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Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the 

gastrointestinal tract including two major categories, Crohn’s disease and ulcerative colitis. 

Rapid recruitment of lymphocytes from peripheral circulation to the gut mucosa is a key feature 

of IBD. The process of lymphocytes homing to the gut is mediated by adhesion molecules such 



 x 

as integrin α4β7. Integrin α4β7 is expressed on lymphocytes and interacts with its ligand 

MAdCAM-1, which is primarily expressed in the high endothelial venules in the small intestine, 

the colon, and Peyer’s Patches. Clinical studies report that vedolizumab, a humanized antibody 

against α4β7, effectively maintains clinical remission in IBD patients. However, aggravated 

colitis was observed in a small percentage of patients treated with high dose of vedolizumab, 

which is probably due to aberrant innate immune response to intestinal mucosal injury and 

infection. Here, the role of integrin β7 on recruiting conventional and regulatory T lymphocytes 

during intestinal inflammation is further investigated by using two IBD mouse models. 

Conventional T cells activate other effector immune cells whereas regulatory T cells suppress 

inflammatory activities and maintain peripheral tolerance. The results demonstrated that 

deficiency in β7 exacerbates induced spontaneous colitis. The suppression function of β7-

deficient Treg cells remains intact. However, β7-deficiency impairs the homing capacity of both 

regulatory T cells and effector T cells to the GALT. These findings possibly explain the adverse 

effects seen in high dose vedolizumab treatment, suggesting that excessive blocking of integrin 

β7 function should be avoided to prevent potential adverse effects of this medication.
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INTRODUCTION 

 

Inflammatory Bowel Disease 

 

Inflammatory bowel disease (IBD) is a chronic inflammatory disorder of the 

gastrointestinal system that affect more than one million people in the United States and several 

millions worldwide. The two major types of IBD are Crohn’s disease (CD) and ulcerative colitis 

(UC)1. Crohn’s disease may occur in any part of the gastrointestinal tract; the inflammations get 

through multiple layers of the intestines and are in a non-continuous manner. On the contrary, 

ulcerative colitis is characterized by inflammations restricted to the mucosal layer of the large 

intestine. Both CD and UC patients are commonly presented with abdominal pain, persistent 

diarrhea, rectal bleeding - conditions that may lead to complications such as abscess, fistulas, and 

even colon cancer. Although the pathogenesis of IBD is still unknown, recent studies have 

successfully identified risk loci for CD and UC, suggesting genetic contributions in the 

pathophysiology of IBD. However, genetic predisposition alone does not lead to the 

development of IBD, indicating that there may be other factors responsible for pathogenesis of 

the disease, such as change of environments, abnormal gut microbiota, and dysregulated immune 

systems1-3.  

Human gastrointestinal tract harbors trillions of microbial cells and its homeostasis 

largely relies on the interaction between the gut microbial cells and host immune system. 

Dysfunction of this interaction may lead to abnormal inflammatory responses such as IBD. A 

key element in the pathogenesis of IBD is a massive influx of immune cells into the 

gastrointestinal mucosa4-6 . Aberrant infiltration of mononuclear phagocytes, neutrophils, and 

inflammatory lymphocytes are observed in the colonic lamina propria of IBD patients7,8. This 
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rapid leukocytes recruitment from the circulation during IBD provides a potential target for 

pharmaceutical inhibition of the gastrointestinal inflammation9.  

 

Integrins and IBD 

  Integrins are a large family of proteins that functions as adhesion molecules and receptors, 

regulating cell adhesion to extracellular matrix, cell migration, growth, differentiation and 

apoptosis. They are crucial for development and homeostasis in multicellular organisms. 

Integrins are also essential in regulating the immune system, including mediating leukocytes 

attachment to endothelial cells. Structurally, integrins are transmembrane heterodimers, each 

consists of one -subunit and one -subunit. Both - and -subunit are composed of a large 

extracellular domain (ECM), a small transmembrane domain (TM), and a short cytoplasmic taIL-

10. Currently, 18 -subunits and 8 -subunits have been identified in mammals, given rise to a 

total of 24  pairs10-12.  

 Integrins play important roles in signal transduction where they transmit information 

across membrane bidirectionally11,13. Inside-out signaling of integrin occurs when an 

intracellular activator, such as talin or kindlin, binds to the -integrin tail and induces a 

conformation change in the integrins, leading to increased binding affinity for extracellular 

ligands14,15, which is commonly referred to as integrin activation. On the other hand, outside-in 

signaling is identified by interaction between integrin head domain and its extracellular ligand 

that leads to biochemical intracellular signals. Inactive integrins are in a bent conformation 

where its  and  cytoplasmic tails are in close proximity. Activation of integrin results from the 

recruitment of talin, leading to the separation of the transmembrane domains and eventually to 

extension and other structural changes in the extracellular domains that result in a higher binding 
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affinity10,14,16. This extended conformation of the integrin with high binding affinity therefore 

allows many other cellular responses, including the adhering of leucocytes to the endothelium 

during inflammation17.  

 Common integrins expressed on leukocytes include L2 (leukocyte function-associated 

antigen 1 or LFA-1), M2 (Mac-1), 41 (very late antigen 4 or VLA-4) and 47 (LPAM-1). 

The ligands for L2 are the intracellular adhesion molecules (ICAMs) that are primarily 

expressed on vascular endothelial cells, and the ligands for 41 are the vascular intracellular 

adhesion molecule (VCAM-1). On the contrary, M2 binds to a wide range of ligands from 

extracellular matrix proteins to complement proteins10,12,17. 

Lymphocyte trafficking to the gastrointestinal mucosa has an important role during 

protective and pathological immune responses of inflammatory bowel diseases6,18. This process 

is facilitated by the interaction of integrins with their corresponding endothelial and mucosal 

ligand18. As a lymphocyte homing receptor, integrin 47 is the most important adhesion 

molecule that can mediate trafficking to gastrointestinal mucosa by binding to its ligand mucosal 

vascular addressin cell adhesion molecule 1 (MAdCAM-1), which is displayed on endothelial 

cells in intestinal postcapillary venules19-21. Integrin 47 can mediate migration of T and B 

lymphocytes to both the small intestine and colon4. Blocking the function of integrin 47 can 

suppress the migration of lymphocytes to the gut22. Reagents designed to block interactions 

between 47 and MAdCAM-1 displayed variable degrees of success in animal models and 

patients of inflammatory bowel diseases21,23-25.  
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Regulatory T cells  

 CD4+ T cells are commonly divided into regulatory T (Treg) cells and conventional T 

cells (Tconv) cells.  Tconv cells control adaptive immunity by activating other effector immune 

cells in a pathogen-specific manner. Treg cells are the primary mediators of peripheral tolerance 

as they play a critical role in preventing autoimmune diseases and chronic inflammatory diseases, 

such as type 1 diabetes and IBD. The major suppression mechanisms of Treg cells include: 

suppression by inhibitory cytokines such as IL-10 and TGF-1, suppression by cytolysis through 

granzymes, suppression by disrupting regular metabolism, and suppression by modulating 

dendritic cell maturation or function26,27.  

 Classically defined Tregs are found within the CD4+ T cells and are identified by their 

expression of Forkhead box P3 (FOXP3) gene. FOXP3 is a key transcription factor required for 

the development, maintenance and function of Treg cells. Numerous studies have shown that 

FOXP3+ Tregs can be further categorized into naturally occurring Tregs (nTregs) and 

peripherally induced Tregs (iTregs). nTregs develop in the thymus through central tolerance 

mechanism and iTregs develop from conventional T cells in the periphery after antigen 

encounter. Type 1 regulatory (Tr1) cells are a distinct subset of Tregs cells that they do not 

constitutively express FOXP3. Tr1 cells are identified based on their cytokine production profile 

(IL-10+IL-4-inteferon-low) as there is no known lineage-defining transcription factor for them. 

This thesis study focuses on the FOXP3+ Treg cells only26-28. 

 Mutant mice with a disrupted FOXP3 gene develop a fatal lymphoproliferative disease. 

Humans that lack functional FOXP3 develop severe autoimmune syndromes called X-linked 

autoimmunity allergic dysregulation syndrome (XLAAD) and immunodysregulation (IPEX)26-28. 

Patients with FOXP3 mutation who have non-functional or absent Tregs cells always have 
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severe intestinal inflammation associated with infiltration of immune cells into the intestinal 

mucosa, suggesting the essential role for Treg cells in the gastrointestinal tract29. Furthermore, 

recent studies showed that it is very unlikely that the intestinal Treg cells are dysfunctional in 

IBD because Treg cells isolated from intestinal mucosa of IBD patients remain suppressive in 

vitro29.  

 

IBD Mouse Models  

Common mouse models of IBD can be separated into four categories: barrier disruption 

models induced by chemicals, spontaneous models due to genetic deficiency, overexpression of 

inflammatory mediators, and T cell transfer models30.  

Interleukin-10 (IL-10) and TGF-1 produced by regulatory Treg cells are the primary 

mediators of immunotolerance in the intestines. Various studies have demonstrated that IL-10 is 

essential in regulating and maintaining intestinal homeostasis. The genetically engineered IL-10-

deficient mouse model develops gut inflammation spontaneously and gets colitis shortly after 

weaning. Histological findings have demonstrated that colitis in IL-10-deficient mice closely 

resembles human IBD. Specifically, IL-10 is an anti-inflammatory cytokine important for 

preventing inflammatory damages and autoimmune pathologies. It is expressed by cells of both 

innate and adaptive immune system to suppress proinflammatory responses in many aspects. For 

examples, IL-10 can act on dendritic cells and macrophages to limit T cell activation and 

differentiation31. At the same time, it provides a positive feedback that IL-10 induction enhances 

the differentiation of IL-10 secreting Treg cells.  

The adoptive T cell transfer model induces chronic colitis in mice by disrupting T cell 

homeostasis. Adoptive transfer of naïve T cells into immune-deficient mice induces intestinal 
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inflammation in five to eight weeks after transfer, during which the transferred T cells become 

activated and secrete proinflammatory cytokines thereby causing severe damages to both the 

small and large intestines.  Histology of colon from adoptive T cell transfer model reveals 

transmural inflammation, crypt abscesses, and dense neutrophil infiltrations32,33.  

At present, there is no single animal model that completely recapitulates the clinical and 

histopathological characteristics of human IBD. 

In this thesis study, the role of integrin β7 in mediating T cell homing to the gut-

associated lymphoid tissue was assessed by utilizing two IBD mouse models. IL-10-deficient 

mouse model and the adoptive T cell transfer model were used to model human IBD. Combined 

results from these IBD models demonstrated that integrin β7 deficiency exacerbates spontaneous 

colitis induced by interleukin-10-deficiency. Although the suppression function of β7-deficient 

Treg cells remain intact, loss of integrin β7 impaired the homing capacity of regulatory T cells to 

the gut-associated lymphoid tissue, which potentially explains the adverse effect of high dose 

vedolizumab in treating IBD patients.  
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RESULTS 

 

Deficiency in integrin β7 exacerbates IL-10-deficiency-induced colitis 

To investigate the role of integrin β7 in the development and progression of human IBD, 

IL-10-deficient mouse strain (B6.129P2-IL-10tm1Cgn/J) that develops chronic colitis 

spontaneously was utilized to resemble IBD in humans 34,35.  It is difficult and insufficient to 

breed from IL-10 KO/KO mice due to the spontaneous colitis. Therefore, intercrossed breeders 

Itgb7WT/WT IL-10WT/KO x Itgb7WT/WT IL-10WT/KO and Itgb7KO/KO IL-10WT/KO  x Itgb7KO/KO IL-10WT/KO   

were setup to get Itgb7WT/WT IL-10 KO/KO and Itgb KO/KO IL-10 KO/KO  litters respectively. 

Chronic colitis in these mice was not evident in until they were 12 weeks old. Integrin 

β7-deficient mice suffered significantly greater weight loss under IL-10-induced colitis 

compared to β7-wildtype mice (Figure 1A). β7-deficient mice also had extremely low survival 

rates compared to wildtype controls; that majority of β7-deficient mice died by day 75 (Figure 

1B) whereas β7-WT mice survived. Histology of colon tissues of β7-deficient mice under IL-10-

deficient background showed severe crypt destruction, immune cells infiltration, and mucosal 

tissue erosion, whereas wildtype controls had better tissue structure and less cell infiltrate (Figure 

1C). The expression of proinflammatory cytokines were also significantly higher in β7-deficient 

mice compared to wildtype mice under IL-10-deficient background (Figure 2). As a control, 

wildtype and β7-deficient mice had similar level of proinflammatory cytokines without the 

induced chronic colitis background (Figure 2). These findings were further supported by 

histological scoring (Figure 1D). Indeed, β7-deficient mice exhibited worse disease phenotypes 

compared to wildtype controls under the IL-10-deficient background, suggesting that deficiency 

in integrin β7 exacerbates IL-10-deficiency-induced colitis. 
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β7-deficiency affects Treg cell recruitment to the gut during intestinal inflammation 

Treg cells are known for its function in regulating the immune system during 

inflammation. Previous studies have demonstrated that Treg cells inhibit the accumulation of 

effector T cells in intestines thereby prevent colitis2, 5. To examine whether reduced recruitment 

of Treg cells were responsible for the severe colitis in Itgb7KO/KO IL-10 KO/KO mice, the number of 

β7-deficient Treg cells in colonic LP was counted. Both Treg cell number and its percentage in 

CD4 cells were significantly reduced in β7-deficient mice compared to wildtype controls under 

the IL-10-deficient background (Figure 3A). On the contrary, Treg cell number and its 

percentage in CD4 cells from spleen were similar for β7-deficient and wildtype mice (Figure 3B). 

These results demonstrate that β7 deficiency affects the recruitment of Treg cells to gut only but 

not to other lymphoid tissues. The depletion of Treg cells in the intestinal tissue may explain the 

aggravation of colitis seen in the IL-10-deficient mice model.  

 

β7-deficient Treg cell fails to prevent T cell transfer-induced colitis in mice 

Adoptive T cell transfer model induced was utilized to further investigate the role of 

integrin β7 during intestinal inflammation. Naive T cells (CD4+CD25-CD45RBhigh) was injected 

intraperitoneally and induced severe colitis by disrupting T cells homeostasis in recipient 

Rag1KO/KO mice. Recipient Rag1KO/KO mice showed loss of bodyweight about three weeks after 

injection and only half of the mice survived by the twelfth week (Figure 4A, B). On the contrary, 

co-injection of β7-deficient Treg cell with Naive T cells into recipient Rag1KO/KO mice slightly 

improved their body weights but also failed to rescue compared to injection of naive T cells 

alone (Figure 4A, B). These co-injection mice started to lose weight about two weeks later than 

mice receiving naive T cells alone; however, these co-injection mice and naive T cell-only mice 

showed similar IBD disease index by the twelfth week (Figure 4A, C). Consistent with the 
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disease index, colonic expression of proinflammatory cytokines were elevated in mice receiving 

naive T cells with or without β7-deficient Treg cells (Figure 4D). As a control group, Rag1KO/KO 

mice co-injected with wildtype Treg cells and naive T cells showed steady bodyweight, zero 

death and low disease index, and low expression of proinflammatory cytokines (Figure 4). 

Together, these results demonstrated that β7-deficient Treg cells only delay the onset of colitis 

but fails to rescue animals compared with the wildtype Treg cells. Integrin β7-deficient Treg cell 

has limited abilities in suppressing the progression of naive T cell-induced colitis in 

immunodeficient mice.  

 

Integrin β7 is not necessary for suppression function of regulatory T cells 

Regulatory T cells downregulate immune responses in many ways, including secretion of 

anti-inflammatory cytokines such as IL-10 and TGF-β1. Consequently, Treg suppression assay 

were performed to investigate whether loss of Treg suppressor function was responsible for the 

progression of colitis. In vivo suppression assay of β7-deficient Treg cells showed that they have 

normal suppressor function similar to that of wildtype Treg cells (Figure 5A, B). Furthermore, 

analysis of anti-inflammatory cytokines at the protein level in β7-deficient Treg cells revealed no 

significant defect in the production of IL-10 and TGF-1 (Figure 5C). Collectively, these data 

suggested that integrin β7 is dispensable for Treg suppression function on a per cell basis.  

 

Integrin β7 is necessary for effector and regulatory T cell homing to the gut 

Integrins 47 is the key lymphocyte receptor mediating lymphocytes trafficking to the 

gastrointestinal tract by binding to its ligand MAdCAM-1 that is expressed on the gut-associated 

endothelial cells. Therefore, the homing ability of β7-deficient effector T cells and Treg cells to 

GALT and other lymphoid tissues was investigated.  
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In vivo competitive homing assays was performed to examine the effect of integrin β7 

deficiency on regulatory T cells migration. GFP+ Treg cells were isolated from Itgb7WT/WT 

Foxp3GFP or Itgb7 KO/KOFoxp3GFP mice and labeled with 10 M and 1 M eFluor670 respectively. 

Equal numbers (1107) of different concentration of eFluor 670-labeled Treg cells were mixed 

and then injected intravenously into C57BL/6J mice. The number of different concentration of 

eFluor 670-labeled cells in mesenteric lymph nodes (MLNs), peyer’s patches (PPs), peripheral 

lymph nodes (PLN) and spleen (SP) were enumerated by flow cytometry. A homing index, 

defined as the ratio of β7-deficient Treg cells to wildtype Treg cells, was determined. Results of 

homing index showed that there is a dramatic reduction of β7-deficient Treg homing to the 

MLNs and PPs compared to wildtype Treg. As the same time, PLNs and SPs homing were 

consistent among β7-deficient and wildtype Treg cells (Figure 6B, D). These findings showed 

that integrin β7 is necessary for Treg homing to the GALT and but not to other lymphoid tissues.  

To examine the homing ability of integrin β7-deficient effector T cells, CD4+ T cells 

were isolated from Itgb7WT/WT or Itgb7KO/KO mice and labeled with CFSE or eFluor670 

respectively. A homing index, defined as the ratio of β7-deficient CD4+ T cells to WT CD4+ T 

cells was determined. Compared with WT CD4+ T cells, β7-deficient CD4+ T cells had a defect 

on homing to MLNs and PPs but not to PLNs and SP (Figure 6A, C). Together, these data 

suggested that integrin β7 is required for proper Tconv cells and Treg cells homing to the GALT, 

possibly explaining the adverse effects seen in high dose anti-β7 treatments. At the same time, T 

cells homing to non-GALT is integrin β7-independent. 
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FIGURES 

 

 
Figure 1. Deficiency in integrin β7 exacerbates chronic colitis in IL-10-deficient mice 

(A, B) Bodyweight change and survival ratio of Itgb7WT/WT IL-10 WT/WT mice (n=14) and 

Itgb7KO/KO IL-10 KO/KO mice (n=19). Bodyweight change was measured every day from day 35 to 

day 75. Values are shown as a percentage of original weight. Data represent mean±SEM. 

ItgbKO/KOIL-10KO/KO mice were compared to the Itgb7WT/WT IL-10 WT/WT using two-way ANOVA 

with Bonferroni post test. (C,D) Representative hematoxylin and eosin staining of Swiss rolls of 

distal colon sections from Itgb7WT/WT IL-10 KOKO mice (n=20) and Itgb7KO/KO IL-10 KO/KO mice 

(n=15) at Day 75. Scale bars: 500 mm. Histology core are shown in panel D. Data represent 

mean±SEM. Statistical significance was calculated by two-tailed t-test. *P<0.05; **P<0.01, 

***P<0.001. 
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Figure 2. Colonic expression of proinflammatory cytokines significantly increased in 

Itgb7KO/KO IL-10 KO/KO mice 

Quantitative PCR analysis of IL-1, TNF-, IL-6, IFN- and IL-17A expression in distal colon 

tissue from individual groups of mice. Results are normalized to GAPDH. Data represent 

mean±SEM. Statistical significance was calculated by one-way ANOVA with Bonferroni post 

test. *P<0.05; **P<0.01, ***P<0.001. 
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Figure 3. β7-deficienct Treg cells have migrating defects to the colon in IL-10-deficient 

mice 

(A, B) The cell number and percentage of Foxp3+ Treg cells in CD4 cells in colonic lamina 

propria lymphocyte (colonic LPL) and spleen (SP) from Itgb7KO/KOIL-10 WT/WT mice (n=8) and 

Itgb7WT/WT IL-10 KO/KO mice (n=8) are shown. Data represent mean±SEM. Statistical significance 

was calculated by one-way ANOVA with Bonferroni post test. *P<0.05; **P<0.01, ***P<0.001. 
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Figure 4. β7-deficient Treg cells do not prevent T cell transfer-induced colitis in mice  

1x106 CD4+CD25-CD45RBhigh Naive T cells from C57BL/6 mice were injected into Rag1KO/KO 

mice in the presence or absence of 2x105 CD4+CD25+CD45RBlow Treg cells derived from 

wildtype  or Itgb7KO/KO   mice. (A,B) Body weight change and survival rate of these mice are 

shown. Bodyweight change was measured and scored every day. Values are shown as a 

percentage of original weight. Types of cells transferred is indicated. The number of mice in 

each group is indicated. Data represent mean±SEM. Statistical significance was calculated by 

two-way ANOVA with Bonferroni post test. (C) IBD disease activity index of each group is 

shown. Data represent mean±SEM. Statistical significance was calculated by one-way ANOVA 

with Bonferroni post test. (D) Quantitative PCR analysis of IL-1, TNF-, IL-6, IFN- and IL-

17A expression in distal colon tissue from individual groups of mice. Results are normalized to 

GAPDH. Data represent mean±SEM. Statistical significance was calculated by one-way 

ANOVA with Bonferroni post test. *P<0.05; **P<0.01, ***P<0.001.  
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Figure 5. β7-deficient Treg cells showed normal suppression function and anti-

inflammatory cytokines production  

(A, B) Suppression by sorted Treg cells from CD45.2 congenic Itgb7KO/KO -Foxp3-GFP mice at 

indicated Treg/Responder cell ratios, measured at 72 hr. CFSE labelled CD45.1 congenic 

C57BL/6 CD4+CD25- Naive T cells activated by anti-CD3, anti-CD28 and IL-2 were used as 

responder cells. CFSE populations gated on CD45.1+ cells were analyzed by determining the 

proliferation index obtained with FlowJo software. (C) Intracellular expression of IL-10 and 

TGF-1 of GFP+ Treg cells from Foxp3-GFP or Itgb7KO/KO-Foxp3-GFP mice. Splenocytes were 

stimulated ex vivo with PMA and ionomycin in the presence of Monensin (for IL-10) or 

brefeldin A (for TGF-1) for 4 hrs at 37°C. Cells were fixed and permeabilized with Foxp3 

transcription factor fixation/permeabilization kit (eBioscience) prior to staining (n=3). Data 

represent mean±SEM. Statistical significance was calculated by two-tailed t-test.  
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Figure 6. β7-deficient regulatory T and effector T cells showed dampened migrating 

capacity to GALT  

In vivo competitive homing of Treg cells or effector T cells to different lymphoid tissue. Treg 

cells were sorted from Itgb7WT/WTFoxp3GFP or Itgb7KO/KOFoxp3GFP mice and labeled with 10 M 

and 1 M eFluor670 or 1 M and 10 M eFluor670 respectively. Effector T cells were sorted 

from Itgb7WT/WT Foxp3GFP or Itgb7KO/KOFoxp3GFP mice and labeled with eFluor670 and CFSE or 

CFSE and eFluor670 respectively. Equal numbers (1x107) of different concentration of labeled 

Treg cells or effector T cells were mixed and then intravenously injected into C57BL/6J mice. 

Lymphoid organs were isolated 3hrs after injection. The different concentration of labeled cells 

that homed into different lymphoid organs were analyzed by flow cytometry. (A, C) The ratio of 

Itgb7KO/KO Treg cells to Itgb7WT/WT  Treg cells from different lymphoid organs. (B, D) The ratio 

of Itgb7KO/KO effector T cells to Itgb7WT/WT effector T cells from different lymphoid organs. The 

number of mice in each group is indicated. Data represent mean±SEM. MLN, mesenteric lymph 

node; PP, Peyer's patch; PLN, peripheral lymph node; SP, spleen.  
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Table 1. Primer sequences for real-time quantitative PCR 
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DISCUSSION 

 Two IBD mouse models, IL-10-deficient mouse model and the adoptive T cell transfer 

model, were utilized to access the role of integrin β7 on T lymphocytes trafficking during 

intestinal inflammation. In the IL-10-deficient mouse mode, integrin β7-deficiency exacerbates 

the progression of colon inflammation, as shown by significant weight loss, low survival rate, 

severe histopathology and increased expression of proinflammatory cytokines in the β7-deficient 

animals. At the same time, loss of β7 disrupts the recruitment of Treg cells to colon tissues. In 

agreement with IL-10-deficient mouse model, the adoptive T cell transfer model demonstrates 

that β7-deficient Treg cells only delay the initiation of colitis but does not protect the animals 

from severe colitis. Integrin β7-deficient Treg cells have normal suppression function and 

secretion of anti-inflammatory cytokines. However, β7-deficient effector and regulatory T cells 

have severe defects on homing to the GALT. Hence, integrin β7 is dispensable for suppressor 

function of Treg cells but necessary for effector T cells and Treg cells homing to the GALT. In 

summary, the deficiency in integrin β7 exacerbates chronic colitis in mice, which may be 

explained by loss of Treg cell’s homing ability to the gut-associated lymphoid tissues, suggesting 

more cautions to be taken when using medications that can affect integrin β7. 

 Vedolizumab, a humanized monoclonal antibody that blocks 47 function, has recently 

been approved as treatment for adults with UC and CD36-38. Clinical remission of UC and CD 

confirms its efficacy in treating IBD patients. It is believed to inhibit the gut-tropic 47 

heterodimer specifically but not the 4 subunit, therefore induces intestinal immunosuppression 

and avoid the risk of Progressive multifocal leukoencephalopathy (PML)39,40. Nevertheless, these 

trials were limited in providing solid risk estimates due to their sizes too short and too small to 

provide solid risk estimates41. Moreover, vedolizumab was associated with higher rates of 
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serious adverse events and infections in the Crohn’s trail. A small population of IBD patients 

experienced aggravated colitis when treated with high dosage of vedolizumab42. Short-term 

clinical trials had reported that the most common adverse event from vedolizumab treatment was 

the exacerbating of ulcerative colitis; some other side effects include nausea, vomiting, and 

degenerative disk disease39. In addition, recent studies showed that excessive inhibition of 47 

function by high dose of vedolizumab suppresses Treg recruitment to the colon and results in 

colonic Treg cell insufficiency, which may evoke aberrant innate immune responses and 

aggravates colitis in particular patients who have mucosal injuries and microbiota-mediated 

infections in the gut42,43. It was also reported that vedolizumab inhibits Treg cells gut homing are 

even more than effector T cells in patients with UC39. 

Many other IBD treatments targeting integrins mediated homing are currently under 

development, such as natalizumab and etrolizumab. Natalizumab, a humanized antibody directed 

at integrin 4, is an approved drug for Crohn’s disease. However, it disrupts immune surveillance 

in the central nervous system (CNS), resulting in susceptibility to JC-polyomavirus infection and 

Progressive PML25. Etrolizumab blocks not only α4β7-dependent gut homing but also αEβ7-

binding to the E-cadherin on gut epithelial cells40. Results from its phase II clinical trials showed 

significantly better remission for patients treated with low dose rather than high dose 

etrolizumab40,42.  

Clinical studies of vedolizumab, natalizumab, and etrolizumab suggest that there may be 

a dosing limit for treatments targeting integrin β7. Together with the results in this thesis, it is 

logical to say that excessive blocking of integrin β7 should be avoided to prevent the complete 

loss of integrin β7 function. The administration of any IBD treatment that interfere with integrin 
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β7 should be delicately managed to prevent adverse effects on disease management for IBD 

patients.  
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MATERIAL AND METHODS 

 

Antibodies and reagents 

The following Antibodies were purchased from BioLegend: CD3 (17A2), CD4 (GK1.5), 

CD8 (53-6.7), B220 (RA3-6B2), CD29 (HM 1-1), CD18 (M18/2), 7 (FIB504), Foxp3 (MF-

14), anti-CD3 (2C11), anti-CD28 (37.51), IL-10 (JES5-16E3) and TGF- 1 (TW7-16B4). 

Secondary AlexaFluor-labelled antibodies were from Jackson ImmunoResearch. Foxp3 

transcription factor fixation/permeabilization kit was purchased from eBioscience. CFSE and 

eFluor 670 were purchased from Invitrogen and Biolegend respectively. 12-O-

Tetradecanoylphorbol-13-acetate (PMA) and piroxicam were purchased from Sigma. Ionomycin 

and brefeldin A were purchased from BioLegend. MojoSort™ mouse CD3 T cell isolation kit 

and mouse CD4 T cell isolation kit were purchased from BioLegend. Liberase TL (Research 

Grade) and DNAse I were purchased from Roche. Recombinant mouse MAdCAM-1-Fc was 

purified by ProteinA beads as previously described44. 

 

Mice 

All animal experiments were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of California, San Diego, and were conducted in 

accordance with federal regulations as well as institutional guidelines and regulations on animal 

studies. All mice were housed in specific pathogen-free conditions prior to use. C57BL/6 

(CD45.1), C57BL/6 (CD45.2), Itgb7KO/KO, IL-10 KO/KO, Rag1KO/KO mice were purchased from The 

Jackson Laboratory. Foxp3GFP mice were kindly provided by John Chung Lab. All mouse strains 

are C57BL/6 genetic background. All mouse strains were compared with the littermates control 

except the IL-10KO/KO background mice. 
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Mononuclear cells were isolated from mesenteric lymph node (MLN), Peyer's patch (PP), 

peripheral lymph node (PLN), spleen (SP) and colonic lamina propria as previously described19. 

Cell counting with immunofluorescence cytometry was performed using Accuri C6, 

FACSCalibur (BD Biosciences). 

 

Disease measurement 

IL-10-deficient mouse colitis models 

IL-10KO/KO mice develop a chronic IBD spontaneously under specific pathogen-free 

conditions in our animal facility. The phenotypes of chronic colitis were more evident when IL-

10KO/KO mice (C57BL/6 genetic background) were 10-12 weeks or older. It was difficult and not 

efficient for IL-10KO/KO mice to get litters due to their spontaneous colitis. Thus, Itgb7WT/WTIL-

10KO/KO mice were from the breeder Itgb7WT/WTIL-10WT/KO x Itgb7WT/WTIL-10WT/KO; Itgb7KO/KOIL-

10KO/KO mice were from the breeder Itgb7KO/KOIL-10W/KO x Itgb7KO/KOIL-10WT/KO. Sex-matched 

Itgb7WT/WTIL-10KO/KO and Itgb7KO/KOIL-10KO/KO mice were put together in a same cage from 3-4 

weeks. 

 

Adoptive T cell transfer mouse colitis model 

For adoptive T cell transfer model, 8-10 week-old mice will be used. 1x106 CD4+CD25-

CD45RBhigh Naive T cells from C57BL/6 mice were injected intraperitoneally into Rag1KO/KO 

mice in the presence or absence of 2x105 CD4+CD25+CD45RBlow Treg cells derived from 

indicated mice (0.2 ml PBS each recipient).  
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Disease measurement of mouse models  

Only comparisons between littermates were considered. Weight gain/loss was measured 

and scored every day. Values were shown as a percentage of original weight. During the duration 

of the experiment, a disease activity index (DAI) score was be assessed daily to evaluate the 

clinical progression of colitis. The DAI is the combined score of weight loss compared to initial 

weight, stool consistency, and bleeding. Scores for weight loss, stool consistency, rectal bleeding, 

and rectal prolapse were assessed individually as follow: 1) Weight loss: 0 (no loss), 1 (1-5%), 2 

(5-10%), 3 (10-20%), 4 (>20%); 2) Stool consistency: 0 (normal),1 (soft), 2 (very soft), 3 

(diarrhea); 3) Rectal bleeding: 0 (none), 1 (red), 2 (dark red), 3 (gross bleeding); 4) Rectal 

prolapse: 0 (none), 1 (signs of prolapse), 2 (clear prolapse), 3 (extensive prolapse). Mice were 

sacrificed at 15 weeks by CO2 asphyxiation and deaths were ensured by cervical dislocation. 

Intestinal tissue samples were taken and analyzed. 

 

Histology 

Formalin-fixed, paraffin-embedded Swiss-rolled colon sections of 4-mm thickness were 

mounted on glass slides, followed by hematoxylin and eosin staining or periodic acid–schiff 

staining. Images were acquired with a Nanozoomer Slide Scanner (Hamamatsu Nanozoomer 

2.0HT Slide Scanner). Blinded histological scoring was performed by 2 people based on method 

described previously as follow: Total scoring range is 0-12, including 1) Epithelium (0-6) and 2) 

Infiltration with inflammatory cells (0-6): mucosa (0-3); submucosa (0-2); muscularis/serosa (0-

1). Scoring of Epithelium: 0-Normal; 1-Hyperproliferation, irregular crypts, goblet cell loss; 2-

Mild to moderate crypt loss (10-50%); 3-Severe crypt loss (50-90%); 4-Complete crypt loss, 

surface epithelium intact; 5-Small to medium sized ulcer (<10 crypt widths); 6-Large ulcer (>10 

crypt widths). Scoring of Mucosa: 0-None; 1-Mild infiltration; 2-Moderate infiltration; 3-Severe 
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infiltration. Scoring of Submucosa: 0-None; 1-Mild to moderate infiltration and/or edema; 2-

Severe infiltration. Scoring of Muscularis/serosa: 0-Not involved; 1-Involved. 

 

Flow cytometry 

Cells isolated from mouse tissue were washed and resuspended in HBSS containing 0.1% 

BSA and 1 mM Ca2+/Mg2+ and stained with conjugated antibody for 30 min at 4 °C. Then cells 

were washed twice before flow cytometry analysis using a Accuri C6, FACSCalibur (BD 

Biosciences). Data were analyzed with FlowJo software. 

 

Treg cell suppression assays 

CD4+CD25- T cells (Responder, R) were isolated from spleens of C57BL/6 (CD45.1) 

WT mice by magnetic separation using the CD4+ T cell negative isolation kit (Biolegend); a 

biotin-conjugated anti-CD25 (PC61; BioLegend) Ab was included to deplete Treg cells. YFP+ 

Treg cells were sorted with a FACSAria 2 (BD Biosciences). Responder cells were labelled with 

CFSE. CSFE-labeled Responder cells were cocultured with IL2 and Treg cells (8:1, 4:1, 2:1 and 

1:1 ratios) in the presence of 5 μg/ml immobilized anti-CD3 (2C11) and anti-CD28 (37.51) for 4 

days at 37°C. Proliferation index was calculated by PRISM software. 

 

In vivo competitive lymphocyte homing 

For competitive homing assay of 7-deficient Treg cells, GFP+ Treg cells were sorted 

with a FACSAria 2 (BD Biosciences) from Itgb7WT/WTFoxp3GFP or Itgb7KO/KOFoxp3GFP mice and 

labeled with 1M and 10 M of eFluor670, respectively. Equal numbers (1x107) of different 

concentration of eFluor670-labeled Treg cells were mixed and then intravenously injected into 

C57BL/6J recipient mice. Lymphoid organs were isolated 3hrs after injection. The different 

concentration of eFluor670-labeled cells that homed into different lymphoid organs were 
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analyzed by flow cytometry. The ratio of Itgb7KO/KO Treg cells to Itgb7WT/WT Treg cells from 

different lymphoid organs were shown. MLN, mesenteric lymph node; PP, Peyer's patch; PLN, 

peripheral lymph node; SP, spleen. 

 

Real-time quantitative PCR analyses 

Total RNAs were isolated from colon using tissue homogenizer (JXFSTPRP-24, 

ThunderSci) and TRIzol reagent according to the manufacturer’s protocol (Thermo Fisher 

Scientific). For gene expression analysis, single-stranded cDNA was produced from 10 ng total 

RNA of colon using SuperScript III First-Strand synthesis and oligo-dT primers according to the 

manufacturer’s protocol (Thermo Fisher Scientific). Kapa SybrFast qPCR kit (Kapa Biosystems) 

and thermal cycler (CFX96 Real-Time System; Bio-Rad) were used to determine the relative 

levels of the genes analyzed (primer sequences are shown in Table 1) according to the 

manufacturer’s protocol. Actin mRNA levels were used as internal control, and the 2-ΔΔCT 

method was used for analysis of the data. Each control value (WT mice or Rag1KO/KO mice 

injected with PBS) was normalized to 1. 

 

Statistical Analysis 

Statistical analysis was performed in PRISM software (version 6.00, GraphPad Software), 

and all datasets were checked for Gaussian normality distribution. Data analysis was performed 

using one-way ANOVA or two-way ANOVA with Bonferroni post test which are indicated in 

figure legends. The resulting P values are indicated as follows: NS: not significant, p >0.05; *, 

0.01< p <0.05; **, 0.001< p <0.01; ***, p <0.001. Data represent the mean ±SEM of at least 

three independent experiments. 
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This thesis is part being prepared for submission for publication of the material. Sun, Hao; 

Lagarrigue, Frederic; Kuk, Wun; Cantor, Joseph M.; Ginsberg, Mark H. The thesis author will be 

an author of the paper.  
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