral and bacterial infections11, 55. IL-4 stimulates Th2 cell differentiation, 

which produces IL-4, IL-5, IL-13, and IL-2556. Th2 cells are key players in the immune response 

against helminth infections11, 56. Finally, Treg cells differentiate under TGF-β stimulation and are 

crucial for intestinal homeostasis by maintaining immune tolerance and regulating lymphocyte 

activity; they restrain effector T cells and control the innate inflammatory response11, 55, 57.  

The different regions of the intestine have distinct immunological components41. The 

small intestinal immune system primarily involves IL-17 and IL-22-producing T cells and innate 

lymphoid cells, antimicrobial peptide production by Paneth cells, intraepithelial lymphocytes, 

and regulatory T cells41. The colon is a reservoir for large numbers of commensal microbes; thus, 

the colonic immune system must monitor the microbiota without expelling them, which involves 

production of a thick mucus layer, immunoglobulin A (IgA) production, and regulatory T cells41. 

Furthermore, it is thought that the T cell subsets involved in UC and CD are different. CD 

involves an excessive Th1 and Th17 response that is mediated by IL-12, IFN-γ, and TNF, while 

UC involves a Th2 response that is mediated by IL-4, IL-5, IL-10, and IL-1321, 58, 59. However, 

there is increasing evidence suggesting that UC is a Th2 atypical response due to low IL-4 

concentrations in tissue from people with UC and UC-specific Th cells21, 60, 61. Furthermore, UC 

is also associated with a Th1 and Th17 immune response62, 63. Additionally, while CD is thought 

to be Th1-mediated, one of its major complications, fibrosis, is also mediated by some type 2 

cytokines (i.e. IL-13 and IL-33)64. In summary, immunological dysregulation in IBD is 

characterized by epithelial barrier damage; excessive inflammation that is driven by commensal 
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microbes and infiltration of T cells, B cells, DCs, macrophages, neutrophils, mast cells, and 

eosinophils; and a failure to regulate the inflammatory response11, 42, 65. 

Intestinal mucosal barrier dysfunctions 

Dysfunctions of the intestinal barrier, including abnormal permeability, downregulation 

of proteins forming the tight junctions of the barrier, and epithelial regeneration defects have 

been reported in in people with IBD21, 66-70. Functional defects in specialized intestinal epithelial 

cells (IECs) such as Paneth cells and goblet cells, which produce the protective mucus layer of 

the mucosa, have been shown to cause colitis in mice21, 71, 72. Pro-inflammatory cytokines, 

including TNF-α and IFN-γ, are secreted during intestinal inflammation in response to 

microbiota and can increase epithelial permeability, further exacerbating inflammation11, 73.  

1.2 Intestinal epithelium 

Homeostasis in the intestine is preserved by interactions of the intestinal mucosa, which 

includes epithelial cells, immune cells, and the microbiota. Their balanced interactions prevent 

mounting of inappropriate immune responses to the microbiota that would otherwise cause 

intestinal inflammation21. Intestinal mucosal barrier dysfunction allows gut microbes to invade 

the mucosa, causing inappropriate inflammation47.  

The intestinal epithelium consists of a 400 mm2 single layer of epithelial cells that forms 

a barrier with several functions: absorption of nutrients, sampling of intestinal contents, and 

regulation of immune responses11, 57. It physically separates the lumen, containing the 

microbiota, from the lamina propria, containing immune cells. Tight junctions between epithelial 

cells allow the epithelium to act as a selective barrier11. IECs produce mucins and anti-microbial 

defensins to prevent pathogen entry39. In addition to creating a mucosal barrier that physically 

separates gut microbiota from immune cells, epithelial cells also modulate immune responses by 
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delivering antigens and secreting immunological mediators. IECs express toll-like receptors 

(TLRs), which are innate immune receptors that recognize microbial structures39. IECs can also 

respond to and produce chemokines and cytokines to recruit immune cells39, 47.  

1.2.1 Anatomy of the intestinal epithelium 

The epithelium of the small intestine is organized into large numbers of self-renewing 

crypt-villus units (Fig 1.3). Villi are finger-like protrusions of the gut wall that project into the 

lumen to maximize absorptive surface area. The small intestine consists of three sections: 

duodenum, jejunum, and ileum74. The duodenum is the shortest segment, connecting to the 

stomach. The jejunum is the middle segment, containing circular folds and villi. The third 

segment of the small intestine is the ileum, which contains villi but no circular folds. At the base 

of the villi are crypts that invaginate into the underlying mesenchyme and house proliferating 

epithelial cells that carry out self-renewal of the epithelium75. IECs are replaced every 4-5 days 

by intestinal stem cells, which are multipotent stem cells that continuously divide, migrating 

upwards and differentiating into the specialized cells of the epithelium74. Cells are eventually 

shed at the villus tip by apoptosis (anoikis)74. Adjacent to intestinal stem cells are Paneth cells, 

which are long-lived cells that migrate downwards after differentiation74, 76. Paneth cells secrete 

antimicrobial peptides and proteins into the mucus layer, maintaining the intestinal stem cell 

niche and homeostatic balance with microbiota21, 72. Defects in NOD2 and ATG16L1 impair 

Paneth cell autophagy and α-defensins production, disrupting anti-microbial activity21, 77. These 

variants are associated with increased risk for CD21, 72. The mucosa of the colon does not contain 

villi or Paneth cells47. Enterocytes are simple columnar epithelial cells that are the major cell 

type of the intestinal epithelium, lining the inner surface of the small and large intestines74. They 

absorb nutrients from the lumen and secrete immunoglobulins (e.g. IgA)74. Enteroendocrine 
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cells, which exist as single cells spread throughout the intestinal tract, secrete hormones and 

peptides into the bloodstream in response to metabolites from the microbiota to coordinate the 

intestinal innate immune response74. Moreover, goblet cells are found throughout the intestinal 

tract secreting mucins to maintain the mucus layer covering the epithelium, which is crucial for 

mucosal defense and repair21, 78. Goblet cell numbers are higher in the large intestine, which 

contains significantly greater numbers of microbes, compared to the small intestine47. This 

results in the formation of a thick mucus layer47. In contrast, the mucus layer of the small 

intestine consists of abundant chemical barriers, including anti-microbial peptides secreted by 

Paneth cells47. Deletion of the goblet cell-derived MUC2 causes spontaneous murine colitis21, 71. 

Thus, goblet cells are protective against colitis development47. An additional specialized 

epithelial cell type exists in Peyer’s patches - villous M cells that deliver antigen for sampling by 

immune cells47, 76. Finally, tuft cells are a rare chemosensory epithelial cell type that are located 

throughout the intestinal tract56. Tuft cells are the focus of this thesis and will be described in 

detail. 
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Fig 1.3. Anatomy of the small intestinal epithelium.  
The intestinal epithelium of the small intestine is organized into crypt-villus units. The IEC 
population consists of specialized cell types including enterocytes, goblet cells, enteroendocrine 
cells, Paneth cells, and tuft cells that differentiate from intestinal stem cells79. Created in 
BioRender.com. 
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1.2.2 Tuft cells 

Tuft cells (also known as brush cells in the airways, or caveolated, multivesicular, and 

fibrillovesicular cells) were identified in 1955 as a rare type of IEC based on their distinctive 

morphology80. They range from pear to barrel-shaped and extend from the basal lamina to the 

intestinal lumen81. Their most prominent features include apical vesicles and a bundle of 

microfilaments connected to a tuft of microvilli that extend 1.2 µm in length from their apical 

surface to form a tubulovesicular system (Fig 1.4)79, 81, 82. Tuft cells are primarily found in 

endodermal derived epithelium in the hollow organs of the respiratory and GI tract83. In the 

lungs, they are thought to promote protective respiratory reflexes and neurogenic inflammation 

of the mucosa84. In the GI tract, tuft cells are found in the stomach, throughout the small and 

large intestine, and in the pancreato-biliary system85. They make up 0.4 – 2 % of the IEC 

population under homeostatic conditions56, 80, 86. Based on their morphology, distribution, gene 

expression, and histochemical and cytochemical analyses, their proposed functions include 

apocrine secretion, absorption, and reception85. Tuft cells have recently emerged as key players 

in the intestine that regulate immune responses to injury and pathogens such as helminths, 

promoting inflammation and epithelial repair85. However, their role in the intestine is not well-

studied.   
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Fig 1.4. Tuft cell structure.  
Tuft cells have a distinct pear or barrel shape with a bulge around the nucleus. They extend from 
the basal lamina with long microvilli that protrude into the lumen and associate with rootlets to 
form the tubulovesicular system75. Created in BioRender.com. 
 

Markers for tuft cells include doublecortin-like kinase 1 (DCLK1) and POU domain class 

2, transcription factor 3 (POU2F3)80, 85. DCLK1 was initially proposed as a marker of quiescent 

intestinal stem cells, but it was later determined that DCLK1+ cells in the small intestine and 

colon are mostly long-lived, post-mitotic tuft cells that can regulate the stem cell niche and are 

critical for intestinal homeostasis87. The combination of cytokeratin 18 filaments, 

neurofilaments, actin filaments, acetylated tubulin, and DCLK1 is restricted to tuft cells75. 

POU2F3 is required for the development of taste receptor cells; POU2F3 knockout mice cannot 

develop tuft cells and display metabolic defects such as lower weight and energy80, 88. Using 
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DCLK1 as a tuft cell marker (Fig 1.5), our research team previously found that tuft cells are the 

only intestinal epithelial cells that express the Src homology 2 domain-containing inositol 5’-

phosphatase (SHIP), which was thought to be hematopoietic-specific89, 90. SHIP is one of foci of 

this work and will be described further in Section 1.4. 

The appearance of tuft cells is late in embryonic development, but the exact timing of 

their differentiation in the gut is unknown75. In humans, tuft cells have been identified 

morphologically in the small intestine of a 5-month old fetus75, 91. In mice, DCLK1 expression is 

first detected in intestinal tuft cells 1 week after birth75, 92. However, tuft cell numbers remain 

very low, reaching a stable density that is similar in the small intestine and colon after weaning at 

around 3-4 weeks of age79, 83, 93.  

 

Fig 1.5. Tuft cells are the only intestinal epithelial cells that express SHIP.  
Ileal cross-section from a wild-type mouse that was co-stained for SHIP (red) and DCLK1 
(green). SHIP is localized in DCLK1+ (tuft) cells. Reproduced with permission from Sauvé 
(2019)90.  
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Tuft cells were proposed to be secretory in function after the discovery that the 

transcription factor atonal homologue 1 (ATOH1), which is required for development of 

secretory cells in the gut, is necessary for their differentiation92, 94. Their differentiation is distinct 

from that of other IECs, in that it does not require neurogenin 3 (Neurog3), SRY-box 

transcription factor 9 (SOX9), or growth factor independence 1 (GFI1) and SAM pointed 

domain-containing ETS transcription factor (SPDEF), which promote the differentiation of 

enteroendocrine, Paneth, and goblet cells, respectively92. A hallmark of tuft cells is their 

expression of taste receptors and related proteins, including the G protein α-gustducin, which 

relays signals from taste receptors, and transient receptor potential cation channel subfamily M 

member 5 (TRPM5), which transduces signals from sweet, bitter, and umami stimuli80. The 

expression of these proteins suggests that tuft cells have a role in chemo-sensing. Furthermore, 

tuft cells may have a more specialized function in sensing helminths and protists, as they have 

selective expression of other G protein-coupled receptors such as the succinate receptor 1 

(SUCRN1)79. Additionally, the presence of microvesicles within the tubulovesicular system and 

granules in the cytoplasm suggest a role in apocrine secretion75. Another function of tuft cells is 

promoting IEC proliferation and enhancing epithelial barrier integrity80, 87. Depleting DCLK1+ 

IECs in mice reduces the number of replicating cells in the colon80, 87. The mechanism of how 

tuft cells regulate cell division is unknown, but DCLK1 expression downregulates microRNAs 

associated with tumor suppression and decreased cell proliferation in pancreatic cancer80, 95. 

Furthermore, they have been described as a reserve stem cell population with the ability to 

reconstitute entire intestinal crypts80, 87.  
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1.2.3 Tuft cells and eicosanoids 

Tuft cells express markers of the eicosanoid biosynthesis pathway. In all tissues, tuft cells 

express arachidonate 5-lipoxygenase (ALOX5), ALOX5 activating protein, and leukotriene C4 

synthase, which are required for leukotriene synthesis85. Furthermore, under normal conditions, 

tuft cells constitutively express all enzymes required for prostaglandin-D2 (PGD2) synthesis, 

including hematopoietic prostaglandin-D synthase (HPGDS) and prostaglandin-endoperoxide 

synthases (PTGS)/cyclooxygenases (COX) 1 and 275, 92. The regulation of eicosanoid 

biosynthesis in tuft cells and the physiologic function of tuft cell-derived eicosanoids are 

unclear79. While their ability to produce cysteinyl leukotrienes and prostaglandins is 

understudied, they have been reported to respond to eicosanoids85. For example, elevated PGE2 

levels are associated with decreased tuft cell frequency in the colon85, 96. Additionally, in the 

airways, tracheal tuft cell expansion and type 2 inflammation are reported in response to 

leukotriene E4, which is dependent on IL-25 and the leukotriene E4 receptor84, 85, 97.  

Tuft cells are the only epithelial cells in the uninflamed intestine that express the opioid 

β-endorphin, COX1, and COX292. Opioids are critical in homeostatic gut function, regulating 

gastric emptying, gut motility, intestinal secretion, and pain98. COX1 and COX2 are the rate 

limiting enzymes in the synthesis of prostaglandins that play a role in epithelial barrier integrity, 

intestinal tissue repair, and inflammation99, 100. COX metabolizes arachidonic acid that is 

released from the plasma membrane into PGH2
101. PGH2 is the common substrate for enzymes 

that produce prostanoids, a subclass of eicosanoids comprising of PGE2, PGD2, PGI2, and 

thromboxane A2 (TXA2)101. PGE2 is one of the most abundant prostaglandins produced and has a 

wide range of biological effects102. It is well-established as an inflammatory mediator but also 

has immunosuppressive functions that contribute to the resolution of inflammation and return to 
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homeostasis through tissue regeneration101, 102. The physiological activity of PGE2 and other 

prostanoids is mediated by downstream signaling of G-protein coupled receptors that are 

selective for individual substrates102. For example, PGE2 binds members of the EP family of 

receptors, which exists in four isoforms (EP1-4) and activates processes such as cell 

proliferation, apoptosis, angiogenesis, inflammation, and immune surveillance102.  

The relative contributions of COX1 and COX2 to the biologic activities of prostaglandins 

in the GI mucosa are unclear103. It is thought that COX1 is responsible for basal production of 

prostaglandins under normal conditions, while COX2 expression is induced during 

inflammation103. In mice, COX1 plays a protective role against small intestinal and mucosal 

injury through prostaglandin synthesis that promotes epithelial regeneration103. COX2 gene and 

protein expression is stimulated by pro-inflammatory cytokines, including IL-1β104 and TNF-

α105. Thus, inducible COX2 may drive pro-inflammatory actions of prostaglandins during 

mucosal injury, whereas COX1 may synthesize cytoprotective prostaglandins103, 106. However, 

COX1 is also reported to be induced in intestinal epithelial cells during inflammation107. 

Furthermore, these observations suggest that the anti-inflammatory and harmful actions of 

NSAIDs, which target COX activity, may be due to inhibition of COX2 and COX1, 

respectively103. Yet, selective COX2 inhibitors have been shown to be harmful in mice with 

preexisting intestinal inflammation, suggesting that COX2 may also have protective functions in 

the GI mucosa103, 108. Thus, further characterization of COX activity is necessary.  

1.2.4 Tuft cell-ILC2 circuit 

Intestinal tuft cells express the G-protein coupled receptor SUCNR1, which detects 

succinate, a metabolite produced by bacteria and helminths85. Succinate accumulation is also 

associated with IBD; for example, fecal succinate concentrations are 3 to 4-fold higher in people 
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with IBD compared to healthy individuals109. Similarly, succinate levels are increased in 

inflammatory lesions compared to healthy tissue109. Moreover, mouse models of colitis cause an 

increase in fecal succinate that corresponds with disease severity109. Tuft cells can be activated 

by sensing succinate in the lumen via their SUCNR1, implicating them in helminth infections 

and IBD79, 110. They induce type 2 immune responses by producing IL-25 (also known as IL-

17E), which activates group 2 innate lymphoid cells (ILC2s) via the IL-17 receptor (composed of 

IL-17RA and IL-17RB)85. ILC2s produce IL-5 and IL-13, which recruit eosinophils and promote 

inflammation and post-injury adaptive remodeling and repair85. Type 2 cytokines promote tissue 

repair and fibrosis directly and by targeting cells including macrophages, fibroblasts, epithelial 

cells, and endothelial cells111. For example, IL-13 induces tissue fibrosis via activation of TGF-

β112. Moreover, IL-13 increases the expression of angiogenin-4, which is an antimicrobial 

peptide secreted by Paneth and goblet cells that inhibits the growth of certain bacterial species 

such as Listeria monocytogenes and Enterococcus faecalis80, 113, 114. Thus, tuft cells may have the 

ability to influence the composition of the microbiota80. IL-13 induces tuft and goblet cell 

lineage amplification by acting on intestinal stem cells, which are leucine rich repeat containing 

G protein-coupled receptor 5 (LGR5+) cells in the crypt niche79. ILC2s also produce IL-4, which 

similarly promotes tuft cell lineage amplification, leading to tuft cell hyperplasia79. This creates a 

feedforward loop referred to as the tuft cell-ILC2 circuit (Fig 1.6), which can be activated 

exogenously with recombinant IL-13 (rIL-13) or by stimulating ILC2s with rIL-2585.  
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Fig 1.6. Tuft cell activity leads to prostaglandin synthesis and type 2 immune responses79, 85. 
Succinate is produced by bacteria and helminths in the intestinal lumen. Higher levels of 
succinate are also associated with inflammation. Tuft cells detect succinate via SUCNR1 and 
produce IL-25, which activates ILC2s via the IL-17 receptor, leading to IL-4, IL-5, and IL-13 
production. IL-5 and IL-13 promote type 2 inflammation and intestine remodeling. In intestinal 
crypts, LGR5+ cells are multipotent stem cells that continuously divide to carry out self-renewal 
of the epithelium. Cells migrate upward into the transit amplifying (TA) zone, a population of 
cells that divide multiple times before undergoing terminal differentiation into mature epithelial 
cells, including tuft cells. IL-4 and IL-13 promote tuft cell lineage amplification, leading to tuft 
cell hyperplasia. Tuft cells also express COX1 and COX2, which convert arachidonic acid (AA) 
to prostaglandins (PG). Prostaglandins regulate inflammation and intestinal repair. Modified and 
used with permission from The American Association of Immunologists, Inc: Ting and von 
Moltke. J. Immunol. 201979. 



22 

 

New molecules that are involved in the tuft cell-ILC2 circuit continue to be discovered. 

ILC2s are responsive to signals produced in the local environment, so context-specific regulation 

of tuft cell-ILC2 circuits may exist in the intestine115. Thus, molecules in addition to IL-25 may 

be required to activate ILC2s115. Type 2-promoting factors include thymic stromal lymphopoietin 

(TSLP) and IL-33116. IL-33 is in the IL-1 family of cytokines and localizes to IECs to produce 

two functions in response to epithelial injury: acting as an alarmin that alerts immune cells and 

triggering wound healing in the mucosa116. The pro-inflammatory role of IL-33 has been 

demonstrated in murine colitis models, where neutralization of IL-33 or its receptor ST2 

ameliorates colitis117, 118. Furthermore, exogenous IL-33 increases concentrations of type 2 

cytokines IL-4 and IL-13, exacerbating dextran sodium sulfate (DSS)-induced colitis in mice by 

impairing epithelial barrier integrity116. IL-33 activity is also associated with impaired tissue 

repair, delaying healing and prolonging colitis116. Conversely, IL-33 has protective effects, such 

as promoting epithelial restitution/repair and the resolution of inflammation119. Other mediators 

involved in the tuft cell-ILC2 circuit are cysteinyl leukotrienes. Leukotrienes are lipid signaling 

molecules that act as inflammatory mediators115. Tuft cells are capable of leukotriene synthesis, 

which was thought to be restricted to hematopoietic cells115. Tuft cells have been reported to 

express cysteinyl leukotrienes for optimal activation of ILC2s and rapid induction of type 2 

immunity during helminth infections115.   
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1.2.5 Tuft cells in disease 

Tuft cell-derived IL-25 has been implicated in allergic disease, airway viral responses, 

and parasitic infections through overactivation of type 2 immune responses79, 86, 120. Additionally, 

tuft cells have been proposed to be protective in Clostridium difficile infections; IL-25 is 

suppressed in a mouse model of C. difficile-mediated colitis and people infected with C. 

difficile121. Restoration of IL-25 reduces mortality and pathology in C. difficile infection, which 

is mediated by recruitment of eosinophils that protect the gut barrier80, 121. Conversely, the ability 

of tuft cells to enhance IEC regeneration may exacerbate colorectal cancer80. Tuft cell 

hyperplasia is associated with gastric inflammation and metaplasia in the intestine93. DCLK1+ 

cells are overrepresented in 75% of human primary colorectal cancers and colorectal 

adenocarcinomas80, 122. Furthermore, they are associated with lower patient survival following 

cancer resection80, 122. Ablation of DCLK1+ cells can halt tumor growth123. Moreover, as the 

reserve stem cell population, tuft cells could proliferate and become cancer-initiating cells with 

genetic insult80, 87.  

As the dominant source of IL-25 in the intestinal epithelium, tuft cells are central to 

intestinal type 2 immune responses that respond to pathogens and cause allergic inflammation, 

especially in helminth infections79, 85. IL-25 induces type 2 immunity to promote worm 

expulsion79, 124. There is dramatic IL-4/IL-13-mediated tuft cell hyperplasia during infections by 

helminths such as Trichinella spiralis125. Mice lacking α-gustducin, POU2F3, or TRPM5 have a 

dysfunctional immune response against helminth infections56, 80, 120. Additionally, deletion of 

components of the tuft cell-ILC2 circuit such as IL-25 and IL-4 receptor (IL-4R) leads to delayed 

clearance of Nippostrongylus brasiliensis79, 126.  
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Type 2 immune responses contribute to intestinal homeostasis, conferring protection 

against infections by maintaining barrier defence and repairing injury, while suppressing type 1 

inflammation111. Previously, epithelial-specific ablation of DCLK1 has been shown to impair 

epithelial repair responses and worsen IBD, suggesting that tuft cells play an important role in 

inflammation-driven epithelial restitution127, 128. Additionally, depleting DCLK1+ IECs in mice 

reduces the number of epithelial cells in the colon, increases gut permeability, and leads to 

higher IL-1β and IL-17 levels during DSS-induced colitis80, 87. Furthermore, patients with IBD 

have fewer tuft cells and IL-25 levels than healthy controls during active disease compared to 

remission80. Taken together, this suggests that tuft cells have a role as immune sentinels that can 

monitor the lumen and relay signals to immune cells within the lamina propria79. Thus, they are 

critical for intestinal homeostasis and protection during infections and inflammation80. 

Conversely, excessive tuft cell-mediated activation of type 2 immunity may promote 

inflammation and cause pathological wound healing that leads to fibrosis129. Dysregulated type 2 

immunity may lead to persistent inflammation that contributes to UC, or excessive tissue repair 

that causes fibrosis and stricture formation, which occurs primarily in CD116. Elevation of type 2 

cytokines are noted in the lamina propria of the gut in animal models and people with UC111, 130. 

The mechanisms that determine how type 2-mediated tissue regeneration leads to fibrotic 

complications are unclear111. Tuft cells may also impact epithelial wound healing through their 

ability to promote IEC proliferation, further suggesting that they may impact recovery in IBD129, 

131. 
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1.3 Mouse models of IBD  

Animal models of intestinal inflammation that resemble features of human IBD have 

provided valuable insight into the development of IBD132. While no model completely reflects 

the complexity of IBD, they have allowed study of the major components of disease132. The 

models can be separated into four general categories: spontaneous, adoptive transfer, genetically 

engineered, and chemically induced models.    

The SAMP1/YitFc mouse strain is a spontaneous model of CD-like ileitis used to study 

chronic intestinal inflammation133. It occurs without genetic, chemical, or immunological 

manipulation133. SAMP1/YitFc mice display CD-like disease location, histological features, 

extra-intestinal manifestations, and response to conventional therapies133. In particular, mice 

have high IFN-γ production preceding ileitis, severe transmural and discontinuous inflammation 

in the terminal ileum that is acute and chronic, perianal disease, and strictures134. This model is 

suitable for understanding mechanisms that precede the onset of disease, leading to discovery of 

preventive therapies133. Another model is the C3H/HeJBir strain, which displays spontaneous 

colitis134, 135. C3H/HeJBir mice have increased B and T cell reactivity to antigens of commensal 

bacteria136. Disadvantages of spontaneous models include poor breeding, increased costs for 

colony maintenance, and unknown specific etiology134.   

Adoptive transfer colitis involves transfer of naïve CD4+ CD45RBhi T cells that are 

depleted of Tregs from wild-type (WT) mice into immunodeficient mice (i.e. severe combined 

immunodeficient, or SCID, mice) that lack T and B cells137. These studies have demonstrated 

that this T cell subset is involved in the development of intestinal inflammation, since mice that 

receive cell transfer develop chronic pancolitis134. This model is relevant for investigating the 
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chronic features of intestinal inflammation, role of specific T cell subsets (i.e. Tregs), and 

immunoregulation in IBD132.  

Genetically engineered models are developed by genetic manipulation targeting cytokine 

function, T cell function, or epithelial barrier function132. Models can target cytokines (e.g. IL10-

/-, IL2-/-, and TGF-β-/-), signaling pathways (e.g. JAK3-/- and STAT3-/-), immune cell function 

(e.g. T-cell receptor-α-/-), and barrier function (e.g. MUC2-/-)134. Each model leads to colitis, 

enterocolitis, ileitis, or systemic inflammation138. These models allow investigation of specific 

genetic variants and cell types but have limited applicability because few single-gene deletions 

are associated with human IBD134. I will describe the SHIP-deficient mouse, a genetic model 

pertinent to my studies, in Section 1.4.4.  

Finally, chemically induced models are those that administer noxious chemicals to induce 

intestinal inflammation132. These include DSS, trinitrobenzene sulfonic acid (TNBS), acetic acid, 

oxazolone, and peptidoglycan-polysaccharide (PG-PS)132. Each model displays unique 

inflammation features and mimics different aspects of human IBD139. For example, DSS can be 

used to induce acute or chronic colitis, with the acute model being especially useful for studying 

colonic tissue/epithelial injury and repair134. Oxazolone colitis is considered an experimental 

analogue of UC, as both involve Th2-mediated colitis134. These models are commonly used 

because they are easy to induce and inexpensive, but disadvantages include lack of 

reproducibility and reduced pathogenic relevance to human IBD134. 

In my work, I used the DSS-induced colitis model. DSS is a water-soluble, negatively 

charged sulfated polysaccharide that causes damage to the epithelial layer in the large intestine, 

allowing luminal contents to interact with immune cells in the lamina propria140. The high 

negative charge is toxic to colonic epithelia, creating erosions that increase permeability140. It is 
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thought that the specificity of DSS to the colon is a result of the abundant bacterial populations 

in the colon that promote water and electrolyte absorption140. DSS induces changes in expression 

of tight junction proteins and increased expression of pro-inflammatory cytokines (TNF-α, IL-

1β, IFN-γ, IL-10, and IL-12) as early as 1 day of challenge, with development of additional 

clinical symptoms of disease including weight loss, diarrhea, rectal bleeding, stool loosening, 

and eventually, mortality140, 141. Acute histological changes in the colon are seen 4-7 days after 

the start of DSS challenge and include mucin and goblet cell depletion, ulceration, and neutrophil 

infiltration140. Th1, Th17, and Th2-like responses are associated with DSS-induced colitis, but it 

most closely mimics the clinical and histopathological features of acute UC140. However, unlike 

in human IBD, DSS-induced colitis is T and B cell-independent, limiting its applicability140. 

Instead, this model is useful for studying the contribution of the innate immune system to the 

development of inflammation140. It is widely used due to its rapidity, controllability, and 

reproducibility140. The model can also be used to study recovery from colitis by administering 

DSS for 5 days and normal drinking water afterwards119. This allows study of defective or 

delayed tissue repair and healing, which are implicated in IBD119.  

1.4 Src homology 2 domain-containing inositol 5'-phosphatase (SHIP) 

1.4.1 Description 

SHIP is a hematopoietic-specific lipid phosphatase that negative regulates the class I 

phosphatidylinositol 3-kinase (PI3K) pathway. The human gene encoding the 145kDa SHIP 

protein (INPP5D) is located at chromosome 2q37.1142. In the mouse, SHIP is located on 

chromosome 1. The SHIP 5-phosphatase family consists of two major isoforms: SHIP1 (or 

SHIP) and SHIP2143. They share a high level of amino acid conservation, both containing SH2-

domains and being ~140 kDa proteins143. However, their tissue distribution differs significantly. 
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SHIP1 is thought to be restricted to hematopoietic cells, spermatocytes, osteoblasts, and 

mesenchymal stem cells, functioning in myeloid homeostasis142, 143. SHIP2 is ubiquitously 

expressed, and its role is more tissue-dependent, with tumor suppressing or oncogenic activity143.  

1.4.2 PI3K pathway 

PI3Ks are a family of enzymes that promote biological processes such as cell growth, 

differentiation, proliferation, and immune activation89, 144. PI3Ks are divided into three classes: 

class I, II, and III, based on their substrate specificity, sequence homology, and regulation145. 

Class I PI3Ks are heterodimeric enzymes that are further categorized into IA and IB. Class IA 

PI3Ks are composed of one of three catalytic p110 subunits (p110α, β, or δ). The regulatory 

subunit is composed of one of p85α (or its splice variants, p55α and p50α), p85β, or p55γ146. 

Class IB is composed of one of two regulatory subunits (p87 or p101) and the catalytic subunit 

p110γ147. The catalytic subunits p110α and p110β are ubiquitously expressed, while p110γ and 

p110 are thought to be hematopoietic-specific148. Class II PI3Ks are monomeric kinases that act 

downstream of receptor tyrosine kinases and G-protein coupled receptors147. Finally, Class III 

PI3K consists of a single catalytic subunit Vps34 and regulatory subunit Vps15149.  

Upon activation of receptor tyrosine kinases, G-protein coupled receptors, growth factor, 

and TLRs, Class I PI3Ks are recruited to the cell membrane150. They phosphorylate the 3' 

position of phosphatidylinositol-4,5-bisphosphate PI(4,5)P2, generating PI(3,4,5)P3
151, 152. 

PI(3,4,5)P3 recruits proteins with pleckstrin homology (PH) domains to the plasma membrane142. 

This includes serine-threonine kinases, such as protein kinase B (AKT) and phosphoinositide-

dependent kinase-1 (PDK1); protein tyrosine kinases, such as the Tec family; exchange factors 

for guanosine triphosphate (GTP)-binding proteins; and adaptor proteins142. Upon activation, 

these proteins initiate further signaling pathways that drive cellular processes such as molecular 
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trafficking, vesicle mediated transport, regulation of the actin cytoskeleton, GTPase function, 

development, movement, organization, growth, and proliferation142. Inositol phosphatases 

influence PI(3,4,5)P3 levels and include phosphatase and tensin homolog protein (PTEN) and 

SHIP142. PTEN is a tumor suppressor enzyme that prevents AKT hyperactivation; PTEN 

deficiency leads to prolonged cell survival that causes abnormal tissue growth142, 153, 154. 

Dysregulation of the PI3K pathway is implicated in many altered human metabolic states; thus, 

its enzymatic components are important targets for therapeutic interventions142. 

1.4.3 SHIP enzymatic activity  

SHIP exerts its enzymatic activity by translocating from the cytoplasm to the cell 

membrane, where it binds PI(3,4,5)P3
142. This occurs through association with an adaptor and 

scaffold proteins and/or direct binding via its SH2 domain142. Whereas PTEN converts 

PI(3,4,5)P3 to PI(4,5)P2, SHIP dephosphorylates the 5' position of PI(3,4,5)P3 to generate 

PI(3,4)P2, inhibiting PI3K-mediated cell growth, proliferation, and activation by preventing 

further recruitment of downstream effectors of PI3K89. SHIP is critical for immune homeostasis, 

as loss of SHIP leads to increased PI3K-mediated immune activation155. However, SHIP may 

have dual functions, as its product PI(3,4)P2 can also activate downstream effectors of PI3K, 

including IRGM1 or AKT due to its increased affinity for the AKT PH domain142, 156-158.  

SHIP and SHIP2 have varying roles in cell signaling. SHIP functions as a negative 

regulator of immunoreceptor signaling (e.g. inflammatory signaling)154 and hematopoietic 

progenitor cell proliferation/survival159, and as an inducer of cellular apoptosis142, 160. It has been 

implicated as a hematopoietic tumor activator and suppressor, the latter only being described in a 

murine B cell lymphoma mouse model142, 161, 162. SHIP2 is a negative regulator of the insulin-
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signaling pathway; SHIP2 knockout mice have reduced body weight and are resistant to weight 

gain due to insulin-stimulated AKT142, 163. 

 

Fig 1.7. SHIP is a negative regulator of the PI3K pathway.  
In the PI3K pathway, activated receptors stimulate class I PI3Ks, composed of a heterodimer 
between a p110 catalytic subunit bound by the regulatory subunit p85. Activated PI3Ks 
phosphorylate PI(4,5)P2 to PI(3,4,5)P3. PI(3,4,5)P3 is a second messenger that activates 
downstream signaling pathways that lead to immune activation, cell growth, and proliferation. 
PI3K activity is reversed by PTEN. SHIP negatively regulates PI3Ks by dephosphorylating the 5' 
position of PI(3,4,5)P3, therefore inhibiting PI3K-mediated immune activation, cell growth, and 
proliferation. Modified and used with permission from Society for Leukocyte Biology: 
Dobranowski and Sly. J. Leukoc. Biol. 2018155.  
 

1.4.4 SHIP deficiency  

By disrupting the regulation of cell activity, SHIP deficiency may disrupt homeostasis 

and consequently processes such as nutrient absorption and growth. SHIP deficiency is reported 

in 15% of people with CD164. There are SNPs in the human SHIP/INPP5D gene that are enriched 

in people with CD or UC142, 165. Furthermore, levels of SHIP mRNA, protein, and activity are 

reduced in immune cells isolated from inflamed ileal tissue in pediatric patients with CD166-168. 

Mice with germ-line SHIP deficiency (SHIP-/- mice) were first developed by replacing the entire 

first exon of the gene with a neomycin resistance cassette169. They have lower body weights, 
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systemic mast cell hyperplasia, progressive splenomegaly, massive macrophage infiltration in the 

lungs, a myeloproliferative disorder, and a shortened lifespan142, 160, 169, 170. Furthermore, they 

have increased serum levels of IL-6, TNF, and IL-5142, 170. Importantly, they develop 

spontaneous discontinuous inflammation in the distal ileum starting at 4 weeks of age with 

several key features resembling human CD, including fibrosis171, 172. All SHIP-/- mice develop 

ileal inflammation by 6 weeks of age171. There is a paucity of T cells (CD4+ and CD8+) in the 

inflamed mucosa of SHIP-/- mice, suggesting that inflammation is not attributed to excessive T 

effector cell activity142, 172. Instead, inflammation is characterized by neutrophil infiltration, 

granuloma-like aggregates, goblet cell hyperplasia, and a mixed Th2 and Th17 cytokine 

profile172. Additionally, the inflamed intestinal tissue and intestinal macrophages from SHIP-/- 

mice have higher concentrations of IL-1β and IL-18 than their wild-type counterparts167. 

Inflammation can be cured by bone marrow transplantation, suggesting that it is caused by bone 

marrow-derived hematopoietic cells and not tuft cells172.  

1.4.5 Tuft cells in SHIP-/- mice 

The onset of inflammation coincides with the developmental appearance of tuft cells, at 4 

weeks of age, in SHIP-/- mice90. Previously, our research team found 2.6-fold more HPGDS+ 

intestinal tuft cells in SHIP-/- mice compared to wild-type controls at 4 weeks of age and 7-fold 

more tuft cells at 8 weeks of age after the establishment of inflammation. Later, Sauvé (2019) 

similarly found that tuft cell numbers are increased 6-fold in the inflamed distal ileum of SHIP-/- 

mice at 8 weeks of age90. However, there was no tuft cell hyperplasia in non-inflamed tissues 

(e.g. colon) or at 4 weeks of age90. Thus, inflammation, rather than SHIP deficiency, drives tuft 

cell hyperplasia in the SHIP-/- mouse ileum90.  



32 

 

Like previous studies, Sauvé (2019) found that tuft cells represent the majority of COX1-

expressing IECs in the absence of inflammation in wild-type and SHIP-/- mice90. During 

inflammation in the SHIP-/- mouse, there is an increase in COX1-expressing tuft cells and other 

COX1-expressing cells in the lamina propria, which are likely sub-epithelial immune cells90. 

COX activity and prostaglandin levels (PGD2 and PGE2) are higher in the inflamed ileal tissues 

of SHIP-/- mice90. Furthermore, prophylactic treatment with the COX inhibitor piroxicam 

prevents the development of ileal inflammation in SHIP-/- mice, while causing a reduction in ileal 

tuft cell numbers and IL-1β levels90. Thus, tuft cell-derived COX may be involved in the 

initiation of ileal inflammation in SHIP-/- mice90.  

1.4.6 Tuft cell-specific SHIP-deficient mice 

To investigate the role of SHIP in tuft cells without extraneous variables introduced by 

spontaneous intestinal inflammation, we created a mouse deficient in SHIP only in intestinal tuft 

cells by crossing floxed SHIP mice with Fabp-cre mice. Fabp-cre mice express cre-recombinase 

in a mosaic pattern in all intestinal epithelial cell types173. Cre-recombinase deletes loxP, or 

floxed sequences173. In this mouse, the SHIP gene is flanked by loxP sites, so cre-recombinase 

recognizes and excises/inverts SHIP in the gut only. Since tuft cells are the only IECs that 

express SHIP90, these mice are SHIP-deficient only in intestinal tuft cells. We previously 

determined that tuft cell-specific SHIP-deficient (SHIP def) mice do not develop spontaneous 

intestinal inflammation at any age. Knowing the mosaic pattern of cre-recombinase expression, 

we evaluated cre-recombinase efficiency and resulting SHIP deficiency throughout the intestinal 

tract. SHIP deficiency is only 10-20% in the ileum, whereas it is the highest in the colon at 

around 50% SHIP deficiency. Thus, DSS-induced colitis was chosen as an appropriate disease 

model to investigate the role of SHIP deficiency in intestinal tuft cells.  
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Fig 1.8. Cre-recombinase efficiency and resulting SHIP deficiency in the colon.  
Pictured are colon cross-sections from SHIP wild-type (WT) and tuft cell-specific SHIP-
deficient (SHIP def) mice. Cross-sections were co-stained for SHIP (red) and DCLK1 (green). 
SHIP is localized in 100% of DCLK1+ (tuft) cells in the SHIP WT cross-section. SHIP 
deficiency averages 50% in colon cross-sections. In this specific SHIP def example, it is 75%. 
Fluorescent images were acquired by Hayley Brugger from our research team.  
 

1.5 Thesis objectives and hypothesis 

1.5.1 Summary of rationale 

SHIP deficiency results in increased PI3K-mediated cell growth, proliferation, and 

immune activation. Germ-line SHIP-/- mice develop spontaneous CD-like ileitis, which is driven 

by increased production of macrophage-derived IL-1β167. We previously found that tuft cells are 

the only IEC to express SHIP, which was thought to be hematopoietic-specific90. Tuft cells are 

present in the lungs and GI tract75, which are both locations of spontaneous inflammation in the 

SHIP-/- mouse90, 171. Additionally, the onset of inflammation coincides with the initial appearance 

of tuft cells at 4 weeks of age in SHIP-/- mice90. By 8 weeks of age, after the establishment of 

inflammation, there are 6-fold more intestinal tuft cells in the inflamed ileal tissue of SHIP-/- 

mice90. Tuft cells are also the only epithelial cells in the uninflamed intestine to express COX1 

and COX2, which produce prostaglandins that regulate inflammation and post-injury restitution 
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(resealing of the epithelial barrier)92. Additionally, SHIP-/- mice have more COX1 positive cells, 

COX activity, and prostaglandin levels in inflamed ileal tissue compared to wild-type controls90. 

Prophylactic (and not therapeutic) treatment with the COX inhibitor piroxicam prevents the 

development of intestinal inflammation in SHIP-/- mice90. This suggests that tuft cell-derived 

COX may be involved in initiating inflammation. 

Tuft cells produce IL-25, which promotes type 2 inflammation and intestinal 

remodeling through ILC2 activation79, 85. Tuft cells have previously been found to be protective 

in DSS-induced colitis128. Furthermore, tuft cell-derived IL-25 is significantly lower in the 

diseased intestinal mucosa of people with IBD, suggesting reduced tuft cell activity compared to 

healthy controls80. However, in addition to ileal inflammation, SHIP-/- mice develop muscle 

thickening and fibrosis171, which may be due to an exacerbated type 2 immune response and/or 

dysregulated IEC proliferation induced by tuft cells111, 131, 171. These studies demonstrate the 

complex role of tuft cells in regulating inflammation and post-injury tissue repair. We have 

generated a tuft cell-specific SHIP-deficient mouse, which does not develop spontaneous 

intestinal inflammation, to investigate tuft cell-specific functions during intestinal inflammation 

and recovery.  

1.5.2 Aims 

Based on this, I hypothesized that tuft cell-specific SHIP-deficient mice will have 

exacerbated DSS-induced intestinal inflammation because SHIP blocks COX-mediated 

inflammation. In addition, I hypothesized that tuft cell-specific SHIP-deficient mice will have 

impaired recovery from DSS-induced colitis because SHIP-deficient tuft cells will activate 

ILC2s to produce excessive type 2 cytokines that promote inflammation and pathological 

healing. To characterize the role of tuft cells in intestinal homeostasis, I had three aims:  
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 Aim 1. Determine the role of SHIP in tuft cell responses to commensal microbes during 

DSS-induced colitis. 

 Aim 2. Determine if ILC2s and COX-mediated inflammation contribute to pathological 

inflammation during DSS-induced colitis in tuft cell-specific SHIP-deficient mice. 

 Aim 3. Determine the effect of SHIP deficiency in tuft cells on recovery after DSS-

induced colitis.  

1.5.3 Significance 

By examining the role of SHIP in tuft cell activity, these studies will contribute to our 

understanding of tuft cell functions, specifically tuft cell-derived IL-25 and COX, and the tuft 

cell-ILC2 circuit in murine colitis and recovery. This work may help characterize the basic 

biological processes involved in intestinal inflammation that may occur in people with IBD. In 

particular, tuft cell functions may be relevant to pathology in people with IBD who also have low 

SHIP levels and activity. Increased tuft cell activity due to SHIP deficiency may exacerbate 

inflammation, while impairing recovery by promoting pathological wound healing.   
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Chapter 2: Materials and methods 

2.1 Mice 

SHIPfl/fl and Fabp1+/cre mice were crossed to generate mice with SHIP deficiency in 

intestinal tuft cells (SHIPfl/flxFabp1+/cre) and wild-type control littermates (SHIPfl/flxFabp1+/+) on 

a C57BL/6 background. Tuft cell-specific SHIP-deficient are called SHIP def and their wild-type 

counterparts are called SHIP WT throughout this thesis. SHIP WT and SHIP def mice were co-

housed after weaning. Conventional housing of mice was maintained by technicians in the 

Animal Care Facility at the BC Children’s Hospital Research Institute (Vancouver, BC). Mice 

used in DSS experiments were between 8-9 weeks of age. Experimentation was performed in 

accordance with Canadian Council on Animal Care guidelines and with approval from the UBC 

Animal Care Committee (Protocols A21-0035 and A21-0028).  

2.2 DSS experiments 

2.5% DSS (M.W. 36-50,000 Da; MP Biomedicals, Solon, OH, USA) was dissolved in the 

drinking water of mice. For Chapter 3.1-3.3, mice were treated for 7 days to induce colitis. Mice 

were monitored daily for weight loss, stool loosening, and rectal bleeding. Scores were assigned 

on a scale from 0-4, as described in Table 2.2.1. Disease activity index (DAI), the composite 

score of weight loss, stool loosening, and rectal bleeding, was calculated for each day. 

Hemoccult paper was from Beckman Coulter, Mississauga, ON, Canada. Colons were excised 

and rinsed with phosphate-buffered saline (PBS) after 7 days of DSS treatment, and their lengths 

and tissue weights were measured. For Chapter 3.4, colons were excised after 5 days of DSS 

treatment. For Chapter 3.5, mice were treated with DSS for 5 days and subsequently received 

normal drinking water for 5 days to evaluate recovery from colitis. Colons were excised after 5 

days of recovery, and total colon length (end of cecum to anus) was measured (in cm). Complete 



37 

 

Swiss rolls of full-length colons or 0.5cm sections from the distal colon were fixed for histology. 

Remaining colonic samples were placed in liquid nitrogen for storage at -80°C or on ice until 

homogenization immediately after harvest.  

 
Table 2.1 Disease scoring criteria 

Score Stool consistency Rectal bleeding Weight loss 

0 Normal stool None 0%  

1 Loose stool Detectable on Hemoccult paper 1-5%  

2 Very loose stool Visible blood in stool 5-10%  

3 Diarrhea  Large amount of blood in stool 10-15% 

4 No formed stool Extensive blood in stool and visible at the 

anus 

>15% 

 
 
2.3 Hematoxylin and eosin (H&E) and Congo Red staining 

Colonic tissue sections from untreated and DSS-treated SHIP WT and SHIP def mice 

were fixed in 10% formalin (Formalde-Fresh Solution, Fisher Chemical SF934, Waltham, MA, 

USA) for 24 hours and stored in 70% ethanol. Tissue sections were embedded in paraffin, sliced 

into 5 µm cross-sections, and H&E-stained by the histology core at the BC Children’s Hospital 

Research Institute. Paraffin-embedded colon cross-sections were Congo Red-stained by Wax-It 

Histology Services Inc. at the University of British Columbia. For Fig 3.3 and Fig 3.16, colons 

were rolled up lengthwise via the Swiss roll technique, with the distal colon in the center of the 

roll. Swiss rolls were similarly fixed and sent to the histology core for H&E staining.  
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2.4 Histological analyses 

H&E staining 

Images of H&E stained tissue cross-sections were acquired using a Zeiss Axio Imager, 

Axiocam305 camera, and Zen Blue software. White balancing was conducted prior to imaging. 

Histological damage scores were assigned on a 16-point scale by two individuals blinded to 

experimental conditions as described in Table 2.4.1. For Fig 3.26A and Fig 3.26B, immune cell 

infiltration scores and muscle thickening scores were each compared between groups separately 

from the composite histological damage score.   

Table 2.2 Histological damage scoring 

Damage component Score 

Loss of crypt architecture 

0 = none 

1 = <25% loss 

2 = 25-50% loss 

3 = 50-75% loss 

4 = >75% loss 

Immune cell infiltration 

0 = none 

1 = occasional immune cell in lamina propria 

2 = increased immune cells in lamina propria 

3 = confluent immune cells in lamina propria and breaching 

mucosa 

4 = immune cell infiltration throughout the section 

Goblet cell depletion 

0 = none 

1 = <50% depletion 

2 = >50% depletion 

Ulceration 
0 = none 

1 = intermediate ulceration 
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2 = substantial ulceration 

Edema 

0 = none 

1 = <50% of section 

2 = >50% of section 

Muscle thickening 

0 = none 

1 = intermediate thickening 

2 = substantial thickening 

 

 Images of H&E-stained full-length colon cross sections cut from Swiss rolls were 

acquired using an Olympus BX61, DP71 camera, and cellSens Dimension software. White 

balancing was done prior to imaging. A tile scanning feature was used to acquire and stitch 

images taken at 10× magnification to form the complete image of colons.   

Congo Red staining 

 Images of Congo Red-stained colon cross sections were acquired using a Zeiss Axio 

Imager at 40× magnification, Axiocam305 camera, and Zen Blue software. White balancing was 

conducted prior to imaging. The number of Congo Red+ eosinophils per 100 leukocytes was 

counted manually and averaged from 2 representative fields at 40× magnification in 1 cross-

section per mouse (3 mice per condition).  

2.5 Immunofluorescence staining  

Paraffin-embedded colon cross-sections were deparaffinized by heating at 60°C for 

20 minutes (min) and washing with xylene, 4 ethanol washes (100% twice, 95%, 80%), 1 wash 

in distilled water (dH2O), and 1 wash in Tris-buffered saline with 0.1% Tween-20 (TBS-T). 

Next, sections were immersed in pre-heated sodium citrate buffer, pH 6.0, at approximately 95°C 

for 20 min for heat-induced epitope retrieval. After cooling to room temperature, slides were 
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placed in dH2O for 3 minutes. Sections were then blocked for 60 min with 2% normal goat 

serum in PBS containing 1% bovine serum albumin (BSA), 0.1% Triton X-100, and 0.05% 

Tween-20. The primary and secondary antibodies used were rabbit polyclonal anti-DCLK1 

(Abcam #ab37994, Toronto, ON) and Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen 

#A11008, Burlington, ON). VECTASHIELD Antifade Mounting Medium with 4′,6-diamidino-

2-phenylindole DAPI (MJS BioLynx Inc. VECTH1200, Brockville, ON) was used to mount 

slides and stain nuclei. Negative controls with no primary antibody incubation were performed 

for staining experiments. Imaging was conducted using a Zeiss Axio Imager, Axiocam305 

camera, and Zen Blue software. A cell counting script with manual adjustment was used to 

estimate the number of epithelial cells. Crypt lengths were estimated by manual counting. 

DCLK1+ tuft cells were counted manually to determine the percentage of tuft cells in total 

epithelial cells in 4-6 representative fields at 20× magnification in 1 cross-section per mouse (4-7 

mice per condition).  

2.6 Tissue homogenization and cytokine assays 

Colonic samples were homogenized in 2 mL of homogenization buffer (10 mg/mL 

aprotinin and 2 mg/mL leupeptin in PBS) using a Kinematica Polytron MR2100 bench top 

homogenizer. Homogenates were then centrifuged at 10,000 ×g for 5 min. Supernatants were 

collected and stored at -80°C until used in assays. Immediately prior to assays, supernatants were 

thawed on ice and centrifuged at 10,000 ×g to remove debris. 

Cytokine concentrations were measured in enzyme-linked immunosorbent assays 

(ELISAs) using 50 μL samples of full thickness colon homogenates from SHIP WT and SHIP 

def mice. All ELISAs were performed according to manufacturer’s instructions, with the 

exception of using 50 μL of the clarified colon homogenates instead of 100 μL. The ELISA kits 
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used included: IL-1β (Cat. No. DY401), IL-13 (Cat. No. DY413), and IL-25 (Cat. No. DY1399) 

from R&D Systems (Minneapolis, MN, USA); IL-4 (Cat. No. 555232), IL-5 (Cat. No. 555236), 

IL-6 (Cat. No. 555240), and TNF (Cat. No. 558534) from BD Biosciences (Mississauga, ON, 

Canada); and IL-33 (Cat. No. 88-7333) from Invitrogen. Plate washes were performed with wash 

buffer (0.05% Tween-20 in PBS) using a Thermo Fisher Scientific Wellwash Microplate 

Washer. Thermo Scientific TMB Substrate Solution (N301) and stop solution (9.75% sulfuric 

acid in dH2O) were used in all ELISAs. Absorbances were read at 450 nm using a Molecular 

Devices FilterMax F5 Multi-Mode Microplate Reader and SoftMax Pro 6.5.1 software. Cytokine 

concentrations in samples were determined using a standard curve and normalized to colonic 

tissue weights.  

2.7 Cysteinyl leukotrienes assay 

Cysteinyl leukotriene concentrations were determined using the CysLT Express ELISA 

Kit from (Cat. No. 10009291) from Cayman Chemical (Ann Arbor, MI, USA), following 

manufacturer’s instructions. Samples were assayed at two dilutions (1:4 and 1:8) to achieve 

concentrations within the range of 20-500 pg/mL. Only samples with strong correlation (≤20% 

difference) in the final calculated concentrations were included in analyses. Absorbances were 

read at 410 nm using a Molecular Devices FilterMax F5 Multi-Mode Microplate Reader and 

SoftMax Pro 6.5.1 software. Concentrations were determined using a standard curve and 

normalized to colonic tissue weights. 

2.8 COX activity assay 

COX activity was measured using the COX Fluorescent Activity Assay Kit (Cat. No. 

700200) from Cayman Chemical following manufacturer’s instructions. Sample wells used 10 

μL of clarified colon homogenates. Background fluorescence was determined using 10 μL of 
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samples that were produced by heating clarified colon homogenates at 100°C for 5 min and 

centrifuging at 8,000 ×g for 1 min. No COX inhibitors were used. Fluorescence was read using 

an excitation wavelength of 530 nm and emission wavelength of 585 nm on a Molecular Devices 

FilterMax F5 Multi-Mode Microplate Reader and SoftMax Pro 6.5.1 software. COX activity was 

determined from a standard curve of resorufin concentration between 0 and 10 μM.  

2.9 Statistical analyses 

Unpaired two-tailed t-tests and multiple unpaired t-tests (False Discovery Rate 1%, two-

stage step-up method of Benjamini, Krieger and Yekutieli) were performed where indicated 

using GraphPad Prism version 9 (GraphPad Software Inc.). The ROUT method was conducted at 

Q=1% using GraphPad Prism version 9 to identify and remove outliers. Differences were 

considered significant at p < 0.05. 
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Chapter 3: Results 

3.1 SHIP deficiency in tuft cells exacerbates DSS-induced colitis 

To determine whether SHIP plays a role in intestinal tuft cells during intestinal 

inflammation, I asked whether SHIP deficiency in tuft cells exacerbates DSS-induced colitis in 

mice. SHIP WT and SHIP def mice were treated with 2.5% DSS in drinking water over 7 days to 

induce colitis. After 7 days of DSS treatment, I harvested colons and measured their lengths. 

Below are representative images of SHIP WT and SHIP def full-length colons from female and 

male mice (Fig 3.1A). No significant differences in gross pathology between female and male 

mice in each condition were observed. The colons of both SHIP WT and SHIP def mice that 

received normal drinking water were of similar lengths and appeared healthy and uninflamed. In 

comparison, both DSS-treated SHIP WT and SHIP def mice had shorter colons. Furthermore, 

DSS-treated SHIP def mice had significantly shorter colons than SHIP WT mice (Fig 3.1B). 

Colon shortening is a sign of disease, suggesting that SHIP deficiency in tuft cells exacerbates 

DSS-induced colitis.  
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Fig 3.1. SHIP deficiency in tuft cells exacerbates colon shortening after DSS treatment.  
(A) Gross pathology of colons of SHIP WT and SHIP def mice after 7 days of DSS treatment. 
Control mice received normal drinking water; DSS-treated mice received 2.5% DSS in drinking 
water. Images shown are representative of 19-26 mice per group. Examples from male and 
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female mice are included. (B) Colon lengths for SHIP WT and SHIP def mice. Points represent 
individual mice and lines show mean ± SD for each group. n = 19 SHIP WT and 20 SHIP def 
mice that were not treated with DSS. n = 20 SHIP WT and 26 SHIP def DSS-treated mice. Circle 
data points represent control mice and square data points represent DSS-treated mice. Closed and 
open points represent SHIP WT and SHIP def mice, respectively. p values are for comparisons 
indicated and were determined using an unpaired two-tailed t-test. Comparisons not indicated 
were not significantly different. 
 

Mice were monitored daily throughout DSS treatment for signs of disease by measuring 

body weights and assessing stool. Stool consistency, rectal bleeding, and weight loss were 

assigned scores (Fig 3.2). As expected, DSS treatment caused stool loosening, rectal bleeding, 

and weight loss for SHIP WT and SHIP def mice (Fig 3.2). SHIP WT and SHIP def mice had 

similar scores for rectal bleeding and stool consistency during DSS-induced colitis (Fig 3.2A and 

Fig 3.2B). SHIP def mice had greater weight loss indicated by percentage of initial weight on 

Days 5, 6, and 7 of DSS treatment compared to SHIP WT mice (Fig 3.2C). Similarly, DSS-

treated SHIP def mice had a significantly higher weight loss score on Day 7 (Fig 3.2D). As such, 

SHIP def mice had a higher DAI (a composite score for stool consistency, rectal bleeding, and 

weight loss) on Day 7, which was driven by differences in weight loss (Fig 3.2E).  
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Fig 3.2. SHIP deficiency in tuft cells exacerbates weight loss during DSS-induced colitis. 
Disease scores during 7 days of DSS treatment. (A) Stool consistency scores assigned on a scale 
of 0 - 4. 0 = normal stool in pellet form; 1 = loose stool; 2 = very loose stool; 3 = diarrhea; 4 = no 
formed stool. (B) Rectal bleeding scores assigned on a scale of 0 - 4. 0 = no blood in stool; 1 = 
blood detectable on hemoccult paper; 2 = blood visible in stool; 3 = extensive blood in stool; 4 = 
extensive blood in stool and around anus. (C) Weight indicated by percentage of initial weight. 
(D) Weight loss scores assigned on a scale of 0 - 4. 0 = 0% weight loss; 1 = 1-5% weight loss; 2 
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= 5-10% weight loss; 3 = 10-15% weight loss; 4 = >15% weight loss. (E) DAI summing scores 
for stool consistency, rectal bleeding, and weight loss. Points represent the average of all mice in 
each group with error bars representing ± SD. n = 15 SHIP WT and 15 SHIP def mice that were 
not treated with DSS. n = 11 SHIP WT and 16 SHIP def DSS-treated mice. Circle data points 
represent control mice and square data points represent DSS-treated mice. Closed and open 
points represent SHIP WT and SHIP def mice, respectively. p values are for comparisons 
indicated and were determined using multiple unpaired t-tests with correction for multiple 
comparisons by the two-stage step-up method of Benjamini, Krieger and Yekutieli. *p < 0.05. 
Comparisons not indicated were not significantly different. 

 

To determine if differences in disease severity were location-dependent in the colons of 

DSS-treated SHIP WT and SHIP def mice, entire colon cross-sections were cut from Swiss rolls, 

H&E-stained, and assessed for histological damage after 7 days of DSS treatment (Fig 3.3). No 

signs of histological damage were observed in untreated SHIP WT and SHIP def mice; thus, 

there were no differences in histological damage across the length of the colon. No significant 

differences in histological damage were observed between the proximal and distal colon for 

DSS-treated SHIP WT and SHIP def mice. Hence, cross-sections from the distal colon were used 

to assign and compare histological damage scores. Additionally, homogenates of entire full 

thickness colons were used in cytokine assays.  
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Fig 3.3. DSS-induced histological damage does not significantly differ across the length of 
the colon due to SHIP deficiency in tuft cells.  
H&E-stained colonic tissue cross-sections of Swiss rolls from SHIP WT and SHIP def mice that 
were treated with DSS for 7 days. The distal end of the colon is in the center of the roll. 
Photographs were taken at 10× magnification and stitched in a tile scan. Scale bars = 1500 μm.   
 
 

After 7 days of DSS treatment, cross-sections of the colons of SHIP WT and SHIP def 

mice were collected and H&E-stained (Fig 3.4A). DSS treatment causes loss of crypt 

architecture, goblet cell loss, muscle thickening, edema, ulceration, and immune cell infiltration. 

The composite score was used to quantify histological damage. SHIP def mice have more 

histological damage, including loss of crypt architecture, goblet cell loss, muscle thickening, 

edema, ulceration, and immune cell infiltration (Fig 3.4B), suggesting increased disease severity 

in DSS-induced colitis due to SHIP deficiency in tuft cells.  
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Fig 3.4. SHIP deficiency in tuft cells exacerbates histological damage after DSS treatment.   
(A) H&E-stained colon cross-sections of control and DSS-treated SHIP WT and SHIP def mice. 
Photographs were taken at 20× magnification. Scale bars = 50 μm. (B) Histological damage 
scores summing scores for crypt architecture loss, ulceration, goblet cell loss, immune cell 
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infiltration, edema, and muscle thickening for DSS-treated SHIP WT and SHIP def mice. Points 
represent individual mice and lines show mean ± SD for each group. n = 12 SHIP WT and 21 
SHIP def mice. Circle data points represent control mice and square data points represent DSS-
treated mice. Closed and open points represent SHIP WT and SHIP def mice, respectively. p = 
0.03 was determined using an unpaired two-tailed t-test.  
 
 

Tuft cell-derived IL-25 can recruit eosinophils by activating ILC2s to produce abundant 

levels of type 2 cytokines, IL-5 and IL-13, which promote eosinophil trafficking to the gut50. 

Eosinophils are pro-inflammatory cells known to contribute to type 1 and type 2 immune 

responses, secreting type 1 cytokines (e.g. IFN-γ and IL-12), type 2 cytokines (e.g. IL-4), and the 

pro-fibrotic cytokine TGF-β50. To determine whether changes in eosinophil populations were 

driving increased disease severity in DSS-treated SHIP def mice, eosinophil numbers were 

determined by Congo Red staining of colon cross-sections from SHIP WT and SHIP def mice at 

baseline and after 7 days of DSS treatment (Fig 3.5). Colon cross-sections from both SHIP WT 

and SHIP def mice have few or no eosinophils at baseline. Colon cross-sections from SHIP WT 

and SHIP def mice have eosinophilia after DSS treatment. No significant differences in 

eosinophil numbers were observed between DSS-treated SHIP WT and SHIP def mice (Fig 

3.5C), suggesting that differences in eosinophil populations were not driving increased disease 

activity in SHIP def mice.  
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Fig 3.5. Eosinophil numbers are similar between DSS-treated SHIP WT and SHIP def 
mice.  
(A) Congo Red-stained colon cross sections of control and DSS-treated SHIP WT and SHIP def 
mice. Negative (counter) staining is blue, while positive staining appears red. Photographs were 
taken at 40× magnification. Scale bars = 20 μm. (B) A Congo Red-stained colon cross section 
from a DSS-treated SHIP def mouse is shown to identify eosinophils that were counted as 
positive for quantitation (red arrows). Eosinophils have multilobed nuclei that appear purple or 
blue and cytoplasm that appears pink. Photograph taken at 40× magnification. (C) Number of 
eosinophils for 100 leukocytes. n = 3 for all groups. Counts were conducted manually and 
averaged from 2 representative fields at 40× magnification in 1 cross-section per mouse (3 mice 
per condition).  
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3.2 SHIP deficiency causes increased IL-25 concentrations during DSS-induced colitis 

To determine whether SHIP deficiency caused increased tuft cell activity, as indicated by 

concentrations of IL-25 and type 2 cytokines, I performed ELISAs on full thickness colon tissue 

homogenates from control and DSS-treated SHIP WT and SHIP def mice. SHIP WT and SHIP 

def mice had similar concentrations of IL-25 at baseline (Fig 3.6A). DSS treatment led to a trend 

to lower IL-25 concentrations in SHIP WT mice. In contrast, IL-25 concentrations were not 

significantly lower in SHIP def mice after DSS treatment. As such, full thickness colon 

homogenates from SHIP def mice had higher IL-25 concentrations compared to SHIP WT mice 

after DSS treatment. Since tuft cells are the predominant source of IEC-derived IL-25 in the 

intestine, this suggests that SHIP deficiency increases (or maintains higher) tuft cell activity 

during DSS challenge.  

IL-25 activates ILC2s to produce IL-4, IL-5, and IL-13. Thus, the concentrations of these 

cytokines were assessed in full thickness colon homogenates from SHIP WT and SHIP def mice. 

At baseline, colon homogenates from SHIP WT and SHIP def mice had similar concentrations of 

IL-4 (Fig 3.6B). Similar to our observations for IL-25, there was a trend to lower IL-4 

concentrations in full thickness colon homogenates from SHIP WT mice after DSS treatment, 

whereas no differences were observed for SHIP def mice. There was a trend to higher IL-4 

concentrations in full thickness colon homogenates from SHIP def mice compared to SHIP WT 

mice after DSS treatment, but the difference between groups of 8 and 6 mice did not reach 

statistical significance.  
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Fig 3.6. SHIP deficiency in tuft cells leads to higher IL-25 concentrations after DSS 
treatment. 
Full thickness colonic tissue homogenates from SHIP WT and SHIP def mice that were untreated 
(control) or treated with DSS were assayed for (A) IL-25 and (B) IL-4. Points represent 
individual mice and lines show mean ± SD for each group. For IL-25, n = 17 SHIP WT and 20 
SHIP def mice that were not treated with DSS. n = 16 SHIP WT and 23 SHIP def DSS-treated 
mice. For IL-4, n = 12 SHIP WT and 14 SHIP def mice that were not treated with DSS. n = 8 
SHIP WT and 6 SHIP def DSS-treated mice. Circle data points represent control mice and square 
data points represent DSS-treated mice. Closed and open points represent SHIP WT and SHIP 
def mice, respectively. p values are for comparisons indicated and were determined using an 
unpaired two-tailed t-test. Comparisons not indicated were not significantly different.  
 

To determine whether higher IL-25 concentrations lead to higher concentrations of the 

type 2 cytokines IL-5 and IL-13, I assayed full thickness colon homogenates from SHIP WT and 

SHIP def mice that were untreated or treated with DSS. IL-33 concentrations were also 

measured, as it has been reported to drive colonic ILC2 activation during C. difficile infection, 

which induces intestinal inflammation174. Concentrations of IL-5, IL-13, and IL-33 in SHIP WT 

and SHIP def mice were similar at baseline and after DSS treatment (Fig 3.7). IL-5 and IL-13 

concentrations were lower in both SHIP WT and SHIP def mice after DSS treatment. These data 

suggest that these cytokines do not contribute to the exacerbated DSS-induced colitis in tuft cell-

specific SHIP-deficient mice.  
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Fig 3.7. Colonic IL-5, IL-13, and IL-33 concentrations are not higher in tuft cell-specific 
SHIP-deficient mice.  
Full thickness colonic tissue homogenates from SHIP WT and SHIP def mice that were untreated 
(control) or treated with DSS were assayed for (A) IL-5, (B) IL-13, and (C) IL-33. Points 
represent individual mice and lines show mean ± SD for each group. For IL-5, n = 14 SHIP WT 
and 11 SHIP def mice that were not treated with DSS. n = 10 SHIP WT and 13 SHIP def DSS-
treated mice. For IL-13, n = 14 SHIP WT and 15 SHIP def mice that were not treated with DSS. 
n = 10 SHIP WT and 13 SHIP def DSS-treated mice. For IL-33, n = 15 SHIP WT and 15 SHIP 
def mice that were not treated with DSS. n = 10 SHIP WT and 12 SHIP def DSS-treated mice. 
Circle data points represent control mice and square data points represent DSS-treated mice. 
Closed and open points represent SHIP WT and SHIP def mice, respectively. p values are for 
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comparisons indicated and were determined using an unpaired two-tailed t-test. Comparisons not 
indicated were not significantly different. 
 
 In the absence of overt increases (and instead, decreases) in predicted up-regulated type 2 

cytokines after DSS treatment, I next asked whether type 1 cytokines that have been associated 

with inflammation in DSS-induced colitis were higher in SHIP def mice with more severe 

pathology. Cytokines associated with increased type 1 immune responses and DSS-induced 

colitis, IL-1β, TNF, and IL-6, were measured by ELISA in full thickness colon homogenates 

from SHIP WT and SHIP def mice at baseline and after DSS treatment. Colon homogenates 

from SHIP WT and SHIP def mice had similar IL-1β, TNF, and IL-6 concentrations at baseline 

and after DSS treatment (Fig 3.8). Both SHIP WT and SHIP def mice had significantly higher 

IL-1β concentrations after DSS treatment. In contrast, both SHIP WT and SHIP def mice had 

lower TNF concentrations after DSS treatment compared to that measured in untreated mice. No 

significant differences in IL-6 concentrations were observed for SHIP WT and SHIP def mice 

after DSS treatment compared to control mice. 
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Fig 3.8. Type 1 pro-inflammatory cytokine concentrations are not higher due to tuft cell-
specific SHIP deficiency after DSS treatment.  
Full thickness colonic tissue homogenates from SHIP WT and SHIP def mice that were untreated 
(control) or treated with DSS were assayed for type 1 pro-inflammatory cytokines (A) IL-1β, (B) 
TNF, and (C) IL-6. Points represent individual mice and lines show mean ± SD for each group. 
For IL-1β, n = 6 SHIP WT and 7 SHIP def mice that were not treated with DSS. n = 11 SHIP 
WT and 19 SHIP def DSS-treated mice. For TNF, n = 17 SHIP WT and 19 SHIP def mice that 
were not treated with DSS. n = 16 SHIP WT and 22 SHIP def DSS-treated mice. For IL-6, n = 
12 SHIP WT and 14 SHIP def mice that were not treated with DSS. n = 8 SHIP WT and 6 SHIP 
def DSS-treated mice. Circle data points represent control mice and square data points represent 
DSS-treated mice. Closed and open points represent SHIP WT and SHIP def mice, respectively. 
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p values are for comparisons indicated and were determined using an unpaired two-tailed t-test. 
Comparisons not indicated were not significantly different. 
 
 McGinty et al. (2020) suggested that signals in addition to IL-25 may regulate the tuft 

cell-ILC2 circuit115. Specifically, their results indicate that cysteinyl leukotrienes have a role in 

activating type 2 immunity during helminth infection and may cooperate with IL-25 in context-

specific regulation of tuft cell-ILC2 circuits within the small intestine115. Thus, I evaluated 

whether SHIP deficiency in tuft cells affects concentrations of cysteinyl leukotrienes during 

DSS-induced colitis. The cysteinyl leukotriene assay kit used included a pre-coated goat anti-

mouse plate, so the colon homogenates from SHIP WT and def mice could contain antibodies 

that interfere with the assay. Only samples with strong correlation (≤20% difference) between 

two different dilutions were included in my analyses. Full thickness colon homogenates from 

untreated and DSS-treated SHIP WT and SHIP def mice had similar concentrations of cysteinyl 

leukotrienes (Fig 3.9). This suggests that cysteinyl leukotrienes do not contribute to exacerbated 

pathology in tuft cell-specific SHIP def mice during DSS-induced colitis. 
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Fig 3.9. Cysteinyl leukotrienes concentrations are not higher due to tuft cell-specific SHIP 
deficiency.  
Cysteinyl leukotriene concentrations in full thickness colonic tissue homogenates from control 
and DSS-treated SHIP WT and SHIP def mice. Points represent individual mice and lines show 
mean ± SD for each group. n = 5 mice per group. Circle data points represent control mice and 
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square data points represent DSS-treated mice. Closed and open points represent SHIP WT and 
SHIP def mice, respectively. No statistically significant differences were found by an unpaired 
two-tailed t-test between untreated or DSS-treated SHIP WT and SHIP def mice. 
 
3.3 SHIP deficiency causes reduced COX activity during DSS-induced colitis 

Tuft cells produce COX1 and COX2, which convert arachidonic acid to prostaglandins 

that regulate inflammation and tissue repair. Since tuft cell activity (as suggested by IL-25 

concentrations) is higher in SHIP def mice, COX activity levels may be higher, promoting more 

inflammation. To determine whether tuft cell-derived COX contributes to DSS-induced colitis, I 

performed COX activity assays on full thickness colonic tissue homogenates from SHIP WT and 

SHIP def mice. There was no significant difference in COX activity in the colon homogenates of 

untreated SHIP WT and SHIP def mice (Fig 3.10). After DSS treatment, COX activity was lower 

in both SHIP WT and SHIP def mice, and there was significantly lower COX activity in SHIP 

def mice compared to SHIP WT mice.  

 
Fig 3.10. COX activity is reduced in mice with SHIP-deficient tuft cells after DSS 
treatment. 
COX activity in full thickness colonic tissue homogenates from control and DSS-treated SHIP 
WT and SHIP def mice. Points represent individual mice and lines show mean ± SD for each 
group. n = 15 for both SHIP WT and SHIP def mice that were not treated with DSS. n = 10 for 
both SHIP WT and SHIP def DSS-treated mice. Circle data points represent control mice and 
square data points represent DSS-treated mice. Closed and open points represent SHIP WT and 
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SHIP def mice, respectively. p values were determined using an unpaired two-tailed t-test. 
Comparisons not indicated were not significantly different. 
 

These data suggest that higher COX activity does not contribute to inflammation or 

exacerbated colitis in SHIP def mice. Instead, reduced COX activity correlated with worsened 

disease, so COX may be protective. However, during DSS-induced colitis, increased 

inflammation in SHIP def mice may result in increased loss of epithelial cells, including tuft 

cells. Consequently, COX activity may be lower due to loss of COX-expressing tuft cells. To 

address this, I stained tuft cells for DCLK1 to quantify the percentage of tuft cells in total 

epithelial cells and normalize COX activity to tuft cell percentage (Fig 3.11). Tuft cell 

percentages were determined to account for differences in cross-section sizes between mice (Fig 

3.11B). Crypt length did not differ significantly between untreated or DSS-treated SHIP WT and 

SHIP def mice. 
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Fig 3.11. SHIP deficiency in tuft cells does not change colonic tuft cell percentage after DSS 
treatment. 
A) Immunofluorescent staining of DCLK1 (green) and DAPI (blue) in colonic cross-sections 
from 8-week-old control and DSS-treated SHIP WT and SHIP def mice. Photographs were taken 
at a magnification of 20×. Scale bars = 50 μm. Images shown are representative of 11-16 mice 



62 

 

per group. (B) Percentage of tuft cells in total epithelial cells in the colonic cross-sections from 
control and DSS-treated SHIP WT and SHIP def mice. Averaged totals from 4-6 representative 
fields in 1 cross-section per mouse. Points represent individual mice and lines show mean ± SD 
for each group. n = 6 SHIP WT and 4 SHIP def mice that were not treated with DSS. n = 5 SHIP 
WT and 7 SHIP def DSS-treated mice. Circle data points represent control mice and square data 
points represent DSS-treated mice. Closed and open points represent SHIP WT and SHIP def 
mice, respectively. No statistically significant differences were found by an unpaired two-tailed 
t-test between untreated or DSS-treated SHIP WT and SHIP def mice. 
 

Tuft cell percentage in total epithelial cells was similar for untreated and DSS-treated 

SHIP WT and SHIP def mice, with means ranging from 0.25-0.46% (Fig 3.11B). This suggests 

that SHIP deficiency in tuft cells does not cause tuft cell hyperplasia. Similarly, tuft cell 

percentages were not significantly affected after DSS treatment for SHIP WT or SHIP def mice. 

By normalizing COX activity according to tuft cell percentage in each mouse, I determined that 

SHIP WT and SHIP def mice had similar COX activity without and after DSS treatment (Fig 

3.12). However, SHIP def mice had significantly lower COX activity after DSS treatment 

compared to untreated mice (Fig 3.12), as observed for COX activity prior to normalization (Fig 

3.10).  

 
Fig 3.12. COX activity is lower after DSS treatment when normalized to tuft cell 
percentage in mice with SHIP-deficient tuft cells. 
COX activity in full thickness colonic tissue homogenates normalized to tuft cell percentage in 
total epithelial cells from control and DSS-treated SHIP WT and SHIP def mice. Points represent 
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individual mice and lines show mean ± SD for each group. n = 6 SHIP WT and 4 SHIP def mice 
that were not treated with DSS. n = 5 SHIP WT and 7 SHIP def DSS-treated mice. Circle data 
points represent control mice and square data points represent DSS-treated mice. Closed and 
open points represent SHIP WT and SHIP def mice, respectively. p values are for comparisons 
indicated and were determined using an unpaired two-tailed t-test. Comparisons not indicated 
were not significantly different. 
 
3.4 Comparison of SHIP WT and SHIP def mice after 5 days of DSS treatment 

To evaluate COX activity at an earlier timepoint prior to loss of epithelial cells and 

establish a timepoint with similar disease activity for use in DSS-induced colitis recovery 

experiments, I assessed the same parameters in SHIP WT and SHIP def mice after 5 days of DSS 

treatment, when divergence of disease activity was first seen.     

SHIP WT and SHIP def mice were harvested after 5 days of DSS treatment. The gross 

pathology of colons for SHIP WT and SHIP def mice on day 5 were similar, with minimal 

shortening (Fig 3.13A). The colon lengths of SHIP WT and SHIP def mice were similar (Fig 

3.13B), suggesting that there is no difference in disease on day 5. Further supporting this, weight 

loss indicated by percentage and weight scores on Days 0-5 of DSS treatment for both SHIP WT 

and SHIP def mice was minimal (Fig 3.14). Additionally, rectal bleeding, stool consistency, and 

DAI scores were similar between SHIP WT and SHIP def mice (Fig 3.15).  
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Fig 3.13. SHIP deficiency in tuft cells causes minimal colon shortening after 5 days of DSS 
treatment.  
(A) Gross pathology of colons from SHIP WT and SHIP def mice after 5 days of DSS treatment. 
Images shown are representative of 8 SHIP WT and 11 SHIP def mice. (B) Colon lengths for 
SHIP WT and SHIP def mice that received DSS for 5 days. Points represent individual mice and 
lines show mean ± SD for each group. No statistically significant differences were found by an 
unpaired two-tailed t-test between SHIP WT and SHIP def mice. 
 

 
Fig 3.14. SHIP deficiency in tuft cells does not exacerbate weight loss within 5 days of DSS 
treatment.  
(A) Weight indicated by percentage of initial weight. (B) Weight loss scores assigned on a scale 
of 0-4. 0 = 0% weight loss; 1 = 1-5% weight loss; 2 = 5-10% weight loss; 3 = 10-15% weight 
loss; 4 = >15% weight loss. Points represent the average of all mice in each group with error bars 
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representing ± SD. n = 8 SHIP WT and 11 SHIP def mice. SHIP WT and SHIP def mice are 
represented by the blue and red lines, respectively. No statistically significant differences were 
found by multiple unpaired t-tests between SHIP WT and SHIP def mice with correction for 
multiple comparisons by the two-stage step-up method of Benjamini, Krieger and Yekutieli. 
 

 

Fig 3.15. SHIP deficiency in tuft cells does not exacerbate disease activity within 5 days of 
DSS treatment.  
(A) Stool consistency scores assigned on a scale of 0-4. 0 = normal stool in pellet form; 1 = loose 
stool; 2 = very loose stool; 3 = diarrhea; 4 = no formed stool. (B) Rectal bleeding scores assigned 
on a scale of 0-4. 0 = no blood in stool; 1 = blood detectable on hemoccult paper; 2 = blood 
visible in stool; 3 = extensive blood in stool; 4 = extensive blood in stool and around anus. (C) 
DAI summing scores for stool consistency, rectal bleeding, and weight loss. Points represent the 
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average of all mice in each group with error bars representing ± SD. n = 8 SHIP WT and 11 
SHIP def mice. SHIP WT and SHIP def mice are represented by the blue and red lines, 
respectively. No statistically significant differences were found by multiple unpaired t-tests 
between SHIP WT and SHIP def mice with correction for multiple comparisons by the two-stage 
step-up method of Benjamini, Krieger and Yekutieli. 
 

To determine if differences in disease activity were location-dependent in the colons of 

SHIP WT and SHIP def mice after 5 days of DSS treatment, swiss rolls of colons were assessed 

for histological damage (Fig 3.16). There was moderate histological damage throughout the 

colons of SHIP WT and SHIP def mice. No significant differences in histological damage were 

observed between the proximal and distal colon for DSS-treated SHIP WT and SHIP def mice. 

Thus, cross-sections from the distal colon were used in histological damage assessments. 

Additionally, homogenates of entire colons were used in cytokine assays.  
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Fig 3.16. Histological damage after 5 days of DSS treatment does not significantly differ 
across the length of the colon due to SHIP deficiency in tuft cells.  
H&E-stained colonic tissue cross-sections of Swiss rolls from SHIP WT and SHIP def mice that 
were treated with DSS for 5 days. The distal end of the colon is in the center of the roll. 
Photographs were taken at 10× magnification. Scale bars = 1500 μm.   

 

After 5 days of DSS treatment, cross-sections of the colons of SHIP WT and SHIP def 

mice were collected and H&E-stained (Fig 3.17A). As described in Section 3.1, the composite 

score of goblet cell loss, muscle thickening, edema, ulceration, and immune cell infiltration was 

calculated to quantify histological damage. There was moderate histological damage for both 

SHIP WT and SHIP def mice after 5 days of DSS treatment (Fig 3.17A). SHIP WT and SHIP def 

mice had similar histological damage scores, suggesting that there is no significant difference in 

disease severity after 5 days of DSS treatment (Fig 3.17B).  
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Fig 3.17. SHIP deficiency in tuft cells does not exacerbate histological damage after 5 days 
of DSS treatment.  
(A) H&E-stained colon cross-sections of SHIP WT and SHIP def mice after 5 days of DSS 
treatment. Photographs were taken at 20× magnification. Scale bars = 50 μm. (B) Composite 
score of crypt architecture loss, ulceration, goblet cell loss, immune cell infiltration, edema, and 
muscle thickening for SHIP WT and SHIP def mice. Points represent individual mice and lines 
show mean ± SD for each group. n = 8 SHIP WT and 11 SHIP def mice. p values were 
determined using an unpaired two-tailed t-test. No statistically significant differences were found 
by an unpaired two-tailed t-test between SHIP WT and SHIP def mice. 
 

Type 2 cytokine concentrations in full thickness colon homogenates from SHIP WT and 

SHIP def mice were measured after 5 days of DSS treatment. Full thickness colonic tissue 

homogenates from SHIP WT and SHIP def mice had similar levels of IL-25 and IL-4 (Fig 

3.18A, Fig 3.18B), which is consistent with the lack of differences in gross and histopathology. 

IL-13 and IL-33 concentrations were also similar between groups (Fig 3.19B, Fig 3.19C). There 
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was a trend to higher IL-5 levels in SHIP def mice after 5 days of DSS treatment, but the 

difference between groups of 7 and 10 mice did not reach statistical significance (Fig 3.19A).  

 

Fig 3.18. IL-25 and IL-4 concentrations are not higher in mice with SHIP-deficient tuft 
cells after 5 days of DSS treatment. 
Full thickness colonic tissue homogenates from SHIP WT and SHIP def mice after 5 days of 
DSS treatment were assayed for (A) IL-25 and (B) IL-4. Points represent individual mice and 
lines show mean ± SD for each group. For IL-25, n = 3 SHIP WT and 9 SHIP def mice. For IL-
4, n = 8 SHIP WT and 11 SHIP def mice. No statistically significant differences were found by 
an unpaired two-tailed t-test between SHIP WT and SHIP def mice. 
 

To determine if type 1 pro-inflammatory cytokines may be involved in disease activity 

after 5 days of DSS treatment, I assayed IL-1β, TNF, and IL-6 in full thickness colon 

homogenates from SHIP WT and SHIP def mice. SHIP WT and SHIP def mice had similar IL-

1β, TNF, and IL-6 concentrations after 5 days of DSS treatment (Fig 3.20). This follows the 

similar disease severity in SHIP WT and SHIP def mice suggested by disease scores, histological 

damage, and gross pathology. 
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Fig 3.19. IL-5, IL-13, and IL-33 concentrations are not significantly higher due to SHIP 
deficiency in tuft cells in mice treated with DSS for 5 days. 
Full thickness colonic tissue homogenates from SHIP WT and SHIP def mice after 5 days of 
DSS treatment were assayed for (A) IL-5, (B) IL-13, and (C) IL-33. Points represent individual 
mice and lines show mean ± SD for each group. For IL-5, n = 7 SHIP WT and 10 SHIP def mice. 
For IL-13, n = 8 SHIP WT and 11 SHIP def control mice. n = 10 SHIP WT and 13 SHIP def 
DSS-treated mice. For IL-33, n = 8 SHIP WT and 11 SHIP def control mice. n = 10 SHIP WT 
and 12 SHIP def DSS-treated mice. p values are for comparisons indicated and were determined 
using an unpaired two-tailed t-test. No statistically significant difference in IL-33 was found by 
an unpaired two-tailed t-test between SHIP WT and SHIP def mice. 
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Fig 3.20. Type 1 pro-inflammatory cytokines are not higher due to SHIP deficiency in tuft 
cells after 5 days of DSS treatment. 
Full thickness colonic tissue homogenates from SHIP WT and SHIP def mice harvested after 5 
days of DSS treatment were assayed for type 1 pro-inflammatory cytokines (A) IL-1β, (B) TNF, 
and (B) IL-6. Points represent individual mice and lines show mean ± SD for each group. For IL-
1β, n = 7 SHIP WT and 9 SHIP def mice. For TNF, n = 3 SHIP WT and 8 SHIP def mice. For 
IL-6, n = 3 SHIP WT and 6 SHIP def mice. Closed and open points represent SHIP WT and 
SHIP def mice, respectively. p = 0.13 was determined using an unpaired two-tailed t-test. No 
statistically significant differences were found by an unpaired two-tailed t-test between SHIP 
WT and SHIP def mice. 
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Finally, full thickness colon homogenates from SHIP WT and SHIP def mice had similar 

COX activity after 5 days of DSS treatment (Fig 3.21). This further suggests that higher COX 

activity at an earlier timepoint (preceding loss of epithelial cells) does not contribute to 

inflammation or the exacerbated colitis in SHIP def mice that is seen after 7 days of DSS 

treatment. 

 

Fig 3.21. SHIP deficiency in tuft cells does not affect COX activity after 5 days of DSS 
treatment.  
COX activity in full thickness colonic tissue homogenates from control and DSS-treated SHIP 
WT and SHIP def mice. Points represent individual mice and lines show mean ± SD for each 
group. n = 8 SHIP WT and 11 SHIP def mice. No statistically significant differences were found 
by an unpaired two-tailed t-test between SHIP WT and SHIP def mice. 
 

3.5 Examining a potential role for SHIP deficiency in tuft cells during recovery from 

DSS-induced colitis 

In addition to inflammation, type 2 immunity and prostaglandins are involved in 

restoration of homeostasis post-injury. Given that there are higher IL-25 concentrations and 

lower COX activity in full thickness colonic tissue homogenates from SHIP def mice after 7 

days of DSS treatment, type 2 immune activity and COX activity may impact recovery in mice 
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after DSS-induced colitis. To address this hypothesis, I examined recovery after 5 days of 

treatment with DSS. The results of Section 3.4 demonstrated that SHIP WT and SHIP def mice 

had similar disease severity after 5 days of DSS treatment. Thus, I induced colitis for 5 days 

using DSS and harvested colons from SHIP WT and SHIP def mice after 5 days of recovery. The 

gross pathology of colons for SHIP WT and SHIP def mice after 5 days of recovery were similar, 

with minimal colon shortening (Fig 3.22A). Furthermore, the colon lengths of SHIP WT and 

SHIP def mice were similar (Fig 3.22B), suggesting that there is no difference in disease 

severity.  

 

Fig 3.22. SHIP deficiency in tuft cells does not cause differences in colon length after 5 days 
of recovery from DSS-induced colitis. 
(A) Gross pathology of colons of SHIP WT and SHIP def mice after 5 days of recovery from 
DSS-induced colitis. Images shown are representative of the average of 8 SHIP WT and 11 SHIP 
def mice. (B) Colon lengths (cm) for SHIP WT and SHIP def mice after 5 days of recovery from 
DSS-induced colitis. Points represent individual mice and lines show mean ± SD for each group. 
n = 8 SHIP WT and 12 SHIP def mice. No statistically significant differences were found by an 
unpaired two-tailed t-test between SHIP WT and SHIP def mice. 
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There was no significant difference in weight measured as percentage of initial mouse 

weight or weight scores between SHIP WT and SHIP def mice throughout 5 days of recovery 

from DSS-induced colitis (Fig 3.23). SHIP def mice had increased stool consistency scores on 

Day 3 and rectal bleeding scores on Day 2 of recovery from DSS-induced colitis (Fig 3.24A and 

Fig 3.24B). There was no significant difference in DAI on any day during DSS-induced colitis 

recovery. However, there was a trend to higher DAI on Day 2 of recovery for SHIP def mice that 

did not reach statistical significance (Fig 3.24C).  

 

Fig 3.23. SHIP deficiency in tuft cells does not improve weight gain during recovery from 
DSS-induced colitis. 
(A) Weight indicated by percentage of initial weight. (B) Weight loss scores assigned on a scale 
of 0-4. 0 = 0% weight loss; 1 = 1-5% weight loss; 2 = 5-10% weight loss; 3 = 10-15% weight 
loss; 4 = >15% weight loss. Points represent the average of all mice in each group with error bars 
representing ± SD. n = 8 SHIP WT and 12 SHIP def mice. SHIP WT and SHIP def mice are 
represented by the blue and red lines, respectively. No statistically significant differences were 
found by multiple unpaired t-tests between SHIP WT and SHIP def mice with correction for 
multiple comparisons by the two-stage step-up method of Benjamini, Krieger and Yekutieli. 
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Fig 3.24. SHIP deficiency in tuft cells worsens stool consistency and rectal bleeding during 
recovery from DSS-induced colitis. 
(A) Stool consistency scores assigned on a scale of 0-4. 0 = normal stool in pellet form; 1 = loose 
stool; 2 = very loose stool; 3 = diarrhea; 4 = no formed stool. (B) Rectal bleeding scores assigned 
on a scale of 0-4. 0 = no blood in stool; 1 = blood detectable on hemoccult paper; 2 = blood 
visible in stool; 3 = extensive blood in stool; 4 = extensive blood in stool and around anus. (C) 
DAI summing scores for stool consistency, rectal bleeding, and weight loss. Points represent the 
average of all mice in each group with error bars representing ± SD. n = 8 SHIP WT and 12 
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SHIP def mice. SHIP WT and SHIP def mice are represented by the blue and red lines, 
respectively. p values are for comparisons indicated and were determined using multiple 
unpaired t-tests with correction for multiple comparisons by the two-stage step-up method of 
Benjamini, Krieger and Yekutieli. *p < 0.05. Comparisons not indicated were not significantly 
different. 
 

After 5 days of recovery, cross-sections of the colons from SHIP WT and SHIP def mice 

were collected and H&E-stained (Fig 3.25A). As described in Section 3.1, the composite score 

for goblet cell loss, muscle thickening, edema, ulceration, and immune cell infiltration was used 

to quantify histological damage. There was minimal histological damage for both SHIP WT and 

SHIP def mice (Fig 3.25B). SHIP WT and SHIP def mice had similar composite histological 

damage scores, suggesting that there was no significant difference in disease severity after 5 days 

of recovery from DSS-induced colitis (Fig 3.25B). However, there were trends to decreased 

immune cell infiltration and increased muscle thickness in SHIP def mice that did not reach 

statistical significance (Fig 3.26). 
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Fig 3.25. SHIP deficiency in tuft cells does not improve histological damage during DSS-
induced colitis recovery.  
(A) H&E-stained colon cross-sections of SHIP WT and SHIP def mice after 5 days of recovery 
from DSS-induced colitis. Photographs were taken at a magnification of 20×. Scale bars = 50 
μm. (B) Histological damage scores summing scores for crypt architecture loss, ulceration, 
goblet cell loss, immune cell infiltration, edema, and muscle thickening for SHIP WT and SHIP 
def mice. Points represent individual mice and lines show mean ± SD for each group. n = 8 SHIP 
WT and 12 SHIP def mice. No statistically significant differences were found by an unpaired 
two-tailed t-test between SHIP WT and SHIP def mice. 
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Fig 3.26. SHIP deficiency in tuft cells may lead to reduced immune cell infiltration and 
increased muscle thickness after 5 days of recovery from DSS-induced colitis.  
(A) Immune cell infiltration scores for colon cross-sections from SHIP WT and SHIP def mice 
after 5 days of recovery from DSS-induced colitis. (B) Muscle thickness scores for colon cross-
sections from SHIP WT and SHIP def mice following 5 days of DSS-induced colitis recovery. 
Bars represent means and lines show ± SD for each group. n = 8 SHIP WT and 12 SHIP def 
mice. p values were determined using an unpaired two-tailed t-test.  
 
 

Type 2 cytokine concentrations were measured in full thickness colon homogenates from 

SHIP WT and SHIP def mice after 5 days of recovery from DSS-induced colitis. Colon 

homogenates from SHIP WT and SHIP def mice had similar concentrations of IL-25 and IL-4 

(Fig 3.27A, Fig 3.27B), which is consistent with the lack of difference in disease activity. 

Concentrations of IL-5, IL-13 and IL-33 were also similar (Fig 3.28).  
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Fig 3.27. IL-25 and IL-4 concentrations are not higher in mice with SHIP-deficient tuft 
cells after 5 days of recovery from DSS-induced colitis. 
Full thickness colonic tissue homogenates from SHIP WT and SHIP def mice after 5 days of 
recovery from DSS-induced colitis were assayed for (A) IL-25 and (B) IL-4. Points represent 
individual mice and lines show mean ± SD for each group. n = 8 SHIP WT and 12 SHIP def 
mice. No statistically significant differences were found by an unpaired two-tailed t-test between 
SHIP WT and SHIP def mice. 
 

To determine if type 1 pro-inflammatory cytokines are involved in disease activity after 5 

days of DSS-induced colitis recovery, I assayed IL-1β, TNF, and IL-6. SHIP WT and SHIP def 

mice had similar levels of IL-1β, TNF, and IL-6 after 5 days of recovery from DSS-induced 

colitis (Fig 3.29). This is consistent with the similar disease severity indicated by disease scores, 

histological damage, and gross pathology. 
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Fig 3.28. IL-5, IL-13, and IL-33 concentrations are not higher due to SHIP deficiency after 
5 days of recovery from DSS-induced colitis. 
Full thickness colonic tissue homogenates from SHIP WT and SHIP def mice after 5 days of 
recovery from DSS-induced colitis were assayed for (A) IL-5, (B) IL-13, and (C) IL-33. Points 
represent individual mice and lines show mean ± SD for each group. For IL-5 and IL-13, n = 7 
SHIP WT and 12 SHIP def mice. For IL-33, n = 8 SHIP WT and 12 SHIP def control mice. No 
statistically significant differences were found by an unpaired two-tailed t-test between SHIP 
WT and SHIP def mice. 
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Fig 3.29. Type 1 pro-inflammatory cytokines are not higher due to SHIP deficiency after 5 
days of recovery from DSS-induced colitis. 
Full thickness colonic tissue homogenates from SHIP WT and SHIP def mice after 5 days of 
recovery from DSS-induced colitis were assayed for type 1 pro-inflammatory cytokines (A) IL-
1β, (B) TNF, and (C) IL-6. Points represent individual mice and lines show mean ± SD for each 
group. For TNF, n = 8 SHIP WT and 9 SHIP def mice. For IL-6, n = 2 SHIP WT and 3 SHIP def 
mice. Closed and open points represent SHIP WT and SHIP def mice, respectively. No 
statistically significant differences were found by an unpaired two-tailed t-test between SHIP 
WT and SHIP def mice. 
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Finally, SHIP WT and SHIP def mice had similar COX activity after 5 days of recovery 

from DSS-induced colitis (Fig 3.30). This suggests that COX does not exacerbate or protect from 

colitis after 5 days of recovery. 

 

Fig 3.30. SHIP deficiency does not affect COX activity after 5 days of recovery from DSS-
induced colitis. 
COX activity in full thickness colonic tissue homogenates from control and DSS-treated SHIP 
WT and SHIP def mice. Points represent individual mice and lines show mean ± SD for each 
group. n = 8 SHIP WT and 12 SHIP def mice. No statistically significant differences were found 
by an unpaired two-tailed t-test between SHIP WT and SHIP def mice. 
 

Overall, my DSS-induced colitis recovery experiments suggested modest differences in 

recovery from DSS-induced colitis between SHIP WT and SHIP def mice. Mice with SHIP-

deficient tuft cells had increased rectal bleeding and stool consistency scores during recovery, 

while displaying trends to less immune cell infiltration and increased muscle thickness.  
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Chapter 4: Discussion 

Tuft cells in the GI tract have a role in chemo-sensing, promoting epithelial cell 

proliferation and barrier integrity, and activating immune responses80. Tuft cell-deficient 

(DCLK1 deletion) mice have exacerbated weight loss, barrier dysfunction, fewer proliferating 

cells, and higher concentrations of pro-inflammatory cytokines IL-1β and IL-17 during DSS-

induced colitis128. Similarly, Yi et al. (2018) found that intestinal epithelial ablation of DCLK1 

worsened a genetically engineered model of spontaneous microbiota-dependent colitis, including 

symptoms of reduced body weight, stool loosening, colon thickening, and inflammatory cell 

infiltrates127. Furthermore, DCLK1 epithelial ablation worsens disease outcome after radiation-

induced small intestinal injury due to dysfunctional epithelial regeneration175. These results 

suggest that tuft cells have a critical role in regulating colonic inflammation and epithelial 

integrity in DSS-induced colitis128. The effects of hyperresponsive tuft cells have not been 

studied. The tuft cell-specific SHIP-deficient mouse that we have generated is the first putative 

gain-of-function model for tuft cells that has been described. I showed that mice with SHIP 

deficiency in tuft cells had exacerbated colitis after 7 days of DSS challenge. In particular, they 

had greater weight loss, colon shortening, and histological damage. Taken together, these 

findings suggest that, like tuft cell deficiency, hyperresponsive tuft cells may worsen 

inflammation in DSS-induced colitis. 

Sensitivity to DSS-induced colitis has been linked to Th1 and Th17 immune responses 

due to the induction of IL-1β, TNF-α, IFN-γ production, and IL-17A167, 176-179. As observed in 

previous studies, I found that DSS challenge caused an increase in IL-1β concentrations within 

colon tissue homogenates177, 180. However, I also showed that higher concentrations of IL-1β did 

not drive exacerbated colitis in SHIP def mice. This is in contrast to the observations of Ngoh et 
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al. (2016) that IL-1β contributes to spontaneous ileal inflammation in germ-line SHIP-/- mice167. 

My results suggest that a different pro-inflammatory molecule or mechanism is involved in the 

exacerbation of inflammation for mice with SHIP-deficient tuft cells during DSS-induced colitis.  

Another key pro-inflammatory mediator is TNF-α, which is a major target for biologics 

in IBD therapy. Previously, targeting of TNF reduced colonic inflammation in DSS-induced 

colitis for wild-type mice181. Another study found that DSS treatment leads to higher serum 

levels of IL-6 and TNF-α, and antibodies against these cytokines reduce DSS-induced intestinal 

permeability182. Overall, the pro-inflammatory function of TNF and the therapeutic effects of its 

neutralization are well-established in colitis models and IBD183. In contrast, I found that DSS 

challenge caused lower TNF concentrations for wild-type and SHIP def mice. This may have 

resulted from induction of negative regulatory cytokines during DSS-induced colitis, such as IL-

10 or TGF-β184, which I did not measure. However, there is also some evidence supporting a 

dual role for TNF that is dependent on differential signaling. For example, mice deficient in TNF 

receptor 1 (TNFR1) were found to have more severe TNBS colitis183, 185. Additionally, Naito et 

al. (2003) found that acute DSS-induced colitis was exacerbated in TNF-α-deficient mice 

compared to wild-type mice186. In acute DSS-induced colitis, Noti et al. (2010) found that the 

absence of TNF exacerbated inflammation due to a lack of local colonic synthesis of 

glucocorticoids, which are steroid hormones that negatively regulate inflammatory responses183. 

Furthermore, they determined that therapeutic administration of TNF partially improved disease 

outcomes in type 2-mediated inflammation in oxazolone-induced colitis183. Thus, they proposed 

that the pro-inflammatory functions of TNF are critical for initiating inflammation, whereas its 

anti-inflammatory functions help to resolve disease183. Collectively, these observations suggest 

that TNF may have an anti-inflammatory role in some colitis models.  
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Herein, I showed that DSS challenge reduced IL-25 concentrations in wild-type mice. 

Previous studies have described an anti-inflammatory role for IL-25 in intestinal inflammation. 

However, the exact mechanisms of IL-25 protection have not been described completely187. For 

example, IL-25 has been shown to inhibit the development of acute DSS-induced colitis188. In 

particular, mice treated with DSS and rIL-25-treated have elevated levels of IL-23 and the anti-

inflammatory cytokine TGF-β188. Additionally, IL-25-deficient mice develop severe intestinal 

inflammation during Trichuris muris infection, correlating with elevated levels of Th1/Th17 

cytokines187, 189. Moreover, the administration of exogenous IL-25 improves clinical symptoms, 

histopathology, and type 2 inflammation in oxazolone-induced colitis190, 191. These anti-

inflammatory effects were associated with expansion of alternatively-activated macrophages (a 

subset of macrophages that can promote tissue repair)190, 191. These studies support an important 

protective function of IL-25 in intestinal inflammation in type 1 and type 2-mediated mouse 

colitis models187. In cultures of CD4+ T cells isolated from people with IBD, IL-25 has been 

found to downregulate the production of Th1/Th17 cytokines, TNF, IFN-γ, and IL-17A, while 

enhancing IL-10 production114. IL-25 also decreases the synthesis of pro-inflammatory cytokines 

IL-12 and IL-23 in macrophages from inflamed mucosa of people with CD190. Furthermore, the 

intestinal mucosa of people with IBD have fewer IL-25 expressing cells and lower IL-25 

concentrations during active disease114, 190. These results suggest that people with IBD may have 

reduced tuft cell numbers and/or activity; however, people with IBD often have severe loss of 

intestinal epithelium that may account for loss of IL-25, which is IEC-derived114. Taken together, 

these findings characterize a potential anti-inflammatory, protective role of IL-25 in intestinal 

inflammation in colitis models and people with IBD.  
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I showed that mice with SHIP deficiency in tuft cells maintained similar IL-25 

concentrations after DSS treatment. As such, they have higher IL-25 concentrations than wild-

type controls, suggesting that SHIP deficiency increases or maintains tuft cell activity during 

DSS challenge. I found that elevated IL-25 concentrations caused by SHIP deficiency correlated 

with exacerbated DSS-induced colitis. Thus, IL-25 may have a pro-inflammatory role in DSS-

induced colitis. This contrasts with the studies mentioned previously. Studies have reported 

disparate results on the role of exogenous IL-25 in colonic inflammation192. In contrast to the 

study by McHenga et al. (2008)188, Wang et al. (2014) reported that genetic deletion of IL-25 

protects mice from inflammation in DSS-induced colitis192. Thus, endogenous IL-25 acts as a 

pro-inflammatory factor in DSS-induced colitis192. Interestingly, McHenga et al. (2010) later 

reported that only high doses of exogenous IL-25 ameliorate inflammation, whereas low doses 

aggravate DSS-induced colitis192, 193. Additionally, overexpression of IL-25 causes epithelial cell 

hyperplasia, increased mucus secretion, and increases in IL-4, IL-5, IgE, eosinophils, 

lymphocytes, and neutrophils in peripheral blood of transgenic mice, leading to type 2-mediated 

multiorgan inflammation187, 194, 195. Consistent with this, Camelo et al. (2012) blocked IL-25 (and 

its IL-17 receptor B) to ameliorate type 2-mediated inflammation in oxazolone-induced colitis187. 

Altogether, these studies describe a pro-inflammatory function for IL-25 in type 1 and type 2-

mediated colitis. In line with this, my findings suggest that constitutive IL-25 is a pro-

inflammatory factor in mice with SHIP deficiency in tuft cells during DSS-induced colitis.  

As mentioned previously, tuft cells are the predominant IEC-derived source of IL-25, 

which recruits eosinophils and initiates type 2 immune responses via activation of ILC2s80, 85. 

This involves IL-4, IL-5, and IL-13 production. IL-4 and IL-13 induce tuft and goblet cell 

hyperplasia, forming a feedforward loop that is referred to as the tuft cell-ILC2 circuit.56, 80. In 
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the small intestine, the role of this circuit in helminth defense and allergic inflammation has been 

well-established85. Recent studies suggest that type 2 immune responses may either exacerbate or 

protect in different types of colitis116. When type 2 immunity becomes dysregulated, type 2 

cytokines may cause persistent inflammation (seen in UC-like chronic inflammation) and 

fibrogenesis that leads to fibrosis and stricture formations (seen more commonly in CD)116. 

Following reduced IL-25 concentrations, I found lower concentrations of the type 2 cytokines, 

IL-4, IL-5 and IL-13, in wild-type mice after DSS challenge. The downregulation of type 2 

cytokines may be due to acute DSS-induced colitis being a type 1-mediated disease167, 176. IL-4 

displayed a similar trend to that of IL-25, where SHIP deficiency increased or maintained 

baseline concentrations after DSS challenge. Thus, IL-25 may activate ILC2s to produce IL-4, as 

expected. However, this did not reach statistical significance. Previously, Weisser et al. (2011) 

found that germ-line SHIP-/- were protected from DSS-induced colitis because of hyperactive IL-

4-secreting basophils that skew macrophages to a wound healing and tissue modeling 

phenotype196. These macrophages have low production of pro-inflammatory cytokines and high 

levels of anti-inflammatory cytokines IL-10 and TGF-β in response to stimulation196, 197. In 

contrast, I showed that SHIP deficiency in tuft cells exacerbated DSS-induced colitis despite a 

trend to higher IL-4 concentrations. This suggests that the protective effect of IL-4-activated 

macrophages may have been underestimated because SHIP-deficient tuft cells may have been 

exacerbating disease. My results are consistent with studies showing that IL-4 can exacerbate 

inflammation directly or via its effects on other pro-inflammatory mediators. For example, DSS-

induced colitis is ameliorated in IL-4-deficient mice, which have higher numbers of IgG2a, 

IgG2b and IgG3-producing B cells, reduced IgE levels, impaired peripheral eosinophilia, and 

lower concentrations of IL-5198.  
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Despite higher concentrations of IL-25 (and a similar trend for IL-4), I found that IL-5 

and IL-13 concentrations were similar in wild-type controls and SHIP def mice after DSS 

challenge. Thus, my observations suggest that the type 2 cytokines IL-5 and IL-13 did not 

exacerbate DSS-induced colitis in mice with SHIP-deficient tuft cells. Furthermore, there was no 

evidence of eosinophilia, which is induced by type 2 cytokines, associated with SHIP deficiency 

in tuft cells. These results are consistent with those of Stevceva et al. (2000), who demonstrated 

that while IL-5 has a role in eosinophil recruitment in acute colonic inflammation, IL-5 

deficiency does not affect disease severity199. Thus, IL-5 and eosinophils do not significantly 

exacerbate or protect mice from DSS-induced colitis199. Previously, IL-13 was reported to drive 

intestinal inflammation in DSS-induced colitis200. However, IL-13 has also been proposed to 

have a critical role in promoting anti-inflammatory activity and recovery from DSS-induced 

colitis201. Even so, studies have shown similar IL-13 production in mucosal explants and 

activated lamina propria mononuclear cells from people with CD and UC compared to healthy 

controls, suggesting an absence of a role for IL-13 in IBD202. This may explain the lack of a 

therapeutic effect of anti-IL-13 antibody in people with UC116, 203. Given these findings, it is 

clear that the role of type 2 cytokines in the colon and IBD require further study. 

In addition to IL-25, ILC2s react to other activating signals, including IL-33 and 

leukotrienes85. IL-33 has been found to drive ILC2 activation, leading to type 2-mediated 

protection during C. difficile infection in mice174. In DSS-induced colitis, inflammation is 

ameliorated in IL-33-deficient mice and by blocking IL-33 signaling117. Consistent with this, rIL-

33 treatment exacerbates DSS-induced colitis via induction of type 2 immunity204. In contrast, 

my results indicate that IL-33 did not drive inflammation during DSS-induced colitis in wild-

type and SHIP def mice. Leukotrienes have also been implicated in ILC2 activation85. Recently, 
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small intestinal tuft cells were reported to secrete cysteinyl leukotrienes that cooperate with IL-

25 to activate type 2 immunity against helminth infections115. My findings indicate that cysteinyl 

leukotriene concentrations were similar before and after DSS challenge. Furthermore, SHIP 

deficiency in tuft cells did not affect cysteinyl leukotriene concentrations. Thus, I did not identify 

a role for cysteinyl leukotrienes in DSS-induced colitis117.  

Most studies have focused on IL-25 regulating intestinal homeostasis through its ability 

to activate type 2 immunity. As mentioned above, I found that IL-5 and IL-13 concentrations did 

not follow higher IL-25 concentrations in SHIP def mice during DSS-induced colitis. 

Additionally, I did not observe changes in tuft cell percentage due to SHIP deficiency or during 

DSS-induced colitis. If the tuft cell-ILC2 circuit functions as expected, higher IL-25 

concentrations should activate the feedforward loop that leads to abundant type 2 cytokines and 

tuft cell hyperplasia. Thus, my findings suggest that the tuft cell-ILC2 circuit may not function 

during DSS-induced colitis as it does in the small intestine. Indeed, while the tuft cell-ILC2 

circuit is well-established in the small intestine, evidence thus far suggests that it does not 

operate in the colon79. Small intestinal ILC2s constitutively express the IL-25 receptor, which is 

negatively regulated by A20 (encoded by TNF-α-induced protein 3, TNFAIP3)205. A20 

deficiency in ILC2s spontaneously activates the tuft cell-ILC2 circuit in the small intestine, as 

suggested by increased frequency of DCLK1+ tuft cells, but not in other parts of the GI tract (i.e. 

the colon)79, 205. Additionally, systemic delivery of rIL-4 drives tuft cell hyperplasia in the small 

intestine only79, which is consistent with my observation of unchanged tuft cell percentages in 

colon cross-sections. However, small and transient changes in tuft cell frequency occur in the 

colon when germ-free mice are colonized with bacteria via unknown mechanisms79, 206. Thus, 
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while the tuft cell-ILC2 circuit does not appear to function in tissues outside the small intestine, 

tuft cell-ILC2 interactions may still exist79. 

There are three potential mechanisms by which tuft cells and IL-25 may exacerbate DSS-

induced colitis if not through activation of type 2 immunity. Previously, stimulation of a colonic 

epithelial cell line with IL-25 increased IL-6, TNF-α, IL-8, and chemokine ligand 2 (CCL2) 

expression192. I did not see increased pro-inflammatory cytokines IL-6 and TNF due to SHIP 

deficiency in tuft cells; however, I did not measure concentrations of CCL2 and murine 

homologues of IL-8, which recruit inflammatory cells192. IL-25 overexpression in mice also 

leads to B cell hyperplasia and altered antibody production, which may disrupt intestinal 

homeostasis, thereby contributing to intestinal inflammation194, 207. Additionally, tuft cells 

promote IEC proliferation208. Defective epithelial differentiation is a central factor in the 

development of intestinal inflammation, as undifferentiated colonic epithelium produces high 

levels of pro-inflammatory cytokines and chemokines208. Increased tuft cell activity due to SHIP 

deficiency may lead to hyperproliferative and undifferentiated colonic epithelium that promotes 

inflammation and impairs barrier function208. These three proposed mechanisms highlight the 

complex role that tuft cells have in regulating intestinal homeostasis. 

Tuft cells are the only epithelial cells in the uninflamed intestine that express COX1 and 

COX2, which form prostaglandins, including PGD2 and PGE2
92. The two isoforms operate in 

different conditions: COX1 expression is constitutive in most tissues, while COX2 is induced in 

response to stimuli such as inflammation, wound healing, and neoplasia209. COX1 expression is 

unchanged in IBD, while COX2 is undetectable in normal ileum or colon and induced in 

epithelial cells of inflamed foci in IBD210. Prostaglandins play a central role in intestinal 
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homeostasis, regulating mucosal protection, gastrointestinal secretion and motility, epithelial 

barrier integrity, inflammation, and tissue repair92, 211. During intestinal inflammation, there are 

rapid increases in mucosal prostaglandin synthesis that correlate with disease activity in mouse 

models and people with IBD103. Previously, Sauvé (2019) showed that tuft cells are the only 

COX1-expressing epithelial cell type in the absence of inflammation in the ilea of SHIP-/- mice90. 

COX activity levels are higher in the inflamed ileal tissue of SHIP-/- mice, and inflammation can 

be prophylactically treated using the COX inhibitor piroxicam90. COX is thereby involved in 

initiating spontaneous ileal inflammation in SHIP-/- mice90. In the colonic epithelium, COX1 is 

also localized in tuft cells212. Studies have similarly shown a pro-inflammatory function for COX 

in the colons of people with IBD210, 213. In contrast to these observations, I showed that SHIP 

deficiency in tuft cells caused reduced COX activity during DSS-induced colitis, which was 

associated with exacerbated inflammation. Thus, my findings indicate that COX may be 

protective in DSS-induced colitis. This is consistent with a study by Tessner et al. (1998), which 

indicated that DSS treatment downregulates COX1 expression in the epithelium214. COX1 has 

been shown to have a protective role against small intestinal and colonic mucosal injury through 

prostaglandin synthesis that mediates epithelial regeneration103, 214, 215. COX2 deficiency leads to 

increased epithelial permeability and reduced expression of tight junction proteins216. In DSS-

induced colitis, COX1-/- mice and COX2-/- mice have increased susceptibility due to impaired 

intestinal barrier function103, 213. COX inhibition has also been found to cause increased colonic 

injury and delayed gastric ulcer healing108, 216-218. Moreover, COX inhibition decreases 

prostaglandin levels and is responsible for NSAID-dependent exacerbation of DSS-induced 

colitis219. Prostaglandins also have protective functions against gastrointestinal injury103. For 

example, experimental colitis can be ameliorated by pretreatment with prostaglandins103, 220. DSS 
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treatment reduces epithelial cell proliferation, which can be reversed by exogenous PGE2
214. 

Additionally, PGE2 and its receptor, EP4, have been reported to be downregulated in people with 

UC and mice during DSS-induced colitis221. COX, PGE2, and EP4 have been proposed to 

partially exert their protective effects during mucosal injury by enhancing β-arrestin1 (a scaffold 

protein)/AKT signaling that promotes epithelial proliferation in the colon221. Accumulating 

evidence supports a protective role for COX and prostaglandins during experimental colitis due 

to their function in maintenance of intestinal epithelial barrier function216. My findings suggest 

that SHIP deficiency in tuft cells leads to reduced COX activity that exacerbates DSS-induced 

colitis, which may be due to increased barrier dysfunction (e.g. permeability and epithelial cell 

proliferation).  

Sauvé (2019) reported that inflammation (and not SHIP deficiency in tuft cells) drives 

tuft cell hyperplasia90. There is no tuft cell hyperplasia in the non-inflamed tissues (e.g. colon) of 

SHIP-/- mice90. Similarly, I did not observe an effect of SHIP deficiency on tuft cell percentages 

in the colon. However, I did not find a higher tuft cell percentage in the colons of mice with 

SHIP-deficient tuft cells during DSS-induced colitis, which we expected to be an inflammatory 

state that induces tuft cell hyperplasia. This may reflect the lack of elevated type 2 cytokines, 

which induce tuft cell hyperplasia. In contrast, the inflamed ilea of SHIP-/- mice have increased 

type 2 cytokines IL-4 and IL-13171. Interestingly, COX activity is higher in the uninflamed SHIP-

/- ileum at 4 weeks of age, but there is no accompanying tuft cell hyperplasia90. Similarly, I did 

not find a correlation in COX activity and IL-25 concentrations, which were higher in SHIP def 

mice during DSS-induced colitis. Taken together, these findings suggest that SHIP does not 

directly regulate COX activity.  
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 To evaluate the potential protective activity of COX, I examined the effect of SHIP 

deficiency in tuft cells on recovery from DSS-induced colitis. It was first necessary to choose a 

time for DSS challenge that would sufficiently induce colitis but not bias recovery against mice 

with SHIP-deficient tuft cells because of higher disease activity. Previous studies have induced 

colitis over 5 days of DSS challenge119, 222, 223. I determined that there was no significant 

exacerbation of colitis due to SHIP deficiency in tuft cells after 5 days of DSS challenge. 

Consistent with this, there were similar concentrations of IL-25 and IL-4 in the colon 

homogenates of wild-type and SHIP def mice after 5 days of DSS challenge. Interestingly, there 

was a trend to higher concentrations of IL-1β, IL-5, and IL-13 associated with SHIP deficiency 

in tuft cells. There is a possibility that the presence of elevated levels of these pro-inflammatory 

mediators may contribute to later exacerbated colitis that is seen after 7 days of DSS challenge. 

There was no difference in COX activity due to SHIP deficiency in tuft cells after 5 days of DSS 

challenge, which is consistent with the lack of difference in disease activity. Additionally, mean 

COX activity was significantly higher after 5 days of DSS challenge compared to after 7 days for 

wild-type and SHIP def mice. This further supports a protective role of COX in DSS-induced 

colitis. Because disease activity was similar, the recovery period was started at the same 

timepoint for wild-type and SHIP def mice.  

 I found that SHIP deficiency in tuft cells did not affect body weight during recovery from 

DSS-induced colitis. Mice with SHIP-deficient tuft cells had increased rectal bleeding and stool 

consistency early in the recovery period, but they resembled wild-type mice by day 4 of 

recovery. Colon lengths and total histological damage measured after 5 days of recovery did not 

differ significantly. Consistent with the lack of difference in disease activity after 5 days of 

recovery, there was no difference in the concentrations of IL-25, IL-4, IL-5, IL-13, IL-33, type 1 
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pro-inflammatory cytokines IL-1β, TNF, IL-6, or COX activity. This is in line with previous 

associations of normal COX1 expression with recovery from DSS-induced colitis214. In contrast 

to my results, previous studies of recovery from DSS-induced colitis have identified IL-33 as a 

factor promoting recovery. In particular, Lopetuso et al. (2018) reported upregulated IL-33 in a 

2-week recovery experiment119. Furthermore, IL-33-deficient mice have impaired recovery, and 

exogenous IL-33 promotes recovery by accelerating epithelial restitution and repair119. 

Interestingly, there is a trend to less immune cell infiltration and greater muscle thickness in 

colon cross-sections due to SHIP deficiency in tuft cells, which suggests that recovery may be 

associated with an exacerbated type 2 immune response. This has been associated with 

pathological wound healing and fibrosis in germ-line SHIP-/- mice171. This may also follow the 

trends of higher IL-5 and IL-13 concentrations measured after 5 days of DSS challenge. IL-5 

stimulates B cell growth, increases IgA secretion, and mediates eosinophil activation, while IL-

13 is pro-inflammatory and promotes apoptosis of IECs, causing mucosal barrier dysfunction47. 

However, IL-5 and IL-13 are also upregulated in response to tissue injury and are critical for the 

resolution of inflammation and promoting tissue repair201. Persistent type 2 inflammation may 

also be the cause of increased rectal bleeding and stool consistency early in recovery. At this 

point, the mechanisms of the tuft cell-ILC2 circuit and type 2 cytokines in DSS-induced colitis 

and recovery are unclear. In future studies, one could assay these molecules on additional days 

throughout recovery from DSS-induced colitis, particularly on Days 2 and 3 when disease 

activity differs, to determine their role in tissue repair and pathological healing.  

In summary, my findings suggest that SHIP deficiency in tuft cells exacerbates DSS-

induced colitis, which may be mediated, in part, by pro-inflammatory IL-25 activity and reduced 

COX activity, leading to impaired barrier function. I have also evaluated the role of type 2 
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immunity and protective COX activity in recovery from DSS-induced colitis. A common pattern 

I observed was wide variation in the outputs I measured, which may reflect biological variation 

and the complexity of the immunological pathways that underlie intestinal inflammation. My 

work has provided insight into the effects of SHIP deficiency in tuft cells in the complex 

environment of the gut during DSS-induced colitis.  
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Chapter 5: Concluding remarks 

5.1 Conclusions 

Tuft cells are a unique epithelial cell type that have pro-inflammatory and protective 

functions in the intestine. The effects of their activity and products in different contexts remain 

understudied. Herein, I focused on the role of SHIP in tuft cell responses during DSS-induced 

colitis and recovery by examining IL-25, activation of type 2 immunity, and COX activity. COX 

activity is higher in the inflamed ileal tissues of germ-line SHIP-/- mice90. Prophylactic treatment 

with the COX inhibitor piroxicam prevents the development of spontaneous ileal inflammation 

in SHIP-/- mice90. Based on this, I hypothesized that mice with SHIP deficiency in tuft cells will 

have exacerbated DSS-induced colitis because SHIP blocks COX-mediated inflammation. Tuft 

cells also promote IEC proliferation and type 2 immune responses79, 128. Previously, the role of 

type 2 cytokines, which can be activated through the small intestinal tuft cell-ILC2 circuit, has 

been well-established in inflammation and repair during helminth infections and allergic 

inflammation79. When dysregulated, type 2 immunity may lead to persistent inflammation and/or 

excessive tissue repair that causes fibrosis and stricture formation that are associated with 

IBD116. Thus, I hypothesized that tuft cell-specific SHIP-deficient mice will have impaired 

recovery from DSS-induced colitis because SHIP-deficient tuft cells will activate ILC2s to 

produce excessive type 2 cytokines that cause persistent inflammation and pathological healing. 

To investigate these hypotheses, I had three aims: 1) to determine the role of SHIP in tuft cell 

responses to commensal microbes during DSS-induced colitis, 2) to determine if ILC2s and 

COX-mediated inflammation contribute to pathological inflammation during DSS-induced 

colitis in tuft cell-specific SHIP-deficient mice, and 3) to determine the effect of SHIP deficiency 

in tuft cells on recovery after DSS-induced colitis.  
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There have been multiple studies of mice deficient in tuft cells or IL-25 in experimental 

colitis. To my knowledge, the tuft cell-specific SHIP-deficient mouse is the first gain-of-function 

murine model for tuft cells. I showed that SHIP deficiency in tuft cells exacerbated DSS-induced 

colitis and is associated with increased IL-25 concentrations and reduced COX activity. There 

are conflicting conclusions for the role of IL-25 in the gut, with several reports suggesting that 

IL-25 is anti-inflammatory114, 190, whereas Wang et al. (2014) characterized a pro-inflammatory 

role by demonstrating that IL-25-/- mice are protected from inflammation in DSS-induced 

colitis192. My results further support a pro-inflammatory function for IL-25 during DSS-induced 

colitis, as tuft cell-specific SHIP-deficient mice had exacerbated disease and higher IL-25 

concentrations. Unexpectedly, increased inflammation in mice with SHIP-deficient tuft cells was 

not accompanied by changes in tuft cell percentage, whereas there is tuft cell hyperplasia in the 

inflamed ileal tissue of SHIP-/- mice90. Additionally, despite higher IL-25 concentrations, 

exacerbation of disease did not seem to be mediated by type 2 cytokines as has been described in 

the inflamed ileum of germ-line SHIP-/- mice171 and during helminth infection205. This adds to 

accumulating evidence that suggests that the tuft cell-ILC2 circuit may not function in the colon 

as it does in the small intestine79. 

Contrary to my hypothesis, SHIP deficiency in tuft cells caused reduced COX activity 

during DSS-induced colitis. This finding is consistent with previous literature describing a 

protective function for COX in experimental colitis103, 213-215 but in contrast to previous work 

done by our research team, which suggested that COX-expressing tuft cells are involved in the 

initiation of ileal inflammation in germ-line SHIP-/- mice90. Overall, these observations support 

dual functions for COX that are context-specific.  
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Finally, SHIP deficiency in tuft cells leads to increased disease activity early in recovery 

from DSS-induced colitis. In particular, I observed increased rectal bleeding, stool loosening, 

and potential colonic muscle thickening. These features may stem from higher concentrations of 

type 2 cytokines that have dual effects: promoting inflammation and pathological healing116. 

However, these were transient effects after 5 days of DSS challenge that were not captured later 

after 5 days of recovery. 

 There are several limitations that I have considered. A common pattern I observed in my 

data was wide variation in cytokine concentrations and disease outcomes between samples 

within experimental groups. This may be partially explained by the observation that DSS-

induced colitis develops more rapidly in males than females140. However, I did not observe 

significant differences in my results when data was segregated by sex. A limitation of tuft cell-

specific SHIP-deficient mice is the 50% cre-recombinase efficiency using the Fabp1 promoter, 

which results in some tuft cells retaining SHIP expression in the colon. This may further impact 

the significance of results and explain the variation seen in the outputs measured. Villin-cre is a 

more efficient system to target specific gene expression in the gut that is more widely used. 

However, the mouse villin 1 promoter is located on the same chromosome (chromosome 1) as 

the mouse SHIP gene (INPP5D). Thus, the chance of a recombination event that would permit 

expression of both Villin-cre and floxed SHIP on chromosome 1 is low. In fact, our research 

team bred SHIP+/- Villin+/cre mice for two years and were unable to achieve a cross-over event. 

Finally, a limitation of the DSS-induced colitis model is that it relies on acute exposure to DSS 

that causes sudden epithelial injury, which differs from the spontaneous inflammation that occurs 

in people with IBD140. Rather, the DSS-induced colitis model allows for the study of potential 
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pathogenic factors in rapid and controlled conditions that would be difficult to assess in the 

complicated context of human IBD.  

The direct effects of tuft cells in human IBD are unknown80. It is clear that tuft cells are 

highly heterogenous, expressing varying levels of markers, such as COX1 and COX2, and 

having different effector functions in different tissues and conditions79. By examining the role of 

SHIP in tuft cell activity, these studies contribute to our understanding of the role of tuft cells in 

the colon during type 1 inflammation. In particular, they provide insight into the effect of SHIP 

deficiency on the functions of tuft cell-derived COX, tuft cell-ILC2 interactions in the colon, and 

type 2 cytokines in DSS-induced colitis. Thus, this work may help characterize some of the basic 

biological processes involved in intestinal inflammation that may be pertinent to IBD. Moreover, 

tuft cell functions may be relevant to pathology in people with IBD who also have low 

expression of SHIP. Based on my findings, SHIP deficiency in tuft cells may lead to changes in 

tuft cell-derived COX and IL-25 that exacerbate intestinal inflammation and impair recovery. 

5.2 Future directions 

 I have identified overproduction of IL-25 and reduced COX activity as potential disease 

mechanisms in DSS-treated mice with SHIP-deficient tuft cells. As such, treating these mice 

with neutralizing antibodies to IL-25 or its receptor, IL-17BR, during DSS treatment could 

ameliorate inflammation. Previously, blocking IL-25 signaling via this method protected against 

inflammation in the type 2-mediated oxazolone-induced colitis model187. Though I did not 

observe a significant role for type 2 cytokines in the exacerbation of DSS-induced colitis, the 

effects of blocking IL-25 on type 2 immunity could be evaluated. Additionally, IL-25 may 

inhibit Th1/Th17 pathways; exogenous IL-25 downregulates IL-12, IL-23, TNF, IFN-γ, and IL-

17A production while enhancing IL-10 production in cultures of CD4+ T cells isolated from 
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people with IBD114. Furthermore, overexpression of IL-25 causes epithelial cell hyperplasia, 

increased mucus secretion, and increases in IL-4, IL-5, IgE, eosinophils, lymphocytes, and 

neutrophils in peripheral blood of transgenic mice187, 194, 195. Concentrations of these pro-

inflammatory mediators, type 2 cytokines, inhibitory cytokines (IL-10 and TGF-β), and IgE can 

be measured after DSS challenge +/- IL-25 blockade. Immunophenotyping could be done via 

flow cytometry to investigate the populations of tuft cells, eosinophils, lymphocytes, and 

neutrophils in tuft cell-specific SHIP-deficient mice during DSS-induced colitis, recovery, and 

after anti-IL-25 treatment. Moreover, intestinal barrier integrity could be assessed via the 

fluorescein isothiocyanate (FITC)-dextran permeability assay as described by Qu et al. (2015)128. 

To further investigate reduced COX activity in mice with SHIP-deficient tuft cells, the effects of 

PGE2 treatment on DSS-induced colitis could be examined. This would also include measuring 

the same outputs mentioned for anti-IL-25 or anti-IL-17BR antibody blockade. In addition, the 

effects of PGE2 on epithelial cell proliferation and apoptosis could be evaluated by quantifying 

levels of Lgr5 (stem cells), proliferating cell nuclear antigen (PCNA)-positive cells, and staining 

apoptotic cells by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)128, 221.  

The effects of SHIP deficiency in tuft cells on tuft cell activity could also be studied in a 

high-throughput, comprehensive (omics) approach to identify potential disease mechanisms. 

Global gene expression analysis (RNA sequencing) could be done to compare gene expression in 

organoids generated from wild-type and germ-line SHIP-deficient mice (SHIP wild-type and 

SHIP knockout cultures). Tuft cells are not normally present in organoids but can be induced by 

addition of IL-4 or IL-13 to cultures224, 225. Thus, gene expression could be compared between 3 

groups of ileal epithelial cells: organoids without tuft cells, organoids with tuft cells, and 

organoids with SHIP-deficient tuft cells. Furthermore, stimulating cultures with different 
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concentrations of IL-4 and/or IL-13 could control tuft cell numbers, which would allow 

correlation of changes in gene expression with tuft cell numbers. Single-cell RNA sequencing 

could also be used to study the effects of SHIP deficiency in tuft cells. Gene expression profiles 

of cells in colon homogenates from wild-type and tuft cell-specific SHIP-deficient mice after 7 

days of DSS challenge could also be analyzed. Together with the data generated from organoid 

experiments, the cell-extrinsic effects of SHIP deficiency in tuft cells in the complex gut 

environment could be assessed.  

Finally, tuft cell-specific SHIP-deficient mice are a unique gain-of-function model that 

can be used in other disease models. For example, the role of SHIP and tuft cell activity in type 

2-mediated oxazolone-induced colitis would provide further insight into the role of tuft cells in 

type 2 immunity within the colon, including interactions with IL-33 and cysteinyl leukotrienes. 

In the small intestine, the effect of SHIP deficiency in tuft cells on tuft cell-ILC2 circuits could 

be studied in the context of helminth infection. For example, T. spiralis is a helminth known to 

induce tuft cell hyperplasia226. In this experiment, I would hypothesize that increased tuft cell 

activity due to SHIP deficiency would lead to abundant type 2 immune responses and tuft cell 

hyperplasia, which may allow these mice to clear helminth infection more effectively. Type 2 

cytokines could be assayed as described earlier, and tuft cell and ILC2 numbers could be 

determined by immunohistochemistry or immunofluorescence. 

The functions of tuft cell-derived IL-25 and COX and how they are impacted by SHIP 

deficiency require further investigation. Characterization of tuft cell activity in a variety of 

contexts, including DSS-induced colitis, will provide insight into potential mechanisms that 

contribute to the development of IBD, a disease of complex etiology. 
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