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Inflammatory Bowel Diseases (IBDs) are characterized by relapsing chronic 

inflammation of the gastrointestinal tract that occurs in patients with 

Ulcerative Colitis (UC) and Crohn’s disease (CD). Genome wide association 

studies have to-date identified 240 independent susceptibility loci associated 

with IBD. Single nucleotide polymorphisms (SNPs) were identified in the 

protein tyrosine phosphatase non-receptor type 2 (PTPN2) gene locus which 

decodes T-cell protein tyrosine phosphatase (TCPTP), a negative regulator 

of diverse intracellular pathways, including several members of the JAK-
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STAT signaling. Consequently, PTPN2 loss of function is unable to 

repress/regulate inflammatory signals. 

Intestinal epithelial homeostasis is maintained by active-cycling and slow 

cycling stem cells confined within the crypt-based niche, and subsequent 

differentiation into secretory and absorptive epithelial lineages as cells 

migrate up the crypt-villus axis. An imbalance in the population of epithelial 

subtypes can be detrimental for the function of the organ and make it more 

susceptible to microbial infection. This is demonstrated by studies using IBD 

patient biopsy and transgenic mice demonstrating that genetic variants, or 

deletion of IBD-associated genes, can modify IEC subtypes and their 

functional roles in intestinal homeostasis. Therefore, the goal of this study 

was to identify whether Ptpn2-deficient mice display altered intestinal 

epithelial cell differentiation and function that could contribute to increased 

infection susceptibility and onset of IBD. For this, we used two mouse 

models, one with a constitutive “whole-body” Ptpn2 deficiency, and another 

with inducible-tissue specific Ptpn2 deletion.  

Overall, this dissertation shows that the number and function of secretory 

IECs is negatively affected by whole-body Ptpn2 loss. Notably, Paneth cells 
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were almost ablated, with a marked deficit in production of AMPs, 

contributing to higher susceptibility to microbial infection. 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

xii 

 

Contents 

LIST OF FIGURES ---------------------------------------------------------------------------- XV 

LIST OF TABLES --------------------------------------------------------------------------- XVII 

1. INTRODUCTION -------------------------------------------------------------------------- 1 

1.1. FUNCTION AND STRUCTURE OF THE INTESTINAL EPITHELIUM------------------ 1 
1.2. THE INTESTINAL EPITHELIAL BARRIER --------------------------------------------- 4 

1.2.1. The Intestinal Epithelial Cell Layer ------------------------------------------------- 4 
1.2.2. The Mucus Layer ------------------------------------------------------------------------ 7 
1.2.3. The Underlying Immune Cells -------------------------------------------------------- 9 

1.3. DIFFERENTIATION AND FUNCTION OF INTESTINAL EPITHELIAL CELL 

SUBTYPES ---------------------------------------------------------------------------------------- 13 
1.3.1. Intestinal Stem Cells ------------------------------------------------------------------- 18 
1.3.2. Paneth Cells ----------------------------------------------------------------------------- 20 
1.3.3. Goblet Cells ----------------------------------------------------------------------------- 21 
1.3.4. Tuft Cells--------------------------------------------------------------------------------- 23 
1.3.5. Enteroendocrine Cells ----------------------------------------------------------------- 25 
1.3.6. Enterocytes and Colonocytes -------------------------------------------------------- 28 
1.3.7. Microfold Cells ------------------------------------------------------------------------- 30 

1.4. INFLAMMATORY BOWEL DISEASES ------------------------------------------------ 31 
1.5. GUT MICROBIOTA, DYSBIOSIS AND IBD ------------------------------------------- 33 
1.6. PTPN2 VARIANTS AND THEIR CONTRIBUTION TO IBD ------------------------- 35 
1.7. THE PTPN2 GENE PRODUCT, T-CELL PROTEIN TYROSINE PHOSPHATASE AND 

ITS SUBSTRATES --------------------------------------------------------------------------------- 39 
1.8. STUDY PROPOSAL ---------------------------------------------------------------------- 40 

2. METHODS -------------------------------------------------------------------------------- 42 

2.1. ANIMAL MODELS AND COLONY MAINTENANCE ----------------------------------- 42 
2.1.1. Constitutive Ptpn2-deficient mice --------------------------------------------------- 42 
2.1.2. Mice with inducible Ptpn2-KO in intestinal epithelial cells -------------------- 43 

2.2. SACRIFICE AND SAMPLE COLLECTION --------------------------------------------- 44 
2.3. TISSUE FIXATION, MICROSCOPY, AND IMAGE ACQUISITION -------------------- 44 

2.3.1. H&E staining --------------------------------------------------------------------------- 45 
2.3.2. PAS staining ----------------------------------------------------------------------------- 46 
2.3.3. Morphometric analysis and cell counting ----------------------------------------- 46 
2.3.4. In situ protein localization by immunohistochemistry and 

immunofluorescence ---------------------------------------------------------------------------- 48 
2.3.5. Analysis of the mucus layer ---------------------------------------------------------- 50 
2.3.6. TUNEL staining - ApopTag ---------------------------------------------------------- 51 
2.3.7. Transmission electron microscopy -------------------------------------------------- 52 

2.4. ISOLATION OF INTESTINAL EPITHELIAL CELLS ----------------------------------- 53 
2.5. RNA EXTRACTION, CDNA SYNTHESIS AND GENE EXPRESSION ANALYSIS --- 55 



 

 

xiii 

 

2.5.1. Nanostring analysis -------------------------------------------------------------------- 56 
2.5.2. Primer design and validation -------------------------------------------------------- 57 
2.5.3. RT-qPCR --------------------------------------------------------------------------------- 60 

2.6. DETECTION OF PROTEIN LEVELS BY IMMUNOBLOTTING ------------------------ 60 
2.7. FLOW CYTOMETRY -------------------------------------------------------------------- 63 
2.8. HUMAN SAMPLES ---------------------------------------------------------------------- 66 
2.9. DIAGRAM DESIGN AND SOFTWARE -------------------------------------------------- 68 
2.10. STATISTICAL ANALYSIS --------------------------------------------------------------- 68 

3. VALIDATION, CHARACTERIZATION, AND ASSESSMENT OF 

STRUCTURAL COMPONENTS OF THE INTESTINAL EPITHELIAL 

BARRIER IN MOUSE MODELS, WITH CONSTITUTIVE, AND TISSUE 

SPECIFIC, PTPN2 DELETION ------------------------------------------------------------- 69 

3.1. INTRODUCTION ------------------------------------------------------------------------- 69 
3.2. METHODS ------------------------------------------------------------------------------- 71 
3.3. RESULTS --------------------------------------------------------------------------------- 72 

3.3.1. Characterization and Validation of TCPTP expression and Intestinal 

Morphology in Whole-Body Ptpn2-KO Mice ----------------------------------------------- 72 
3.3.2. Characterization and Validation of TCPTP expression and Intestinal 

Morphology in Tissue-Specific Ptpn2 Deletion -------------------------------------------- 78 
3.3.3. Genotyped IBD Samples of Subjects with PTPN2 Variant Show Enhanced 

Staining for the Pore-forming Claudin-2 Tight Junction Protein in the Colon and 

Small Bowel -------------------------------------------------------------------------------------- 81 
3.3.4. Mice with Constitutive Ptpn2-deficiency and Human PTPN2-variant Show 

Higher Staining Intensity and Internalization of E. coli Receptors CEACAM-1 and 

CEACAM-6 Respectively ----------------------------------------------------------------------- 85 
3.4. DISCUSSION ----------------------------------------------------------------------------- 91 

4. PTPN2 IS A CRITICAL REGULATOR OF ILEAL PANETH CELL 

VIABILITY AND FUNCTION IN MICE ------------------------------------------------- 95 

4.1. INTRODUCTION ------------------------------------------------------------------------- 95 
4.2. METHODS ------------------------------------------------------------------------------- 97 
4.3. RESULTS --------------------------------------------------------------------------------- 98 

4.3.1. Whole-body Ptpn2-deficient Mice Display Epithelial Structural Changes and 

Unique Gene Expression in Ileal Isolated IECs ------------------------------------------- 98 
4.3.2. Whole-body Ptpn2 Deletion Depletes Paneth Cells and AMP Production 104 
4.3.3. IECs of Ptpn2-KO Mice Show Activation of the Apoptosis Pathway ------- 110 
4.3.4. IEC-specific Ptpn2 Deletion Impairs Lysozyme Protein Levels Without 

Affecting Abundance of Paneth Cells ----------------------------------------------------- 113 
4.3.5. Constitutive Ptpn2-deficiency Increases Abundance of Ileal Immune Cells 

and Production of Paneth Cell Stimulatory Cytokines --------------------------------- 118 
4.3.6. Constitutive Ptpn2-deletion Disrupts ER Architecture, Increases Levels of 

ER Stress and Unfolded Protein Response Markers Without Affecting Abundance of 

Autophagy Proteins --------------------------------------------------------------------------- 122 



 

 

xiv 

 

4.3.7. Constitutive Ptpn2 Deletion Does Not Affect Expression of Intestinal 

Epithelial Stem Cell Markers ---------------------------------------------------------------- 129 
4.4. DISCUSSION ---------------------------------------------------------------------------- 132 

5. CONSTITUTIVE PTPN2-REGULATES GOBLET CELL NUMBER AND 

FUNCTION IN A REGION-SPECIFIC MANNER ------------------------------------142 

5.1. INTRODUCTION ------------------------------------------------------------------------ 142 
5.2. METHODS ------------------------------------------------------------------------------ 144 
5.3. RESULTS -------------------------------------------------------------------------------- 145 

5.3.1. Whole-body Ptpn2-KO Mice Display Increased Number of Proliferating 

Cells and Apoptotic Cells in the Colonic Mucosa --------------------------------------- 145 
5.3.2. The Intestinal Epithelium Shows Variable Number of Goblet Cells in 

Different Segments of the Intestinal Tract ------------------------------------------------ 150 
5.3.3. Whole-body Ptpn2-KO Mice do not Show Gene Expression Alterations in 

Goblet Cell Function, Induction, or Differentiation ------------------------------------ 154 
5.3.4. IECs from the Distal Colon of Ptpn2-KO Mice Have Decreased Expression 

of Intestinal Stem Cell and Tuft Cell Markers -------------------------------------------- 162 
5.3.5. Large Intestinal Mucosa of Ptpn2-KO Mice Have Elevated Abundance of 

Immune Cells and Immune Cell-derived Pro-Inflammatory Cytokines -------------- 164 
5.4. DISCUSSION ---------------------------------------------------------------------------- 168 

6. CONCLUSION --------------------------------------------------------------------------174 

6.1. SUMMARY ------------------------------------------------------------------------------ 174 
6.2. FUTURE STUDIES ---------------------------------------------------------------------- 175 
6.3. CONCLUSIONS ------------------------------------------------------------------------- 178 
REFERENCES ------------------------------------------------------------------------------------ 180 

 

 



 

 

xv 

 

LIST OF FIGURES 

 
Figure 1. Diagram depicting the extensive communication between IECs and the 

immune system, regulating innate and adapted responses ................................................ 10 
Figure 2. Regulatory signaling pathways within small intestinal crypts ......................... 16 
Figure 3. Diagram depicting PTPN2 contributions to IBD ............................................. 38 

Figure 4. Measuring intestinal morphological parameters with ImageJ. ......................... 48 
Figure 5. Assessment of isolated IEC sample purity ....................................................... 54 
Figure 6. Validation of RT-qPCR primers ....................................................................... 59 
Figure 7. Flow cytometry gating strategy ........................................................................ 65 

Figure 8. Phenotype of whole-body Ptpn2-WT, -HET and -KO mice ............................ 72 
Figure 9. Validation of whole-body Ptpn2-KO mice through immunohistochemistry ... 73 
Figure 10. Whole-body Ptpn2-KO mice showed elevated staining for p-STAT3 in ileal 

IECs................................................................................................................................... 74 
Figure 11. Constitutive Ptpn2 loss results in elevated levels of phosphorylated STAT1 

and STAT3 in isolated ileal IECs ..................................................................................... 75 

Figure 12. Morphological analysis of the intestinal mucosa architecture ........................ 76 

Figure 13. Morphometric analysis of intestinal structures ............................................... 77 
Figure 14. Validation of the tamoxifen-inducible IEC-specific Ptpn2 deletion mouse 

model................................................................................................................................. 79 

Figure 15. Deletion of Ptpn2 in intestinal epithelial cells showed elevated levels of 

phosphorylated STAT1 and STAT3 in isolated ileal IECs ............................................... 80 

Figure 16. PTPN2 loss-of-function increases colonic epithelial membrane localization of 

Claudin-2 in PTPN2-genotyped CD patients .................................................................... 83 
Figure 17. PTPN2 loss-of-function increases epithelial membrane localization of 

Claudin-2 in the ileum of PTPN2-genotyped CD patients ............................................... 84 
Figure 18. CEACAM1 staining in ileum, cecum, proximal and distal colon of Ptpn2 WT, 

HET and KO mice ............................................................................................................ 87 

Figure 19. Large Intestine CEACAM6 staining in human biopsies of IBD-genotyped 

patients .............................................................................................................................. 89 
Figure 20. Small Bowel CEACAM6 staining in human biopsies of IBD-genotyped 

patients .............................................................................................................................. 90 
Figure 21. Ptpn2-KO mice displayed higher numbers of proliferating ileal IECs .......... 98 
Figure 22. Partial transcriptome analysis of isolated ileal IECs by Nanostring ............ 102 

Figure 23. Log2 fold change of genes associated with IEC markers and function ........ 103 
Figure 24. Number of Paneth cells and expression of AMPs are reduced in Ptpn2-KO 

mice ................................................................................................................................. 106 
Figure 25. TEM images show that number of Paneth cells and dense core vesicles are 

indeed reduced ................................................................................................................ 108 
Figure 26. Ptpn2-KO mice have elevated levels of apoptotic immune cells ................. 111 
Figure 27. Flow cytometry of ileal mucosa cells stained for immune cell types and 

apoptotic marker showing elevated abundance of apoptotic .......................................... 112 



 

 

xvi 

 

Figure 28. Morphological analysis of the intestinal mucosa architecture of Ptpn2fl/fl and 

Ptpn2IEC mice ................................................................................................................. 114 
Figure 29. Morphometric analysis of intestinal structures of tamoxifen-inducible tissue-

specific Ptpn2-deletion ................................................................................................... 115 
Figure 30. Paneth cell number is not affected by IEC-Ptpn2 deletion but impairs 

production of lysozyme................................................................................................... 117 
Figure 31. Flow cytometry of immune cells in the ileal mucosa of Ptpn2-KO mice 

stained for immune cell types and pro-inflammatory cytokines upon stimulation ......... 120 
Figure 32. Evaluation of autophagy markers in the constitutive Ptpn2-deficient mice..124 
Figure 33. Constitutive Ptpn2 deletion disrupts Paneth cell ER architecture ................ 126 
Figure 34. Constitutive Ptpn2 loss increases ER stress marker CHOP protein levels in 

ileal IECs ......................................................................................................................... 127 

Figure 35. Specific Ptpn2 deletion in IECs increases level of ER stress marker Xbp-1s.

......................................................................................................................................... 128 
Figure 36. Constitutive Ptpn2 deficiency does not seem to alter intestinal stem cell 

markers and self-renewal ................................................................................................ 130 

Figure 37. Graphical summary regarding Paneth cell number, function, and viability in 

constitutive Ptpn2-deficient mice. .................................................................................. 141 

Figure 38. Ptpn2-KO mice displayed elevated numbers of proliferating colonic IECs. 146 
Figure 39. Colonic mucosa of whole-body Ptpn2-KO mice showed elevated levels of 

apoptotic cells ................................................................................................................. 148 
Figure 40. Ptpn2-KO mice have elevated levels of apoptotic immune cells in the colonic 

mucosa ............................................................................................................................ 149 
Figure 41. Evaluation of goblet cell numbers in the intestinal mucosa of whole-body 

Ptpn2-deficient mice ....................................................................................................... 151 

Figure 42. Quantification of intestinal goblet cells ........................................................ 152 
Figure 43. Evaluation of the mucus layer in the distal colon of Ptpn2-deficient mice .. 153 

Figure 44. Partial transcriptome analysis of isolated cecal IECs by Nanostring ........... 156 
Figure 45. Partial transcriptome analysis of isolated IECs from the distal colon by 

Nanostring ....................................................................................................................... 159 
Figure 46. Differential expression of goblet cell-associated differentiation and 

stimulatory factors from ileum, cecum, and distal colon ................................................ 161 
Figure 47. Differential gene expression of IEC-associated and functional markers from 

cecum and distal colon isolated IECs ............................................................................. 162 
Figure 48. Differential expression of IEC differentiation factors .................................. 163 
Figure 49. Flow cytometry of immune cells in the cecal and colonic mucosa stained for 

immune cell types and pro-inflammatory cytokines upon stimulation ........................... 167 
Figure 50. PTPN2 loss-of-function results in impaired number and function of intestinal 

epithelial cell subtypes, contributing to elevated susceptibility to infection. ................. 179 

 



 

 

xvii 

 

LIST OF TABLES 

 
Table 1. Location, function, and associated hormones by enteroendocrine cell subtypes.

........................................................................................................................................... 27 
Table 2. List of immunohistochemistry reagents ............................................................. 50 
Table 3. GEO repository accession numbers from Nanostring experiments ................... 57 

Table 4. Primers and conditions used for RT-qPCR ........................................................ 58 
Table 5. List of antibodies used for immunoblotting. ...................................................... 62 
Table 6. IBD-genotyped patients characteristics.............................................................. 67 

 

 



 

 

1 

 

1. Introduction 
 

1.1.  Function and Structure of the Intestinal Epithelium 

 

The elevated complexity of multicellular organisms requires tissue 

compartmentalization to interface with the external environment while 

supporting specialized functions internally1. To prevent unrestricted 

exchange of internal and outer material, defined boundaries must be 

established covering the most external surfaces. The gastrointestinal mucosa 

is the largest barrier tissue in the human body with a surface area of 

approximately 300 m2 in adults, making it the most extensive continuous 

barrier separating internal organs from the outside luminal environment2. It 

is estimated that 100 trillion (1014) microbes reside in the human gut, with 

the largest density present in the distal ileum and colon of the intestinal tract, 

forming an extraordinarily large microbial ecosystem3. Furthermore, the gut 

adaptive immune system imposes a selective pressure on the microbiota, 

providing an advanced symbiotic relationship with the intestinal flora, 

efficiently tailoring immune responses to diverse types of microbes, whether 

to promote mutualism or host defense4. 

The intestinal epithelium is a specialized tissue that forms a selectively 

permeable barrier, interacting directly with the external environment and the 
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internal milieu. However, more than just providing a physical separation 

between two worlds, the intestinal epithelia is a dynamic organ with 

numerous specialized components responsible for generating ion solute 

concentration gradients, absorption of nutrients, sampling of bacterial 

antigens, restricting entry of pathogens and toxins, modulating the microbial 

intestinal flora by secreting anti-microbial components, and mediating 

communication with the immune system5. 

The intestinal tract is categorized into segments that indicate their 

anatomical location, function, and morphological features. For the purpose 

of this dissertation, it suffices to describe only the major morphological 

differences between the small and large intestine. The small intestine is the 

longest segment, and it is primarily involved in the processing and 

absorption of nutrients. It is connected to the stomach by the duodenum, 

which is physiologically adapted to withstand the highly acidic chyme, and 

is the primary site of absorption for fatty acids and water-soluble vitamins6,7. 

The jejunum is the intermediary intestinal segment with similar 

morphological features, except for not having duodenal Brunner’s glands, a 

branched tubuloacinar gland that secretes products into the luminal space to 

protect the mucosa from the acidic gastric contents. Additionally, gut 
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associated lymphoid tissue (GALT), also known as Peyer’s patches, begins 

to appear at the most distal parts of the jejunum and is more prominent in the 

ileum segment. The distal ileum is the site of absorption of bile salts and 

vitamin B12, and connecting the small intestine to the large intestine at the 

ileocecal junction7. Finger-like protrusions called villi, also extend out to the 

lumen of the small intestine, increasing the surface area to maximize nutrient 

absorption. Each villus is surrounded by a number of tissue invaginations 

called intestinal crypts (also known as intestinal glands or crypts of 

Lieberkühn), containing many intestinal secretory cells and the residing 

intestinal stem cells. 

By the time the chyme reaches the large intestine, most nutrients and water 

have been absorbed by the small intestines. Stool formation occurs as 

remaining fluids and electrolytes are absorbed. Undigested polysaccharides 

are metabolized and broken down into short-chain fatty acids (SCFA) by 

luminal bacteria, releasing acetate, propionate, and butyrate as waste 

products, which in turn are important energy sources for colonocytes8. In the 

colon, the villi structures are absent while the amount of mucus-secreting 

goblet cells increases considerably compared to the small intestine. These 

cells are essential to properly lubricate the lumen of the colon, hinder 
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bacterial adhesion to the epithelium, and facilitate stool passage. 

Additionally, the lamina propria of the colon harbors many lymphatic 

nodules, which are well-defined aggregations of lymphocytes, macrophages, 

and plasma cells surveilling and sampling bacterial antigens from the 

luminal space7. 

 

1.2.  The Intestinal Epithelial Barrier 

The intestinal epithelium forms a physical and biochemical barrier, 

impeding commensal and pathogenic microorganisms from easily accessing 

the intestinal mucosa. This function is accomplished by three layers of 

protection, each with an exclusive specialization: the intestinal epithelial cell 

(IEC) layer, the mucus layer, and the underlying immune cells. 

 

1.2.1. The Intestinal Epithelial Cell Layer 

To protect against harmful agents while selectively allowing transit of vital 

molecules, junctional complexes are established linking adjacent epithelial 

cells. These protein-protein interacting networks seal the intercellular space 

while tightly regulating paracellular passage of water, electrolytes, and 

macromolecules. Apical junctional complexes are composed of adherens 
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junctions, and tight junctions, while cellular stability is supported by 

desmosomes towards the basolateral aspect of adjoining cells. These 

complexes are formed by transmembrane proteins that interact 

extracellularly with neighboring cells while connecting intracellularly with 

adaptor proteins anchored to the actin cytoskeleton9. 

The IECs are at the front line of defense forming the main structural 

component of the physical barrier between the luminal microenvironment 

and the host tissue. Pattern recognition receptors (PPR) expressed by IECs 

enable them to dynamically sense the microbial environment. For example, 

distinct microbial and viral ligands are recognized by several members of the 

Toll-like receptor (TLR) family, triggering activation of diverse cellular 

responses, such as autophagy, glycolysis, enhancing integrity of tight 

junction complexes, transcription of nuclear factor-B (NF-B), heat-shock 

proteins, and interleukins10,11. In fact, studies using mice deficient in TLR2 

or Myd88 (myeloid differentiation primary response 88), a critical adaptor 

protein in the TLR signaling, have shown that bacteria-derived signals 

contribute to epithelial homeostasis and repair when colitis is induced by 

dextran sodium sulfate (DSS), showing the homeostatic role of microbial 

recognition by IECs12. Furthermore, IEC-specific deletion of downstream 
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TLR signaling in mice, including members of the NF-B pathway, such as 

IB, IKK, NEMO (NF-B essential modulator), results in spontaneous 

colitis13,14. 

Another mechanism by which IECs modulate innate immune responses, is 

through nucleotide-binding oligomerization domain proteins (NOD). NODs 

function as cytosolic receptors for invading bacteria, enabling rapid 

induction of host defenses following infection. NOD1 detects D-glutamyl-

meso-diaminopimelic acid (iE-DAP), a dipeptide found in Gram-negative 

bacteria and also in select groups of Gram-positive bacteria. Conversely, 

NOD2 detects muramyl dipeptide (MDP) that is ubiquitously present in 

bacterial peptidoglycan, and thus plays a critical role in intestinal 

homeostasis15. In fact, loss-of-function mutations in the NOD2 gene locus 

confers the greatest genetic risk for development of Crohn’s disease16–18. 

Activation of NOD proteins trigger innate inflammatory signaling pathways, 

resulting in transcriptional activation of the pro-inflammatory cytokines 

tumor necrosis factor (TNF), interleukin-6 (IL-6), CC-chemokine ligand 2 

(CCL2), neutrophil chemoattractant CXC-chemokine ligand 8 (CXCL8), 

CXCL2, and various antimicrobial factors. Moreover, NOD2 stimulation 

induces autophagy and adaptive immune responses19,20.  
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In sum, IECs possess multiple regulatory mechanisms to ensure intestinal 

homeostasis by controlling transit across the epithelial barrier, to sense and 

rapidly respond to harmful agents, and to orchestrate defensive mechanisms 

together with the innate and adaptive immune systems. 

 

1.2.2. The Mucus Layer 

To prevent bacterial adherence to the epithelial cell lining and facilitate stool 

transit, the intestinal barrier relies on an extra layer of protection, the mucus 

layer, which coats the entire intestinal tract. The mucus layer is composed of 

several large heavily O-glycosylated glycoproteins (mucin) that assemble 

into homo-oligomers. In fact, the numerous O-glycan acceptor sites may 

result in a molecule with up to 80% carbohydrate by mass21. The major gel-

forming mucin, MUC2, is secreted by goblet cells and forms the structural 

backbone of the mucus layer in the gut. MUC2 O-linked glycan 

modifications bind water thereby forming extended, stiff, and voluminous 

rod mucin domains with a central protein core, resulting in multiple potential 

ligands for microbial adhesins that can be utilized by some commensals in 

the outer mucus layer22,23. Moreover, several mucus-associated proteins have 

been identified although they do not yet have a well-defined role22. 
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There are two types of mucin proteins: membrane-bound and gel-forming. 

Enterocytes express important transmembrane mucin proteins that cover the 

apical cell membrane. These protective mucins reach further out into the 

lumen than any other membrane-associated protein, generating an attached 

glycan-rich diffusion barrier, and are an intrinsic part of the cell 

glycocalyx24. 

The mucus of the small intestine is single-layered and relatively porous, 

which is important for efficient nutritional uptake while limiting the number 

of bacteria that reaches the epithelium25,26. In contrast, the large intestine has 

two layers, with the inner layer firmly attached to the epithelium in a dense, 

well-organized structure, approximately 50m thick, that is almost 

impenetrable to bacteria. This slow-diffusing mucus layer is then converted 

into a less dense and detached mucus layer by proteases in the outer region, 

generating a secondary mucus layer usually 100m thick. Furthermore, the 

impenetrability of the mucus is assisted by an arsenal of antimicrobial 

peptides (AMPs) including -defensins, lysozyme, cathlecidins, secretory 

phospholipase A2, lectins, and sIgAs) secreted by IECs. These create an 

antibacterial gradient from the IEC layer out toward the lumen that prevents 

direct bacterial interaction with the epithelium22. 
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Once secreted, the compact mucin proteins expand up to 1,000-fold into 

well-organized large nets, forming pore sizes of around 0.5 m, sufficiently 

small to hinder bacterial penetration27. Furthermore, it has been shown that 

O-glycosylation patterns have a regional distribution, thus forming 

microenvironments of commensal bacteria that can adhere to the glycans 

and use them as a nutritional source28,29. Thus, the mucus layer is a 

fundamental component of the intestinal epithelial barrier. In fact, 

investigations using Muc2-KO mice have shown that the absence of an 

integral mucus layer leads to development of spontaneous colitis and 

colorectal cancer30–33. 

 

1.2.3. The Underlying Immune Cells 

Beneath the IEC layer, the lamina propria is made up of stromal cells 

(myofibroblasts), B cells (IgA-producing plasma cells), T cells, 

macrophages, dendritic cells, and innate lymphoid cells. IECs generate 

several immunoregulatory factors that are fundamental for creating immune 

tolerance, limiting steady-state inflammation, and modulating innate and 

adaptive immune cell responses (Figure 1). 
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Figure 1. Diagram depicting the extensive communication between IECs and the 

immune system, regulating innate and adapted responses. IEC-derived cytokines 

interleukin-25 (IL-25) and thymic stromal lymphopoietin (TSLP) elicit the expansion and 

differentiation of basophil progenitors and multipotent progenitor type 2 (type 2 MPP) 

cells, respectively. IL-25, IL-33 and TSLP stimulate group 2 innate lymphoid cells 

(ILC2s), whereas IL-25 suppresses innate lymphoid cell subset 1 (ILC1) and ILC3 

function by limiting macrophage production of pro-inflammatory cytokines IL-1, IL-12 

and IL-23. IECs condition dendritic cells (DCs) and macrophages towards a tolerogenic 

phenotype through the production of TSLP, transforming growth factor-β (TGF-) and 

retinoic acid (RA). DCs promote the differentiation of naive CD4+ T cells into regulatory 

T (TReg) cells and the maturation of B cells into IgA-secreting plasma cells. Mucosal 

cell-derived DCs also imprint a gut-homing phenotype on primed B cells and T cells 

through the production of RA. IFN-, interferon-; sIgA, secretory IgA; TCR, T cell 

receptor; TLA, thymus leukemia antigen; TNF, tumor necrosis factor. Adapted from 

Peterson; Intestinal epithelial cells: Regulators of barrier function and immune 

homeostasis34. 
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IEC-derived thymic stromal lymphopoietin (TSLP), transforming growth 

factor- (TGF-), and retinoic acid (RA) are produced in response to 

commensal bacteria-derived signals, promoting the development of dendritic 

cells (DC) and macrophages with tolerogenic properties, including 

production of IL-10 and RA34. Intestine-resident macrophages lie in close 

interaction with IECs, where they function as phagocytes against bacteria 

that cross the epithelial barrier, modulating intestinal homeostasis and tissue 

regeneration35. Macrophage-epithelial interaction are also critically involved 

in regulating epithelial permeability to maintain gut homeostasis36. 

In contrast, DCs migrate to peripheral organs, such as Peyer’s patches, 

isolated lymphoid follicles, and mesenteric lymph nodes, where they 

mediate regulatory and effector T cell responses37. Several subsets of DCs 

have been described, and the balance of regulatory and effector responses is 

influenced by the contribution of functionally distinct DC subsets as well as 

their modulation by environmental cues38. Moreover, they modulate the 

expression of tight junction proteins in IECs allowing the formation of 

transepithelial dendrites reaching to the lumen for antigen sampling34. 

Interestingly, the extension of these transepithelial dendrites is initiated by 

TLR signaling in IECs instead of myeloid cells, showing extensive 
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communication and modulation between the intestinal epithelial cell layer 

and the underlying immune cells39. 

Furthermore, the epithelium interacts with innate lymphoid cells (ILC) and 

intraepithelial lymphocytes (IEL), also known as tissue-resident T cells. 

ILCs lack properties of adaptive lymphocytes and are regulated, at least in 

part, by epithelial cell-derived immunoregulatory signals. ILC subtypes and 

their functions have not been fully characterized, but they can be categorized 

in three groups according to their primary cytokine production: Group 1 

includes ILC subset 1 (ILC1) and natural killer cells (NK), characterized by 

production of IFN- and TNF- in response to IL-12 and/or IL-15; Group 2 

includes ILCs subset 2 (ILC2) which is activated by epithelial-derived 

cytokines IL-25, IL-33, and TSLP, which in turn produce the TH2 cell-

associated cytokines IL-15, and IL-13. Finally, group 3 includes ILC3s and 

lymphoid tissue inducer (LTi), responsible for TH17 and TH22 cell-

associated cytokines IL-17A and IL-22 in response to IL-2334,40,41. 

Conversely, effector T cells can be primed by intestine-derived antigen-

presenting cells (APC) in secondary lymphoid tissues. Then, after circulating 

through the body, they settle in the intestine with intimate contact with the 

IEC layer maintaining homeostasis at the intestinal barrier42. IELs essentially 
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comprise antigen-primed T cells expressing the  and  receptors, which 

distinguishes them from conventional T cells, and maintain tolerance to 

innocuous antigens from the diet or from commensals43. 

Lastly, the stimulation of naïve B cells towards mature IgA-secreting plasma 

cells is dependent on exposure to antigen presentation by DCs; however, this 

process is conditioned by IEC-derived signals, such as nitric oxide (NO), IL-

10, retinoic acid and TGF- signaling. Furthermore, IECs induce 

proliferation-inducing ligand (APRIL) and B-cell activating factor (BAFF) 

production by DCs through TSLP signaling, thus amplifying the effect on B 

cell stimulation44–46. Therefore, the IEC layer plays a central role in 

modulating adaptive and innate immune responses through numerous 

mechanisms to maintain intestinal homeostasis. 

 

1.3.  Differentiation and Function of Intestinal Epithelial Cell 

Subtypes 

As described above, the intestinal epithelium is a remarkable multitasking 

tissue. To accomplish such a wide variety of functions, the epithelium 

encompasses several specialized IEC subtypes strategically located in the 

crypt-villus axis. However, the integrity of the epithelial barrier is 



 

 

14 

 

challenged by a high rate of cell turnover, necessary to replenish cell loss 

due to shedding, being completely renewed every 4-5 days47. Moreover, 

challenges from bacteria and harmful agents present in the lumen might 

accelerate this process, while failure accelerate epithelial renewal in 

response to injury could cause barrier defects48. The continuous turnover of 

IECs is enabled by rapidly proliferating intestinal stem cells (ISC) at the 

crypt base that generate transit-amplifying cells, the precursors for all IEC 

subtypes. 

Regulation of the intestinal cell population is accomplished by an exquisite 

proliferation-to-differentiation axis which maintains a homeostatic balance. 

Cues from adjacent epithelium and underlying stromal cells instruct the stem 

progenitor cells to remain quiescent, proliferate, differentiate or activate a 

rapid response to epithelial injury49. 

Wnt signaling is critical for maintaining the crypt cell populations in a 

proliferative state. In the canonical pathway, Wnt proteins act in an autocrine 

or paracrine fashion, inducing heterodimeric complex formation of Frizzled 

and low-density lipoprotein receptor-related protein 5/6 (LRP5/6). 

Dimerization of these receptors activates a transduction cascade involving 

inhibition of the -catenin complex degradation. Stabilized -catenin then 
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translocates to the nucleus to associate with the lymphoid enhancer factor 

(LEF) and T-cell factor (TCF) family of transcription factors to activate Wnt 

target genes crucial for stem cell identity50,51. However, Wnt signaling must 

be tightly orchestrated with Notch signaling to balance the 

proliferation/differentiation ratio in the crypt-villus axis (Figure 2). 

The Notch signaling pathway plays a key role in specifying IEC fate by 

modulating proliferation, inhibiting differentiation, and controlling the 

balance between secretory and absorptive cells52,53. Upon activation, the 

Notch receptor induces expression of the hairy and enhancer of split 1 gene 

(Hes1), which in turn represses transcription factors that promote cell 

differentiation, including Atoh1, a secretory cell differentiation factor50. This 

signaling pathway depends on direct interaction between two cells, a ligand-

presenting cell, and a receptor-expressing cell. Intestinal stem cells depend 

on active Notch signaling to maintain their identity, however secretory 

lineage commitment requires Notch silencing. Interestingly, cells committed 

to the secretory lineage produce the Notch ligands DLL1 and DLL4 

themselves, thus individually promoting Notch activity in six to eight 

neighboring cells to differentiate into absorptive cells. By doing so, a fixed 

ratio of secretory/absorptive cells can be achieved by lateral inhibition50,54. 
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Figure 2. Regulatory signaling pathways within small intestinal crypts. Paneth cells and 

mesenchymal cells secrete Wnt ligands that interact with Frizzled receptors expressed by 

intestinal stem cells. Secretory precursors of the transit-amplifying compartment secret 

Notch ligands, which bind to Notch receptors expressed by absorptive precursors, 

promoting lateral inhibition to secretory cell lineage of neighboring cells. Notch signaling 

activates Hes1, a bHLH transcription factor that inhibits Atoh1 and directs developments 

of an absorptive progenitor. Interaction between Ephrin B ligands and EphB receptors 

direct cell compartmentalization and migratory behavior within the crypt. Both Paneth 

cells and stem cells express Ephb3, but only stem cells express Ephrin B ligands, thereby 

restricting both cell types to the crypt base. A gradient of EphrinB1/B2 ligands exists 

within the crypt, thereby restricting upward migration of transit-amplifying cells and 

ensuring that they are localized near their respective niches. (TA)= transit-amplifying; 

(BMP Ant.)= BMP antagonists (chordin, gremlin, noggin). Adapted from Sailaja et al 

(2016); Scoville et al. (2008); Martini et al. (2017)48,56,57. 

  



 

 

17 

 

Furthermore, there are defined boundaries of IEC compartments in the crypt-

villus axis of the small intestine, such as the intestinal stem cell zone and the 

transit-amplifying cell compartment, which are determined by -

catenin/TCF (transcription factor) signaling, regulating the expression of B-

type ephrin receptors, EphB2 and EphB3. Ephrin receptors are membrane 

bound and require direct cell-cell interaction for activation. In the gut, they 

function by restricting cell intermingling and allocating specific IEC 

populations within epithelial boundaries in an intimately coupled cell 

migration process and in a spatially organized manner55. 

Bone morphogenetic proteins (BMP), inhibitors of proliferation in the gut, 

are mainly produced by mesenchymal cells at the top of the villi, whereas 

the stromal cells surrounding the crypt secrete BMP inhibitors such as 

noggin, chordins, and gremlins50. Thus, a BMP gradient signaling is 

established along the crypt-villus axis, with elevated activity in the villus 

and correspondingly less activity within the crypt. Conversely, a WNT 

gradient signaling is inversely proportional to BMP gradient, providing a 

proliferative stimulus, being highest at the crypt base and lowest at villus 

zone (Figure 2)57,58. Altogether, this shows the extraordinary organization of 

the intestinal mucosa with a finely tuned communication between epithelial 



 

 

18 

 

cells with the supportive stromal cells, creating microenvironments that 

modulate epithelium renewal while promoting differentiation of all IECs. 

 

1.3.1. Intestinal Stem Cells 

Intestinal epithelial homeostasis is maintained by active-cycling and slow-

cycling ISCs. Actively cycling crypt base columnar ISCs reside at the crypt 

base intercalated between Paneth cells. Quiescent, or slow cycling, ISCs are 

normally found around the +4 regions of the crypt, right above the Paneth 

cells. The progeny of ISCs, known as transit-amplifying (TA) cells, 

gradually move upwards along the crypt-villus axis as new cells emerge 

from the bottom of the crypt while committing to the absorptive or secretory 

cell lineages, although this process has not been fully elucidated49. Leucine-

rich repeat-containing G-protein coupled receptor 5 (LGR5), also known as 

G-protein coupled receptor 49 (GPR49), was the first marker of actively 

cycling ISCs identified using lineage tracing studies59. The main function of 

Lgr5+ ISCs is to give rise to all mature IECs while replenishing themselves 

through self-renewal. On the other hand, quiescent ISC comprise a reserve 

stem cell population that is induced following injury. Lineage tracing studies 
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have shown that Lrig1+ and Bmi1+ ISCs have augmented activity upon 

intestinal injury following -radiation51. 

ISCs are maintained by their surrounding niche for self-renewal and 

proliferation under homeostatic conditions. The ISC niche comprises distinct 

neighboring cells and various components that form the extracellular matrix 

surrounding the crypt base, such as myofibroblasts, endothelial cells, 

immune cells, neural cells, smooth muscle cells, and the intermingled Paneth 

cells (Figure 2). The latter is an important source of stem cell niche factors, 

such as Wnt3, Notch ligands, and EGF that are required for ISC function, 

although Paneth cell ablation does not affect ISC homeostasis, suggesting 

redundant sources of Wnt ligands, possibly from the stromal 

microenvironment60,61. Additionally, stromal-derived R-spondin is a potent 

Wnt agonist that potentiates Wnt signaling in the presence of Wnt ligands 

via Lgr5-dependent mechanism, which plays a critical role in controlling the 

size of the Lgr5+ ISC pool61. In fact, stromal-free organoid culture is 

dependent on the presence of R-spondin, indicating the importance of this 

factor in ISC identity62. 
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1.3.2. Paneth Cells 

Paneth cells are highly specialized secretory IECs responsible for releasing 

several antimicrobial peptides (AMPs) that modulate the gut microbiome. 

These cells are easily distinguished from other IECs due to their large 

cytosolic granules packed with AMPs, which is noticeable under 

conventional microscopy. In contrast to other IECs, Paneth cells migrate 

downwards in the crypt axis when they are first committed to this secretory 

lineage, reaching the stem cell zone and dwelling among the ISCs where 

they release important stem cell factors as described previously. In addition, 

Paneth cells have a longer life span, of approximately 30 days. Moreover, 

they have the capability of undergoing dedifferentiation to repopulate the 

stem cell zone when -radiation injury depletes Lgr5+ ISCs, although other 

differentiated IECs have the same capability depending on the injury 

model63–65. 

As mentioned earlier, under homeostatic conditions, Paneth cells are present 

only in the small intestine. However, a subset of patients with inflammatory 

bowel disease (IBD) display metaplastic Paneth cells in colonic segments, 

which seems to be associated with the severity of the inflammatory 

condition and intestinal cancer66–68. 
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Of the secreted AMPs, -defensins, also known as cryptdins, are major 

contributors to the modulation of the microbiota. These proteins are small 

peptides (~4 kDa) with disulfide bridges between cysteine residues that are 

important for their antimicrobial activity69. In mice, -defensins require 

proteolytic activation from inactive pro--isoforms to active cryptdins by 

matrix metalloproteinase-7, also known as matrilysin, which is expressed 

and secreted by Paneth cells themselves. Conversely, it has been 

demonstrated that humans -defensin 5 (HD5) and -defensin 6 (HD6) are 

cleaved into their active isoform by luminal trypsin70,71. 

 

1.3.3. Goblet Cells  

Goblet cells are abundantly present in several mucosal surfaces. In the 

intestinal tract, they appear in increasing numbers from the proximal small 

intestine to the distal colon. In the small intestine they are found at higher 

numbers in the crypt compared to the villi, where they become more 

interspersed by enterocytes24. Though goblet cells perform multiple tasks to 

maintain intestinal homeostasis, they are largely responsible for mucin 

protein secretion, forming the key structural backbone of the mucus layer 

that creates a physical barrier between the epithelial surface and the luminal 



 

 

22 

 

contents. Maturation of secretory cells into the goblet cell lineage is 

controlled, at least in part, by the transcription factor SAM pointed domain-

containing Ets transcription factor (Spdef), and including several genes that 

are critical for goblet cell maturation, such as Klf4, Foxa1, Foxa2, and 

Cdh172–76. 

Goblet cells display a goblet-like shape with the nucleus displaced to the 

basal region of the cell, whereas the cytoplasm is filled by compactly packed 

mucin granules near the apical surface. It is believed that goblet cells secrete 

mucin proteins at a constant basal rate, however TH2-mediated IL-4, IL-5, 

IL-9, and IL-13 induce goblet cell hyperplasia and hypersecretion24. 

Moreover, mucus secretion is induced by microbial ligands, inflammasome 

activation, acetylcholine, histamine, and prostaglandins77–79. 

Besides mucus secretion, goblet cells can also release important peptides 

involved in intestinal immunity, such as Resistin-like molecule-, (RELM-

), trefoil factor 3 (TFF3)80, and IL-8, showing direct involvement in 

mucosal inflammation81. Moreover, goblet cells can form goblet cell-

associated antigen passages, known as GAPs, to deliver luminal substances 

to antigen-presenting cells (APCs), an important adaptive immune response 

mechanism supporting steady state antigen tolerance82,83. 
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1.3.4. Tuft Cells 

Tuft cells, also known as brush cells, are characterized by the presence of a 

unique tubulovesicular system and an apical bundle of microfilaments 

connected to a tuft, with approximately 120-140 microvilli per cell 

projecting into the luminal space that can be visualized only by electron 

microscopy. They are a rare IEC subtype, representing only 0.4 of all IECs 

in the mouse intestinal epithelium. Morphologically, they have a pear-like 

shape, a wide base, and a narrow microvillous apex84. They were first 

described in the rat airway, but since then tuft cells have been characterized 

in most epithelial tissues, including the proximal respiratory tract, 

gastrointestinal tract, pancreato-biliary system, taste buds, and thymus. 

These organ-specific tuft cells perform quite distinct functions, albeit gene 

expression of these cells across tissues revealed a uniform gene expression 

profile even though tuft cell subtypes could also be present in the same 

organ85,86. 

Similar to other IEC subtypes, tuft cells are derived of Lgr5+ cells. The 

hypothesis that tuft cells differentiate from an early secretory precursor cell 

has been the subject of debate with divergent findings84. Nevertheless, the 

transcription factor Pou domain class 2 transcription factor 3 (Pou2f3) has 
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been identified as the master regulator of tuft cell differentiation. Biological 

markers have also been identified, with the doublecortin-like kinase 1 

(Dclk1), and the transient receptor potential cation channel subfamily M 

member 5 (Trpm5) recognized as specific markers for this cell lineage80,87. 

Much of intestinal tuft cell function remains obscure, though some 

investigations have shown that these cells are dynamically regulated and 

central to type 2 immune circuit involving ILC2 and crypt epithelial 

progenitors. They are an important source of IL-25 (also known as IL-17E), 

leukotrienes, prostaglandin D2 (PGD2), and acetylcholine88. Luminal 

succinate appears to be a potent activator of small intestinal tuft cells, 

triggering the IL-25-dependent activation of stromal ILC2s to release IL-13, 

promoting expansion of goblet and tuft cells, inducing mucus secretion and 

smooth muscle hypercontractility, a response known as “weep and sweep” 

that aid in worm expulsion87,89. 

Tuft cells are an important constitutive player of the normal intestinal tract, 

modulating immune responses and activation of other IEC subtypes during 

helminth infection. A role for bacterial or viral infection has been suggested 

as well, although as yet, there is no substantial evidence of this role. 
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1.3.5. Enteroendocrine Cells 

Enteroendocrine cells represent nearly 1% of all IECs in the gut, however 

there are at least 7 different subtypes in the intestinal tract alone, each one 

associated with production of a primary hormone. Their main role is to 

function as sensory cells, sampling for luminal nutrients and microbial 

metabolites, releasing peptide hormones that modulate digestive functions. 

Precursor secretory cells depend on transient expression of Neurogenin3 

(Neurog3) followed by a number of overlapping transcription factors, 

including Neurogenic differentiation 1 (Neurod1), for the development of 

intestinal enteroendocrine cells. Then, spatiotemporal expression of 

transcription factors Pdx1, Cdx2, Gata4, 5, and 6, Hnf1a, Hnf1b and Cdp, 

determine which enteroendocrine subset will develop90. 

Table 1 summarizes the enteroendocrine cell subtypes found throughout the 

intestinal tract with the associated peptide hormone of each subtype, 

although other signaling components can be secreted by more than one 

subtype, such as leptin, serotonin and chromogranin A, the latter being a 

pan-marker of enteroendocrine cells90.  

The secreted peptides can execute endocrine and paracrine functions, 

including signaling to vagal afferent and enteric neurons, thus 
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enteroendocrine cells are essential components of a complex network of 

signaling circuits, linking the gut with the rest of the body91. Furthermore, 

reports from mice lacking Neurog3 gene, resulting in ablation of all 

enteroendocrine cell subtypes, showed impaired lipid absorption, reduced 

weight gain, growth retardation, and high lethality, demonstrating the 

essential role played by enteroendocrine cells in gut and nutritional 

homeostasis92. 
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Enteroendocrine 

cell subtype 

Associated hormone Location Physiological Function 

D cells Somatostatin Small intestine Acidity and insulin 

Enterochromaffin 

cells 

Histamine Large intestine Appetite and motility 

I cells Cholecystokinin (CCK) Small intestine Appetite, motility, bile 

acid, and enzyme release 

K cells Gastric inhibitory 

polypeptide (GIP) 

Small intestine Insulin 

S cells Secretin Small intestine Acidity 

M cells* Motilin Small intestine Motility 

L cells Glucagon-like peptide-1 

(GLP-1) GLP-2, and 

Peptide YY (PYY)  

Large intestine Appetite, insulin, and 

motility 

N cells Neurotensin Small intestine Motility 

 

Table 1. Location, function, and associated hormones by enteroendocrine cell subtypes. 

(*) Not to be confused with microfold ‘M’ cells, a specialized epithelial cell specific to 

the luminal surface of Peyer’s patches. 
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1.3.6. Enterocytes and Colonocytes 

Enterocytes, the absorptive IEC lineage present in the small intestine, and 

the colonocytes, its counterpart in the large intestine, are the most abundant 

IEC subtype of the intestinal tract. Enterocytes and colonocytes do not 

represent a homogeneous IEC subtype lineage, having functional and 

metabolic differences according to their location in the intestinal tract. 

Additionally, single cell RNA sequencing (scRNA-seq) survey, using small 

intestinal epithelial cells, revealed that enterocytes could be categorized into 

7 different clusters according to their transcriptomic profile80. 

The enterocytes have a clear role in digestion, responsible for uptake of ions, 

water, sugar, amino acids, lipids, vitamins, and reabsorption of unconjugated 

bile salts. However, it has become evident that enterocytes have an active 

role in the induction of immunological tolerance toward dietary and 

microbial antigens, cooperating with mucosa-associated lymphoid tissue 

(MALT) to achieve a non-reactivity state93. 

Regarding enteric immune defenses, enterocytes participate directly in the 

transport of sIgA across the epithelial barrier. Following their production by 

plasma cells in the lamina propria, dimeric IgA complexes interact with the 

polymeric immunoglobulin receptor (pIgR), expressed on the basolateral 
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membrane of enterocytes, then actively transcytosed into the intestinal 

lumen34,94. Additionally, enterocytes can be stimulated by inflammatory 

cytokines to express antimicrobial peptides, such as -defensins, and 

members of the regenerating family member 3 (REG3) of intestinal C-type 

lectin proteins, such as hepatocarcinoma-intestine-pancreas/pancreatic-

associate protein (HIP/PAP), that contribute to the modulation of the gut 

microbiota95,96. 

Colonocytes exhibit regional adaptations to reflect a different environment, 

but also different functions compared to small intestinal enterocytes. For 

example, as glucose is scarce in the lumen of the large intestine, colonocytes 

have specialized mechanisms to obtain energy primarily from short-chain 

fatty acids, such as butyrate, which in turn is a by-product of dietary fibers 

metabolized by colonic bacteria. In fact, the production of these short-chain 

fatty acids is essential to ensure a healthy colon97. Thus, dietary style and 

shifts in the colonic microbial community can be detrimental to the host by 

depriving colonocytes of their primary energy source. 
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1.3.7. Microfold Cells 

Microfold cells, or M-cells, are specialized epithelial cells found covering 

the most apical region of Peyer’s patches, a follicle-associated epithelium 

(FAE), appendix, and in non-enteric MALT sites. At the apical surface, M-

cells display short and poorly organized microvilli, having instead the 

characteristic ‘microfolds’, which assist them in surveilling the lumen for 

bacterial antigens by cancelling the electrostatic repulsion generated by the 

microvilli, distinguishing the M-cells morphologically and enzymatically 

from other IEC subtypes98. Additionally, at the basolateral surface, M-cells 

have an invagination “pocket”, that functions as a docking site for 

lymphocytes and APCs, contributing to an efficient communication between 

M-cells and immune cells99. Therefore, the main function of M-cells is trans-

epithelial transport of luminal components, via endocytosis, across the 

epithelial barrier, and their delivery to underlying immune cells99. 

Development of M-cells is independent of Hes1/Atoh1 differentiation 

factors, instead relying on activation of receptor activator of NF-B ligand 

(RANKL) followed by induction of transcription factor Spi-B100. Moreover, 

TNF- signaling can act in synergy with RANKL, augmenting 

differentiation of M-cells during intestinal inflammation100,101. 
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1.4.  Inflammatory Bowel Diseases 

Inflammatory Bowel Diseases (IBD) are pathologies characterized by 

relapsing chronic inflammation of the gastrointestinal tract. The symptoms 

commonly present are diarrhea, abdominal cramping, anemia, weight loss, 

and fatigue. Due to the nature of the disease, it considerably affects 

productivity, social functioning, and the quality of life of patients, requiring 

therapy, hospitalization, and occasionally surgery102. Ulcerative Colitis (UC) 

and Crohn’s Disease (CD) are the two main entities affecting patients with 

IBD and although CD and UC share similarities, they have quite distinct 

pathophysiological characteristics. UC affects the colonic mucosa by 

causing erosions or microulcerations visible through endoscopic imaging103. 

Conversely, patients with CD may have sparse areas of inflammation, the 

most common being the distal ileum, but flares could happen in any region 

of the gastrointestinal tract. Different from UC, the inflammation process in 

CD affects all the layers of the intestinal wall104. Both entities share high 

incidence of dysplasia, placing IBD patients at an increased risk of 

developing colorectal cancer103,105.  

Many factors have been suggested to be involved with IBD development, 

such as genetics, environmental factors, diet, appendectomy, smoking, 
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stress, sleeping patterns, and physical activity102. The current paradigm is 

that these factors do not act in isolation, but rather in synergy. Mounting 

evidence indicates that interaction between genetic predisposition, external 

factors, and the intestinal microbiota are the three triggering factors for 

impaired intestinal barrier function and IBD onset. Consequently, luminal 

bacteria and/or antigens translocate across the intestinal epithelial layer into 

the lamina propria, triggering immune cell activation and cytokine 

production. In normal subjects, the inflammatory process leads to 

inactivation and destruction of exogenous components, barrier function 

reestablishment, and inflammatory process resolution. However, susceptible 

subjects are unable to resolve inflammation or eliminate invading 

microorganisms, leading to development of a chronic inflammatory state106. 

Normally, IEC subtypes are functionally altered in IBD although such 

impairments are dependent on IBD entity (Crohn’s disease vs. ulcerative 

colitis), genetic susceptibility and site of disease activity, generally affecting 

Paneth cells number and function in Crohn’s disease ileitis, whereas reduced 

numbers of goblet cells and a defective mucus layer are present in ulcerative 

colitis107–112. Moreover, UC patients with active disease display a thinner, 

deficient, variable mucus layer, immature goblet cells, and an altered MUC2 
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glycosylation profile that is not observable in patients in remission110,111. As 

a result, bacteria can be visualized dwelling in the normally impenetrable 

inner mucus layer of these patients113. Taken together, the functionally 

altered Paneth and goblet cells compromises innate immune mechanisms, 

impairing the host-microbiome relationship, which could result in increased 

susceptibility to infection. 

 

1.5.  Gut Microbiota, Dysbiosis and IBD 

The gut microbiota consists of bacteria, viruses, archaea, and eukaryotic 

microbes. Commensal bacteria and pathobionts, defined as opportunistic 

bacteria that under favorable conditions can expand and drive development 

of clinical disease, are resident members of the gastrointestinal tract. 

Nevertheless, whether changes in the intestinal flora precede disease onset is 

still under investigation. 

It is a daunting task to define what a balanced intestinal microbial 

community is, as the resident microbial flora is highly diverse, differs 

between individuals, and shifts with changes in the diet97,114. Moreover, gut 

microbiota composition varies by region of the gastrointestinal tract, 

developmental period, while many other factors have been shown to play a 
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role (i.e. genetics, metabolism, immunity, environment, and even host birth 

and delivery conditions)21,115. Yet, gut dysbiosis has been associated with 

many diseases, including obesity, chronic inflammatory conditions, 

cardiovascular disease, and neurodegenerative disorders116. In this context, 

dysbiosis is defined as an imbalance of the gut microbiota, with changes at 

their functional composition and metabolic activities117. 

It is believed that a ‘normal’ microbiota contributes to a healthy gut, by 

digesting certain nutrients that cannot be processed by the host and 

modulating the intestinal barrier by promoting tolerogenic immune 

responses. As an example, Akkermansia muciniphila, a human intestinal 

mucin-degrading bacteria, has been shown to induce mucin secretion, 

promote intestinal homeostasis and is inversely associated with intestinal 

inflammation118. Other identified human beneficial bacteria include: 

Peptostreptococcus russellii, Faecalibacterium prausnitzii, Lactobacillus 

rhamnosus Gorbach-Goldin, and Bacteroides fragilis118. 

Conversely, evaluation of fecal contents and mucosal bacterial isolations 

from patients with IBD, have reported alterations of the microbial 

community and expansion of pathobionts, showing depletion of certain 

commensals, notably members of the Firmicutes and Bacteroidetes phyla, 
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with increasing concentrations of anaerobes, including Clostridium 

perfringens, virulent strains of Escherichia coli, Bacteroides species, and 

others117,118. Although many investigations report corroborating data on the 

composition of IBD-associated microbial communities, they failed to 

identify individual species that are grossly enriched in a manner suggestive 

of an active etiologic agent. Furthermore, neither ulcerative colitis (UC) nor 

Crohn’s disease (CD) is characterized by a uniform stereotypical 

microbiota119.  

Nevertheless, some CD and UC patients show increased prevalence of 

adherent-invasive Escherichia coli (AIEC)120. AIEC are distinct from other 

E. coli strains because they show nonclassic virulence factors of adherence 

and invasion, such as a type III secretion system, allowing replication of 

AIEC within IECs and macrophages that potentially further exacerbate 

barrier dysfunction and contribute to IBD pathogenesis121,122. 

 

1.6.  PTPN2 Variants and Their Contribution to IBD 

Genome wide association studies have identified 240 independent single 

nucleotide polymorphisms (SNPs) associated with IBD123. Many of these 

genes are involved in activation and modulation of immune responses 
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(innate and adaptive), maintenance of epithelial barrier, autophagy, bacterial 

sensing, and production of antimicrobial factors, thereby emphasizing the 

complexity and heterogeneity of IBD pathophysiology124,125. Of interest, 

SNPs on the chromosome 18 locus (18p11) containing the protein tyrosine 

phosphatase non-receptor type 2 (PTPN2) gene, were found to be in 

association with IBD (CD and UC), type 1 diabetes mellitus, rheumatoid 

arthritis, and celiac disease124,126–128. Three SNPs have been identified within 

intronic regions of the PTPN2 gene locus to be associated with elevated risk 

of IBD among different ethnic groups: rs2542151, rs1893217, and 

rs7234029129–132, rendering the gene product enzymatically non-

functional130. In fact, PTPN2 activity (expression and protein levels) was 

found elevated in IECs of patients with active Crohn’s disease, suggesting 

that PTPN2 plays a significant role during intestinal inflammation135. 

However, the mechanism by which intronic SNPs in the PTPN2 locus result 

in phosphatase loss-of-function remains to be elucidated136. 

Studies in vitro have shown that stimulation by IFN- induces PTPN2 

expression, suggesting a negative feedback response whereby IFN- induces 

expression of an inhibitor of its own signaling cascade137,138. With respect to 

intestinal function, we and others have shown, in vitro and in vivo, that 
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Ptpn2-loss increases intestinal barrier permeability135,139, changes the 

composition of tight junction proteins140, impairs IEC-macrophage 

communication36, promotes differentiation of macrophages into an 

inflammatory phenotype subtype141, and alters the intestinal microbiota to 

allow the expansion of an IBD-associated AIEC pathobiont142. Thus, 

accumulating evidence shows that PTPN2 plays a critical role in intestinal 

homeostasis, whereby PTPN2 loss affects primarily three aspects of 

intestinal function: (a) disrupting the intestinal barrier by increasing 

intestinal permeability along with remodeling of tight junction protein 

complexes; (b) generating a chronically inflamed intestinal mucosa, and (c) 

by altering the gut microbiome allowing expansion of pathobionts. 

Moreover, evidence also suggests that these aspects could be interconnected, 

in which the disruption of one, could promote the disruption of the other. 
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Figure 3. Diagram depicting PTPN2 contributions to IBD. PTPN2 loss-of-function has 

been shown to remodel intestinal epithelial tight junctions by increasing expression and 

localization of the “pore-forming” claudin-2 into the apical-lateral membrane, creating a 

more permissible epithelial barrier to paracellular passage of water, cations, and 

macromolecules143. In addition, PTPN2 loss has been shown to increase abundance of 

pro-inflammatory cytokines, both in the serum and in the intestinal mucosa, which in turn 

contributes to remodeling of the tight junction proteins mediated by JAK-STAT 

activation in IECs. Moreover, constitutive Ptpn2 loss, and specific-Ptpn2 deletion in 

macrophages negatively affects macrophage ability to clear invading mouse AIEC 

(mAIEC)144. Furthermore, Ptpn2 deletion has been shown to restrict expansion of 

pathobiont mAIEC (purple rod-shaped bacteria) while decreasing the abundance of 

symbionts (faded blue bacteria). Collectively, evidence from several studies report how 

Ptpn2 activity is essential for modulating gut bacteria, controlling expression of tight 

junction proteins, and by attenuating inflammatory responses. 
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1.7.  The Ptpn2 Gene Product, T-Cell Protein Tyrosine Phosphatase, 

and its Substrates 

T-cell protein tyrosine phosphatase (TCPTP) is the PTPN2 gene product. It 

is ubiquitously expressed and functions as a negative regulator of diverse 

intracellular pathways145. It can bind to its substrates both in the cytosol and 

in the nucleus, due to two different isoforms expressed in human cells, 

where the cytosolic isoform, TC48, has an extended C-terminal domain that 

masks the nuclear localization sequence146,147. However, the shorter nuclear 

isoform, TC45, can translocate to the cytosol upon activation and perform its 

enzymatic function148. Of note, only the TC45 isoform of TCPTP protein has 

been detected in the mouse149. 

Among the TCPTP substrates are: Insulin Receptor (IR), Epidermal growth 

Factor Receptor (EGFR), Colony Stimulating Factor 1 Receptor (CSF1R), 

Platelet-Derived Growth Factor Receptor (PDGFR), Signal Transducer and 

activator of Transcription (STATs) 1, 3, and 6, Src family kinases and the 

Janus Kinases JAK1 and JAK3150–158. These substrates exemplify how broad 

and complex the activity of TCPTP is, hence an inactive form of this protein 

can negatively impact several cellular pathways/responses. 
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1.8.  Study Proposal 

Given the numerous findings regarding impaired function of the intestinal 

epithelial barrier in Ptpn2-deficient mice, it seems unlikely that the additive 

effects of a highly inflamed intestinal mucosa, together with structural 

changes between adjacent IEC, and the shift in the microbial communities 

present in these mice, would not be accompanied by functional changes in 

specific IEC subtypes. 

Therefore, the hypothesis of this study is that Ptpn2 plays a vital role in 

restricting intestinal inflammation that otherwise can functionally alter 

intestinal epithelial cell populations, compromising the integrity of the 

intestinal epithelial barrier and their interaction with the gut microbiota, 

thereby increasing susceptibility to microbial infection. Supporting this 

hypothesis, it has been reported that patients with CD and UC display 

functionally altered Paneth and goblet cells, as described previously159,160. 

Moreover, investigations using IBD-associated gene deletion mouse models, 

have shown that specific IEC subtypes are more susceptible to dysfunction 

and/or ablation, particularly Paneth cells, leading to dysbiosis and higher 

susceptibility to colitis161,162. 
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To test this hypothesis, we utilized here both constitutive whole-body, and 

novel inducible tissue-specific, Ptpn2-deficient mouse models to investigate 

the function and morphology of IEC subtypes of the intestinal tract. 
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2. Methods 

2.1.  Animal models and colony maintenance 

Mice colonies were held in a specific-pathogen free (SPF) facility with free 

access to food (PicoLab Rodent Diet 20 5053, St. Louis, MO, USA) and 

water under 12 light/12 dark hour cycle with controlled temperature and 

humidity. Housing density was limited to 5 mice per cage. Adult mice were 

bred in a pair scheme and pups were weaned at 21 days of life. All animal 

experiments were performed according to, and approved by, the Institutional 

Animal Care and Use Committee (IACUC) at University of California, 

Riverside (UCR) under protocol #A20190032E. 

 

2.1.1. Constitutive Ptpn2-deficient mice 

BALB/c mice with constitutive (whole-body) Ptpn2 deficiency were 

provided by Michel Tremblay, McGill University163. Briefly, to inactivate 

the Ptpn2 gene, a targeting vector was constructed that contained the 

genomic sequences flanking a neo resistance sequence. After proper 

homologous recombination, approximately 9kb of genomic sequence was 

eliminated, including 1.5 exons encoding amino acids 64-121 from the 

Ptpn2 locus, rendering the gene product enzymatically nonfunctional. Adult 
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heterozygous mice were bred yielding Ptpn2-wild type (WT), -heterozygous 

(HET) and -knockout (KO) mice. Tissues were harvested when mice 

reached 21 days old as whole-body homozygotic Ptpn2 deficient mice 

succumb between four and five weeks of age due to systemic 

inflammation163,164. 

 

2.1.2. Mice with inducible Ptpn2-KO in intestinal epithelial cells 

Inducible tissue specific Ptpn2-KO mice were generated by Dr. Lars 

Eckmann and Elaine Hanson at the University of California San Diego. 

Briefly, a mouse line where the critical exon 3 within the Ptpn2 locus is 

flanked by loxP sites (Ptpn2tm1a(EUCOMM)Wtsi/Wtsi), were obtained from the 

Wellcome Trust. These mice were crossed with a transgenic mouse line 

expressing the Cre recombinase enzyme that carry a tamoxifen-induced 

ERT2 gene under the Villin-1 promoter [B6.Cg-Tg(Vil-

cre/ERT2)23Syr/J]143,165. Recombinase activity was induced by tamoxifen 

administration intraperitoneally (50mg/kg body weight) for five consecutive 

days in 6-10 weeks old mice. Tissues were harvested >30 days after final 

dose of tamoxifen to minimize any potential residual effect from estrogen 

receptor activation165. 
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2.2.  Sacrifice and sample collection 

Mice were anesthetized with 4% isoflurane (Piramal, NDC 66794-017-25) 

and kept under anesthesia during blood collection. Incision was performed 

on the abdomen to expose the inferior vena cava. Following blood 

collection, mice were sacrificed by cervical dislocation. Distal ileum, cecum, 

proximal and distal colon were excised. Small tissue samples from each 

intestinal segment were collected according to optimized protocols for 

further examination as described below. 

 

2.3.  Tissue fixation, microscopy, and image acquisition 

Intestinal segments from ileum, cecum, proximal and distal colon were 

excised and fixed in 4% paraformaldehyde overnight at 4C. Tissues were 

then rinsed with ice-cold phosphate buffered saline (PBS) (3x) and 

dehydrated with increasing concentrations of ethanol washes using Shandon 

Excelsior ES Tissue Processor (Thermo Fisher Scientific - Kalamazoo, MI, 

USA). Paraffin embedding was performed using Histoplast LP (Richard-

Allan Scientific - Kalamazoo, MI, USA) in a Tissue-Tek station set (Miles 

Scientific - Naperville IL, USA). Intestinal cross-sections (5 m thick) were 

obtained using a rotary microtome (RM2235, Leica – Nussloch, Germany). 
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Paraffin sections were warmed up in a water bath (42C) to prevent 

wrinkles, placed on a charged slide (Fisher Scientific – Pittsburg, PA, USA) 

and dried overnight in an oven at 37C. Slides were stored in the dark at 

room temperature until utilized for conventional staining techniques and 

immunohistochemistry/immunofluorescence. 

 

2.3.1. H&E staining 

Slides were deparaffinized in xylene (2x) for 5 minutes, rehydrated in serial 

decreasing ethanol baths (100, 95, 80, and 70%) for 3 minutes, then placed 

in tap water. Slides were stained with hematoxylin (30 seconds; RICCA – 

3530-16, Arlington, TX), and eosin Y (1 minute; Sigma-Aldrich HT110132, 

St. Louis, MO) with tap water rinses following each stain. Next, slides were 

dehydrated with increasing concentrations of ethanol (95%, 100%), cleared 

with xylene for 1 minute and mounted with a coverslip using Permount 

medium (FISHER SP15-500, Fair Lawn, NJ). Slides were visualized and 

images acquired with a Leica microscope model DM5500B coupled with 

DFC450C camera (Leica – Nussloch, Germany). 
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2.3.2. PAS staining 

To visualize the presence of goblet cells in the intestinal segments, 

mucopolysaccharide filled-cells were stained using the Periodic Acid-Schiff 

(PAS) kit (Sigma, Procedure No. 395) following the manufacturer’s 

protocol. Briefly, after deparaffinization, slides were immersed in Periodic 

acid solution for 5 minutes in a glass coupling jar. Slides were rinsed in three 

changes of distilled water and then immersed in Schiff’s reagent for 15 

minutes. Slides were washed in running tap water for 5 minutes and 

counterstained with Hematoxylin solution, Gill No.3 for 90 seconds. Slides 

were washed in running tap water again, dehydrated and cleaned like 

described before and mounted with coverslip and Permount. This staining 

procedure results in mucin proteins stained in magenta, whereas cell nuclei 

are stained in blue. 

 

2.3.3. Morphometric analysis and cell counting 

Only well-oriented intestinal structures (i.e., crypt and villi) with bottom-to-

top axis visibility were used in the analysis. The straight-line tool from FIJI 

software was calibrated using the scale bar from the image being measured. 

A straight line was drawn to measure crypt depth, villus length and crypt 
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width. All measurements from each parameter were averaged out to 

represent the mean of an individual mouse. A minimum of 4 measurements 

per parameter was set as a cutoff to provide a more accurate representation 

of the mouse. For cell counting, total number of IECs per crypt was counted 

using the Cell Counter tool on FIJI software. For Paneth cell counting, 

Paneth cells were discriminated from other intestinal epithelial cells by the 

presence of large cytosolic granules at the crypt base. The same 

quantification was performed discriminating Paneth cells from other IECs by 

the presence of lysozyme staining. The ratio of Paneth cells/total IECs per 

crypt was then calculated and averaged to represent a single mouse. 

Similarly, PAS-stained images were used to count goblet cells per crypt by 

calculating the same PAS+ cells/total IECs ratio. In the ileum, goblet cells 

were counted by half-villus structures. 
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Figure 4. Measuring intestinal morphological parameters with ImageJ. 

  

2.3.4. In situ protein localization by immunohistochemistry and 

immunofluorescence 

Slides were deparaffinized and rehydrated as previously described in section 

2.3.1. To expose the tissue epitopes for antibody binding, heat-induced 

antigen retrieval was performed for 20 minutes at ~96C, with appropriate 

antigen retrieval buffer depending on the primary antibody/epitope. 

Selection of appropriate antigen retrieval buffer followed antibody datasheet 

instructions or optimization in the laboratory. The primary antibodies, 

concentration, antigen retrieval buffer and secondary antibody are shown in 

Table 2. After antigen retrieval, intestinal sections were encircled with 

hydrophobic PAP PEN (Research Products International Corp. Cat. No. 
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195505), endogenous peroxide was quenched with 3% hydrogen peroxide in 

PBS for 10 minutes (for immunohistochemistry using peroxidase reaction 

only). Non-specific antigens were blocked with blocking buffer (2% normal 

donkey serum, 1% bovine serum albumin, 0.1% Triton-X, 0.05% Tween-20 

and 0.05% sodium azide in PBS) for 30 minutes at room temperature. 

Primary antibodies were incubated for 1 hour at RT in PBS with 5% normal 

donkey serum (NDS). A biotin-conjugated secondary antibody against the 

primary species was used to tag the protein of interest (Jackson 

ImmunoResearch, Cat. No. 711.065.152, West Grove, PA). Then, a 

horseradish peroxidase (HRP), or fluorophore-streptavidin conjugated 

molecule, was used for labeling the protein conjugate (Jackson 

ImmunoResearch, Cat. No. 016.030.084, West Grove, PA). For 

immunohistochemistry, HRP signal was developed by 3,3’-

diaminobenzidine (DAB; Cell Signaling Technology #8059 Beverly MA, 

USA) incubation according to manufacturer’s protocol. Incubation time was 

optimized for each target. Sections were counterstained with hematoxylin 

and mounted with Permount. For immunofluorescence, Prolong Gold with 

DAPI was applied to the slides according to manufacturer’s guidelines (Cat. 

No. P36936; Life Technologies, Carlsbad, CA). Confocal images were 
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acquired on an inverted Zeiss 880 in the microscopy core in the IIGB 

microscopy core facility located in Keen Hall at UCR. Cryptdin-1 (Defa1) 

monoclonal antibody was generated and kindly provided by Tokiyoshi 

Ayabe and André Ouellette, and stained as previously described166. 

 

Table 2. List of immunohistochemistry reagents 

Antibody Company Cat. No. Antigen Retrieval 

Buffer 

Primary 

Concentration 

Lysozyme Abcam ab108508 Na-Citrate pH 6 1:3000 

Ki-67 Abcam ab16667 Na-Citrate pH 6 1:400 

UEA1-649 

DyLight 

Vector Labs DL-1068 Na-Citrate pH 6 1:500 

Tunel Millipore S7110 Proteinase K Data sheet 

E-cadherin R&D Systems AF748 Na-Citrate pH 6 1:200 

pSTAT3 Cell Signaling 9145 Tris-EDTA pH 9 1:50 

TCPTP Cell Signaling 58935 Na-Citrate pH 6 1:400 

Defa1 Provided by 

Andre Ouellette 

N/A Tris-EDTA pH 9 1:500 

Claudin-2 Abcam Ab53032 Na-Citrate pH 6 1:400 

CEACAM-6 Abcam Ab78029 Na-Citrate pH 6 1:200 

CEACAM-1 Cell Signaling 14771 Na-Citrate pH 6 1:50 

 

2.3.5. Analysis of the mucus layer 

To preserve and visualize the colonic mucus layer, distal colon segments 

containing fecal pellets were excised (cut around the fecal pellets) and 
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placed in a 1.5mL tube with methacarn fixative [modified Carnoy fixative 

with 60% methanol (v/v), 30% chloroform (v/v), and 10% glacial acetic acid 

(v/v)], to preserve the mucus layer as described previously by Malin 

Johansson and Gunnar Hansson167. Tissues were fixed in methacarn for >7 

days at room temperature and washed twice with methanol (30 mins/wash), 

absolute ethanol (20 minutes/wash) and xylene (15 minutes/wash). Finally, 

tissues were embedded into paraffin blocks and sectioned (5m). The 

sections were stained with PAS as previously described. 

 

2.3.6. TUNEL staining - ApopTag 

To localize apoptotic cells in situ, we performed a terminal deoxynucleotide 

transferase mediated dUTP-digoxigenin nick-end labeling (TUNEL) stain 

(ApopTag, Millipore S71110, Billetica, MA, USA). This methodology 

labels apoptotic cells by detecting DNA strand breaks enzymatically and 

labeling the free 3’-OH termini with modified nucleotides. The enzyme 

responsible for this reaction is terminal deoxynucleotidyl transferase (TdT). 

The incorporated nucleotides form an oligomer composed of digoxigenin-

nucleotide which is detected by an anti-digoxigenin antibody conjugated 

with fluorescein. In brief, slides were deparaffinized, rehydrated and DNA-
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binding proteins were digested enzymatically by 20g/mL proteinase K 

(Cat. No. 21627, Millipore, Temecula, CA) for 15 minutes at room 

temperature and assayed according to manufacturer’s protocol. Positive 

control slides were pretreated with DNase buffer (30mM Trizma base, pH 

7.2, 4mM MgCl2, 0.1mM DTT) at room temperature for 5 minutes, then 

incubated with DNase I in 10,000 U/mL DNase buffer for 10 minutes at 

room temperature. For the negative control slide, the incubation step with 

TdT enzyme was done with buffer alone. Cell nuclei were counterstained 

with DAPI, mounted and visualized using confocal microscopy. 

 

2.3.7. Transmission electron microscopy 

Ileal sections were excised, cut open longitudinally, and fixed in 1.25% 

glutaraldehyde and 4% paraformaldehyde in 0.1M cacodylate buffer for 5-6 

hours at room temperature. The fixative was then removed, and samples 

were rinsed in 0.1M cacodylate buffer. Samples were further processed at 

UCR’s Facility for Advanced Microscopy and Microanalysis (CFAMM) 

according to a protocol published by Satoh et al168. Briefly, samples 

embedded and plasticized in Spurr’s resin then sectioned into 80nm, gold-

colored sections with a surface area of about 0.25mm2. Images were 



 

 

53 

 

acquired using a Tecnai T12 transmission electron microscope (FEI, 

Hillsboro, OR). The bottom of the intestinal crypts were evaluated for 

morphology, presence/absence of dense core vesicles and the endoplasmic 

reticulum, of Paneth cells. Linear adjustments (brightness and contrast) were 

performed in original images in its entirety using FIJI software to enhance 

visibility of cell organelles. 

 

2.4.  Isolation of intestinal epithelial cells 

Intestinal segments were cut open longitudinally and immersed in 500L of 

Cell Recovery Solution (Corning #354253; Bedford, MA) for 2 hours on ice. 

Tissues were then shaken with forceps to release the intestinal crypts/villi 

into the solution. Samples were centrifuged at 1.5 x g for 10 minutes at 4°C. 

The supernatant was aspirated and IECs were washed with ice-cold PBS 

(x2). The solution with IECs was then split: 70% of IEC suspension was 

centrifuged and cells lysed using RIPA buffer (150mM NaCl, 5mM EDTA, 

50Mm Tris, 1% NP-40, 0.5% sodium-deoxycholate, and 0.1% SDS) 

supplemented with protease inhibitor cocktail (Roche, Mannheim, 

Germany), 2mM sodium fluoride, 1mM PMSF, 2mM sodium orthovanadate, 

and phosphatase inhibitor cocktails 2 and 3 (Millipore Sigma, P5726 and 



 

 

54 

 

P0044 respectively, Israel) and stored at -80°C. The remaining 30% was 

centrifuged and stored in 200L of RNAlater™ solution (Invitrogen 

#AM7020, Lithuania) was added to the pelleted cells, according to 

manufacturer’s guidelines, and stored in -80°C. 

To assess the purity of isolated IECs, we evaluated the abundance of 

epithelial cell markers (EpCAM), immune cell marker (CD45) and 

fibroblast/mesenchymal cell marker (-SMA) by western blot as shown in 

Figure 5. 

 

Figure 5. Assessment of isolated IEC sample purity. (A) Western blot of ileal IECs 

probing for -smooth muscle actin (-SMA) to assess presence of mesenchymal cells; 

CD45 to assess presence of leukocytes; and EpCAM to assess abundance of epithelial 

cells. 
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2.5.  RNA extraction, cDNA synthesis and gene expression analysis 

Total RNA was isolated using the RNeasy Mini Kit (Cat. No. 74106 - 

Qiagen, Venlo, NL), according to manufacturer's instructions. Briefly, 

samples were washed with PBS to remove RNAlater™. 10L of -

Mercaptoethanol was added to each 1000L of RLT lysis buffer to prevent 

RNA degradation. Cells were lysed using sterile needle (22G) and syringe 

and RNA was isolated according to manufacturer’s guidelines. Total RNA 

concentration was quantified by measuring the absorbance at 260 nm and 

280 nm using NanoDrop 2000c spectrophotometer (Thermo Scientific - 

Wilmington, DE, USA). Complementary DNA (cDNA) synthesis was 

performed using the qScript cDNA SuperMix (Cat. No. 95048 Quantabio - 

Beverly, MA, USA) in a Bio-Rad thermocycler (C1000 Touch, Singapore) 

following the manufacturer’s instructions (incubation at 25C for 5 mins 

followed by 42C for 30 mins, 85C for 5 minutes and ramped down to 

4C). The cDNA was stored at -20C total RNA was stored at -80C. 
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2.5.1. Nanostring analysis 

Total RNA was extracted as described above. Estimation of total RNA was 

determined by Qubit 2.0 Fluorometer (ThermoFisher Scientific) and sample 

purity by NanoDrop™ 2000c spectrophotometer by measuring the 230/260 

and 260/280 ratios. Samples were diluted to 10 ng/L with RNAse-free 

water. Hybridization reaction was performed following manufacturer’s 

guidelines using 50 ng of total RNA from each sample. In short, gene 

expression of IECs from ileum, cecum, and distal colon was investigated 

using the PanCancer Pathways Panel and the AutoImmune Profiling Panel, 

totaling more than 1,500 targets. Gene expression of liver samples using 

whole tissue lysates was performed using the AutoImmune Profiling Panel. 

Samples were hybridized with reporter and capture probes for 18 hours at 

65C. Reaction was ramped down to 4C, 12 L of RNAse-free water added 

to each sample and immediately pipetted into a cartridge and processed by 

nCounter SPRINT Profiler (Nanostring Technologies, Seattle, WA, 

USA). Data sets were normalized by nSolver™ Analysis Software 4.0 for 

each panel separately then combined using multiRLF function and advanced 

analysis tools. The -value was set at 0.05 and false discovery rate (FDR) 

calculated by the Benjamini-Yekutieli method setting a cutoff at 10% 
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(Q=0.1) for multiple-comparisons testing. The datasets generated from 

nanostring analysis were submitted to Gene Expression Omnibus (GEO) 

repository. GEO is a public functional genomics data repository supporting 

MIAME-compliant data submissions169,170. Access to datasets will be made 

publicly available on August 02, 2022, or when manuscript referring the data 

is published. Accession numbers are listed in Table 3. 

 

Table 3. GEO repository accession numbers from Nanostring experiments 

Accession 
Number 

Description 

GSE181923 Super series record provides access to all data 

GSE181531 
Targeted transcriptome analysis of isolated intestinal epithelial cells from mice 
with constitutive Ptpn2-deficiency [Ileum] 

GSE181531 
Targeted transcriptome analysis of isolated intestinal epithelial cells from of 
mice with constitutive Ptpn2-deficiency [Cecum] 

GSE181916 
Targeted transcriptome analysis of isolated intestinal epithelial cells from mice 
with constitutive Ptpn2-deficiency [Distal Colon] 

 

2.5.2. Primer design and validation 

Primers were designed using the Primer-BLAST tool from NCBI website. 

The RefSEQ numbers of targets of interest were entered in the PCR template 

field. In addition, primers were designed to align over an exon-exon junction 

span to prevent alignment with residual genomic DNA. Search mode 

selected was ‘automatic’ and the database was mus musculus species (taxid: 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181923
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181914
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181531
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181916
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10090) Refseq mRNA. The Primer-BLAST tool then returned 10 different 

pairs of primer sequences. Primer selection was based on the following 

parameters: PCR product size (amplicon) ranging between 70 and 300 

nucleotides; primer length ranging between 18 and 23 nucleotides, GC 

content ranging between 45% and 60%; and the lowest scores of self-

complementarity and self-3’ complementarity. Selected primer sequences 

were purchased from IDT (Integrated DNA Technologies, San Diego, CA). 

Upon receipt, lyophilized oligos were resuspended to a total of 100M 

concentration in TE buffer (IDT Cat. No. 11-05-01-13) and stored at -20C. 

 
Table 4. Primers and conditions used for RT-qPCR 

Gene Primer Sequence 
GC
% 

Length Tm Amplicon RefSEQ 

Ascl2 
F: TCTTGGGGCTTAAGGGCTGA 
R: GTCAAGGTGTGCTTCCATGC 

55 
55 

20 
20 

59 192 NM_008554.3 

Reg3b 
F: GAATATACCCTCCGCACGCA 
R: TCTTTTGGCAGGCCAGTTCT 

55 
50 

20 
20 

60 119 NM_011036.1 

Reg3g 
F: TGCAAGGTGAAGTTGCCAAG 
R: GGTTCATAGCCCAGTGTCGG 

50 
60 

20 
20 

60 274 NM_011260.2  

Tbp 
(HK) 

F: CCTTGTACCCTTCACCAATGAC 
R: ACAGCCAAGATTCACGGTAGA 

50 
47 

22 
21 

61 119 NM_013684.3 

 

 

Primers were validated and optimized empirically. First, a thermal gradient 

optimization was done to find out what is the most efficient annealing 

temperature for a specific set of primers in the conditions used. The 

https://www.ncbi.nlm.nih.gov/nucleotide/255708414?report=gbwithparts
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=6754979
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=1041817914
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=172073170
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annealing temperature with the lowest Ct value was selected as optimal. 

Then, a melting curve analysis was performed to confirm amplification of a 

single target (specificity) and primer-dimer formation (Figure 6A-B). 

Finally, PCR products were separated in a 2% agarose gel electrophoresis to 

confirm presence of a single amplicon (Figure 6C). 

 

 

Figure 6. Validation of RT-qPCR primers through (A) melt curve, (B) melt peak, and 

(C) gel electrophoresis. 
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2.5.3. RT-qPCR 

Real-time PCR was performed using iQ SYBR Green Supermix (Bio-Rad, 

Hercules, CA) on a C1000 Thermal cycler equipped with a CFX96 Real-

Time PCR system using BioRad CFX Manager 3.1 Software following 

manufacturer’s protocol. Each PCR target was assayed in triplicate. Tbp was 

used as a reference gene. All primers were designed using NCBI Primer-

BLAST and specificity and optimal annealing temperatures were tested 

empirically. The real-time quantitative PCR contained an initial enzyme 

activation step (3 min, 95°C), followed by 45 cycles consisting of denaturing 

(95°C, 10 seconds), annealing (53°- 60°C, 10 seconds) and extension (72°C, 

10 seconds) steps. The primers and conditions used in the RT-qPCR 

experiments are listed in Table 2. Results were analyzed by the CT 

method and graphs display geometric mean  SD of geometric mean in a 

log10 scale. 

 

2.6.  Detection of protein levels by immunoblotting 

Frozen IEC samples in RIPA buffer were thawed on ice and lysed using a 

sonicator (QSONICA Model Q125, Newtown CT, USA) with the following 

settings: 30% amplitude for a total time of 40 seconds with 10 seconds 
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intervals. Lysates were centrifuged at 13,000 RPM for 10 minutes at 4C 

and the supernatant transferred to new microcentrifuge tubes. Total amount 

of protein was estimated by Pierce™ BCA colorimetric assay (Cat. No. 

23225 - Thermo Scientific – Rockford, IL, USA) according to 

manufacturer’s guidelines. Protein quantification was estimated by 

measuring the sample absorbance in plastic cuvettes at 562nm in a 

NanoDrop™ 2000c (Thermo, Wilmington, DE, USA) spectrophotometer, 

and plotted against a standard curve with known protein concentrations. 

20g of protein per sample was prepared for gel electrophoresis under 

reducing conditions using 4X Laemmli loading buffer (Cat. No. 1610747 

BioRad, Hercules, CA, USA). Samples were heated to 95C for 5 mins and 

stored at -20C. Samples were loaded on polyacrylamide gels and after 

separation by gel-electrophoresis transferred onto Immobilon-P 

Polyvinylidene Fluoride (PVDF) membranes (Immobilon-P Millipore Cat. 

No. IPVH00010, Temecula, CA) in a wet transfer system (Mini-

PROTEAN Tetra System, BioRad). Non-specific epitopes were blocked 

with 5% non-fat milk in Tris-buffered saline with 0.1% Tween-20 added 

(TBST) for 1 hour at RT. 
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Table 5. List of antibodies used for immunoblotting. 

Antibody Company Cat. No. 

Lysozyme Abcam ab108508 

-Actin SIGMA A 5316 

TCPTP Cell Signaling 58935 

Caspase3 Cell Signaling 14220 

Cleaved Caspase 3 Cell Signaling 9664 

CHOP Cell Signaling 2895 

PARP Cell Signaling 9542 

Bip Cell Signaling 3117 

Xbp-1s Cell Signaling 40435 

-SMA SIGMA A 2547 

CD45 Cell Signaling 72787 

EpCAM Cell Signaling 42515 

Mist1 Santa Cruz sc-80984 

Reg3- Abcam ab198216 

eIF2- Cell Signaling 5324 

p-eIF2- Cell Signaling 3398 

Olfm4 Cell Signaling 39141 

STAT1 Cell Signaling 14994 

p-STAT1 Cell Signaling 9167 

STAT3 Cell Signaling 9139 

p-STAT3 Cell Signaling 9145 

Beclin-1 Cell Signaling 3495 

LC3B Cell Signaling 2775 

Atg3 Cell Signaling 3415 

Atg5 Cell Signaling 12994 

Atg7 Cell Signaling 8558 

Atg12 Cell Signaling 4180 

Atg16l1 Cell Signaling 8089 



 

 

63 

 

Membranes were incubated overnight with primary antibody at 4C in 5% 

non-fat milk or bovine serum albumin (Cat. No. A9418 SIGMA, USA) 

washed (x4) with TBST, and incubated with HRP-conjugated secondary 

antibody anti-primary species for 1 hour at RT in TBST with 3% non-fat 

milk. Membranes were washed again with TBST (x4), and immunoreactive 

proteins were detected using SuperSignal™ West Pico PLUS 

chemiluminescence detection kit (Cat. No. 34580 Thermo Fisher Scientific). 

Membranes were then exposed to X-ray films (Labscientific Inc., Highlands, 

NJ) at various times in a dark room and developed immediately after. 

Densitometry of protein blots was measured using the gel tool on FIJI 

software. 

 

2.7.  Flow cytometry 

For flow cytometry of immune cells, lamina propria immune cells were 

isolated as described171. For analysis of myeloid immune cells, the cells were 

washed in PBS, incubated with FcR blocking antibody (Miltenyi Biotec, 

Bergisch Gladbach, Germany) for 10 minutes and stained with anti-CD45-

Pacific Blue, anti-CD3-BV650, anti-NK1.1-BV650, anti-B220-BV650, anti-

CD11b-BV605, anti-CD11c-PECy7, anti-Ly6C-PerCPCy5.5, anti-F4/80-
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APC, anti-CD64-PE, anti-MHC-II-AF700 (all from BioLegend) for 15-30 

minutes. ZOMBI-NIR live dead stain (BioLegend, San Diego, CA) was used 

for discrimination between live and dead cells. For cytokine staining, the 

cells were incubated with Ionomycin and PMA in the presence of Brefeldin 

A for 3.5 hours prior to surface staining with anti-CD25-AlexaFluor700, 

Anti-CD3-PerCPCy5.5 anti-CD4-BV510, anti-CD8-BV570 for 15 minutes. 

Cells were then fixed with the FoxP3 Staining kit (eBioscience) according to 

the manufacturer’s instruction, stained with anti-FoxP3-Pacific Blue, anti-

IFN--PECy7, anti-IL-17-APC, anti-TNF-BV650, anti-IL-22-PE for 30 

min, washed in PermWash buffer (eBioscience) and samples acquired on an 

LSRII cytometer (BD, Franklin Lakes, NJ), and analyzed using FlowJo 

(Tree Star, Inc. Ashland, OR). The gating strategy is demonstrated in Figure 

7. 
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Figure 7. Flow cytometry gating strategy for (A) T-cells; and (B) myeloid cells. 
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2.8.  Human samples 

Human samples were obtained from IBD patients attending the IBD Center 

at Cedars-Sinai Medical Center after informed consent. The collection of 

intestinal biopsies, DNA preparation and genotyping were approved by the 

Cedars-Sinai Medical Center Institutional Review Board (3358). Tissue 

samples were reviewed by pathologists and active inflammation had been 

excluded. Diagnoses of IBD were made using standard clinical, endoscopic, 

radiological, and histological criteria. Genotyping and quality control for 

the rs1893217 SNP was performed as previously described utilizing the 

ImmunochipTM (Illumina, San Diego, USA) platform172. Formalin-fixed 

paraffin embedded human colon and ileal tissues were sectioned at 5m and 

processed for immunohistochemistry as described above. 
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Table 6. IBD-genotyped patients characteristics 

Variant Diagnosis Region Sex Age 

AA/TT CD Colon F 47 

AA/TT CD Colon M 22 

AA/TT CD Colon F 43 

AA/TT CD Colon F 73 

AA/TT CD Colon F 32 

GA/CT CD Colon F 24 

GA/CT CD Colon M 74 

GA/CT CD Colon F 16 

GA/CT CD Colon F 47 

GA/CT CD Colon F 45 

GG/CC CD Colon F 70 

AA/TT CD Ileum M 34 

AA/TT CD Ileum F 47 

AA/TT CD Ileum M 22 

AA/TT CD Ileum F 43 

AA/TT CD Ileum F 73 

AA/TT CD Ileum F 32 

GG/CC CD Ileum F 24 

GG/CC CD Ileum F 46 

GG/CC CD Ileum M 25 

GG/CC CD Ileum F 36 

GG/CC CD Ileum M 28 

GG/CC CD Ileum F 38 

GG/CC CD Ileum M 41 
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2.9.  Diagram design and software 

Figures 1, 2, 3, 37, and 50 were constructed using BioRender online 

software based on scientific findings. The original articles in which the 

figures were based are cited in the figure legend and publication information 

can be found in the references section. 

 

2.10. Statistical analysis 

Datasets were tested for two parameters: normality (Shapiro-Wilk test) and 

variance homogeneity (Brown-Forsythe test; F test) using GraphPad Prism 

9.0.0. software. Statistical and post-hoc tests were chosen according to these 

parameters and are indicated on figure legends. Two-tailed student t-test was 

applied when comparing two groups and ordinary one-way ANOVA for 

comparison of three experimental groups. Critical significance level was set 

at =0.05. Data are expressed as mean, SD for n independent observations 

per group unless stated otherwise. Outliers were identified using the ROUT 

method with Q set at 1% and excluded when appropriate. 

 

 

https://biorender.com/
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3. Validation, Characterization, and Assessment of 

Structural Components of the Intestinal Epithelial 

Barrier in Mouse Models, with Constitutive, and 

Tissue Specific, Ptpn2 Deletion 

 

3.1.  Introduction 

Evidence from in vitro studies show that PTPN2 loss has dramatic 

consequences not only for immune cells but also for intestinal epithelial cells 

and maintenance of the intestinal barrier. Scharl et al. demonstrated that 

treating T84 epithelial cells with IFN- significantly increased TCPTP 

transcription, protein levels and enzyme activity, resulting in decreased 

levels of phosphorylated STAT1 and 3 in the cytosol135. Additionally, cells 

knocked-down for PTPN2 and challenged with IFN- had increased levels of 

phosphorylated STAT1 and 3 that contributed to barrier dysfunction, 

assessed by increased permeability to macromolecules and reduced trans-

epithelial resistance (TER) across polarized monolayers135. These findings 

are clinically relevant since analysis of biopsies from IBD patients with 

active disease revealed upregulation of PTPN2 expression135. 



 

 

70 

 

A mouse model with constitutive Ptpn2-deficiency was originally developed 

by Michel Tremblay’s group, in which the Ptpn2 gene product was 

inactivated by inserting a neomycin resistance gene replacing nearly 9 kb of 

the genomic sequence, including 1.5 exons encoding amino acids 64-121, 

rendering the gene product enzymatically nonfunctional163. While Ptpn2-KO 

mice appear normal at birth, within two weeks they begin to show reduced 

body weight, decreased mobility with hunched posture, and diarrhea 

followed by death between 3 and 5 weeks of age. Ptpn2-KO mice also 

display splenomegaly, defects in lymphopoiesis and erythropoiesis with 

elevated levels of circulating IFN-163,164,173. Conversely, heterozygous mice 

do not display physiological abnormalities nor overt inflammatory 

phenotype, however they show increased susceptibility to DSS-induced 

colitis174. The whole-body Ptpn2 deficient mouse model, together with 

tissue-specific Ptpn2 deletion in IECs, has enabled important discoveries in 

understanding how loss-of-function Ptpn2 mutations could contribute to the 

pathogenesis of chronic inflammatory diseases and cancer175–179. 

While several studies have focused on the implications of Ptpn2 deletion 

upon modulation of the intestinal barrier and immune cell responses, data 

regarding intestinal morphology, differentiation and function of individual 
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IEC subtypes is scarce. Moreover, since functions of different specific IEC 

subtypes encompass tissue regeneration, production of AMPs, surveillance 

of the luminal environment, and generation of the mucus layer, an imbalance 

in one of these populations could be detrimental to intestinal homeostasis, 

ultimately contributing to higher susceptibility to infection and chronic 

inflammation. Therefore, we aimed to further characterize and validate the 

constitutive and tissue-specific mouse models carrying Ptpn2 deficiency, 

evaluate intestinal tissue morphology, and probe for markers that could 

indicate alterations in the recognition and/or handling of bacteria by IECs, 

while corroborating findings in the animal setting with samples from 

genotyped-IBD patients. 

 

3.2.  Methods 

For this study, we utilized histology, immunohistochemistry and western 

blotting of isolated intestinal epithelial cells that were described in detail in 

the methods chapter. The experiments and data shown in this chapter were 

partially or fully included in articles recently published by our group. 
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3.3.  Results 

3.3.1. Characterization and Validation of TCPTP Expression and 

Intestinal Morphology in Whole-Body Ptpn2-KO Mice 

Our group described for the first time the consequences of whole-body 

Ptpn2 loss-of-function regarding intestinal architecture, morphology, and 

intestinal barrier function143. Figure 8 shows that Ptpn2-KO mice display 

reduced body weight, splenomegaly when normalized to body weight, and 

shortening of the colon when they reach 21 days old, corroborating the 

findings of You-Ten et al, in our own setting163. Moreover, we also observed 

that KO mice begin to show signs of hunched posture, lethargy, closed 

eyelids and diarrhea around day 14 post-birth (data not shown). 

 

Figure 8. Phenotype of whole-body Ptpn2-WT, -HET and -KO mice. (A) Body weight, 

(B) spleen weight normalized to body weight, (C) and colon length of 21 days old whole-

body KO mice. One-way ANOVA and Tukey’s post-hoc test. 
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Figure 9. Validation of whole-body Ptpn2-KO mice through immunohistochemistry. (A) 

Representative immunohistochemistry staining for TCPTP in intestinal segments (n=4). 

 

To confirm that intestinal tissues from Ptpn2-KO mice do not express Ptpn2, 

we performed IHC staining for the gene product, TCPTP. As expected, KO 

mice exhibited loss of TCPTP expression in the ileum, cecum, proximal and 

distal colon (Figure 9A). Concomitantly, staining for phosphorylated-

STAT3, the active form of a TCPTP substrate, was enhanced in ileal IECs of 

KO mice (Figure 10A). Additionally, western blotting for p-STAT1 and p-
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STAT3 showed that abundance of these proteins were elevated in isolated 

IECs of Ptpn2-KO mice (Figure 11A), confirming that lack of constitutive 

TCPTP results in activation of the JAK-STAT pathway in IECs, as shown 

here and in previous studies143. 

 

Figure 10. Whole-body Ptpn2-KO mice showed elevated staining for p-STAT3 in ileal 

IECs. (A) Immunohistochemistry for phosphorylated-STAT3, showing increased staining 

in ileal IECs of Ptpn2-KO mice (n=3). 
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Figure 11. Constitutive Ptpn2 loss results in elevated levels of phosphorylated STAT1 

and STAT3 in isolated ileal IECs. (A) Western blot of ileal IECs showing absence of 

TCPTP and increased abundance of TCPTP substrates STAT1 and STAT3 in their total 

and phosphorylated isoforms. WT=5, HET=5, KO=5. 

 

Next, we analyzed the intestinal mucosa architecture and morphology. 

Histological analysis (H&E staining) revealed an intact epithelium with no 

gross alterations in small and large intestine of KO and HET mice compared 

with WT (Figure 12A). However, increased ileal villus length, crypt depth 

and width in the cecum and proximal colon were observed in KO mice 

(Figure 13A-I), suggesting dynamic changes in IEC activity (i.e. cell 

proliferation, crypt fusion, crypt fission)180,181. 
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Figure 12. Morphological analysis of the intestinal mucosa architecture. (A) H&E 

staining of ileum, cecum, proximal and distal colon of WT, HET, and KO mice. 
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Figure 13. Morphometric analysis of intestinal structures. Panels A through I show 

morphometric analysis of intestinal structures from ileum, cecum, proximal and distal 

colon of WT, HET, and KO mice. Columns show mean  SD. One-way ANOVA and 

Tukey’s post-hoc test. 



 

 

78 

 

3.3.2. Characterization and Validation of TCPTP Expression and 

Intestinal Morphology in Tissue-Specific Ptpn2 Deletion 

To evaluate the importance of Ptpn2 gene in IECs without the additional 

effects of a hyperactive immune system, we generated a tamoxifen-inducible 

Ptpn2ΔIEC mouse as described previously143. Here we show the validation of 

this new mouse line, to ensure that Ptpn2 deletion occurs only in the IECs. 

Furthermore, we show that cre recombinase activity does not take place 

spontaneously, as demonstrated by mice administered vehicle alone vs. 

tamoxifen (Figure 14A). 
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Figure 14. Validation of the tamoxifen-inducible IEC-specific Ptpn2 deletion mouse 

model. (A) Immunohistochemistry staining for TCPTP in ileum, cecum, proximal and 

distal colon, shows that TCPTP was unaffected in Ptpn2IEC treated with vehicle and 

floxed mice (Ptpn2fl/fl) treated with tamoxifen or vehicle. 
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Figure 15. Deletion of Ptpn2 in intestinal epithelial cells showed elevated levels of 

phosphorylated STAT1 and STAT3 in isolated ileal IECs. (A) Western blot of epithelial 

cells isolated from ileum of Ptpn2fl/fl and Ptpn2IEC probing for TCPTP, total STAT1, 

STAT3 and -Actin levels, as well as phosphorylation of STAT1 (Y701) and STAT3 

(Y705). (B) Densitometry analysis of STAT1 phosphorylation relative to total STAT1 

and (C) STAT3 phosphorylation relative to total STAT3, all normalized to -Actin. 

Columns show mean  SD. Two-tailed student’s t-test. 

 

Furthermore, we confirmed that isolated ileal IECs lacked TCPTP by 

Western blot, whereas TCPTP substrates, STAT1 and STAT3, had elevated 

levels of the active phosphorylated isoform when normalized to the total 

abundance of those proteins in comparison with Ptpn2fl/fl controls (Figures 

15A-C). 
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3.3.3. Genotyped IBD Samples of Subjects with PTPN2 Variant Show 

Enhanced Staining for the Pore-forming Claudin-2 Tight 

Junction Protein in the Colon and Small Bowel 

Increased intestinal permeability is a hallmark of IBD pathogenesis that 

contributes to intestinal fluid loss, while also permitting translocation of 

microbes and microbial products from the luminal space into the intestinal 

mucosa, leading to immune cell activation and cytokine production182,183. 

Our group has reported that PTPN2 loss-of-function compromises the 

homeostatic balance of the intestinal epithelial barrier properties in vitro and 

in vivo, by decreasing TER and by allowing passage of molecules with 

increased molecular weight. In fact, loss of epithelial TCPTP was sufficient 

to increase expression of claudin-2, a cation-pore forming tight junction 

protein135,140,143,184. The “pore pathway” is permissive to increased 

paracellular flux of electrolytes (i.e., Na+) and water into the intestinal 

lumen, promoting diarrhea, perhaps in an attempt to flush the intestinal 

lumen free of exogenous and potentially pathogenic agents185–187. These 

observations confirm epithelial TCPTP as a key regulator of barrier function 

and suggest a mechanism by which PTPN2 loss-of-function mutations 

contribute to chronic inflammatory diseases, such as IBD. 
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Here, we demonstrate the physiological relevance of increased claudin-2 

expression in Ptpn2-HET and -KO mice by corroborating previous data 

from animal models with data obtained from colonic tissues of CD patients 

harboring the loss-of-function IBD-associated SNP rs1893217 in the PTPN2 

locus (Table 6). Patients homozygous (GG/CC) or heterozygous (GA/CT) 

for this SNP displayed increased claudin-2 localization in colonic (Figure 

16A) and ileal epithelium (Figure 17A) compared with patients with WT 

PTPN2 alleles (AA/TT). 
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Figure 16. PTPN2 loss-of-function increases colonic epithelial membrane localization of 

Claudin-2 in PTPN2-genotyped CD patients. (A) Claudin-2 staining in colonic tissue 

from CD patients with WT PTPN2 who tested negative for the rs1893217 loss-of-

function mutation (AA/TT[–/–]; n = 5), 1 copy of the rs1893217 mutation (GA/CT[+/– ]; 

n = 5), or 2 copies of the mutation (GG/CC[+/+]; n = 1). Arrows indicate membrane 

localization of claudin-2. 
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Figure 17. (A) PTPN2 loss-of-function increases epithelial membrane localization of 

Claudin-2 staining in ileum from CD patients with WT PTPN2 rs1893217 SNP null 

(AA/TT[–/–]; n = 6) — or who tested homozygous for the PTPN2 loss-of-function 

variant (GG/CC[+/+]; n = 6). Arrows indicate membrane localization of claudin-2. 
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3.3.4. Constitutive Ptpn2-deficiency in Mice, or the Presence of the 

PTPN2-variant in Human Intestine, Increases Staining Intensity 

and Internalization of E. coli Receptors CEACAM-1 and 

CEACAM-6 Respectively 

In a previous study from our group, we identified that constitutive Ptpn2 loss 

contributes to altered gut microbiome population dynamics, with expansion 

of a murine adherent-invasive E. coli (mAIEC) strain. Interestingly, mAIEC 

showed similar capabilities of adherence and invasion of IECs, compared to 

the human isolated AIEC, LF82142. Additionally, mAIEC administration into 

microbiome-reconstituted germ-free mice resulted in intestinal 

inflammation, confirm it has characteristics of a pathobiont. Moreover, 

mAIEC increased DSS-induced colitis severity and prevented recovery in 

mice without genetic deficiency. However, the mechanisms AIEC exploits 

to adhere to, and invade, host cells remain to be fully determined. 

Nevertheless, AIEC strains do not represent an exclusive IBD-associated 

microorganism as their presence was also detected in ileal and colonic 

regions of healthy subjects, suggesting an abnormal expression and/or tissue 

tropism of a specific host receptor that can be recognized by bacteria in a 

genetically predisposed host gut120. AIEC adhesion requires type 1 pili 
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expression on the bacterial surface to initiate the engulfing process by IECs 

via mannose-containing receptors122. It has been reported that the expression 

of carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6) 

is upregulated in IBD patients, and this acts as a receptor for adherent-

invasive E. coli188. CEACAM6 is not expressed in mice. Therefore, we 

investigated whether staining for CEACAM1, a murine CEACAM protein 

homologous to the human CEACAM6, had altered localization and/or 

intensity that could be linked to mAIEC activity. Moreover, to validate the 

potential clinical relevance of mechanism, we tested whether patients 

expressing a PTPN2 variant show altered localization patterns for 

CEACAM6. 

In an initial screen for CEACAM1, we observed increased protein levels in 

IECs from ileum and cecum of Ptpn2-KO mice compared with WT and 

HET mice (data not shown/not published). Figure 18 shows CEACAM1 

staining in intestinal segments of whole-body WT, HET and KO mice. 

Noticeably, staining in the cecum indicated a higher intensity of cytosolic 

CEACAM-1 (red arrows) compared with cecal staining in WT and HET 

mice. 
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Figure 18. (A) CEACAM1 staining in ileum, cecum, proximal and distal colon of Ptpn2 

WT, HET and KO mice (n=2-3). Black arrows indicate apical membrane CEACAM1, 

whereas red arrows indicate cytosolic CEACAM1. 
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Conversely, CEACAM6 has been validated as a human AIEC binding 

protein188. Although it has been reported that CEACAM6 is generally 

upregulated in IBD patients, we wanted to confirm whether IBD patients 

carrying a PTPN2 variant would display a similar phenotype. 

A preliminary study revealed increased CEACAM6 mRNA expression and 

protein levels in PTPN2-KD HT-29 cells compared with controls (data not 

shown/not published). Next, we stained samples from patients with 

rs1893217 SNP, revealing that CEACAM6 staining was much more 

prominent in the apical membrane and in the cytosol of certain areas of the 

large intestine in a patient homozygous for risk allele (Figure 19). 

Conversely, the small bowel did not show any alteration in the pattern or 

intensity of CEACAM6 staining (Figure 20). 
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Figure 19. Large Intestine CEACAM6 staining in human biopsies of IBD-genotyped 

patients. (A) Human adenocarcinoma used as control; (B) Crohn’s with PTPN2 TT allele 

(wildtype); (C) Crohn’s with PTPN2 CT allele (heterozygous); (D) Crohn’s with PTPN2 

homozygous for risk allele CC; (E) Negative control; Black arrows indicate apical 

membrane staining; red arrows indicate internalized localization; yellow arrows indicate 

apical membranes without CEACAM6 detection. 
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Figure 20. Small Bowel CEACAM6 staining in human biopsies of IBD-genotyped 

patients. (A) Crohn´s with PTPN2 TT allelle (wildtype); (B) Higher magnification (40x) 

of the red squared area in image A; (C) Crohn´s with PTPN2 homozygous for risk allele 

CC; (D) Higher magnification (40x) from the red squared area in image C; Black arrows 

indicate positive staining for CEACAM-6 at the apical membrane; Yellow arrowheads 

indicate apical membrane negative for CEACAM-6 staining. Red arrows indicate 

CEACAM-6 internalized in the cytosol. 
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3.4.  Discussion 

Here, we show data highlighting the breadth of investigations I have 

contributed to that explore the multi-functional contributions of Ptpn2 to 

intestinal homeostasis. In depth characterization and validation of mouse 

models, coupled with the complementary use of intestinal tissues from 

genotyped humans subjects with IBD, show how PTPN2 loss-of-function 

contributes to disease onset143. While the data presented here were generated 

in projects that do not form the primary research focus of this thesis, they are 

relevant since they help paint the larger picture of how PTPN2 regulates 

multiple aspects of the intestinal environment. Moreover, the data presented 

in this chapter have contributed to manuscripts that are either published or in 

preparation, on which I am a co-author142,143.  

One of the hallmark disturbances in intestinal homeostasis that contributes to 

IBD pathogenesis is increased permeability. Increased epithelial expression 

of the cation pore-forming claudin-2 is commonly present in IBD patients, 

facilitating fluid loss consistent with IBD-associated diarrhea189, but can also 

have protective roles against pathogen infection190. As mentioned before, our 

group has shown that TCPTP protects the intestinal epithelial barrier by 

restricting cytokine-induced tight junction remodeling and increased 
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permeability to macromolecules using in vitro approaches, linking 

experimental findings to a clinically relevant genetic 

deficiency133,135,184,191,192. This study brings our knowledge one step further, 

by confirming that findings from IBD patients carrying a specific PTPN2 

loss-of-function variant corroborate our previous in vitro and in vivo 

findings. This opens new possibilities for a more targeted therapeutic 

approach to improve intestinal epithelial barrier function, such as 

administration of JAK-STAT inhibitors that could rescue the normal 

organization of intestinal tight junction proteins and re-establish intestinal 

homeostasis139,193. 

With respect to intestinal receptors that could function as sites for bacterial 

interaction, our preliminary data show that PTPN2 loss increases expression 

of both, CEACAM6 and CEACAM1, in humans and mice, respectively. 

Therefore, it is reasonable to hypothesize that these two proteins could play 

a role in AIEC adherence and invasion in our PTPN2-deficient mouse 

models. However, it is unclear why CEACAM1 cytosolic staining was 

enhanced in Ptpn2-KO mice. We speculate that this feature could be driven 

by the host itself, in an attempt to prevent bacterial adherence, or bacteria 

driven as internalization would facilitate bacteria invasion. Thus, 
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mechanistic investigations are necessary to answer these and several other 

questions, such as: can mAIEC directly interact with CEACAM1 in mice, 

using it as a binding site similar to LF82 and CEACAM6 in IBD patients? 

Do bacteria play any role in upregulating expression and/or glycosylation 

patterns of CEACAM1/CEACAM6? Does specific deletion of Ptpn2 in 

IECs result in dysregulation of CEACAM1 expression? Are there 

inhibitors/antagonists that could disrupt bacterial/receptor interaction to 

prevent adherence and invasion even in a genetically susceptible host? 

Finally, is the expansion of mAIEC in mice induced by PTPN2 loss or a 

result of systemic inflammation? 

In summary, the data presented here suggest that, apart from the contribution 

to broader investigations, constitutive Ptpn2 loss-of-function impairs 

intestinal barrier function and the handling of the gut microbiome by IECs. 

However, the mechanisms involved that lead to gut dysbiosis and expansion 

of a pathobiont are still unknown. Furthermore, although recent studies 

demonstrated that Ptpn2 deletion modulates the intestinal barrier and 

immune cell responses, data regarding differentiation and function of 

individual IEC subtypes are scarce. Since the functions of different specific 

IEC subtypes encompass tissue regeneration, production of AMPs, 
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surveillance of the luminal environment, and generation of the mucus layer, 

an imbalance in one of these populations could be detrimental to intestinal 

homeostasis which could lead to higher susceptibility to infection. Thus, the 

role(s) of Ptpn2 in regulating epithelial subtypes will be the focus of 

Chapters 4 & 5. 
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4. Ptpn2 is a Critical Regulator of Ileal Paneth Cell 

Viability and Function in Mice 

 

4.1.  Introduction 

The intestinal epithelial barrier comprises three layers of protection: the 

mucus layer, intestinal epithelial cell (IEC) lining and immune cells in the 

lamina propria. A healthy IEC layer is essential to restrict entry of pathogens 

and toxins. Specialized and highly differentiated IECs subtypes are 

strategically located along the crypt-villus axis of the small intestinal 

mucosa. Among them, Paneth cells are normally present only in the small 

intestines, dwelling at the crypt base intermingled with intestinal stem cells, 

and are critically involved in innate immune responses. Paneth cells secrete 

several AMPs such as -defensins (cryptdins in mice), lysozyme, and 

phospholipase A2 group IIA (sPLA2). Additionally, Paneth cells are an 

important source of stem cell niche factors, such as WNT3, Notch ligands, 

and EGF which are required for intestinal stem cell function60. Moreover, 

dysfunction of Paneth cells may play a role in intestinal inflammation109. For 

example, a subset of CD patients display reduced expression of AMPs and 
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defective Paneth cells, suggesting that loss of critical Paneth cells functions 

alters the host-bacterial interaction in ways that increase the risk of chronic 

inflammation107,194,195. 

IEC subtypes are functionally altered in IBD although such impairments are 

dependent on IBD manifestation (CD vs. UC), genetic susceptibility and site 

of disease activity107. In CD ileitis, Paneth cell number and function are 

affected whereas reduced numbers of goblet cells and a defective mucus 

layer have been reported in UC160,194–196. Furthermore, studies examining 

IBD patient biopsies and transgenic mice show that genetic variants or 

deletion of IBD-associated genes can functionally impair IEC subtypes, 

thereby increasing susceptibility to intestinal infections and promoting 

dysbiosis197–200.  

Here, we show for the first time that constitutive Ptpn2-deficiency alters the 

expression of ileal IEC markers in mice. Notably, the number of Paneth cells 

was dramatically reduced in Ptpn2-KO mice, negatively affecting the 

production of AMPs that directly modulates the intestinal microbiota. These 

findings, indicate a new mechanism by which Ptpn2-loss-of-function might 

increase susceptibility to infection and contribute to intestinal dysbiosis and 

disease onset. 
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4.2.  Methods 

For this study, we utilized several imaging techniques, such as histology, 

immunohistochemistry and transmission electron microscopy for 

localization of proteins of interest and visualization of cell organelles. 

Isolated ileal intestinal epithelial cells were used for western blot and gene 

expression analysis. Flow cytometry was performed using ileal mucosa as 

described in detail in the methods chapter. The experiments and data shown 

in this chapter are included in a manuscript that is currently under revision at 

a peer-reviewed journal. 
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4.3.  Results 

4.3.1. Whole-body Ptpn2-deficient Mice Display Epithelial Structural 

Changes and Unique Gene Expression in Ileal Isolated IECs 

Our group has recently shown that whole-body Ptpn2-KO mice display 

increased crypt depth in the cecum and proximal colon, although no other 

gross alteration was present in the intestinal epithelium (Figure 12A)143. 

However, ileal villus length was increased in Ptpn2-KO mice when 

compared with Ptpn2-WT and Ptpn2-HET mice (Figure 13A), whereas ileal 

crypt depth and width were not affected (Figures 13B-C). Increased villus 

length in the Ptpn2-KO mice was accompanied by increased numbers of 

proliferating cells detected by Ki-67 immunofluorescence (Figures 21A-B).  

 

Figure 21. Ptpn2-KO mice displayed higher numbers of proliferating ileal IECs. (A) 

Immunofluorescence imaging of ileal sections staining for proliferation marker Ki-67 

(red) and IEC marker E-cadherin (green). (B) Quantification of Ki-67+ IECs indicates 

that numbers of proliferating IECs were increased in KO mice. WT=4, HET=3, KO=3. 

Columns show mean  SD. One-way ANOVA and Tukey post-hoc test. 
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Next, to investigate whether constitutive Ptpn2 deletion also affects IEC 

subtypes and their function, we performed partial transcriptomic analysis of 

isolated IECs from Ptpn2-WT, HET and KO mice. Gene expression analysis 

was performed using Nanostring technology. Results of two separate 

panels with a predefined set of targets, ‘AutoImmune Profiling’ and 

‘PanCancer Pathways’ were combined, with the addition of 60 customized 

targets comprising IEC markers, function and differentiation factors, host-

bacteria interaction, autophagy, immune response and iron transport, totaling 

>1500 targets (GEO database - accession number GSE181531). Principal 

component analysis (PCA) showed unique gene expression patterns in 

Ptpn2-KO IECs, that clustered separately from IECs of WT or HET mice 

(Figure 22A, red ellipse), indicating that genotype corresponds to 76% of the 

gene expression variance. Furthermore, the same analysis revealed that at 

least one set of littermates clustered together when data points were 

compared by this parameter, indicating that co-housing contributes to gene 

expression variance (Figure 22A, green ellipse). When adjusted for the 

littermate effect, we found 97 genes were markedly dysregulated (False 

Discovery Rate (FDR) <0.1) out of 1398 targets with detectable levels (GEO 

database - accession number GSE181531). A heatmap of pathway scores 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181914
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181914


 

 

100 

 

summarizes the overall effect of constitutive Ptpn2 deletion on cellular 

pathways in each sample (Figure 22B). Figure 22C lists all genes associated 

with IEC markers and differentiation factors found to be altered in Ptpn2-

KO relative to WT mouse ileum. Notably, the Paneth cell-associated AMP 

genes Defa6, Lyz1 and Pla2g2a were downregulated (blue) in KO IECs, 

suggesting that the function of Paneth cells could be impaired by constitutive 

Ptpn2-deficiency. Figure 23 shows the differential expression of genes 

associated with IEC differentiation (Figure 23A), and differential expression 

of genes associated with IEC markers and function (Figure 23B). 
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Figure 22. Partial transcriptome analysis of isolated ileal IECs by Nanostring. Data 

consolidated from two different panels: ‘AutoImmune Profiling’ and ‘PanCancer 

Pathways’ with the addition of 60 custom targets. (A) Principal Component Analysis 

(PCA) is a statistical method that transforms large data sets with multiple variables into a 

linear set of principal components retaining most of the information from the large set. 

Component 1 (PC1) captures the highest level of variance, PC2 the next highest, PC3 

next, and so on. The resulting image plots each PC vs. another twice and colors the points 

by the selected covariate helping to identify clusters in the data associated with a 

covariate. The boxes on the diagonal each contain a PC name and value representing the 

variance percentage; all plots in the same row will have this PC on their y-axis and all 

plots in the same column will have this PC on their x-axis. The upper quadrants, above 

the diagonal line, were color-coded with the genotype of each sample indicating that gene 

expression of Ptpn2-KO mice is unique. The red ellipse indicates how data points from 

KO mice cluster apart from WT and HET mice. Lower quadrants were color-coded with 

littermates, indicating that littermates number 1 clustered together as indicated by the 

green ellipse. Data was normalized by littermates (co-housed mice) as a covariate. (B) 

Heatmap of pathway scores is a high-level overview of how the cellular pathway scores 

change across samples. Orange indicates high scores; blue indicates low scores. Scores 

are displayed in the same scale by Z-transformation. Each column represents an 

individual sample. (C) KO vs. WT differential expression of ileal intestinal epithelial 

markers, differentiation factors and function. WT=3, HET=4, KO=5. All targets had p-

value <0.05 and FDR <0.1. 
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Figure 23. Log2 fold change of genes associated with IEC markers and function. (A) 

Differential expression of IEC differentiation factors (KO vs. WT); (B) Differential 

expression of IEC markers/function (KO vs. WT). # Indicates targets statistically 

significant ( <0.05; FDR <0.1). 

A 
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4.3.2. Whole-body Ptpn2 Deletion Depletes Paneth Cells and AMP 

Production 

Given the established importance of Paneth cells in shaping host-microbial 

interactions in the gut, we investigated whether whole-body Ptpn2-

deficiency compromises Paneth cells function in mice195,201. Counting of 

Paneth cells on H&E sections (Figure 12A), distinguished from other IECs 

by the presence of characteristic large cytosolic granules, showed that their 

number was decreased in Ptpn2-KO mice (Figure 24A). In parallel, 

immunohistochemistry (IHC) staining showed a marked reduction of Paneth 

cells-associated lysozyme in the ileal mucosa of Ptpn2-KO mice (Figures 

24B-C), a finding that was confirmed by Western blot analysis of isolated 

ileal IECs (Figures 24D-E). Moreover, immunofluorescence staining of 

another Paneth cell-specific AMP, Defensin alpha 1 (Defa1; cryptdin-1 in 

mice), showed a dramatic reduction of Defa1-positive Paneth cells in Ptpn2-

KO mice in comparison with WT and HET mice (Figures 24F-G).  
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Figure 24. Number of Paneth cells and expression of AMPs are reduced in Ptpn2-KO 

mice. (A) Counting of Paneth cells by calculating the ratio of the total number of Paneth 

cells by the total number of IECs per crypt. Columns show mean  SD. One-way 

ANOVA and Tukey post-hoc test. (B) Ileal Paneth cells were stained for antimicrobial 

peptide lysozyme through IHC. Black arrows indicate Paneth cells positively stained for 

lysozyme whereas red star indicates Paneth cells without lysozyme staining 

(characterized by large cytosolic granules at the crypt base). WT=3, HET=5, KO=5. (C) 

Ratio of the number of Paneth cells positively stained for lysozyme by total number of 

IECs per crypt. (D) Western blot of ileal IECs probing for lysozyme. (E) Densitometry of 

lysozyme protein levels in ileal IECs. WT=5, HET=5, KO=5. (F) Immunofluorescence of 

ileal sections staining for Defa1 (green), a Paneth cell-specific AMP; E-cadherin (red), a 

marker of IECs; and DAPI (blue) a marker of cell nuclei. White arrows indicate Paneth 

cells positive for Defa1 staining. (G) Counting and ratio of Defa1 positive cells over total 

number of IECs per crypt. WT=3, HET=3, KO=5. 
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To further confirm that Ptpn2-KO mice lack Paneth cells, I used 

transmission electron microscopy (TEM) to assess the presence/absence of 

dense core vesicles, a cytoplasmic structure present in Paneth cells 

responsible for packing and storing AMPs. Ptpn2-KO mice displayed fewer 

Paneth cells at the crypt base (Figure 25A; delineated by blue dashed lines) 

and these were associated with fewer DCVs (yellow arrows). Satoh et al. 

reported that large cytoplasmic vacuoles were formed when DCVs released 

their contents into the luminal space after Paneth cell stimulation202. 

However, we did not observe cytoplasmic vacuole formation in any of the 

constitutive Ptpn2 mouse genotypes (WT, HET, KO) (Figure 25A). 

Although Ptpn2-HET mice had  normal numbers of Paneth cells, it is 

notable that some of the Paneth cells in HET mice had a low density halo 

surrounding the DCVs, indicated by red arrows, a feature that has been 

suggested to be associated with increased expression of the mucin protein 

MUC2 in Paneth cells (Figure 25A)168,203.  
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Figure 25. TEM images show that number of Paneth cells and dense core vesicles are 

indeed reduced. (A) TEM images of the ileal crypt base (delineated by dashed blue lines). 

Higher magnification images were captured from red dashed lines displaying Paneth cells 

and their dense core vesicles (DCVs indicated by yellow arrows). Note the absence of 

DCVs in the KO mice whereas HET mice display Paneth cell vesicles with large 

translucid halos around DCVs (red arrows); N = nucleus; L = luminal space; WT=3; 

HET=3 and KO=4. (B) Western blot of ileal IECs probing for Mist1 protein. (C) 

Densitometry of Mist1 protein levels in ileal IECs, a protein shown to be important in the 

organization of DCVs in secretory cells. WT=8, HET=8, KO=8. Columns display mean  

SD. Brown-Forsythe ANOVA test and Dunnett’s T3 post-hoc test. 
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Next, western blot analysis of Mist1, a protein shown to be important in the 

secretory apparatus and maturation of exocrine cells, including Paneth 

cells204–206, was elevated in KO mice compared with WT and HET (Figures 

25B and C). 

Although it is unclear why Mist1 is induced in Ptpn2-KO mice, it could 

suggest an attempt to rescue the normal secretory function of Paneth cells in 

these mice. Supporting this idea, expression of transcription factor 4 (Tcf4) 

and Tcf7l2, regulators of -defensins expression207,208; and Mmp7, a Paneth 

cell-specific matrix metallopeptidase 7 (matrilysin) responsible for cleavage 

and activation of pro--defensins in mice70; remained unchanged in the 

Nanostring analysis (Figures 23A and B), indicating that some of the 

Paneth cell molecular markers were retained despite the loss of many 

phenotypic features. Collectively, these data suggest that constitutive Ptpn2 

loss results in a dramatic reduction of mature Paneth cells and depletion of 

Paneth cells-specific AMPs in Ptpn2-KO mice. 
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4.3.3. IECs of Ptpn2-KO Mice Show Activation of the Apoptosis 

Pathway 

Given the dramatic alterations in Paneth cell phenotype in mice that lack 

whole-body Ptpn2 activity, we sought to investigate whether the absence of 

Paneth cells in Ptpn2-KO mice was due to apoptotic cell death. Western blot 

analysis of IECs showed that levels of both total and activated (cleaved) 

isoforms of the pro-apoptotic marker caspase-3 were elevated in KO mice 

compared with WT and HET (Figure 26A and B). Moreover, levels of 

cleaved poly-(ADP-ribose) polymerase (PARP), a critical protein during 

DNA repair, were significantly altered between groups, although pairwise 

comparisons did not detect differences between groups, suggesting 

activation of the apoptotic pathway (Figure 26A and C). However, TUNEL 

staining which detects DNA fragmentation in the late stage of cell apoptosis 

failed to detect substantial differences in the localization of apoptotic IECs 

between genotypes, except for some sporadic apoptotic cells found in the 

crypt region of constitutive Ptpn2-KO mice (Figure 26D). 
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Figure 26. Ptpn2-KO mice have elevated levels of apoptotic immune cells. (A) Western 

blot of ileal IECs from constitutive Ptpn2-KO mice probing for pro-caspase 3 and 

cleaved caspase 3. (B) Densitometry and ratio of Caspase 3 isoforms. Columns show 

mean  SD of relative intensity. Brown-Forsythe ANOVA test and Dunnett’s T3 post-

hoc test. (C) Densitometry and ratio of PARP isoforms. Brown-Forsythe ANOVA test 

and Dunnett’s T3 post-hoc test. (D) TUNEL staining of ileal sections showing apoptotic 

cells (green) and cell nuclei (blue). N=4 per group. 
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As these crypt-localized TUNEL+ cells did not appear to be IECs, we 

characterized immune cell viability in ileal tissues of these mice. Flow 

cytometric analysis identified increased proportions of dead CD3+ immune 

cells and this was associated with increased number of dead CD4+ and CD8+ 

T-lymphocytes (Figures 27A-C). Collectively, these data identify increased 

activation of mucosal cell death mechanisms and a quantifiable increase in 

lymphocyte death in Ptpn2-KO mouse ileum. 

 

 

Figure 27. Flow cytometry of ileal mucosa cells stained for immune cell types and 

apoptotic marker showing elevated abundance of apoptotic (A) Lymphocytes (CD3+), (B) 

T helper cells and (CD4+), and (C) cytotoxic T cells (CD8+). WT=8, HET=8, KO=8. 

Columns show mean  SD. Brown-Forsythe ANOVA test and Dunnett’s T3 post-hoc 

test. 
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4.3.4. IEC-specific Ptpn2 Deletion Impairs Lysozyme Protein Levels 

Without Affecting Abundance of Paneth Cells 

To determine whether the Paneth cell defects in whole-body Ptpn2 were a 

direct consequence of effects on epithelial cells, or an indirect consequence 

of effects on other (non-epithelial) cells, we used a tamoxifen-inducible 

villin-Cre transgenic Ptpn2 deletion mouse line (Ptpn2ΔIEC). Tissues were 

harvested >30 days after recombinase induction by tamoxifen administration 

to minimize any potential residual effects from estrogen receptor 

activation143. H&E staining of ileal sections revealed and morphometric 

analysis of intestinal parameters, such as crypt depth, crypt width and villus 

length were similar between both groups (Figures 28 and 29).  
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Figure 28. Morphological analysis of the intestinal mucosa architecture of Ptpn2fl/fl and 

Ptpn2IEC mice. (A) H&E staining of ileum, cecum, proximal and distal colon. 
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Figure 29. Morphometric analysis of intestinal structures of tamoxifen-inducible tissue-

specific Ptpn2-deletion. Morphometric analysis of (A) ileal crypt depth; (B) ileal villus 

length; (C) ileal crypt depth; (D) cecal crypt width; (E) cecal crypt width; (F) proximal 

colon crypt depth; (G) proximal colon crypt width; (H) distal colon crypt depth; (I) distal 

colon crypt width. Each data point indicates the average value of a single mouse. 

Ptpn2fl/fl=7, Ptpn2IEC=5. Columns show mean  standard deviation. Two-tailed unpaired 

student’s t-test. 
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Paneth cells were present at the crypt base and displayed abundant cytosolic 

granules in both Ptpn2IEC mice and Ptpn2fl/fl controls (Figure 30A). The 

overall number of Paneth cells was not reduced by IEC-specific Ptpn2 

deletion (Figure 30B). However, when ileal sections were stained for 

lysozyme and Ulex europaeus agglutinin-1 (UEA-1), a marker of lectins that 

is normally used to stain Paneth cell granules, both markers were 

dramatically reduced at the crypt base in Ptpn2IEC mice compared to 

controls (Figure 30A). Reduced levels of lysozyme protein in Ptpn2IEC mice 

were confirmed by Western blotting using isolated IECs (Figures 30C-D), 

whereas Mist1 protein levels were unchanged between groups (Figures 30C 

and E). Together, these data show that epithelial Ptpn2 is critical for Paneth 

cell function with respect to lysozyme production, however, loss of 

epithelial Ptpn2 is not sufficient to cause Paneth cell depletion. 
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Figure 30. Paneth cell number is not affected by IEC-Ptpn2 deletion but impairs 

production of lysozyme. (A) H&E staining of ileal sections showing abundant Paneth 

cells and cytosolic granules at the base of the crypt of Ptpn2fl/fl and Ptpn2IEC mice. 

Staining of ileal sections from Ptpn2fl/fl and Ptpn2IEC mice with Paneth cell marker 

lysozyme (green); UEA-1, a marker of Paneth cell dense core vesicles (magenta); cell 

nuclei (blue); and marker of intestinal epithelial cells E-cadherin (red). Ptpn2fl/fl=7, 

Ptpn2IEC=9. (B) Counting of total number of Paneth cells present in the ileum of 

Ptpn2fl/fl and Ptpn2IEC mice displayed as ratio of Paneth cells over total number of IECs 

per crypt. (C) Western blot of IECs probing for lysozyme and Mist1 proteins. (D) 

Densitometry of lysozyme protein levels in IECs comparing Ptpn2fl/fl and Ptpn2IEC. (E) 

Densitometry of Mist1 protein levels in IECs comparing Ptpn2fl/fl and Ptpn2IEC. 

Ptpn2fl/fl=6, Ptpn2IEC=6. Columns show mean  SD. Two-tailed unpaired t-test. 



 

 

118 

 

4.3.5. Constitutive Ptpn2-deficiency Increases Abundance of Ileal 

Immune Cells and Production of Paneth Cell Stimulatory Cytokines 

Because whole-body Ptpn2-KO mice failed to express several Paneth cell-

associated AMPs, and were unable to form cytosolic granules, we 

investigated whether the ileal mucosa lacks stimulatory factors required for 

Paneth cell maturation, expression, and secretion of AMPs by evaluating 

immune cell infiltration and expression of immune cell-derived cytokines 

that stimulate Paneth cells. Flow cytometry analysis revealed increased 

abundance of neutrophils, macrophages, and TNF-/IFN- expressing 

cytotoxic (CD8+) and T helper (CD4+) cells in the ileal mucosa of Ptpn2-KO 

mice in comparison with WT and HET mice (Figures 31A-D). Moreover, 

the abundance of CD4+ T-cells positive for IFN- and IL-22 was also 

elevated (Figures 31C-E). These data indicate that the ileal mucosa contains 

abundant immune cells that express stimulatory cytokines that can promote 

PC function and stimulate secretion of AMPs. Furthermore, gene expression 

of cytokine receptors, Il22ra1, Il10rb and Ifngr1 in IECs was unchanged 

(GEO database - accession number GSE181531), suggesting that IECs were 

not functionally uncoupled from cytokine stimulation, at least at the gene 

expression level.  

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181914
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Figure 31. Flow cytometry of immune cells in the ileal mucosa of Ptpn2-KO mice 

stained for immune cell types and pro-inflammatory cytokines upon stimulation. (A) 

Relative abundance of neutrophils. (B) Relative abundance of macrophages. (C) Relative 

abundance of T helper cells (CD4+) positive for IFN-. (D) Relative abundance of 

cytotoxic cells (CD8+) positive for TNF and IFN-. (E) Relative abundance of T helper 

cells (CD4+) positive for IL-22. (F) Relative abundance of T helper cells (CD4+) positive 

for IL-17. (G) Relative abundance of dendritic cells (CD11c+). WT=5, HET=7, KO=5. 

All columns show average  SD. Brown-Forsythe ANOVA and Tukey’s post-hoc test. 

(H) RT-qPCR gene expression of Paneth cell non-specific antimicrobial peptides, Reg3b 

and Reg3g. WT=9, HET=11, KO=10. Columns show geometric mean  geometric 

standard deviation in a Log10 scale. One-way ANOVA and Tukey’s post-hoc test. (I) 

Western blot of ileal IECs probing for Reg3-. (J) Densitometry of Reg3- protein levels 

in ileal IECs. Only the upper band (16.5 kDa) was measured as has been shown that 

cleavage of Reg3- by trypsin to generate the shorter active isoform (~15 kDa) occurs 

only after both proteins are released into the luminal space. WT=8, HET=7, KO=7. 

Columns show mean  SD. One-way ANOVA and Tukey’s post-hoc test. 
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Conversely, abundance of CD4+ T-cells primed to express IL-17 was 

dramatically reduced in Ptpn2-KO mice in comparison with WT and HET 

(Figure 31F), whereas no change was detected in the abundance of ileal 

dendritic cells, a specialized antigen-presenting cell that orchestrates innate 

and adaptive immune responses (Figure 31G). Since pro-inflammatory 

cytokines should exert a global response on the ileal mucosa rather than 

targeting an individual IEC subtype, we analyzed the expression of two 

AMPs that are not Paneth cell-specific, Reg3b and Reg3g by RT-qPCR. 

Expression of Reg3b was unchanged, whereas the expression of Reg3g was 

induced in both Ptpn2-HET and KO mice compared with WT (Figure 31H). 

Western blots of ileal IECs confirmed that REG3- protein level was 

elevated in Ptpn2-KO mice compared to WT and HET mice (Figures 31I 

and J), suggesting that the deficit in the expression of Paneth cell-specific 

AMPs indicates a selective effect on Paneth cells. 
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4.3.6. Constitutive Ptpn2-deletion Disrupts ER Architecture, 

Increases Levels of ER Stress and Unfolded Protein Response 

Markers Without Affecting Abundance of Autophagy Proteins 

Paneth cells respond to intestinal microbes by discharging AMP-filled 

granules into the luminal space209. Regarding secretion of lysozyme by 

Paneth cells, commensal bacteria seem to have a critical role in recruiting 

lysozyme into secretory granules, whereas depletion of commensals directs 

lysozyme to lysosomal degradation199. Bel et al, showed that lysozyme is 

secreted via secretory autophagy pathway during bacterial infection of the 

intestine, and when autophagy was disrupted in Atg16l1-deficient mice, 

lysozyme secretion was hindered210. Therefore, we tested whether the 

lysozyme deficit observed in constitutive Ptpn2-deficient mice was 

associated with impaired autophagy activation and/or autophagosome 

formation. Levels of the autophagy-related proteins Beclin-1, ATG3, ATG5, 

ATG7, ATG12, and the product of another IBD-associated gene, ATG16L1, 

were unchanged in IECs from whole-body Ptpn2-KO mice (Figure 32A-G).  
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Figure 32. Evaluation of autophagy markers in the constitutive Ptpn2-deficient mice. (A) 

Western blot of ileal IECs probing for autophagy markers LC3B-I and -II, Beclin-1, 

ATG3, ATG5 (antibody detects total levels of free ATG5 and conjugated with ATG12), 

ATG7, ATG12 and ATG16L1. Densitometry of (B) LC3B-I and -II depicted as ratio 

between the two isoforms; (C) Beclin-1; (D) ATG3; (E) total ATG5; (F) ATG7; and (G) 

ATG16L1 protein levels. WT=8, HET=8, KO=8. Columns show mean  SD. One-way 

ANOVA and Tukey post-hoc test. 
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Surprisingly, we observed elevated levels of autophagosome formation as 

evidenced by an increased ratio of LC3B isoforms, the lipidated LC3B-II 

over LC3B-I, suggesting increased autophagosome formation in Ptpn2-KO 

mice (Figure 32A and B). Although unexpected, our data suggested that the 

impairment in lysozyme production is independent of autophagy. On the 

other hand, to identify if the endoplasmic reticulum (ER)-driven protein 

secretory pathway was disrupted211,212, we investigated whether Paneth cells 

in whole-body Ptpn2-deficient mice were undergoing ER stress. TEM 

images revealed that the ER architecture in Paneth cells was abnormal in 

constitutive Ptpn2-HET mice and dramatically disrupted in Ptpn2-KO mice, 

with ribosomes ‘floating’ in the cytosol having dissociated from ER 

cisternae (Figure 33A), which is a typical feature of cells undergoing ER 

stress. Protein levels of the ER stress-associated protein, Bip, and the 

unfolded protein response marker, Xbp-1s, were variable in Ptpn2-KO and -

HET mice, whereas no change in phosphorylated-eIF2- was observed 

(Figures 34A-D). Conversely, levels of CHOP protein, a late-stage ER stress 

marker and inducer of apoptosis, were increased in IECs from constitutive 

Ptpn2-KO mice in comparison with WT and HET mice (Figures 34A and 

E). 
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Figure 33. Constitutive Ptpn2 deletion disrupts Paneth cell ER architecture. (A) 

Transmission electron microscopy (TEM) images. The upper row outlined in blue shows 

the Paneth cell cytosol. The yellow box with dashed lines shows the region further 

magnified. (DC) = Dense Core Vesicles; (N) = nucleus; (M) = mitochondria; (ER) = 

endoplasmic reticulum; (*) = ribosomes. WT=3, HET=3 and KO=4. 
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Figure 34. Constitutive Ptpn2 loss increases ER stress marker CHOP protein levels in 

ileal IECs. (A) Western blot of ileal IECs probing for early ER stress marker Bip, 

unfolded protein response marker Xbp-1s, translation initiation factor isoforms eIF2- 

and p-eIF2, and ER stress marker CHOP protein in constitutive Ptpn2-deficient mice. 

Densitometry of (B) Bip, (C) Xbp-1s (D) eIF2- ratio (E) CHOP protein levels. WT=8, 

HET=8, KO=8. Columns show mean  standard deviation. One-way ANOVA and 

Tukey’s post-hoc test. 
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In mice lacking Ptpn2 only in the intestinal epithelium, we observed a 

substantial difference in the abundance of Xbp-1s protein between males and 

females (higher) in Ptpn2IEC and Ptpn2fl/fl mice (Figure 35A). 

 

Figure 35. Specific Ptpn2 deletion in IECs increases level of ER stress marker Xbp-1s. 

(A) Western blot of ileal IECs probing for ER stress markers in male and female Ptpn2fl/fl 

and Ptpn2IEC mice. (B) Densitometry of Bip protein levels and (C) Xbp-1s. Note the 

difference in band intensity between males and females. Here, data was normalized by 

sex. Ptpn2fl/fl=6, Ptpn2IEC=6. Columns show mean  standard error of the mean. Two-

tailed unpaired t-test. 

 

When normalized by sex, levels of Xbp-1s were significantly higher in 

Ptpn2IEC compared to Ptpn2fl/fl mice (Figures 35B and C), indicating 

activation of the unfolded protein response in IECs of Ptpn2IEC mice. In 
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summary, Ptpn2 loss in vivo provoked increased ER stress, activation of the 

unfolded protein response and compromised the ER architecture of Paneth 

cells which likely affects protein synthesis, including production of AMPs. 

Moreover, the elevated levels of CHOP protein in IECs suggest suppression 

of the unfolded protein response by increasing protein synthesis, which 

could lead to cell death through oxidative stress and ATP depletion213,214. 

 

4.3.7. Constitutive Ptpn2 Deletion Does Not Affect Expression of 

Intestinal Epithelial Stem Cell Markers 

Paneth cells play a critical role in supporting the small intestinal stem cell 

niche215. Hence, we investigated whether the function of intestinal stem cells 

was also compromised in Ptpn2-KO mice. Western blot analysis of Olfm4 in 

IECs did not reveal alterations in the protein levels of this intestinal stem cell 

marker (Figures 36A-B). Additionally, gene expression of Ephb3, a marker 

of the ISC compartment, Ascl2, a gene that controls stem cell renewal in the 

crypts, and Bmi1, a marker of quiescent intestinal stem cell, were unaltered 

(Figure 23E and Figure 36C).  
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Figure 36. Constitutive Ptpn2 deficiency does not seem to alter intestinal stem cell 

markers and self-renewal. (A) Western blot of ileal IECs probing for Olfm4, an intestinal 

stem cell marker. Per antibody manufacturer, Olfm4 in the small intestine typically 

displays two bands that belong to Olfm4 protein with molecular weight ranging from 85-

90 and 70kDa. (B) Densitometry of both bands from Olfm4 protein level in ileal IECs. 

Columns show mean  standard deviation. WT=8, HET=8, KO=8. One-way ANOVA 

and Tukey post-hoc test. (C) RT-qPCR analysis of Ascl2 gene, responsible for intestinal 

stem cell renewal in the crypts. WT=9, HET=11, KO=10. Columns show geometric mean 

 geometric standard deviation. One-way ANOVA and Tukey post-hoc test. 

 

This indicates that the expression of the stem cell compartment markers was 

not affected, even though the increased number of proliferative cells suggest 

higher activity of intestinal stem cells while markers of quiescent stem cells 

remained unchanged. Next, we evaluated the expression of differentiation 
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factors involved in the commitment of secretory vs. absorptive lineages. 

Notably, fibroblast growth factor receptor 3, Fgfr3,  a differentiation factor 

shown to be critical for Paneth cell development was downregulated (Figure 

23C)216,217. Conversely, Sfrp1 which encodes Secreted Frizzled Related 

Protein 1, and Ccnd1 which encodes Cyclin-D1, genes with direct roles in 

cell cycle and differentiation of the intestinal epithelium, were markedly 

upregulated (Figure 23C). Altogether, our data suggest an imbalance in the 

expression of differentiation factors associated with the Paneth cell lineage, 

whereas expression of intestinal stem cell markers did not seem to be 

affected. 
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4.4.  Discussion 

Ptpn2 modulates the intestinal microbiome and restricts the expansion of a 

mouse-specific adherent-invasive E. coli (mAIEC), which has >90% genetic 

similarity to the human IBD-associated AIEC, LF82142,218. Ptpn2 is also 

critically involved in the maintenance of intestinal barrier function through 

epithelial-macrophage crosstalk139,36. Here, we identified a possible 

mechanism to explain how loss of Ptpn2 contributes to bacterial dysbiosis. 

We report that ileal IECs showed dramatic downregulation of critical genes 

associated with Paneth cell function, whereas analysis of morphological 

features and molecular markers confirmed that Paneth cells were nearly 

ablated in the ileum of constitutive Ptpn2-KO mice. Given the essential role 

of Paneth cells in the first line of enteric defense by modulating the gut 

microbiome through a large spectrum of AMPs secreted into the luminal 

space, the loss of AMP production by Paneth cells is likely a critical factor 

in the observed changes in microbiota composition. 

Human Paneth cells abundantly express two -defensin genes, DEFA5 

(HD5) and DEFA6 (HD6), as well as lysozyme, secretory phospholipase A2, 

and regenerating islet-derived protein 3- (REG3A)219. HD5 has antibiotic 

activity against Gram+ and Gram- bacteria, including Staphylococcus aureus 
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and Salmonella typhimurium as shown in transgenic mice expressing human 

DEFA5220,221. HD6 lacks direct antimicrobial activity, forming nanonets that 

trap bacteria instead222. Murine Paneth cells, on the other hand, express at 

least 19 different -defensin isoforms223,224. The expression of -defensins 

by Paneth cells in mice does not seem to be dependent on bacterial stimuli, 

but rather is regulated by transcription factors linked to IEC differentiation, 

including Tcf4 and Tcf7l2, which are under control of the Wnt/Beta-catenin 

pathway208. In our study, we observed that these transcription factors that are 

critical in the development of Paneth cells were not affected in constitutive 

Ptpn2-KO mice (Figure 23D), suggesting that the deficit in AMP expression 

could be inherently connected to loss of Paneth cells in the ileal mucosa. 

Moreover, Paneth cells are the primary source of intestinal C-type lysozyme, 

encoded by the Lyz1 gene, which hydrolyzes the bacterial wall component 

peptidoglycan (PGN), common to both Gram+ and Gram- bacteria, resulting 

in the release of MDP, an important agonist of Nod1 and Nod218. Unlike -

defensins, lysozyme levels are regulated by commensal bacteria stimulation 

of Nod2, as demonstrated by germ-free and Nod2-KO mice where lysozyme 

is rerouted from secretion to protein degradation199. Although Lyz1-/- mice 

displayed expansion of the mucolytic bacteria Ruminococcus gnavus, a 
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Crohn’s disease-associated pathobiont, they had diminished mucosal sensing 

and responses to MDP, accompanied by a reduced basal inflammatory 

response, suggesting the importance of lysozyme activity in tuning of the 

immune system225. Consequently, the impact caused by a lack of mature 

Paneth cells could go beyond the impairment in the production of AMP to 

also affect lysozyme-mediated priming of the enteric immune response to 

bacterial products. 

While Paneth cell-specific AMPs (Lyz, Defa6 and Pla2g2a) were reduced, 

expression of AMP produced by other IECs were either induced (Reg3g), or 

unchanged (Reg3b), suggesting that the deficit in the expression of AMPs is 

Paneth cell-specific. With respect to the different effects on Reg3g and 

Reg3b expression, this could be due to a lack of IL-17 stimulation which is 

required for Reg3b induction. Paneth cell stimulation by IL-22 is essential 

for Paneth cell maturation and regulation of microbiota-dependent Il-17 

immune responses. IL-17 and IL-22 tend to act synergistically in Paneth 

cells, albeit by distinct cellular mechanisms226,227. Despite abundant IL-22-

expressing CD4+ cells in the ileal mucosa, this was not sufficient to promote 

Paneth cell maturation or expression of Paneth cell-specific AMPs. 
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Studies with IBD patient and transgenic mice show that genetic variants, or 

deletion of IBD-associated genes, such as ATG16L1, NOD2 and LRRK2, are 

detrimental to Paneth cell morphology and function, leading to dysbiosis197–

200. In addition, deletion of the transcription factor X-box binding protein-1 

(Xbp1) in IECs, a marker of unfolded protein response, leads to Paneth cell 

impairment and spontaneous enteritis228. However, mice with constitutive 

homozygotic Ptpn2 deficiency develop severe systemic inflammation 

succumbing between three and five weeks of age163. Our group has recently 

shown that constitutive Ptpn2-KO mice have elevated pro-inflammatory 

cytokines (IFN-, TNF-, and IL-6) in the serum and in large intestinal 

mucosa143. In this paper, we showed that immune cells primed to secrete 

stimulatory cytokines that induce PC function (IFN-, TNF- and IL-22) 

were abundant in the ileal mucosa of Ptpn2-KO mice, indicating that Paneth 

cells seem to be extremely sensitive to inflammatory conditions. As an 

example, IFN- induces potent extrusion of secretory granules, and Paneth 

cell nucleus expulsion leading to apoptosis, if stimulation by IFN- is 

sustained229,230. We also identified that Ptpn2 deletion in IECs alone is 

sufficient to impair lysozyme production without affecting overall Paneth 

cell number, in addition to promoting activation of the unfolded protein 



 

 

136 

 

response. Thus, the ablation of Paneth cells in constitutive Ptpn2-KO mice 

may reflect the elevated inflammatory status, and likely contribution of non-

epithelial cells (i.e. immune cells) in these mice that is not seen in Ptpn2ΔIEC 

mice. 

In our study, gene expression of Tcf4 and Tcf7l2, transcription factors that 

control expression of -defensins, and Mmp7, another Paneth cell-associated 

gene critical in cleaving and activating AMPs, was unaltered in ileal IECs 

(GEO database - accession number GSE181531). This could indicate an 

impairment in Paneth cell maturation. Moreover, levels of Mist1 protein 

were elevated in Ptpn2-KO mice compared with WT and HET counterparts. 

Mist1 belongs to a helix-loop-helix (bHLH) family of transcription factors 

that bind DNA in several developmentally regulated genes231, and play a role 

in the regulation of differentiation and maturation of the secretory machinery 

of exocrine cells232. Studies using Mist1-KO mice showed that Paneth cells 

develop an immature phenotype with abnormal DCVs and secretory 

apparatus without affecting the expression of lysozyme204. As Mist1 seems 

to be critical in maturation of Paneth cells and in the organization of their 

secretory granules, this might suggest that the elevated levels of Mist1 could 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181914
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be an attempt to rescue the normal secretory function of Paneth cells in 

whole-body Ptpn2-deficient mice. 

Our group has shown that loss-of-function PTPN2 variants impair 

autophagosome formation in T84 IECs and THP-1 monocytes in response to 

the bacterial wall component MDP, or the inflammatory cytokines IFN-

+TNF in vitro233,234. However, we did not observe changes in the levels of 

autophagy proteins, nor in autophagosome formation in isolated IECs from 

Ptpn2-KO mice, indicating that the lysozyme deficit in Paneth cells is not 

due to autophagy impairment. Spalinger et al, have shown that mAIEC 

replicate and survive in macrophages lacking Ptpn2 activity, however 

autophagosome formation was rescued after stimulation with rapamycin, 

showing that the defective autophagy present in Ptpn2-deficient 

macrophages in vivo can be bypassed by stimulatory factors144. One possible 

explanation for the different effects on autophagy in whole-body vs. 

macrophage specific loss of Ptpn2 is that the elevated ER stress could be the 

stimulus to activate autophagy in whole body Ptpn2-KO mice since there is 

extensive crosstalk between these two cellular processes235. Constitutive 

Ptpn2-deletion resulted in disruption of the ER architecture in Paneth cells, 

indicating ER stress that could compromise correct protein processing and 
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folding. Of note, we did not observe increased phosphorylation of eIF2- 

that is normally elevated during ER stress. IFN- induces potent 

phosphorylation of eIF2- at serine 51 (Ser51) in exocrine cells236. 

However, in agreement with our findings, PTPN2 knockdown in HT-29 

IECs showed no change in eIF2- phosphorylation following tunicamycin-

induced ER stress237. Moreover, we observed a dramatic increase in the 

levels of CHOP, which plays an essential role in inducing cell cycle arrest 

and apoptosis during ER stress214,238. CHOP promotes cell death by 

GADD34-mediated dephosphorylation of eIF2-214, thus stimulating protein 

synthesis under ER stress, increasing oxidative stress, ATP depletion, which 

collectively culminates in apoptosis213. Additionally, Bettaieb et al., reported 

that Ptpn2 knockdown in MIN6 cells mitigated ER stress-induced 

phosphorylation of eIF2-239. Consequently, constitutive Ptpn2-deficiency 

seems to promote cell death by sustaining ER stress instead of inhibiting it.  

The enhanced proliferation of IECs in constitutive Ptpn2-KO mice was 

focused on the crypt region, while ileal villus length, but not crypt depth, 

was increased. Moreover, the apoptosis marker cleaved caspase-3 was 

increased in IECs, although TUNEL staining did not detect substantial 

differences in the number of apoptotic cells between genotypes. We attribute 
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the lack of TUNEL signal due to the nature of the assay, where apoptotic 

cells are only detected at a late stage, possibly when IECs are likely being 

ejected from the epithelium in an orchestrated fashion240,241. Regardless of 

whether there is or is not an increase in IEC apoptosis, functionally there 

does not appear to be a dramatic effect on intestinal barrier properties as 

constitutive Ptpn2-KO mice displayed no increase in intestinal permeability 

to rhodamine B isothiocyanate-70kD dextran (RD70), a molecular probe for 

the unrestricted permeability route indicating epithelial damage or 

shedding36,143. Additionally, we cannot rule out that the elevated activation 

of caspase-3 and PARP detected by the western blot, could be due to the 

presence of immune cells in our IEC-enriched sample isolation, as higher 

abundance of the CD45 immune cell marker was found in some KO samples 

(Figure 5). In addition, flow cytometry analysis identified a significantly 

elevated abundance of apoptotic immune cells in Ptpn2-KO mouse ileum. 

Furthermore, CHOP activity can lead to cell death independent of the 

caspase pathway activation, which in this case would not be detected by 

TUNEL staining242. Collectively, our data indicate a more rapid turnover of 

ileal IECs without causing non-specific defects in epithelial barrier 

permeability. 
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IEC lineage tracing studies, and mouse models of colitis (DSS), have 

identified that Paneth cells possess some level of cell plasticity, and can 

reacquire intestinal stem cell characteristics to repopulate the intestinal stem 

cell compartment depleted of Lgr5+ intestinal stem cells243,244. Thus, we 

hypothesized that depletion of Paneth cells could be due to their ability to 

dedifferentiate and repopulate the stem cell zone shifting to a stem-like cell. 

Consistent with our Nanostring dataset showing that gene expression of 

intestinal stem cell markers, Lgr5 and Olfm4 were not significantly altered, 

protein levels of Olfm4 were unchanged. In addition, gene expression of the 

stem cell compartment marker (Ephb3), and of intestinal stem cell renewal 

activity (Ascl2) were not significantly altered. Moreover, gene expression of 

a quiescent stem cell marker, Bmi1, was unchanged, suggesting that 

quiescent cells remained dormant245. Therefore, it seems unlikely that 

depletion of Paneth cells in Ptpn2-deficient mice is the result of a 

phenotypic shift in an attempt to rescue/repopulate the stem cell zone. 

In conclusion, the present study shows that Ptpn2 is a regulator of ileal 

intestinal epithelial cell homeostasis and a critical mediator of Paneth cell 

viability and antimicrobial protein expression in mice. Collectively, our data 

suggest that the ileal mucosa of Ptpn2-deficient mice undergoes rapid 
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turnover likely affecting the maturation of Paneth cells. Conversely, the 

remnant Paneth cells undergo ER stress that could lead to cell death. Thus, 

our study identifies that loss of Ptpn2 activity causes Paneth cell dysfunction 

that may explain the intestinal dysbiosis and pathobiont expansion observed 

in Ptpn2-deficient mice. 

 

 

Figure 37. Graphical summary regarding Paneth cell number, function, and viability in 

constitutive Ptpn2-deficient mice. 
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5. Constitutive Ptpn2-regulates Goblet Cell Number and 

Function in a Region-specific Manner 

 

5.1.  Introduction 

As mentioned previously, the mucus layer limits bacterial contact with the 

underlying epithelium by creating a gel-forming mucus barrier that prevents 

bacterial penetration. The MUC2 mucin produced by intestinal goblet cells, 

is the major gel-forming component of the mucus barrier. The importance of 

the mucus layer to intestinal homeostasis is underlined by the phenotypes in 

Muc2-/- mice, where the colon is devoid of a mucus layer thereby allowing 

bacteria in direct contact with the epithelium. This results in epithelial 

hyperproliferation, immune cell activation and development of spontaneous 

colitis30,33,246 

Despite much focus, the mechanisms involved in the activation and 

secretory functions of goblet cells are not fully understood. There are 

different goblet cell subtypes that can be categorized based on their location 

and function. For example, surface colonic goblet cells secrete continuously 

to maintain the inner mucus layer, whereas goblet cells localized in the 

crypts appear to secrete mucin proteins only upon stimulation247. Much of 
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our understanding of goblet cell functions are derived from investigations of 

helminth infections that demonstrated immune cell-derived cytokines IL-4, 

IL-5, IL-9, and IL-13 induce goblet cell hyperplasia and hypersecretion, 

where IL-13 seems to be a major effector cytokine24,248. Apart from helminth 

infections, IL-10 has also been shown to have a direct effect on goblet cells, 

by modulating mucin synthesis and misfolding, whereas Il10-/- mice develop 

chronic enterocolitis with decreased production of Muc2249–251. 

The renewal rate of the inner mucus layer has been estimated to be as fast as 

1 hour, which is considerably faster than renewal of the epithelial cell 

layer247. Like Paneth cells, goblet cells have an adapted secretory system 

enabling them to synthesize and store large quantities of their products. As 

such, these cells are especially susceptible to ER stress when subjected to 

ongoing challenge, such as inflammation252. 

Since we demonstrated that Paneth cells display disrupted ER architecture in 

Ptpn2-KO mice, in addition to activation of the unfolded protein response in 

ileal isolated IECs from Ptpn2IEC mice, we investigated whether goblet cell 

number, and/or function is altered in Ptpn2-deficient mice, in such a way as 

to potentially weaken the protective mucus layer and increase susceptibility 

to microbial infection. 
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5.2.  Methods 

For this study, we evaluated intestinal morphology and number of goblet 

cells through histology and immunofluorescence. Western blotting was 

performed using colonic whole-tissue lysates as opposed to isolated 

intestinal epithelial cells. However, partial transcriptome analysis using 

nanostring was performed using isolated IECs as reported in the previous 

chapter. Flow cytometry was performed on immune cells isolated from cecal 

and colonic mucosa as described in detail in the methods chapter. The 

experiments and data shown in this chapter will be included in a follow up 

paper focused on goblet cell subtypes, and structural aspects of the mucus 

layer. 
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5.3.  Results 

5.3.1. Whole-body Ptpn2-KO Mice Display Increased Number of 

Proliferating Cells and Apoptotic Cells in the Colonic Mucosa 

We demonstrated in Chapter 3 that whole-body Ptpn2-KO mice display 

increased crypt depth in the cecum and proximal colon (Figures 12A and 

Figure 13E-J)143. Moreover, we observed increased villus length in the ileum 

of Ptpn2-KO mice, while elevated numbers of proliferating cells were found 

in the crypts (Figure 21A-B). We further noted that increased crypt depth in 

the Ptpn2-KO mice was also accompanied by elevated numbers of 

proliferating cells in the proximal and distal colon (Figures 38A-C). 
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Figure 38. Ptpn2-KO mice displayed elevated numbers of proliferating colonic IECs. (A) 

Immunofluorescence imaging of proximal and distal colon sections staining for the 

proliferation marker Ki-67 (green) and cell nuclei (blue). (B) Quantification of Ki-67+ 

IECs in the proximal colon. (C) Quantification of Ki-67+ IECs in the distal colon. WT=3, 

HET=3, KO=3. Columns show mean  SD. One-way ANOVA and Tukey post-hoc test. 
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Our investigation of the ileum segment revealed elevated activation of the 

apoptosis pathway in isolated IECs (Figure 26A-C), however TUNEL 

staining was not different indicating no increase in DNA fragmentation in 

the ileal epithelium (Figure 26D). Thus, we wanted to confirm that the 

intestinal epithelium layer is intact in the large intestine of Ptpn2-deficient 

mice. In contrast to the ileal segment, TUNEL staining was elevated in the 

proximal and distal colon of Ptpn2-KO mice compared with WT and HET 

(Figure 39A). Due to the nature of the assay, we were not able to use these 

data to clearly determine whether the apoptotic cells were IECs or of a 

different lineage. Next, our preliminary western blot analysis of colonic 

whole-tissue lysates showed elevated levels of both, total and activated 

(cleaved) isoforms of the pro-apoptotic marker caspase-3, in KO mice 

compared with WT and HET (Figure 39B). 
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Figure 39. Colonic mucosa of whole-body Ptpn2-KO mice showed elevated levels of 

apoptotic cells. (A) TUNEL staining of proximal and distal colon sections showing 

apoptotic cells (green) and cell nuclei (blue). N=3 per group. (B) Western blot of colon 

whole-tissue lysates from constitutive Ptpn2-KO mice probing for pro-caspase 3 and 

cleaved caspase 3. Flow cytometry of colonic mucosa cells stained for immune cell types 

and apoptotic marker showing elevated abundance of apoptotic. 

B 



 

 

149 

 

 

 

Figure 40. Ptpn2-KO mice have elevated levels of apoptotic immune cells in the colonic 

mucosa. (A) Lymphocytes (CD3+), (B) T helper cells and (CD4+), and (C) cytotoxic T 

cells (CD8+). WT=8, HET=8, KO=8. Columns show mean  SD. One-way ANOVA and 

Tukey’s post hoc. 

 

To determine if Ptpn2 loss increased immune cell apoptosis, as observed in 

the small intestine (Chapter 4, Figure 27), we characterized immune cell 

viability in the colonic mucosa of these mice. Flow cytometric analysis 

identified increased proportions of dead CD3+ immune cells in Ptpn2-KO 

mice and this was associated with increased numbers of dead CD4+ and 

CD8+ T-lymphocytes (Figures 40A-C). Collectively, these data identify 

increased activation of cell death mechanisms and a quantifiable increase in 

lymphocyte death in Ptpn2-KO mouse large intestine. 

 

C 
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5.3.2. The Intestinal Epithelium Shows Variable Number of Goblet 

Cells in Different Segments of the Intestinal Tract 

Next, to assess the number of goblet cells in the intestinal epithelium we 

performed Periodic-acid Schiff’s (PAS) staining on four segments of the 

intestinal tract (ileum, cecum, proximal and distal colon). Figure 41A shows 

mucus-filled goblet cells identified by the magenta color and indicated by 

black arrows. Quantification of the goblet cells showed reduced numbers in 

the ileal crypt of the small intestine but not on the villi (Figures 42A-B). In 

the large intestine, the number of goblet cells was reduced in the cecum of 

Ptpn2-KO mice in comparison with HET mice (Figure 42C), whereas the 

proximal and distal colon did not show significant changes, although there 

was substantial variability in Ptpn2-KO mice (Figure 42D-E). Additionally, 

we observed occasional cryptitis in the distal colon of Ptpn2-KO mice, as 

indicated by red arrows on Figure 41A. 
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Figure 41. (A) Evaluation of goblet cell numbers in the intestinal mucosa of whole-body 

Ptpn2-deficient mice. PAS staining of ileum, cecum, proximal and distal colon from 

whole-body Ptpn2-deficient mice. Black arrows indicate mucin-filled goblet cells. Red 

arrows indicate cryptitis. 
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Figure 42. Quantification of intestinal goblet cells. (A) Quantification of ileal goblet cells 

found in the crypts normalized by total number of IECs per crypts. (B) Quantification of 

ileal goblet cells in the villus normalized by total number of IECs per villus. (C) 

Quantification of cecal goblet cells normalized by total number of IECs per crypt. (D) 

Quantification of proximal colon goblet cells normalized by total number of IECs per 

crypt. (E) Quantification of distal colon goblet cells normalized by total number of IECs 

per crypt. Columns show mean  SD. One-way ANOVA and Tukey’s post hoc. 
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To evaluate whether constitutive Ptpn2-deficiency affects the integrity and 

efficiency of the mucus barrier, we performed a specific tissue fixation that 

enables visualization of the mucus layer as described in the methods chapter. 

By measuring the thickness of the mucus layer, we can assess its integrity 

and uniformity in covering the colonic epithelium, as demonstrated in Figure 

43A110,253. 

 

 

Figure 43. (A) Evaluation of the mucus layer in the distal colon of Ptpn2-deficient mice. 

Yellow arrows indicate mucin-filled goblet cells. Red bars indicate the gel-forming inner 

adherent mucus layer, whereas the green bar indicates the region of outer loose mucus 

layer. (FC)= fecal content; (LS)= luminal space. Tissue was fixed with Methacarn 

fixative and stained with alcian blue. 
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In order to determine the efficiency of the mucus barrier in preventing 

bacterial adherence to the epithelial lining in Ptpn2-KO mice (vs. WT), 

future studies should focus on performing fluorescent in situ hybridization 

(FISH), thereby enabling us to quantify bacterial penetrability of the mucus 

layer and identify differences between genotypes25,26,29. 

 

5.3.3. Whole-body Ptpn2-KO Mice do not Show Gene Expression 

Alterations in Goblet Cell Function, Induction, or Differentiation 

Since the number of goblet cells was reduced in the ileal and cecal crypts of 

Ptpn2-KO mice, and to better understand how constitutive Ptpn2 deficiency 

affects the function and differentiation of IEC subtypes, we expanded our 

Nanostring transcriptome analysis to isolated IECs from the cecum and 

distal colon regions, as described in Chapter 2. Principal component analysis 

showed that cecal IECs from Ptpn2-KO mice do not cluster together with 

WT and HET samples, suggesting that the gene expression profile of Ptpn2-

KO samples is unique, as previously observed with ileal samples (Figure 

44A; red ellipse). Moreover, the same analysis revealed that the littermate 

effect was also present among these samples, as shown by principal 

components 3 and 4 (Figure 44A; yellow, purple, and maroon ellipses). 
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Figure 44. Partial transcriptome analysis of isolated cecal IECs by Nanostring. Data 

consolidated from two different panels: ‘AutoImmune Profiling’ and ‘PanCancer 

Pathways’ with the addition of 60 custom targets. (A) Principal Component Analysis 

(PCA) had the upper quadrants, above the diagonal line, color-coded with the genotype 

of each sample indicating that gene expression of Ptpn2-KO mice is unique. The red 

ellipse indicates how data points from KO mice cluster apart from WT and HET mice. 

Lower quadrants were color-coded with littermates, indicating that littermates clustered 

together as indicated by red, purple and yellow ellipses. Data was normalized by 

littermates (co-housed mice) as a covariate. (B) Heatmap of pathway scores is a high-

level overview of how the cellular pathway scores change across samples. Orange 

indicates high scores; blue indicates low scores. Scores are displayed in the same scale by 

Z-transformation. Each column represents an individual sample. 
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Figure 44B summarizes the overall effect of Ptpn2 deletion on cell 

pathways, revealing upregulation of 37 signaling cascades and 

downregulation of 12. Next, Nanostring analysis of isolated IECs from the 

distal colon revealed a similar overall gene expression profile between 

genotypes, with principal component analysis showing that Ptpn2-KO 

samples do not cluster with WT and HET samples, corresponding to an 

approximate 17% difference on the transcriptome profile by this covariant 

(Figure 45A). 
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Figure 45. Partial transcriptome analysis of isolated IECs from the distal colon by 

Nanostring. Data consolidated from two different panels: ‘AutoImmune Profiling’ and 

‘PanCancer Pathways’ with the addition of 60 custom targets. (A) Principal Component 

Analysis (PCA) had the upper quadrants, above the diagonal line, color-coded with the 

genotype of each sample indicating that gene expression of Ptpn2-KO mice is unique. 

The red ellipse indicates how data points from KO mice cluster apart from WT and HET 

mice. Lower quadrants were color-coded with littermates, indicating that littermates 

clustered together as indicated by red, purple and yellow ellipses. Data was normalized 

by littermates (co-housed mice) as a covariate. (B) Heatmap of pathway scores is a high-

level overview of how the cellular pathway scores change across samples. Orange 

indicates high scores; blue indicates low scores. Scores are displayed in the same scale by 

Z-transformation. Each column represents an individual sample. 
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Figure 46A shows the differential expression of goblet cell-associated genes 

from the intestinal segments analyzed (ileum, cecum, and distal colon). 

Unexpectedly, apart from Atoh1, an early secretory cell lineage 

differentiation factor found downregulated in the distal colon, no other genes 

associated with goblet cell function (Muc2 and Muc5b) or associated with 

maturation/differentiation of goblet cells (Spdef, Hes1, Elf3, Cdh1, and Klf4) 

were altered. Furthermore, when analyzing the expression of cytokines and 

their receptors that reportedly induce goblet cell function, no significant 

differences were found. 
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Figure 46. Differential expression of goblet cell-associated differentiation and 

stimulatory factors from ileum, cecum, and distal colon. (A) KO vs. WT differential 

expression of goblet cell-associated differentiation factors epithelial markers, 

differentiation factors and function. WT=3, HET=3, KO=4. (*) Indicates targets 

statistically significant ( <0.05; FDR <0.1). (B) Differential expression of goblet cell-

stimulatory cytokines and their receptors (KO vs. WT); (*) Indicates targets statistically 

significant ( <0.05; FDR <0.1). 
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5.3.4. IECs from the Distal Colon of Ptpn2-KO Mice Have Decreased 

Expression of Intestinal Stem Cell and Tuft Cell Markers 

Further analysis of the Nanostring dataset from cecal and distal colon IECs, 

revealed that expression of the intestinal stem cell marker Lgr5, and 

expression of the tuft cell marker Dclk1 were significantly downregulated in 

the distal colon but not in the cecum (Figures 47A-B). 

 

Figure 47. Differential gene expression of IEC-associated and functional markers from 

cecum and distal colon isolated IECs. (A) Heatmap differential gene expression 

contrasting the FC differences cecum and distal colon. (B) Bar representation of gene 

fold change (FC) where (*) indicates targets statistically significant ( <0.05; FDR <0.1).  
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Figure 48 lists the genes included in our analysis that reportedly play a role 

in IEC differentiation. In the cecum, only the expression of Sfrp1, which 

encodes secreted frizzled related protein 1, was upregulated (Figure 48A).  

 

Figure 48. Differential expression of IEC differentiation factors. (A) Isolated Cecal IECs, 

and (B) isolated distal colon IECs. (*) Indicates targets statistically significant ( <0.05; 

FDR <0.1). 
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In contrast, colonic expression of intestinal stem cell-associated genes, Egf, 

Fgfr3, and Mycn, were downregulated (Figure 48B). This suggests, along 

with downregulation of Lgr5 shown in Figure 47A, that numbers and/or 

activity of the fast-cycling intestinal stem cells could be impaired in the 

distal colon of Ptpn2-KO mice. 

 

5.3.5. Large Intestinal Mucosa of Ptpn2-KO Mice Have Elevated 

Abundance of Immune Cells and Immune Cell-derived Pro-

Inflammatory Cytokines 

Because whole-body Ptpn2-KO mice failed to induce hyperproliferation and 

activity of goblet cells, we sought to determine whether the cecal and 

colonic mucosa of these mice have immune cell-derived cytokines that 

modulate goblet cell activity. Flow cytometry analysis revealed increased 

abundance of neutrophils, macrophages, and TNF-/IFN- expressing 

cytotoxic (CD8+) and T helper (CD4+) cells in the cecal and colonic mucosa 

of Ptpn2-KO mice in comparison with WT and HET mice (Figures 49A-D). 

Moreover, the abundance of CD4+ T-cells positive for IFN- and IL-22 was 

also elevated (Figures 49C and E). These data indicate that the ileal mucosa 
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contains abundant immune cells that express cytokines during tissue 

inflammation. 

Conversely, abundance of ileal CD4+ T-cells primed to express IL-4, a 

cytokine reported to induce goblet cell hyperplasia and secretion of effector 

molecules248, was decreased in Ptpn2-KO mice in comparison with HET 

(Figure 49F), while a more robust IL-4 reduction of CD4+ T-cells was found 

in the colon of KO mice compared with WT and HET mice, whereas no 

change was detected in the cecum. Furthermore, abundance of Tregs primed 

to express IL-10, an anti-inflammatory cytokine that contributes to proper 

goblet cell function, was decreased in Ptpn2-KO mice in all intestinal 

segments analyzed (Figure 49G). 
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Figure 49. Flow cytometry of immune cells in the cecal and colonic mucosa stained for 

immune cell types and pro-inflammatory cytokines upon stimulation. (A) Relative 

abundance of neutrophils. (B) Relative abundance of macrophages. (C) Relative 

abundance of T helper cells (CD4+) positive for IFN-. (D) Relative abundance of 

cytotoxic cells (CD8+) positive for TNF and IFN-. (E) Relative abundance of T helper 

cells (CD4+) positive for IL-22. (F) Relative abundance of T helper cells (CD4+) positive 

for IL-4. (G) Relative abundance of Tregs positive for IL-10. All columns show mean  

SD. One-way ANOVA and Tukey’s post hoc. 
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5.4.  Discussion 

Here we showed that constitutive Ptpn2-deletion negatively affects the 

number of goblet cells in the ileal and cecal crypts of mice. Regarding the 

proximal and distal colon segments, we did not detect significant changes in 

the number of goblet cells, although there was great variability between 

samples, and even between regions of the same tissue section, suggesting 

that these effects could be region-specific. Furthermore, we detected 

cryptitis in several regions of the distal colon, showing an ongoing and 

disease-relevant inflammatory process within the crypts. However, this 

impairment in the number of goblet cells was not accompanied by a 

diminished expression of Muc2 nor Muc5b. Thus, it is possible that the 

remaining goblet cells were able to increase gene transcription to 

compensate for the reduction in the number of goblet cells. In line with this, 

it has been reported that in transgenic mice with nearly 60% of colonic 

goblet cells depletion, the expression of Muc2 mRNA was comparable to 

those of control mice, suggesting that the remaining goblet cells were able to 

compensate for the deficit in the number of cells254. However, evidence that 

this transcriptional compensation results in higher protein synthesis is still 

missing. 
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Similar to our observations in the ileum, we found elevated numbers of 

proliferating cells in the proximal and distal colon of Ptpn2-KO mice that 

was accompanied by increased crypt length in the cecum and proximal 

colon, suggesting that there are dynamic changes occurring in the IECs. 

Also, we reported that there is increased apoptosis activation along with 

elevated DNA fragmentation in the intestinal mucosa of the proximal and 

distal colon of Ptpn2-KO mice. While we could not distinguish the identity 

of the cells undergoing apoptosis through TUNEL staining, flow cytometry 

data showed increased apoptotic immune cells in the colonic mucosa. 

Despite the presence of apoptotic immune cells, and possibly IECs, previous 

studies by our group showed that Ptpn2-KO mice had not increase in 

unrestricted intestinal permeability, a physiological feature that occurs when 

epithelial damage is present. This suggests that our findings could be 

associated with a more rapid turnover of the colonic epithelium without 

causing breaches in the epithelial barrier even though the level of apoptosis 

is higher in Ptpn2-KO mice compared with WT and HET36,143. 

Patients with ulcerative colitis (UC) display a defective mucus layer 

associated with reduced number of goblet cells in the colon103,110,253. 

However, the underlying mechanisms of this pathophysiological feature and 
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its potential causal role in inflammation is poorly understood. For instance, 

the UC phenotype has been replicated in UC-derived organoids, forming a 

thin and non-continuous mucus layer compared with healthy subject-derived 

organoids even in the absence of a pro-inflammatory environment255. 

Additionally, patients with CD normally display enhanced goblet cell 

differentiation and a thicker mucus layer in the colon despite the elevated 

inflammatory status256. Of note, germ-free mice have been reported to show 

fewer and smaller goblet cells with a thinner colonic mucus layer77,256. 

However, when the intestinal microbiota is reconstituted, the activity of 

goblet cells increases generating a normal mucus layer, which is thought to 

be mediated by a variety of pro-inflammatory cytokines257. The consensus is 

that both inflammatory cytokines and gut microbiota are essential for proper 

goblet cell function and mucus layer assembly, albeit by unknown 

mechanisms. 

In vitro studies using different cell lineages have shown that several pro-

inflammatory cytokines stimulate synthesis and secretion of mucin proteins, 

such as IL-1, IL-6 and TNF-77. IFN- has been shown to stimulate goblet 

cell secretion but without inducing expression of mucin proteins258. 

However, even though there was increased levels of circulating IFN- and 
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TNF-, in addition to elevated levels of mucosal IFN-, TNF-, and IL-6 in 

the colon of Ptpn2-KO mice143, expression of Muc2 and Muc5b were 

unchanged. 

Conversely, studies with helminth infections have shown that goblet cells 

display a remarkable response to type 2 inflammation signaling, mainly 

driven by IL-4 and IL-13248. In our study, we showed that expression of 

cytokine receptors associated with type 2 inflammatory response was 

unchanged in IECs, suggesting that IECs were not functionally uncoupled 

from cytokine stimulation, at least at the gene expression level. However, 

flow cytometry data showed that the abundance of IL-4 in CD4+ T-helper 

cells was decreased in the ileal and colonic mucosa of Ptpn2-KO mice. 

Interestingly, lack of IL-4 stimulation also affected macrophage 

differentiation, favoring the development of inflammation-promoting M1-

like macrophages, and a corresponding decrease in anti-inflammatory M2-

like macrophages in whole-body Ptpn2-KO mice36,143. 

With respect to an additional member of the epithelial secretory lineage, we 

also identified that expression of the tuft cell marker Dclk1, was 

downregulated in the distal colon of Ptpn2-KO mice, whereas in the other 

intestinal segments this downregulation fell short of statistical significance. 
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During helminth infection, tuft cell-derived IL-25 activates innate lymphoid 

cell type 2 (ILC2) to secrete IL-13, which promotes differentiation of transit-

amplifying cells into tuft and goblet cells89. In addition, tuft cell induction of 

a type 2 immune response leads to goblet cell hyperplasia and smooth 

muscle hypercontractility, a mechanism best known as ‘sweep and weep’ 

that promotes parasite expulsion88,259. Although these investigations were 

performed with helminth infections, it is unclear what role these cytokines 

exert on goblet cells during intestinal inflammation. Since the function of 

tuft cells is intrinsically connected with that of goblet cells, it would be of 

interest to investigate whether the lack of goblet cell stimulation could be 

associated with functionally deficient tuft cells. 

Another notable finding was that the abundance of anti-inflammatory IL-10+ 

Tregs was decreased in all intestinal segments. IL-10 plays a direct role on 

goblet cell activity by decreasing ER stress in these cells, modulating mucin 

protein synthesis and misfolding250. Moreover, decreased Muc2 levels have 

been observed in Il10-/- mice while the colonic mucus layer is penetrable by 

bacteria-size beads113,260. This is relevant to our study since IL-10 was able 

to rescue proper Muc2 folding and secretion in a mouse model with a Muc2 

missense mutation that results in ER stress and spontaneous chronic 
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colitis261. Since we demonstrated that Paneth cells display disrupted ER, and 

Ptpn2IEC mice have shown elevated levels of the unfolded protein response 

marker, it is reasonable to consider that the failure in induction of Muc2 

expression could be associated with ER stress. Consistent with this, it has 

been reported that DSS-induced colitis results in goblet cell hypersecretion 

accompanied by ER stress and apoptosis of goblet cells that precedes 

epithelial damage249. Furthermore, specific Xbp1 deletion in IECs of mice, 

led to nearly 30% reduction in the number of ileal goblet cells, indicating 

that goblet cells are susceptible to ER stress and that is detrimental to goblet 

cell viability228. 

Finally, the expression of goblet cell-associated differentiation factors was 

unchanged, suggesting that the reduction in the number of goblet cells is not 

due to a lack of differentiation factors associated with this cell lineage. 

Conversely, expression of the intestinal stem cell marker Lgr5, and intestinal 

stem cell factors Egf, Mycn, and Fgfr3 were downregulated, indicating that 

the number and/or activity of rapid-cycling intestinal stem cells could be 

affected in the distal colon of Ptpn2-KO mice. 
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6. Conclusion 

6.1.  Summary 

This dissertation has demonstrated that indeed constitutive Ptpn2 function is 

critical for the maintenance of IECs homeostasis. Whole-body Ptpn2 

deletion showed a higher proliferative intestinal epithelium, accompanied 

with morphological changes, and increased activation of the apoptosis 

pathway in the immune cells of the intestinal mucosa. The elevated 

abundance of immune cells present in the intestinal mucosa, contributes to 

the pro-inflammatory environment, with immune cells primed to secrete 

TNF-, IFN-, and IL-22. Despite these phenotypical alterations, the 

intestinal epithelium remained intact without major breaches in the intestinal 

epithelial lining, suggesting that the changes reported above occur in an 

orchestrated manner that does not cause a critical failure in the gut barrier. 

This is supported by previous studies demonstrating that Ptpn2-KO mice do 

not display changes in intestinal permeability mediated by the unrestricted 

pathway144. 

Nevertheless, we observed phenotypical alterations at the IEC subtype level. 

This was more pronounced in the distal ileum, where the number of Paneth 

cells and the production of Paneth cell-specific AMPs were markedly 
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reduced. Thus, this study identifies a possible mechanism that contributes to 

gut dysbiosis of constitutive Ptpn2-deficient mice, which in turn leads to 

expansion of a disease-relevant mAIEC and immune-cell activation. 

In addition, I demonstrated that the number of goblet cells is impaired in a 

region-specific manner in Ptpn2-KO mice. Given the elevated pro-

inflammatory profile of the intestinal mucosa in these mice, it is surprising 

that expression of Muc2 was not induced. In line with this, decreased 

abundance of immune cell-derived IL-4 and IL-10 were found in the colonic 

mucosa. However, it remains to be determined whether this potential lack of 

goblet cell stimuli is sufficient to cause an impairment in the mucosal barrier 

that would facilitate bacterial penetration.  

 

6.2.  Future studies 

Our findings regarding Paneth cell phenotypes in mice with constitutive 

Ptpn2 loss leave two major lingering questions. First, are the phenotypical 

changes observed in Paneth cells a result of the inflammatory status of the 

intestinal mucosa, or a direct effect of Ptptn2 loss? We began to address this 

question using the inducible-specific Ptpn2 deletion in IECs, which showed 

that despite no change in Paneth cell numbers, the abundance of 
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antimicrobial lysozyme protein was impaired. Additionally, we detected 

higher levels of the unfolded protein response Xbp-1s in Ptpn2IEC mice. 

Therefore, it seems that impairment in Paneth cell function begins before 

mucosal inflammation is established. To test this hypothesis, we plan to 

challenge Ptpn2fl/fl and Ptpn2IEC mice with a series of Paneth cell-

stimulatory factors, such as: LPS (gavaged), cytokines IFN-, IL-22, and a 

combination of IFN-+IL-22 that can be administered intraperitoneally. By 

doing so, we can evaluate whether impairment in function and number of 

Paneth cells is aggravated by these inflammatory molecules. For this 

investigation, we will expand the number of readouts of Paneth cell function 

in the Ptpn2IEC mice and evaluate expression of other Paneth cell-specific 

markers and AMPs (Defa1, Defa5, Defa6, Mmp7, Pla2g2a). Additionally, 

we can extend our transmission electron microscopy analysis to evaluate the 

dense core vesicles and ER structure in these mice after challenge. 

The other major question is: what causes the depletion of Paneth cells in 

constitutive Ptpn2 mice? Is this due to Paneth cell death (apoptosis, 

necroptosis, CHOP-driven cell death), or to a deficient differentiation 

process? To begin answering this question, we will investigate the number 

and function of Paneth cells using constitutive Ptpn2-derived enteroids. This 
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will allow us to compare the development of Paneth cells in enteroids 

derived from Ptpn2-WT and Ptpn2-KO mice in an inflammation-free 

setting. Then, by challenging the enteroids with the same Paneth cell-

stimulatory molecules described above, we can assess how Paneth cell-

enriched enteroids behave under those conditions. 

The investigation of goblet cell function must be expanded and completed in 

several areas: (a) increase the sample size for goblet cell counting, 

particularly in the WT group; (b) morphological analysis and 

characterization of the mucus layer in the colon; (c) perform fluorescent in 

situ hybridization to detect bacterial penetration of the mucus layer and 

intestinal mucosa; (d) evaluate gene expression and cytokine levels in the 

intestinal mucosa of goblet cell-stimulatory factors, such as IL-4, IL-5, IL-9, 

IL-10, and IL-13; and (e) further characterize the number and function of 

tuft cells in the colon of Ptpn2-KO mice and identify if this contributes to 

goblet cell function. Once a more comprehensive characterization of the 

mucus layer/goblet cell function is complete, then we can develop 

experiments with mechanistic approaches to better understand how Ptpn2 

loss contributes to impaired mucus layer/goblet cell function at the 

molecular level. This could potentially include studies with the JAK 
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inhibitor, tofacitinib, which we have shown can reverse JAK-STAT-

mediated processes that are elevated in PTPN2-deficient in vitro and in vivo 

models. 

 

6.3.  Conclusions 

Figure 50 summarizes the working concept of this dissertation, showing that 

Ptpn2 is a critical regulator of IEC subtypes in mice and how loss of Ptpn2 

contributes to impaired intestinal homeostasis. Further, this investigation 

makes a substantial contribution to our understanding of how PTPN2 loss-

of-function contributes to higher susceptibility to bacterial infection. 
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Figure 50. PTPN2 loss-of-function results in impaired number and function of intestinal 

epithelial cell subtypes, contributing to elevated susceptibility to infection. 
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