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Abstract 

The innate immune system uses pattern recognition receptors (PRRs) encoded by 

germline genes of the host to detect danger signals from damaged tissues as well as conserved 

microbial “molecular patterns” called damage- or pathogen-associated molecular patterns 

(DAMPs or PAMPs). PRRs are essential for the initiation of immune responses. Among PRRs, 

Toll-like Receptor (TLR) 4 has gained a great deal of attention, as it is the first discovered PRR, 

and it is the receptor for lipopolysaccharide (LPS, a major cell wall component of Gram-negative 

bacteria). It has been demonstrated that TLR4 has many roles in the pathogenesis of 

inflammatory bowel diseases (IBD) and experimental colitis. However, the functions of 

endothelial TLR4 remain unclear. In this thesis, we hypothesized that endothelial TLR4 

provokes neutrophil recruitment in the colon during experimental colitis. Endothelial TLR4 is 

upregulated during dextran sulfate sodium (DSS)-induced colitis, in part by tumor necrosis factor 

(TNF)-α. The upregulation of endothelial TLR4 occurs prior to neutrophil recruitment in DSS 

colitis. Loss of endothelial TLR4 attenuates the histological damage in DSS-induced colitis. 

Mice lacking endothelial TLR4 have fewer colonic neutrophils during DSS colitis. Mice with a 

specific deletion of endothelial TLR4 have a decreased number of adherent neutrophils in the 

microcirculation of their colon upon DSS challenge. NanoString nCounter CodeSet analysis 

showed endothelial intercellular adhesion molecule (ICAM) 2 has lower expression in mice 

lacking endothelial TLR4, measured by immunofluorescence and flow cytometry. In vitro 

cultured endothelial cells respond to LPS challenge to increase the expression of ICAM2.  

Blocking of ICAM2 also inhibits neutrophil adhesion in DSS colitis. In conclusion, endothelial 

TLR4 is an active player in experimental colitis and mediates neutrophil recruitment. 
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Preface 

Inflammatory bowel diseases (IBD) affect about 1% of Canadian and is a common 

disease in Western countries. The prevalence of IBD is also dramatically increasing in 

developing nations. The therapeutic strategies for IBD are still limited. Many patients suffer 

from symptoms and complications (including colitis-associated colon cancer) of IBD, and these 

individuals require lifelong therapies, with their own side effects.  The reason for this 

predicament is lack of the understanding of IBD pathogenesis. In this thesis, I demonstrated a 

role of endothelial TLR4 as an active player mediating histological damage and neutrophil 

recruitment in experimental colitis. According to previous studies, TLR4 in many cell types of 

the gastrointestinal tract has various functions. Blocking TLR4 signaling in an unselective 

manner results in detrimental effects in DSS colitis, as TLR4 in epithelial cells is essential to 

maintain epithelium homeostasis and repair. However, specific inhibition of endothelial TLR4, 

or perhaps modulating the downstream events of endothelial TLR4 activation, may prove to be 

useful to ameliorate inflammation in the gastrointestinal tract, leading to new targets for treating 

disease. 
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Knowledge is the food of the soul. 
 

--Plato 
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Chapter One: Introduction 

IBD, which are mainly composed of Crohn’s Disease (CD) and ulcerative colitis (UC), 

are disorders of idiopathic, relapsing, and chronic intestinal inflammation affecting genetically 

susceptible individuals [1, 2].  IBD patients present with symptoms of  abdominal pain, rectal 

bleeding, diarrhea, weight loss, and extraintestinal manifestations including skin and eye 

disorders [2].  The incidence and prevalence of IBD in Europe and North America are higher 

than other regions in the world, and are still increasing in both developed and developing 

countries [3, 4].  In Canada, approximately 0.5% to 1% of the population suffers from IBD [5], 

which is a heavy health burden for the health-care system. The etiology of IBD is considered to 

be an interaction between genetic background, environmental factors, enteric microflora, and 

immunity [6, 7]. However, the precise pathogenesis remains to be elucidated.  

A growing body of evidence shows that the gut microflora plays an essential role in the 

pathogenesis of IBD and experimental colitis. The gut is the largest reservoir of microorganisms 

in humans [8, 9], and the human hosts have various interactions with the intestinal microbiota. 

Environmental factors, such as diet, might change the composition of the intestinal microflora 

[10], which results in aberrant inflammatory responses in the gut [11, 12]. Dysbiosis, defined by 

quantitative and qualitative changes in the gut microbiota, has been observed in both CD and UC 

patients [13].  Antibiotics and probiotics are effective in the therapy for selected IBD patients 

[14, 15]. Genetically engineered mice with spontaneous colitis either do not manifest disease 

(IL-10-/- mice) [16] or show delayed presentations (IL-2-/- mice) [17] when they are raised in a 

germ-free condition.  These results indicate that the gut microbiota is part of the 

pathophysiological process of IBD and experimental colitis.   
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Pattern recognition receptors (PRRs) are a series of germline gene encoded receptors 

serving as detectors for the conserved molecular signatures of microorganisms, defined as 

pathogen-associated molecular patterns (PAMPs). The innate arm of the immune system 

including PRRs, whose major function is to detect invading microorganisms, participates in the 

process of IBD, as the gut microbiota is a key component of the pathogenesis. One of the great 

achievements in screening susceptible genes for the etiology of IBD was the discovery of an 

association between the mutant nucleotide-binding oligomerization domain 2 (NOD2, also 

known as CARD15) genes and an increased susceptibility to CD [18-20].  NOD2 is one of the 

intracellular PRRs, which detects the bacterial cell wall component peptidoglycan muramyl 

dipeptide (MDP) and initiates innate immunity against bacteria [21].  It has been reported that 

about 50% of CD patients in a European cohort carried at least one of the three major disease-

causing mutations (Arg702Trp, Gly908Arg, and 1007fs) [22]. These results indicate that the 

interaction between the gut microflora components and PRRs may have an important role in 

intestinal mucosal immunity. 

TLRs, another family of PRRs [23], play important roles in the innate immune response 

and pathophysiological courses of many diseases including IBD. TLR4, which is the major 

detector for the Gram-negative bacterial outer membrane component lipopolysaccharide (LPS), 

is expressed by many cell types in the gastrointestinal tract, including epithelial cells [24], 

macrophages [25], dendritic cells [26], and endothelial cells [27]. Binding of LPS to the 

TLR4/MD-2 complex on the cell surface by the facilitation of other factors results in the 

activation and translocation of the transcriptional factor nuclear factor κ B (NF-κB) and 

interferon regulatory factor 3 (IRF3), leading to the expression of pro-inflammatory cytokines 

and type I interferon, respectively [28]. TLR4 has been demonstrated to be upregulated in IBD 
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patients [25, 29] and experimental colitis [30, 31]. Meanwhile, the missense mutation TLR4 

Asp299Gly is associated with an increased susceptibility of CD in some western cohorts [32]. 

The aforementioned data suggest that TLR4 plays an important role in the pathogenesis of IBD, 

although the precise effects of TLR4 remain elusive. 

TLR4 signaling is important for neutrophil recruitment in experimental colitis. 

Neutrophils are an important pathophysiological feature of IBD and experimental colitis [33], as 

they are not observed in a normal gastrointestinal tract. The abundance of neutrophils in lesions 

is positively associated with the severity of IBD [34], and neutrophils mediate tissue damage in 

the gut via various mechanisms [35]. TLR4- or Myeloid differentiation primary response gene 88 

(MyD88, an adaptor protein for the LPS-TLR4 signaling pathway)-deficient mice recruited 

fewer neutrophils to the colon during dextran sulfate sodium (DSS)-induced colitis [24], 

suggesting TLR4 signaling is crucial for neutrophil infiltration. Fukata and colleagues [36] 

showed that in DSS colitis, wild type (WT) mice receiving TLR4-/- bone marrow-derived cells 

had increased neutrophil recruitment to the colon compared to TLR4-/- mice transferred with WT 

haematogenous cells, indicating non-bone marrow-derived cells are essential for neutrophil 

recruitment to the colon. However, the cell type(s) in the non-bone marrow component 

responsible for neutrophil infiltration remains unclear. 

Endothelial cell TLR4 signaling may be important for neutrophil recruitment in IBD. In 

the above-mentioned bone marrow chimera experiment [36], the authors assumed that epithelial 

cells were the key player for neutrophil recruitment in non-hemopoietic cells. However, there are 

other candidate cell types, including fibroblasts and endothelial cells. Several lines of evidence 

support the role of endothelial cell TLR4 signaling in recruiting neutrophils during inflammatory 

diseases. For instance, with systemic LPS stimulation, TLR4-expressing, non-haematogenous 
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cells, rather than leukocytes, are essential to support neutrophil recruitment to the central nervous 

system (CNS) microvasculature [37], and liver sinusoids [38].  More importantly, mice that 

express TLR4 exclusively in endothelial cells effectively recruit neutrophils to the CNS 

microvasculature (via upregulation of adhesion molecules) [37], liver sinusoids (via the 

interaction of neutrophil CD44 and endothelial hyaluronan) [38], and lung capillaries (via 

increased adhesion molecules) [39], under the challenge of systemic LPS administration. In a 

mouse model of necrotizing enterocolitis (NEC), endothelial TLR4 signaling promoted the 

development of disease by decreasing intestinal blood flow in an endothelial nitric oxide 

synthetase-dependent manner [40]. Taken together, this suggests that endothelial cell-specific 

TLR4 is an active player in neutrophil recruitment and inflammation.  

Tumor necrosis factor (TNF)- is a pro-inflammatory cytokine functioning in 

inflammation, cell proliferation, differentiation, and apoptosis [41]. TNF- is increased in IBD 

patients and experimental colitis [42]. TNF- is an activator for endothelial cells [43]. It has 

been reported that TNF- increased the expression of TLR4 in colonic epithelial cells [44]. 

However, whether TNF- is a positive regulator for TLR4 expression in endothelial cells 

remains unclear. 

 Endothelial cell TLR4 signaling might promote neutrophil recruitment in many diseases 

via multiple mechanisms. During the cascade of neutrophil transendothelial migration, 

endothelial cell-expressed P-selectin [45, 46], intracellular adhesion molecule-1 (ICAM-1), 

ICAM-2 [47, 48], and chemokines play key roles in neutrophil slow rolling and firm adhesion. 

Whether intestinal endothelial cell TLR4 signaling induces neutrophil infiltration by the similar 

molecular mechanisms in the context of IBD and experimental colitis remains unclear. 
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In this project, we assessed the expression of endothelial TLR4 in DSS-induced colitis. 

We observed that endothelial TLR4 is upregulated in DSS colitis, in part, by a TNF--dependent 

mechanism. We also utilized mice with a conditional deletion of TLR4 in endothelial cells to 

investigate the role of endothelial cell-specific TLR4 in neutrophil recruitment in the context of 

DSS-induced colitis. Loss of endothelial TLR4 attenuated the histological damage in DSS colitis 

and prevented neutrophil recruitment. Mice lacking endothelial TLR4 had fewer adhered 

neutrophils in the microcirculation upon DSS treatment. ICAM2 expression was induced by 

endothelial TLR4, and ICAM2 blockade resulted in marked downregulation of neutrophil 

recruitment in DSS colitis.  In conclusion, endothelial TLR4 is an important player in provoking 

neutrophil recruitment by increasing the expression of endothelial ICAM2 in the context of DSS-

induced colitis. 
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Declare the past, diagnose the present, foretell the future. 
 

--Hippocrates 
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Chapter Two: Literature Review 

2.1  Significance of this study 

IBD is a major public health issue. Western countries have the highest prevalence of IBD 

in the world, and the incidence of IBD is increasing in both developed and developing countries. 

Approximately 0.5-1% of Canadians suffer symptoms of IBD, including abdominal pain, 

diarrhea, rectal bleeding and other extra-gastrointestinal symptoms [5, 49]. In spite of the fact 

that IBD has been recognized for more than a century, the precise etiology remains to be 

understood.  The modern concept of IBD pathogenesis is considered to be an aberrant immune 

response against the normal gut microflora in genetically susceptible individuals [50]. IBD is 

regarded as an abnormal inflammatory disease driven by effector T cells and pro-inflammatory 

cytokines. CD is a kind of T helper (Th) 1/Th17-mediated disorder, whereas UC is considered to 

be a Th2-driven inflammation [51]. IBD has many treatments available, but success is often 

limited by side effects. Moreover, some patients become unresponsive even after a good initial 

treatment effect [52].  Thus, new, more effective treatments for IBD are needed based on the 

understanding of the pathogenesis of IBD.  

Since IBD is the result of an abnormal immune response to the intestinal microbiota, a 

growing body of studies have focused on the process triggering this immune response. Based on 

strong associations between NOD2 mutations and CD sensitivity [18-20], the important roles of 

innate immunity in IBD drew a great deal of attention from immunologists and 

gastroenterologists. One of the features of the innate immune system is the recognition of 

microbes without the need to activate adaptive immunity. This is achieved in part through a 

group of receptors called PRRs.  Indeed, recent data from a meta-analysis [53] showed many 
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mutations in genes involved in host-microbe interaction are associated with the susceptibility to 

IBD.  

TLR4, the major receptor for the Gram-negative bacterial component LPS, has complex 

roles in the pathogenesis of IBD. Unlike NOD2, which is an intracellular cytoplasmic receptor, 

TLR4 signals both at the cell surface and within the intracellular compartment. Published data 

confirms that TLR4 from different cell types has varied functions in the gastrointestinal tract.  

On one hand, TLR4 promotes inflammation in the gut. TLR4 is upregulated in the 

colonic mucosa of IBD patients [25, 29]. In IL-10 gene-deficient mice, genetic deletion of TLR4 

reduces the severity of chronic colitis [54]. Mice overexpressing TLR4 in the intestinal 

epithelium (Villin-TLR4 mice) show exaggerated neutrophil recruitment and mucosal tissue 

damage during DSS colitis [55]. In the Citrobacter rodentium model of infectious colitis, TLR4 

contributes to tissue damage by promoting Th1/Th17 inflammation, without any benefit in terms 

of bacterial clearance [56]. Taken together, these results suggest that TLR4 may be pro-

inflammatory in the gastrointestinal tract. 

On the other hand, TLR4 also mediates regulatory roles in the intestine. The missense 

mutation of TLR4, Asp299Gly, which is associated with a loss of function in TLR4 signaling, is 

related with an increased susceptibility of CD in the Caucasian population [32]. Consistent with 

this, mice lacking either TLR4 or MyD88 (an adapter protein for the TLR4 signaling pathway) 

[57] show increased mortality in DSS colitis. Blockade of TLR4 in DSS colitis reduces acute 

damage including neutrophil infiltration, but with impaired recovery from the disease [58]. These 

data indicate the TLR4 signaling in the gut might be anti-inflammatory. 

 The above seemingly contradictory results underscore the fact that TLR4 signaling in the 

gut is complex, and the roles TLR4 plays in different contexts may be either pro- or anti-
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inflammatory. Part of this paradox may be related to cell-type-specific effects of TLR4 in 

disease. TLR4 in epithelial cells may indeed be important as a pro-inflammatory signal to draw 

neutrophils into the lamina propria, supported by the observation that loss of non-hematopoietic 

TLR4 expression reduces neutrophil infiltration [36], as well as by the fact that mice with 

epithelial TLR4 overexpression (Villin-TLR4 mice) have more neutrophil recruitment in the gut 

[59]. Work from the Stappenbeck laboratory [60-62] has confirmed the roles of MyD88 

signaling in a population of intestinal mesenchymal stem cells, which promote epithelial repair 

through prostaglandin expression rather than mediating histological damage; as such, TLR4 may 

promote healing in DSS colitis in one cell type while promoting neutrophil recruitment through 

another TLR4-expressing cell type.  In the IL-10-/- colitis model, targeted deletion of MyD88 in 

macrophages prevented the onset of disease [63], tying the innate signaling to the disease onset. 

Taken together, TLR4 from different cell types in the gastrointestinal tract might have varied 

functions. 

The role of TLR4 signaling in intestinal endothelial cells remains poorly understood. As an 

important non-immune component in inflammation, endothelial cells have gained more and more 

interest. Current data from a necrotizing enterocolitis (NEC) mouse model showed that intestinal 

endothelial TLR4 signaling induces inflammation in the intestine by controlling blood perfusion 

of the gut [40]. Little else is known about how TLR4 in this cell type may participate in intestinal 

immune responses during colitis. A better comprehension of this will improve our understanding 

of the roles TLR4 plays in disease, and potentially raise many new targets for IBD therapy. 

2.2 Innate immunity and IBD 

The human intestine is a very unique organ. The colon contains a large quantity of 

commensal microbes including more than 1014 bacterial cells and 1015 viruses [64, 65]. Microbes 
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residing in human hosts constitute the microbiota, whereas the genes they have are regarded as 

our microbiome [66]. The gut microbiota interact with each other and with the host to impact 

human health and physiology like a “forgotten organ” [65]. The microbiota play important roles 

in energy processing [67] and the maturation of immune system [68]. The intestinal lumen also 

serves as a reservoir of endotoxin (around 50μg/ml of LPS) [69]. LPS in the intestinal lumen is 

harmless [44, 70], even protective [57]. The normal commensal microflora, as well as LPS in the 

colon, helps to maintain the normal hyporesponsiveness in the colonic mucosal immunity [71]. 

However, the translocation of bacteria and bacterial components into the lamina propria of the 

gut induces an aberrant inflammation in animal models, as spontaneous colitis mice do not 

present [72, 73] or show attenuated disease onsets [17] when maintained in a germ-free 

condition.  A similar situation likely occurs in human disease, the innate arm of the immune 

system thus linking the initiation and development of IBD.  

2.2.1 Roles of microbiota in the normal gut 

The complexity of the intestinal microbiota in human and other vertebrates has been 

recognized through large-scale projects, e.g. the Human Microbiome Project [74, 75] and 

MetaHIT [76]. Results from studies have showed that the composition of the microbiota 

community in healthy individuals is so variable that even monozygotic twins share less than 50% 

of their species-level bacterial taxa [77] and much fewer viral sequences [78]. Host genetics are 

an important factor for this variability in the bacterial community [79], but not in the viral 

community [78].  

The gut microbiota is dominated by bacteria, although viruses and eukaryotes are also 

included. Much attention has been paid to elucidating the composition of the gut bacteria. The 

major components of gut bacteria are from the phyla Bacteroidetes and Firmicutes [80]. Based 
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on the dominant bacterial genera, most individuals can be categorized into one of three 

predominant variants, or called “enterotypes”—Bacteroides (enterotype 1), Prevotella 

(enterotype 2), or Ruminococcus (enterotype 3) [81]. Another classification system was modified 

by using the ratio of the abundance of Bacteroides (fused with Ruminococcus) and Prevotella 

[82]. Data from time series observations showed that the microbiota in healthy adult individuals 

is relatively stable over time in terms of bacteria [83, 84], viruses [78], and eukaryotes [85]. 

Many factors, including genetic background, age, gender, and diet may affect the composition of 

the gut microbiota [67]. For instance, researchers have demonstrated that dietary change shifts 

the gut microbiota within 24 hours in humans [82] and mice [86]. It should be noted that the era 

of research on the gut microbiota is still in its infancy, and these pioneer studies will definitely 

shed a light in future investigations.  

The gut microbiota is essential for the maturation of the gastrointestinal tract. After birth, 

newborns develop normal gastrointestinal functions and structures directed in part by obtaining a 

gut microbiota. Studies from germ-free animals have demonstrated that the gut microbiota is 

necessary for intestinal surface area, villus thickness, villus capillary network, peristaltic 

activities, maintenance of epithelial homeostasis, and regenerative abilities (reviewed in [87]). 

Thus, the normal gut microbiota is pivotal for the postnatal development of the gastrointestinal 

tract. 

As mammals and the microbiota have coevolved for millions of years, the host immune 

system has developed to a high level, in which the immune system functions appropriately only 

depending on the presence of the normal microbiota. Both the innate and adaptive arms of 

immune system require the interaction with microorganisms to develop normally [68]. The 

innate immune system uses PRRs including TLRs to recognize PAMPs from microorganisms. 
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Commensal bacteria seem to be essential to inhibit immune responses and promote immune 

tolerance in the mucosal immune system via the interactions with TLRs [88]. The adaptive 

immune system also utilizes communication with microbiota to promote the differentiation of T 

cells [89]. Germ-free mice have impaired intestinal sIgA production and defective development 

of gut-associated lymphoid tissues [90]. The importance of sIgA has been demonstrated in the 

mucosal immunity, as it is protective for mucosal surfaces and pivotal for host-microbiota 

mutualism [91]. In short, the commensal gut microbiota is imperative for the normal functions of 

the mucosal immune system. 

The gut microbiota forms a physical barrier for the host against invading pathogens via 

numerous mechanisms, including occupation of attachment sites, consumption of nutrition, 

production of antimicrobial compounds, and induction of antimicrobial peptides from the host. It 

has been demonstrated that certain bacterial species have antagonistic activities against various 

pathogens [92]. A number of probiotic species prevent the attachment and invasion of pathogens 

in the gut, such as Escherichia coli [93]. Paneth cells, a type of epithelial cell in the base of small 

intestinal crypts produce antimicrobial peptides, which is important to deplete the gut pathogens, 

only in the presence of normal microbiota [37]. Therefore, a normal gut microbiota is important 

to maintain the gut ecology.  

The host and the gut microbiota also have important metabolic interactions. The 

microbiota contributes to production of choline and short-chain fatty acids (SCFAs), which are 

critical for host health and energy supply by binding to corresponding G protein-coupled 

receptors [94]. In addition to the roles in energy balance, SCFAs that are transformed from 

dietary fiber, can also prevent the accumulation of toxic metabolic by-products [95]. The gut 
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microbiota also helps to resolve indigestible polysaccharides and oligosaccharides to absorbable 

monosaccharides, as well as to promote the uptake of dietary lipids [87].  

In conclusion, the gut microbiota of humans is very complex, and has many physiological 

functions, including promoting the postnatal development of the gastrointestinal tract, 

maintaining the normal immune reactions, forming a barrier for the host, and facilitating 

nutrition supply and metabolic processes (summarized in Figure 1).  

 

 

 

Figure 1 The physiological functions of normal gut microbiota. 
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2.2.2 Roles of gut microbiota in the pathogenesis of IBD 

Pathological changes within the gut microbiota, or dysbiosis, are associated with many 

Western diseases, including diabetes, obesity, Helicobacter pylori-induced peptic ulcer, and IBD 

[96]. Although there is no clear association between IBD and a single infection, several lines of 

evidence support that IBD is an inflammatory disease triggered by the gut microbiota. The 

bacterial composition of IBD patients is abnormal [97, 98], including a deletion of 

Lachnospiraceae and Bacteroidetes, as well as an enrichment of Proteobacteria [97]. More 

mucosa-associated bacteria [99] and bacteria invading into ulcers [100] were found in IBD 

patients. Additionally, IBD patients have higher titers of antibodies against the gut bacteria 

locally [101] and systemically [102], compared to healthy controls, suggesting a loss of tolerance 

to these bacterial species. More clone-specific T cells activated against gut microbiota species, 

including Enterbactericeceae, Bacteroides, and Bifidobacterium, have been observed in IBD 

patients [103]. Some patients with IBD may respond to antibiotics [104], and a meta-analysis 

indicates that antibiotic administration is a therapeutic option for active IBD [105], although a 

randomized controlled clinical trial demonstrated that the indication of antibiotic treatment 

should be based on the site of disease [106]. Importantly, a fecal microbiota transplantation from 

healthy individuals to IBD patients might have potential therapeutic values aiming to restore the 

normal commensal gut microbiota [107], although further research is needed regarding this. 

These results support the concept that IBD is an aberrant inflammation against the gut 

microbiota. However, it still remains unclear whether the changes in the gut microbiota are the 

cause of, or the consequence of IBD. 

Animal studies also provide evidence that the commensal enteric bacteria take part in the 

pathogenesis of IBD. If raised in germ-free conditions, IL-10 deficient mice do not manifest 
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chronic spontaneous colitis [108],  and IL-2-/- mice show delayed colitis [109], compared to mice 

raised in the conventional specific pathogen-free condition. Antibiotic therapy also decreased the 

severity of colitis in IL-10-/- mice [110], DSS-challenged mice [111], and TNBS-treated mice 

[112]. In another study involving a spontaneous colitis model in mice deficient in genes T box 

expressed in T cells (T-bet) and recombination activating gene (Rag) (Tbx21-/-Rag-/-), cohousing 

with Tbx21-/-Rag-/- colitis mice and healthy Tbx21+/+Rag-/- or WT mice demonstrated the 

transmission of colitis from Tbx21-/-Rag-/- colitis mice to healthy mice, indicating a transmissible 

microbiota plays an essential role for the pathogenesis of colitis in this model [113]. These 

results support that intestinal microbiota is involved in the pathophysiological process of 

experimental colitis. 

Altogether, the gut microbiota has many roles in initiating and promoting inflammation 

in the gastrointestinal tract, and could be a therapeutic target for IBD.  

2.2.3 Roles of innate immune system in pathogenesis of IBD 

The innate immune system is the first line of defense against pathogens in hosts by a 

limited number of receptors and peptides encoded by germline genes. The innate immune system 

recognizes common molecular features of pathogenic microorganisms, initiating quick immune 

responses and leading to the activation of adaptive immune responses. Innate immunity is of 

great interest in the pathogenesis of IBD, as the gut microbiota is essential for the disease. Many 

cellular components of the innate immune system are involved in the pathogenesis of IBD, 

which includes epithelial cells, phagocytes, and innate lymphoid cells. In this part of the thesis, I 

summarize the current knowledge on the roles of the innate immune system in IBD.  
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2.2.3.1 Epithelial cells   

 Many cell types compose the epithelium, including enterocytes, goblet cells, and Paneth 

cells that are only seen at the base of crypts in the small intestine. The integrity of epithelium is 

maintained by intercellular junctions—tight junctions, adhesion junctions and desmosomes. A 

growing body of evidence has shown that IBD patients have impaired epithelial barrier function 

and increased intestinal permeability [114]. Mutations in genes involved in the regulation of 

intercellular junctions, such as HNF4A (a transcription factor for the apical junction complex), 

CDH1 (encoding for E-cadherin, a major element of adhesion junctions), and GNA12 (gene for a 

GTPase, which interacts with ZO-1 and Src to modulate tight junctions), are associated with the 

increased susceptibility to IBD [115]. Hence, an intact epithelium barrier helps to maintain the 

quiescent immunological activities in the gut.  

Endoplasmic reticulum stress (ER stress) occurring in intestinal epithelial cells induces 

inflammation in the gastrointestinal tract. During the process of protein synthesis, unfolded or 

misfolded proteins are stored in the ER. Accumulated abnormal protein will induce ER stress, 

which causes cell death and subsequent inflammation. The unfolded protein response (UPR) 

begins with the binding of unfolded protein to glucose-regulated protein 78 (GRP78), and 

activates the downstream pathways. Genome wide association studies (GWAS) showed that 

many genes in ER stress are associated with IBD susceptibility, including X-box binding protein 

1 (XBP-1) [116], ORMDL3 [117], and inositol-requiring enzyme-1 (IRE-1) [118]. Mice with the 

intestinal epithelial cell (IEC)-specific isoform of Ire1 deficiency were more susceptible to DSS 

induced colitis [119], and mice harboring IEC-specific knock out of Xbp1 developed 

spontaneous colitis [116], demonstrating that ER stress promotes intestinal inflammation. 
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Goblet cells in the epithelium produce a mucus layer, which separates the intestinal 

microbiota and food antigens from the internal environment. The mucus layer consists of an 

inner firm layer and an outer loose layer. Results from studies using MUC2-/- mice, which have 

impaired mucus production and are susceptible for colitis and colorectal cancer, have 

demonstrated the importance of mucus in preventing bacterial penetration and gut inflammation 

[120, 121]. Similar alterations of mucus related genes (MUC1, 3, 4, and 5B) have been reported 

in IBD patients [122].  These data show that a normal mucus layer is essential for physiologic 

functions of the gastrointestinal tract.    

 Paneth cells are a source of antimicrobial peptides, by which the innate immune system 

can eliminate invading pathogens. An impaired production of antimicrobial peptides has been 

seen in some IBD patients. CD patients have reduced production of -defensins [123]. Mutations 

in NOD2 are the strongest association with ileal CD. CD patients harboring the NOD2 frameshift 

mutation 1007fs  have impaired secretion of -defensins (HD5 and HD6) in Paneth cells [124], 

suggesting the defective functions of Paneth cells in producing antimicrobial peptides might 

participate in the pathogenesis of CD. Paneth cells with deficiency of Autophagy-related gene 

16-like 1 (ATG16L1) or ATG5 demonstrated abnormalities in the antimicrobial peptide-

containing granule exocytosis process [125]. Thus, mutation of ATG16L1 in Paneth cells might 

lead to the pathophysiologic process of IBD.  

2.2.3.2 Phagocytes 

Phagocytes in the gastrointestinal tract, including macrophages and dendritic cells, are an 

important component of the innate mucosal immune system. Phagocytes detect the presence of  

PAMPs using PRRs, activating the NF-B signaling pathways and others to produce pro-

inflammatory cytokines and chemokines, and promoting the antigen presentation process to T 
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cells [126]. Phagocytes are the bridge between the innate and adaptive arms of the immune 

system. Given the importance of PRRs in pathogen detection, the roles of PRRs in the 

pathogenesis of IBD have received a great deal of attention. Defects in the genes for PRRs have 

been reported to be related with the susceptibility of IBD [53]. GWAS involving IBD patients 

and healthy controls demonstrated the association between NOD2 polymorphism 1007fs and CD 

susceptibility [20, 32]. It has been reported that monocytes from IBD patients with NOD2 1007fs 

mutation have reduced IL-10 production [127], suggesting NOD2 mutations might result in the 

aberrant immune regulation in IBD patients. Dendritic cells from IBD patients harboring NOD2 

mutations have impaired functions [128], including antigen presentation and bacterial digestion, 

indicating the importance of normal NOD2 function in dendritic cells.  

2.2.3.3 Innate lymphoid cells 

Innate lymphoid cells are gaining more and more attention from immunologists as an 

important group of effector cells in innate immunity and participants in tissue repair. Innate 

lymphoid cells have three common characteristics [129, 130]: (1) innate lymphoid cells lack 

recombination activating gene-dependent rearranged antigen receptors; (2) innate lymphoid cells 

do not express the classical markers of myeloid cells and dendritic cells; and (3) they have a 

lymphoid morphology.  

Innate lymphoid cells are also involved in the innate immune responses in IBD. IL-23 has 

a key role in the pathogenesis of inflammatory diseases, including IBD. In addition to Th17 cells, 

innate lymphoid cells can also respond to the stimulation of IL-23 and produce pro-inflammatory 

cytokines IL-17 and IFN- to mediate innate colitis independent of T cells in mice [131]. Gremia 

and colleagues [132] observed increased numbers of CD127+CD56- innate lymphoid cells, which 

produce IL-17A and IL-17F in the response of IL-23 in the inflamed intestine of CD patients, 
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suggesting these IL-17-producing innate lymphoid cells may be responsible for the pathogenesis 

of gut inflammation. These data indicate the important roles of innate lymphoid cells in 

mediating the pathophysiologic process of IBD probably via cytokine secretion, leukocyte 

recruitment, and inflamed tissue remodeling.  

Collectively, many cell types of innate immunity participate in the pathogenesis of IBD 

through various mechanisms, including the detection of microorganisms, autophagy, ER stress, 

communication with adaptive immunity, and others. To understand the precise 

pathophysiological process of IBD, the roles of innate immunity in disease pathogenesis need 

further investigations.  

2.3 TLR4 signaling and IBD 

2.3.1 Brief introduction of LPS-TLR4 signaling pathway 

The Toll protein was first discovered in Drosophila, and this protein is essential for the 

determination of dorsal-ventral polarity during embryogenesis [133], as well as the early anti-

fungal responses of innate immunity [134]. Prior to the discovery of mammalian TLR,  IL-1 

receptor type 1 (IL-1R1) signaling was shown to be important in the acute phase response of 

immunity in 1980s [135], and motifs in the cytosolic domain were shown to be homologous to 

the Toll protein [136].  In a further study, Toll and IL-1R1 were demonstrated to share the 

common cytoplasmic amino acid sequence that is critical for the activation of NF-κB signaling 

[137]. This shared sequence was then shown to be similar to the amino-terminal domain of the N 

protein [138], a plant protein that mediates resistance to tobacco mosaic virus. These data 

suggest that this domain is conserved in the defense responses in both plant and animal 

kingdoms. This domain was then named the Toll-IL-1-resistance (TIR) domain. The first human 

Toll (named hToll) was found by a strategy of sequence and pattern searches of the expressed-

sequence tag database at National Center for Biotechnology Information (NCBI, 
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http://www.ncbi.nlm.nih.gov) [23], and it was then renamed TLR4 [139]. C3H/HeJ strain mice, 

known to be hyporesponsive to lipopolysaccharide (LPS), have a spontaneous mutation in the 

Lpsd gene. In 1990s, Lpsd gene was positionally cloned and identified as the Tlr4 gene [140, 

141]. A further study then showed that TLR4-/- mice elicited no response to LPS [142], 

confirming that TLR4 is the receptor for LPS. 

Several proteins are involved in the process of the LPS-TLR4 interaction, including LPS 

binding protein (LBP), CD14, and MD-2 [143]. LBP is a shuttle protein binding LPS and CD14 

[144]. CD14 is a glycosylphosphatidylinositol-anchored protein which facilitates the binding 

between LPS and the TLR4/MD-2 complex [145]. MD-2 associates with TLR4 non-covalently 

to form the TLR4/MD-2 complex that recognizes LPS on the cell surface [146].  

To date, five intracellular adaptors have been discovered in TLR signaling pathways, and 

TLR4 utilizes all of them. These five adapters are MyD88, MyD88 adaptor-like protein (Mal, 

also named TIRAP), TIR domain-containing adaptor protein including Interferon β (TRIF, also 

named TICAM1), TRIF-related adaptor molecule (TRAM, also named TICAM2), and sterile α- 

and armadillo-motif-containing protein (SARM) [147]. Unlike other members of TLR family, 

TLR4 is the only one that uses both MyD88-dependent and -independent pathways to trigger the 

downstream events. 

The MyD88-dependent pathway occurs on the cell surface. Mal serves as a bridging 

protein to recruit MyD88 [148, 149]. Upon LPS stimulation, recruited MyD88 activates IL-1 

receptor-associated kinase-4 (IRAK-4), which contains both a death domain and a kinase domain 

[150]. IRAK-4 has a role to recruit, activate, and then degrade IRAK-1 [151] and IRAK-2 [152].  

Next, TNF receptor-associated factor 6 (TRAF6) is recruited. TRAF6, together with ubiquitin-

conjugating enzyme 13 (UBC13) and ubiquitin-conjugating enzyme E2 variant 1 isoform A 
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(UEV1A) forms a complex, which consequently activates transforming growth factor-β-activated 

kinase 1 (TAK1) [153]. TAK1 then activates mitogen-activated protein kinase (MAPK), as well 

as IκB kinase (IKK) pathways [154]. The IKK complex, which consists of IKKα, IKKβ and 

IKKγ, phosphorylates and degrades inhibitor of κ light chain gene enhancer in B cells (IκB).  

This degradation induces the translocation of the transcription factor NF-κB and the subsequent 

expression of pro-inflammatory cytokines. Activated MAPK induces the formation of  the 

transcription factor activation protein 1 (AP-1) complex [155], which also induces the expression 

of pro-inflammatory cytokines. Additionally, IκBζ and interferon regulatory factor 5 (IRF5) are 

also activated downstream of MyD88 [156]. 

TLR4 was shown to translocate from the cell membrane to the early endosome [157], a 

process which has since been shown to regulate a second arm of TLR4 signaling [158]. Similar 

to Mal, TRAM is the bridging adaptor for the TRIF pathway [159]. The MyD88-independent (or 

TRIF-dependent) pathway occurs at the early endosome, which is responsible for the late-phase 

activation of NF-κB and MAPK, as well as activation of IRF3.  Receptor-interacting protein 1 

(RIP) is critical for TRIF-dependent NF-κB activation [160]. On the other hand, TRIF also 

recruits TRAF3 to induce IRF3 activation [161]. TRAF3 works to form the complex composed 

of TRAF family member-associated NF-κB activator (TANK), TANK binding kinase1 (TBK1) 

and IKKi, which induces the dimerization and translocation of the transcription factor IRF3 

[162]. IRF3 and NF-κB induce the expression of Type I interferons [163, 164].  The brief LPS-

TLR4 signaling pathways are summarized in Figure 2. 
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Figure 2 The LPS-TLR4 signaling pathways. 
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2.3.2 Physiologic functions of TLR4 in the gastrointestinal tract 

Normally, the expression of TLR4 in the gastrointestinal epithelium is very low, as 

measured by immunohistochemistry, enzymatic separation of epithelial cells, and laser capture 

microdissection [29, 165, 166]. Although expressed at a low level, TLR4 has physiologic 

functions in the gastrointestinal tract, including promoting epithelial proliferation, shaping gut 

mucosal immunity, and inducing secretion of anti-microbial. During inflammation, TLR4 in the 

gastrointestinal tract is upregulated to mediate effects more central to the immune responses.    

The LPS-TLR4 signaling pathway mediates protective effects for intestinal epithelial 

cells. Experiments using mice lacking either TLR4 or MyD88 showed impaired epithelial repair 

upon DSS-induced injury, suggesting that the LPS-TLR4-MyD88 signaling pathway is important 

for maintaining epithelial homeostasis [57]. Upon activation of LPS-TLR4-MyD88 signaling, 

epithelial cells produce cyclooxygenase (COX)-2-dependent prostaglandin E2 (PGE2), which is 

critical for epithelial repair [167]. LPS also increases the resistance of small intestinal epithelial 

cells to irradiation by a similar mechanism [168], although fibroblasts were shown to be the 

source of LPS-induced PGE2 in this model.  Additionally, MyD88 mediates the relocation of 

COX2-expressing mesenchymal stromal cells from the mid-crypt region to the area of epithelial 

progenitor stem cells to facilitate injury repair after DSS colitis [62, 169]. Colonic epithelial cells 

produce amphiregulin, a ligand for the epidermal growth factor receptor (EGFR), only when 

TLR4 is expressed in epithelial cells [36]. The activation of EGFR in epithelial cells by 

amphiregulin promotes proliferation and injury repair. LPS induces heat shock protein (HSP) 25 

production in intestinal epithelial cells, which protects them from injurious effectors [170, 171]. 

In cultured murine colonic epithelial cells, LPS stimulation induced the production of HSP 25 

[172], suggesting that cytoprotective roles induced by the common gut bacteria are mediated 
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through TLR4 signaling. Thus, TLR4, both within the epithelium itself, as well as in adjacent 

cells such as fibroblasts, supports epithelial homeostasis (Figure 3).  

 

 

  

Figure 3 The protective roles of LPS-TLR4 signaling in intestinal epithelial cells.  

 

While recognition of the intestinal microbiota is important for gastrointestinal 

homeostasis and immunity, it is also appreciated that cells in the gastrointestinal tract are 

relatively hyporesponsive to bacteria and bacterial components, preventing the inappropriate 

activation of inflammation in the gut. Many mechanisms are involved in the hyporesponsiveness 

of TLR4 signaling. For instance¸ several intestinal epithelial cell lines do not respond to LPS 

challenge as assessed by NF-κB activation and IL-8 production, because of low expression of 

TLR4 and lack of MD-2 [166]. When pretreated with LPS, LPS-responsive intestinal epithelial 

cell lines (SW480 and Colo205) lose responsiveness to LPS, by downregulating surface 

expression of TLR4 and increasing the level of a TLR negative regulator Tollip [165]. 

Macrophages from normal colonic mucosa failed to respond to LPS measured by the production 
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of TNF-α and IL-6, since MD-2 is absent [173]. Moreover, LPS mediated the production of IL-

10 and the differentiation of CD25+ T cells in cultured lamina propria mononuclear cells [173], 

both of which are essential for the immunotolerance in the gut mucosal immune system [174].  

TLR4 signaling is also involved in IgA production in the intestine, which is an essential 

arm of mucosal humoral immunity [175]. There are two types of IgA in the gut—IgA1 

(produced by systemic immune responses) and IgA2 (produced at secretory effector sites, mainly 

in the distal intestine) [176]. Human colonic epithelial cells responding to TLR4 activation 

express APRIL, which induces local IgA switching in the human colon [177]. It has been 

observed that mice overexpressing TLR4 in intestinal epithelial cells have an increased number 

of plasma cells in the gut lamina propria, an elevated IgA concentration in the faeces, and 

upregulated APRIL expression, suggesting that TLR4 signaling in epithelial cells promotes the 

production of IgA [178].  

The crosstalk between microbial components and the host induces the production of 

antimicrobial peptides, which are important to inhibit bacterial growth and invasion. Paneth cells 

are the major cellular source of antimicrobial peptides in the gut. It has been reported that LPS 

induces the production of -defensin production in purified Paneth cells [179]. Mice lacking 

MyD88 have undetectable levels of regenerating islet-derived protein 3 (REG3) [180], 

indicating the importance of TLR-MyD88 pathways in the antimicrobial peptide production. 

Mice treated with oral broad-spectrum antibiotics to remove the gut microbiota have decreased 

levels of REG3, and oral supplementation with LPS ameliorates the deficiency of REG3 

secretion [181], indicating the LPS-TLR4 signaling pathway supports the production of REG3.  
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2.3.3 LPS drives inflammation in the gastrointestinal tract 

The human gut has a large number of commensal bacteria including Gram-negatives, so 

the intestinal lumen serves as a reservoir of LPS (~50 μg/ml [69, 182]). Opposite to systemic 

exposure to LPS, which induces systemic sepsis, endotoxemia and septic shock, local LPS in the 

gut is regarded as harmlessness physiologically [165], even beneficial to the colonic epithelium 

[57]. However, in the conditions of inflammation, a growing body of evidence has shown that 

LPS is associated with aberrant immune responses in the gastrointestinal tract. 

Patients with IBD demonstrate an altered composition of commensal colon microbiota 

with an increased proportion of Gram-negative bacteria [183-185], suggesting that accumulated 

LPS might contribute to inflammation of the bowel. In favour of a direct pathological role for 

LPS, Im and colleagues [186] studied the effects of intracolonically-administered LPS on bowel 

inflammation.  LPS enema-treated mice showed more weight loss and higher morbidity 2-3 days 

after treatment compared to vehicle treated mice; TLR4-deficient animals did not show this 

effect.  Interestingly, LPS-enema treated animals showed transient histological damage in the 

small intestine, while the colon showed no overt histological changes.  LPS administration was 

also associated with increased production of the proinflammatory cytokine TNF-α, decreased 

anti-inflammatory IL-10, and fewer Treg cells in the spleen of treated animals.  In IL-10-/- mice, 

intracolonic LPS exacerbated both colonic and small intestinal inflammation, supporting the 

hypothesis that LPS may play a direct pathological role in colonic disease, as well as in sites not 

directly contacted by the enema itself (the small intestine). 

Interestingly, circulating LPS is also detectable in patients with IBD, and levels of serum 

LPS were positively correlated with disease activity [187].  Therapeutic strategies that attenuated 

disease severity reduced LPS levels in circulation, although circulating levels of LPS remained 
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detectable in patients with quiescent IBD [188].  In animal models of IBD, levels of circulating 

LPS concentrations were higher than those in control mice, corroborating the finding seen in 

human disease. 

LPS that has traversed the intestinal barrier may be of direct relevance to patients with 

IBD. For instance, myeloid dendritic cells isolated from the circulation of IBD patients have 

increased TLR4 expression, and show increased expression of CD40, TNF-α and IL-8 in 

response to LPS stimulation compared to controls [189]. Additionally, IBD patients had 

increased numbers of activated dendritic cells in the colonic mucosa [189].  Increased LPS in the 

colon and in circulation, then, may contribute directly to the pathogenesis of IBD. 

2.3.4 TLR4 Asp299Gly polymorphism and CD susceptibility 

The TLR4 Asp299Gly polymorphism is associated with an increased susceptibility to CD 

in the Caucasian population [32]. TLR4 Asp299Gly was reported to be associated with increased 

serum anti-chitobioside carbohydrate antibodies (ACCA) IgA titers [190]. CD patients with 

higher seroreactivity to bacteria components experienced more severe disease behaviour [191].  

However, how TLR4 Asp299Gly induces inflammation in the gut is still unclear. There are 

several theories.  TLR4 Asp299Gly is a loss-of-function mutation, which induces 

hyporesponsiveness to LPS [192]. Failed responses to LPS might allow bacterial overgrowth in 

the gut which could induce chronic inflammation. Another hypothesis is that loss of TLR4 

function might lead to overactivation of other compensatory inflammatory pathways, such as 

which has been observed in mice with the deletion of NOD2 [193]. Evidence from studies using 

TLR4-/- mice treated with DSS showed the importance of TLR4 signaling in maintaining the 

homeostasis of colonic epithelial cells [24, 57], suggesting patients bearing TLR4 Asp299Gly 
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might have impaired colonic epithelial proliferation. However, the precise mechanism of TLR4 

Asp299Gly in the pathogenesis of CD needs further investigation. 

2.3.5 TLR4-driven inflammation in the gut 

A growing body of evidence indicates that TLR4 signaling plays a role in the 

pathogenesis of IBD. Rahman and colleagues [194] injected heat killed Escherichia coli 

subcutaneously to patients with quiescent UC and healthy controls. Prolonged local skin 

inflammation and elevated systemic CXCL10 levels were observed in UC patients; enhanced 

LPS-TLR4-TRIF pathways (not MyD88-dependent signaling) were also seen in blood 

monocyte-derived macrophages from UC patients [194]. These results highlighted that an 

aberrant TLR4 signaling pathway in macrophages may perpetrate the pathophysiological process 

of UC. Additionally, TLR4 is upregulated in IBD patients [29, 195], and experimental murine 

colitis [30, 31]. Moreover, negative regulators of TLR4 were decreased in colitis mice [30]. 

Thus, in IBD patients, the TLR4 signaling pathway is overactivated.  

Blocking TLR4 signaling is a therapeutic strategy for experimental colitis. Inhibition 

TLR4-MyD88-NF-κB and TLR4-MyD88-MAPK signaling in macrophages by penta-O-galloyl-

β-D-glucose attenuated 2,4,6-Trinitrobenzenesulfonic acid (TNBS)-induced colitis severity 

[196].  Similarly, some herbs such as paeoniflorin [197] and naringenin [198] attenuated DSS-

induced colitis in mice, and suppressed the TLR4-NF-κB pathway in mouse macrophages and 

human colon cancer cell lines. Many other medications, including probiotic regimens, and 

parasite components have been proved to attenuate the severity of experimental colitis by 

downregulating TLR4 signaling [199-213]. Ungaro et al [58] also showed that administration of 

TLR4 antibodies at the beginning of DSS treatments attenuated the severity of DSS colitis, 
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although anti-TLR4 treatment in the recovery phase resulted in impaired mucosal repair, 

suggesting early treatment with anti-TLR4 antibodies may be beneficial.  

TLR4 signaling mediates neutrophil recruitment in the colon during DSS-induced colitis. 

Although the degree of epithelial damage was similar between DSS-challenged TLR4-/-,   

MyD88-/- and WT mice, TLR4-/- and MyD88-/- mice had fewer neutrophils infiltrating in the 

colon compared to WT mice [24], suggesting that TLR4-MyD88 signaling is responsible for 

neutrophil recruitment. 

As mentioned above, loss of TLR4 results in the disruption of colonic epithelium 

homeostasis [24, 214].  Gain-of-function experiments showed that epithelial TLR4 signaling 

participates in the pathogenesis of DSS colitis. Genetically engineered mice with over-expression 

of TLR4 in intestinal epithelial cells (Villin-TLR4 mice) were more susceptible to DSS colitis 

[59]. Upregulation of COX-2, PGE2 and TNF-α was responsible for the increased severity of 

DSS colitis [59]. As discussed above, administration of the antibody against TLR4/MD-2 

decreased the disease activity of DSS-induced acute colitis by reducing pro-inflammatory 

cytokines and inhibiting leukocyte recruitment to the colon [58], but ultimately impaired 

mucosal healing by inhibiting production of COX-2, PGE2 and amphiregulin [58].  Therefore, 

these data indicate that the functions of TLR4 in epithelium are complex, contributing both to 

inflammation and homeostasis.  

The fact that fewer neutrophils infiltrate the colon in DSS-treated TLR4-/- mice raises a 

question-which cell type is responsible for neutrophil chemotaxis [24]? The bone marrow 

chimera procedure between TLR4-/- and WT mice showed mice expressing TLR4 in non-bone 

marrow derived cells had more neutrophils and macrophages in the colon lamina propria upon 

repeated DSS challenge compared to mice harboring TLR4 in bone marrow-derived cells [36], 
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suggesting TLR4 signaling in non-bone marrow-derived cells plays a more important role in 

leukocyte recruitment in the context of experimental colitis. Although the cell type(s) in the non-

bone marrow population responsible for neutrophil recruitment has not been completely 

elucidated, endothelial cells are a likely candidate based on the fact that endothelial cells are 

known to express adhesion molecules upon LPS challenge [215].  

It has been observed that negative regulators of TLR signaling are aberrant in the context 

of colitis. For instance, single immunoglobulin IL-1R-related molecule (SIGIRR, a negative 

regulator of TLR4 signaling [216]) was downregulated in IEC of active UC colonic biopsies, as 

well as chemical-induced murine colitis [217]. Using in vitro studies, LPS or TNF-α-stimulated 

IEC expressed lower SIGIRR, with decreased SP1 binding at the SIGIRR promoter [217].  These 

data indicate that over-activation of TLR4 may also occur in IEC as a result of reduced negative 

TLR regulators, thus promoting exaggerated responses during disease.  

2.3.6 TLR4 signaling in IL-10-/- spontaneous colitis 

TLR4 signaling and MyD88 signaling are involved in the pathogenesis of murine IL-10-/- 

spontaneous colitis. MyD88, which is a common adaptor protein for the TLR4 signaling pathway 

and IL-1β/IL-18 pathway, has essential roles in the pathophysiologic process of IL-10-/- 

spontaneous colitis: IL-10-/-MyD88-/- do not develop spontaneous colitis as seen in IL10-/- mice 

[218]. To address the possibility that the loss of MyD88 may reflect a pro-inflammatory effect on 

IL-1β or IL-18, Biswas and colleagues showed that mice with genetic deletions of both IL-10 

and caspase-1 had only mild attenuated diarrhea, whereas mice lacking IL-10 and TLR4 had a 

greater reduction in disease severity [54]. These data suggest that the TLR4-MyD88 pathway is 

more important in the pathogenesis of IL10-/- colitis than the IL-1β/IL-18 pathway. Additionally, 

Messlik et al [55]  showed IL-10-/-TLR4-/- mice were protected against colitis compared to IL-10-
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/- mice; but, IL-10-/-TLR2-/- mice had persistent disease. The ER stress-associated protein GRP-78 

was absent in IL-10-/-TLR4-/- mice compared to the detectable levels in IL-10-/- or IL-10-/-TLR2-/- 

mice at 8 or 16 weeks old [55], suggesting TLR4 signaling is involved in endoplasmic reticulum 

stress. IL-10-/- mice with co-deletion of MyD88 in mononuclear phagocytes do not develop 

colitis [63], suggesting the MyD88 signaling (presumably under the control of TLR4) in these 

cells is essential for the pathogenesis of IL-10-/- spontaneous colitis. These results highlight the 

pro-inflammatory roles of TLR4 signaling as well as MyD88 signaling in IL-10-/- spontaneous 

colitis. 

TLR4 signaling is also important for T cell functions in the context of IL-10-/- 

spontaneous colitis. In another report, IL-0-/-TLR4-/- mice demonstrated an earlier onset of colitis 

at the age of 8 weeks and more severe disease activity compared to IL10-/- mice [219]. 

Spontaneous colitis in IL-10-/- mice is CD4+ T cell dependent [220]. Colitis in IL-10-/-TLR4-/- 

mice also depends on CD4+ T cells, since depletion of CD4+ T cells delayed the onset of colitis 

and improved gut inflammation. In the following naïve T cell transfer experiments, CD4+T cells 

from IL-10-/-TLR4-/- mice induced more severe colitis in Rag1-/- mice compared those from IL-

10-/- mice, suggesting TLR4 signaling in CD4+ T cells mediates anti-inflammatory roles. In an in 

vitro study, LPS-TLR4 signaling in CD4+ T cells increased MAPK phosphatase 3 (MKP-3) 

which inhibited ERK1/2 activation triggered by TCR stimulation [219], since MKP-3 

dephosphorylated p-ERK1/2 and inhibited TCR signaling and the subsequent cytokine 

production. In another report, IL-10-/-TLR4-/- mice showed more severe colitis compared to IL10-

/- mice because of the aberrant Treg function in IL-10-/-TLR4-/- mice [221], indicating TLR4 

signaling is important for FoxP3+ Treg function. These results expanded the concept of TLR4 

signaling from innate detection to adaptive immunity. It is worth noting that the different 
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phenotypes observed in IL-10-/-TLR4-/- mice have not been reconciled. It is possible that the 

dilemma may relate to varied gut commensal microbiota in mice from different facilities. 

2.3.7 Roles of TLR4 in other colitis models 

TLR4 plays pro-inflammatory roles in other animal models of IBD. An early study using 

a Citrobacter rodentium infection model revealed that TLR4 signaling promotes inflammation in 

the gut without any benefits in pathogen clearance [56]. Although TLR2-/- mice demonstrate an 

increased susceptibility to Citrobacter rodentium-induced colitis [222], co-deletion of TLR4 in 

TLR2-/- mice attenuated Citrobacter rodentium mediated histological damage in the colon[223], 

indicating the detrimental effects of TLR4 in Citrobacter rodentium infected TLR2-/- mice.  

Further studies using TLR4-/-TLR2-/- double knockout mice receiving hematopoietic cells from 

TLR4-/- or TLR2-/- mice showed that recipients of TLR2-/- leukocytes (bone marrow-derived cells 

express TLR4) had more severe Citrobacter rodentium infection colitis, confirming the 

pathogenic roles of TLR4 in hematopoietic cells in this model [223]. Thus, TLR4 signaling 

mediates pro-inflammatory responses in Citrobacter rodentium infection. 

STAT3 is a transcription factor involved in the IL-10 signaling pathway. Mice lacking 

Stat3 in myeloid cells (macrophages, dendritic cells and neutrophils) develop chronic 

enterocolitis with an exaggerated Th1 response [224].  To explore the mechanisms, investigators 

crossed mice lacking Stat3 in myeloid cells with TLR4-deficient mice to produce TLR4/Stat3 

double-mutant mice, which showed improved enterocolitis and attenuated pro-inflammatory 

cytokine production [225]. Meanwhile, IL-12p40/Stat3 double-mutant mice did not develop gut 

inflammation. These results suggest that recognition of bacterial components by TLR4 induces 

IL-12p40 overproduction, which results in the inflammation in the colons of mice lacking Stat3 

in myeloid cells. However, further investigations are warranted for the detailed mechanisms. 
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TLR5-/- mice were observed to have spontaneous colitis, whereas co-knockout of TLR4 

in TLR5-/- mice rescued the spontaneous colitis, showing the absence of rectal prolapse and 

intestinal bleeding, as well as normal levels of MPO in the colon [226]. These results indicate 

when TLR5 is absent, TLR4 signaling may contribute to the aberrant inflammation in the 

gastrointestinal tract. This study also shows that when one member in PRRs is lost, this 

dysfunction could induce overactivation of the immune system.  

2.3.8 Conclusion 

TLR4 signaling is intimately tied to human IBD and experimental colitis. Results from 

different animal models have shown that the effects of TLR4 in the gastrointestinal tract are 

complex in the context of gut inflammation. TLR4 signaling in different cell types (epithelial 

cells, bone marrow derived cells, and others) have varied functions in colitis. While blocking 

TLR4 effects may be desirable for preventing certain aspects of intestinal inflammation, the 

relative non-specificity of this suppression may have significantly deleterious consequences. As 

such developing cell-specific ways of targeting TLR4, or targeting downstream consequences of 

TLR4 activation may be a more visible approach for treating disease.  

2.4 Pathological roles of Neutrophils in intestinal inflammation 

Neutrophils, also known as polymorphonuclear leukocytes (PMN), are the most important 

and abundant cells in innate immunity for clearance of microbial pathogens, as well as dying and 

injured cells, via degranulation and phagocytosis [227]. Neutrophils are the first line of host 

defense responses against pathogens. In addition to the traditional roles neutrophils play in innate 

immunity,  more recent investigations have shown that neutrophils are an active player in both 

innate and adaptive immunity by affecting the functions of macrophages and dendritic cells [35]. 

Thus, neutrophils are not only first line responders during inflammatory responses, but help to 

shape adaptive immune responses as well. 
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2.4.1 Production and release of neutrophils from bone marrow 

Production of neutrophils, accounting for two-thirds of hematopoiesis, occurs in the bone 

marrow. Hematopoietic stem cells localize to niches formed by osteoblasts, where the blood flow 

speed is slow and oxygen tension is low. In the steady state, a total number of 1 - 2×1011 

neutrophils are produced per day in a normal adult human. However, in response to 

inflammation or other stresses, the production can increase to 1012 per day [35]. The major 

mediator controlling neutrophil production is granulocyte colony-stimulating factor (G-CSF) 

[228]. The production of G-CSF is mainly modulated by the IL-23-IL-17A axis. Macrophages 

and dendritic cells reduce production of IL-23 when phagocytosing apoptotic neutrophils in 

tissues by upregulating peroxisome proliferator-activated receptor γ (PPAR γ) and liver X 

receptor (LXR) [229]. In responses to the decreased levels of IL-23, a group of specialized T 

cells called neutrophil regulatory T cells secrete less IL-17A, which is an important stimulus for 

the production of G-CSF [230]. Thus, the apoptosis rate of neutrophils in tissues regulates the 

production of neutrophils in bone marrow.  

In addition to the IL-23-IL-17A-G-CSF mechanism, other mechanisms are also responsible 

for the production of neutrophils. For instance, depletion of neutrophils by using Gr-1 antibodies 

increases serum granulocytes macrophage-colony stimulating factor (GM-CSF) and G-CSF 

levels and consequent neutrophil progenitor proliferation [83], suggesting numbers of 

neutrophils can be regulated via neutrophil-“mass sensing”. Additionally, germ-free animals 

exhibit severe neutropenia, indicating the importance of the gut microbiota in neutrophil 

production [84].  

Retention and release of neutrophils are controlled by the activities of C-X-C chemokine 

receptor (CXCR) 4 and CXCR2. On one hand, CXCR4 is essential for neutrophil retention in 
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bone marrow. Deletion of CXCR4 causes release of mature neutrophils from the bone marrow to 

the circulation [67]. Meanwhile, overactivation of CXCR4 caused by CXCR4 gene mutation 

results in accumulation of mature neutrophils in bone marrow and subsequent neutropenia 

(WHIM syndrome: Warts, Hypogammaglobulinemia, Infections, and Myelokathexis) [231]. On 

the other hand, CXCR2 is important for release of neutrophils from bone marrow. Neutrophils 

lacking CXCR2 are retained in bone marrow leading to a myelokathexis phenotype [85]. 

However, co-deletion of CXCR2 and CXCR4 results in a similar phenotype as the CXCR4 

deletion—a shift of mature neutrophils from bone marrow to circulation; stimulation of CXCR2 

or G-CSFR induces no additional neutrophil release from bone marrow in the absence of CXCR4 

[85]. G-CSF mediates neutrophil release by two mechanisms: (1) G-CSF decreases the 

expression of stromal-derived factor 1 (SDF1 or CXCL12, a major ligand of CXCR4) from 

osteoblast cells to attenuate the activation of CXCR4 signaling; and (2) G-CSF increases the 

levels of CXCR2 ligands, CXCL1 and CXCL2, to elevate the activation of CXCR2 signaling 

[85].  

2.4.2 Neutrophil recruitment 

To arrive at sites of inflammation from the circulation, neutrophils must undergo a 

cascade of trans-endothelial migration. Several mediators play roles in this cascade. At inflamed 

sites, endothelial cells are activated by histamines, host cytokines and chemokines (TNF-α, IL-

1β and IL-17), and bacterial products, then express increased level of adhesion molecules and 

selectins (including P-selectins and E-selectins) to recruit neutrophils [228].  The neutrophil-

endothelial cell interaction occurs at postcapillary venules, because here the vessel diameter is 

suitable for neutrophils to contact vessel walls, and adherent neutrophils do not block the lumen, 

and the vessel wall is thin [232].  The cascade of neutrophil-endothelial cell interactions includes 
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tethering, rolling, firm adhesion, crawling, and transendothelial migration. Many adhesion 

molecules, integrins and other mediators play roles in different stages of this process [228] 

(summarized in Table 1.) 

2.4.2.1 The activation of endothelium in inflammation 

In the normal steady state, the endothelium is quiescent in a non-activated status 

performing physiological roles, including maintaining blood fluidity (anti-coagulation), 

controlling blood flow, regulating endothelial permeability, and isolating leukocytes from vessel 

walls.  

In acute inflammation, the endothelial cells are activated to gain new features distinct 

from resting endothelium. In a widely accepted view for decades [43, 228], there are two types 

of endothelial cell activation in acute inflammation: type I activation (stimulation), and type II 

activation (Table 1). Activation of endothelial cells results in three of four fundamental signs of 

inflammation: elevated local blood flow, leading to the red colour (rubor) and warmth (calor); 

increased endothelium permeability and subsequent leakage of plasma into tissue, accounting for 

swelling (tumor); and leukocyte recruitment into inflamed sites. The fourth sign of inflammation, 

pain (dolor) is mediated by C-type sensory nerve fibres sensing inflammatory factors secreted 

from activated leukocytes. 

Type I activation is mediated by ligands of G-protein-coupled receptors (GPCRs), which 

only lasts 10-20 minutes because of receptor desensitization. The typical example is histamine 

binding to histamine H1 receptors. Activation of GPCRs in endothelial cells by binding to 

ligands triggers a series of intracellular signaling cascades, which increase cytosolic Ca2+ levels 

[230] and activate small G protein RAS homologue (Rho) [229]. The combination of elevated 

cytosolic Ca2+ levels and Rho activation accounts for type I activation. The final effects of type I 
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activation are: (1) increased blood flow, which is mediated by vasodilator prostaglandin I2 (PGI2) 

and NO; (2) increased vascular leakiness, which is the result of increased gaps between adjacent 

endothelial cells caused by contraction of actin filaments [233]; and (3) increased surface 

expression of the adhesion molecule P-selectin and platelet-activating factor (PAF) to initiate 

neutrophil extravasation (tethering), which is caused by exocytosis of Weibel-Palade bodies 

(WPBs) [234] and acetylation of lysophosphatidylcholine [235].  

Type II activation is mediated by pro-inflammatory cytokines, such as TNF-α and IL-1. 

Type II activation is more persistent. Binding of cytokines and corresponding receptors trigger 

the activation of transcription factors and consequent new protein synthesis, which needs a 

longer time than type I activation (hours v.s. minutes). With similar mechanisms, type II 

activation also results in increased blood flow by PGI2, vascular leakiness by an                      

NF-κB-dependent manner (the final protein production is unknown), and leukocyte recruitment 

[43]. 

Endothelial cells express many PRRs, including TLRs and NLRs [236]. Endothelial cells 

can be activated by PAMPs, such as LPS, to trigger the activation and translocation of 

transcription factors (NF-κB and early growth response gene-1) to generate new gene expression 

[237], and increasing the trafficking of pre-stored adhesion molecules from WPBs to the cell 

surface [233], resulting in a mix of pro-inflammatory and pro-thrombotic phenotype. Numerous 

studies on endotoxemia induced by LPS have shown that LPS in the circulation induces 

dysfunction in hemostasis, vasodilation, endothelial leakiness, and leukocyte recruitment--a 

similar phenotype seen with type II activation. LPS induces a procoagulatory state in mice, 

which can be inhibited by a TLR4 signaling transduction antagonist [238].  In a study using rats, 

LPS injection caused hypotension resulting from dysregulated vasodilation [239]. LPS also 
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induces increased pulmonary endothelial permeability by increasing cytosolic Ca2+ levels via a 

TLR4-dependent manner [240]. LPS-TLR4 interaction also contributes to neutrophil 

recruitment. In a pioneer study [37], LPS-challenged mice showed an increased number of 

neutrophils recruited in the brain by a TLR4-dependent manner; meanwhile, mice with exclusive 

TLR4 expression in endothelial cells were capable to recruit neutrophils into the central nervous 

system in response to LPS, indicating the essential roles of endothelial LPS-TLR4 signaling in 

neutrophil recruitment.  

 

 Table 1: The activation of endothelial cells 

 

 

 

2.4.2.2 The interaction between endothelial cells and neutrophils 

The process of circulating neutrophils entering inflamed tissues, called neutrophil 

recruitment, mainly occurs in postcapillary venules. Neutrophil recruitment is a multistep 

ordered process, including: (1) capture/tethering: the initial attachment of neutrophils to the 

activated endothelial cells; (2) rolling: the movement of rolling neutrophils along the 

endothelium; (3) firm adhesion: arrest of neutrophils binding to the endothelium;   (4) crawling: 

 Activator Receptor  Effect 

Type I Histamine GPCR Quick (relocation of WPBs) 

Type II Cytokine Cytokine receptor Long-lasting (de novo protein 

synthesis) 
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neutrophils patrolling along the endothelium to find gaps; and (5) transmigration: neutrophils 

entering inflamed tissues by crossing the endothelium [241] (Table 2). 

Once activated by the above mechanisms, endothelial cells increase surface expression of 

P-selectin and E-selectin, which interact with P-selectin glycoprotein ligand 1 (PSGL1) 

expressed by neutrophils to result in the tethering (capture) of neutrophils [234]. Captured 

neutrophils then start their rolling along the vasculature with a lower speed than the blood flow. 

L-selectin expressed by neutrophils may be involved in tethering and rolling, by two possible 

mechanisms: (1) L-selectin facilitates secondary tethering of neutrophils that are already rolling 

[235]; and (2) L-selectin binding to its ligand may initiate the downstream signaling allowing 

neutrophils to adhere to the endothelium, or transmigrate across the vasculature [236].  

Rolling neutrophils have to resist a strong shear stress of blood flow (range between 1-10 

dynes per cm2) [237], which requires a quick switch between adhesion formation and adhesion 

breakage [239]. To achieve this, rolling neutrophils are well tuned in dissociation of P-selectin-

PSGL1 binding at the rear end and formation of another bond at the front end. Additionally, the 

interaction between neutrophils’ lymphocyte function-associate antigen 1 (LFA1) and 

endothelial cells’ ICAM1 and ICAM2 facilitate neutrophil rolling, and allow the subsequent firm 

adhesion. 

After initiation of rolling, neutrophils interact with endothelial cells using the chemokine-

chemokine receptor to induce neutrophil activation. Neutrophil activation is a two-step process. 

The first step is that neutrophils must be primed by pro-inflammatory cytokines (TNF-α and IL-

1β), PAMPs or DAMPs, chemoattractants (CXCL8 and LTB4), or growth factors (GM-CSF) 

[238]. The second step is that ELP-CXC chemokine (CXC chemokines containing a glutamate-

leucine-arginine motif immediately before CXC motif, including CXCL8 in human and CXCL1, 
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CXCL2 and CXCL5 in mice) from endothelial cells act with CXCR2 of neutrophils to activate 

neutrophils and the further firm adhesion to the endothelium [240]. CXCR2 works along with 

heparin sulphate proteoglycans to direct CXCL2 from the basolateral sides to the apical side of 

endothelial cells to achieve the maximal capacity of neutrophil activation [37]. The interaction 

between chemokines and chemokine receptors initiates a so-called “inside-out” signaling. 

Activation of GPCR (chemokine receptors) on neutrophils changes the conformation of integrins 

expressed on the neutrophil surface, which then show higher affinity to cognate ligands on 

endothelium. For instance, integrins LFA1 (also known as α1β2, or CD11aCD18) and MAC1 

(αMβ2, or CD11bCD18) expressed by neutrophils change their conformation to bind to ICAM1 

and ICAM2 to mediate firm adhesion [242]. The ligation of integrins and their ligands initiate a 

so-called “outside-in” signaling, which enhances neutrophil firm adhesion to the endothelial cells 

[243]. 

Adhered neutrophils elongate and extend pseudopods, scanning the surface of the 

endothelial cell lumen, while still remaining adhered to the endothelium. This process is defined 

as neutrophil crawling. Arrested neutrophils utilize the crawling process to find gaps between 

endothelial cells to transmigrate. Neutrophil crawling depends on the interaction between 

ICAM1 from endothelial cells and MAC1 from neutrophils [242]. Crawling neutrophils remain 

adhered under shear stress, which is achieved by lysing some formed bonds and simultaneously 

forming new bonds allowing them to scan the endothelium without losing contact.    

The final step of neutrophil recruitment is transmigration. Many molecules are involved in 

the process of neutrophil transmigration, including integrins, cellular adhesion molecules 

(ICAM1, ICAM2 and VCAM1), and junctional proteins (CD31, CD99, junctional adhesion 

molecules, and epithelial cell adhesion molecule). There are two types of neutrophil 
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transmigration: paracellular transmigration (neutrophils transmigrate between endothelial cells), 

and transcellular transmigration (neutrophils go through endothelial cells). Neutrophils 

preferentially choose the paracellular pathway.  In vitro, paracellular transmigration prefers to 

occur at tricellular corners formed by endothelial cells, where fewer junctional proteins are 

expressed [244]. The process of paracellular transmigration is well concerted with the release of 

junctional proteins connecting endothelial cells together and bonds connecting neutrophils and 

endothelial cells. Another type of neutrophil transmigration is transcellular transmigration, 

during which endothelial cells form transmigratory cups called domes. Domes are microvilli-like 

projections that ultimately cover neutrophils providing a route through the endothelial cell itself. 

ICAM1 and VCAM1 are rich in the domes, interacting with LFA1 and VLA4 (very late antigen 

4) expressed by neutrophils to mediate transcellular transmigration [86]. The in vivo causes of 

transcellular transmigration still require further studies, and the significance of this type of 

transmigration remains elusive. 

2.4.3 Roles of neutrophils in inflammation 

Neutrophils utilize three primary mechanisms to kill pathogens: (1) receptor-mediated 

phagocytosis into an intracellular vacuole; (2) production of reactive oxygen species (ROS) in 

the vacuole; and (3) fusion of neutrophil granules and vacuole. These activities during the 

process of killing pathogens are highly toxic to pathogens and host cells alike. Neutrophils 

release ROS and other toxic molecules from intracellular granules (including antimicrobial 

peptides, myeloperoxidase (MPO), hydrolytic enzymes, proteases, cationic phospholipase, and 

metal chelators) to destroy pathogens [245]. Additionally, neutrophils are capable of capturing 

bacteria as “prisoners” by the release of neutrophil extracellular traps (NETs), composed of 

nuclear contents and toxic molecules [246]. Besides the antimicrobial function, these mediators 

can also induce tissue damage in the inflamed tissue as a bystander effect.    
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The characteristics of IBD are an aberrant inflammation to intestinal microbiota with 

mucosal damage, bacterial translocation to lamina propria or submucosa, and neutrophil 

infiltration [7]. Since no neutrophils are seen in the normal colon, neutrophils observed in gut 

inflammation are thought to be pathogenic. However, results from different studies aiming to 

deplete neutrophils in experimental colitis are controversial. Some studies showed beneficial 

roles of neutrophils, whereas others demonstrated pathological effects in experimental chemical-

induced colitis [247]. Some studies showed that neutrophils are protective in animals with colitis. 

In murine (rats and mice) colitis models, depletion of neutrophils by anti-neutrophil antiserum 

[248] or anti-Gr1 monoclonal antibody [249, 250] increased disease severity. Neutrophils are 

important for microbial clearance, since bacterial translocation is enhanced in the colon of mice 

with depletion of neutrophils [248].  However, neutrophils are pro-inflammatory, and depletion 

of neutrophils in the rat by antibodies attenuated histological damage caused by DSS and TNBS 

[251, 252]. In these cases, neutrophils may be thought as detrimental. These controversial results 

might highlight the complex roles of neutrophils in the context of colitis. Neutrophils are 

essential for bacterial clearance, but induce tissue damage during the clearance process. 

However, lack of neutrophils will result in severe inflammation which is fatal.  Thus, neutrophils 

represent a “double-edged sword” in colitis and the activities of neutrophils in intestinal 

inflammation should be well-tuned. 

Neutrophils are widely considered a pathological factor in the development of IBD and 

experimental colitis, as there are no neutrophils in normal colon tissue. Neutrophils are an 

important component of leukocytes infiltrated in the inflamed sites of the gastrointestinal tract. 

More importantly, the degree of neutrophil infiltration is positively correlated with disease 

severity in IBD patients [34]. The transepithelial migration of neutrophils causes intestinal 
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epithelial damage by altering epithelial actin cytoskeleton, causing cell retraction, and impairing 

barrier function [89]. Neutrophils are a source of pro-inflammatory cytokines such as CXCL8 

[253] and anti-inflammatory cytokines such as IL-10 [254], in the sites of intestinal 

inflammation.  Neutrophils also express IL-17 [255], which is an important pro-inflammatory 

cytokine in the pathogenesis of IBD.  Neutrophils produce matrix metalloproteases (MMPs), 

which are responsible for cleaving the precursors for chemokines into bioactive 

chemoattractants, e.g.  MMP-9 for the cleavage of CXCL-1 and CXCL8 [256] and MMP-8 for 

the activation of CXCL5 and CXCL8 [257]. Since neutrophils mediate tissue damage by several 

mechanisms, they are regarded as a hallmark for IBD and a parameter to measure disease 

severity.  

2.4.4 Conclusion 

In conclusion, neutrophils are an important player in the pathogenesis of IBD. Strategies to 

modulate the activation or number quantity of neutrophils in the intestine might be therapeutic 

for intestinal inflammation.  
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Table 2: Mediators involved in the neutrophil trans-endothelial cell migration cascade 
[241] 

Event Definition Mediators 

Endothelial cells Neutrophils 

Rolling 

 

 

 

Leukocytes that move along 
microvessels at a velocity that 
is lower than that of 
erythrocytes. 

P-selectin 

E-selectin 

ICAM 

VCAM 

PSGL-1 

L-selectin 

ESL-1 

CD44 

Firm 

Adhesion 

Absence of leukocyte 
movement along the 
microvasculature.  

ICAM-1 

ICAM-2 

LFA-1 (αLβ2) 

Mac-1 (αMβ2) 

Trans-
endothelium 
Migration 

Leukocytes leave the venules 
between endothelial cells and 
migrate into the interstitial 
compartment. 

ICAM-1 

ICAM-2 

PECAM-1 

JAM-A 

JAM-B 

JAM-C 

ESAM 

PVR 

CD99 

CD99L2 

VE-Cadherin 

LFA-1 

Mac-1 

Abbreviation: ICAM: intercellular adhesion molecule; PSGL-1: P-selectin ligand 1; ESL-1: E-

selectin ligand 1; PECAM: platelet endothelial cell adhesion molecule; JAM: junctional adhesion 

molecule; ESAM: endothelial cell-selective adhesion molecule; PVR: poliovirus receptor. 
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To know what you know and what you do not know, that is true knowledge. 

 --Confucius 
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Chapter Three: Hypothesis and Objectives 

Recognition of bacteria is of key importance for the development of IBD.  PRRs play an 

important role as part of the innate immune response to allow early detection of bacteria and help 

to shape appropriate immune responses.  TLR4 is implicated in both experimental and human 

IBD, and plays key roles on a variety of cell types in the gastrointestinal tract influencing both 

inflammation and homeostatic responses.  While the endothelium is known to express TLR4, 

very little is known about the pathological role that this serves during disease. 

My overarching hypothesis is that endothelial TLR4 promotes neutrophil recruitment 

during experimental colitis in mice. 

The specific objectives of my study were: 

 to characterize signals leading to expression of TLR4 by the endothelium during 

intestinal inflammation  

 to measure the effect of loss of endothelial TLR4 during experimental colitis, including 

effects on neutrophil recruitment 

 to identify possible mechanisms underlying altered neutrophil recruitment in mice 

lacking endothelial TLR4 in colitis 
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The scientific method was devised precisely for the purpose of elucidating the nature of things 

under more carefully controlled conditions and by more rigorous criteria than are present in the 

situations created by practical problems. 

 --Michael Polanyi 
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Chapter Four: Methodologies4.1 Reagents 

The reagents that will be used and the corresponding providers are listed in Table 3. 

4.2 Animals 

The University of Calgary Animal Care Committee, following the guidelines of the 

Canadian Council on Animal Care, approved all the animal protocols involved in this study 

(approval number: AC16-0197). Only littermate male mice 6 to 8 weeks old were used. 

Endothelial cell-specific TLR4 knockout (TLR4ΔEndo) mice were generated by crossing mice 

harboring floxed alleles of TLR4 (TLR4loxp) [258] with Ve-Cadherin-CreERT2 mice [259-261]. 

TLR4ΔEndo mice express a tamoxifen-inducible Cre recombinase under the promoter of VE-

Cadherin. Mice without Cre activity (TLR4loxpCre-/-) were used as controls. Both TLR4loxpCre-/- 

and TLR4ΔEndo were injected with 100mg/kg/day of tamoxifen intra-peritoneally for 5 

consecutive days before the induction of colitis. Wild type (WT) C57/BL6 mice (The Jackson 

Laboratory, Bar Harbor, ME, USA) were also used. Mice were housed under pathogen-free 

conditions and allowed standard mouse chow and water.  

4.3 Induction and assessment of experimental colitis 

Colitis was induced by administration of DSS (molecular weight 36.0 to 50.0 kDa, MP 

Biomedicals, Santa Ana, CA, USA) in drinking water. Mice were treated with 4% DSS in 

drinking water for 5 consecutive days (starting at Day 0) to induce acute colitis. Individual body 

weight was measured daily. Mice were sacrificed at designated time points, and entire colons 

were excised and collected. The length of each colon was measured using a caliper. In some 

experiments, colons were cut open along the mesenteric border and rolled from the distal to the 

proximal ends to make Swiss-rolls for histology. Samples were divided into two parts 

longitudinally--one part for histological examination and the other part for protein assay or other 

assays. In some experiments, a portion of proximal colon (0.5 cm in length from the junction 
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between the cecum and colon) was collected for histological studies, and the reminder of the 

colon was used for flow cytometry. The colon samples were prepared as frozen sections. 

Continuous sections (4-6 µm) were cut and stained with hematoxylin and eosin (H&E). Two 

types of slices were used in this project: cross sections and sections obtained from Swiss-roll 

samples. Histological scores for cross sections were assigned by a 12-point system [243] (Table 

4). While scores for Swiss-roll samples were given according to a modified scoring system [262] 

that accounted for longitudinal extent of disease in the colon (Table 5). All scores were assigned 

by an observer blinded to treatment groups.  

4.4 Immunofluorescence (IF) microscopy 

Frozen sections were fixed in 1% formalin for half an hour at room temperature (RT), 

and then blocked in 10% goat serum in phosphate-buffered saline (PBS). Where indicated, slides 

were incubated with antibodies to TLR4, CD31, EpCAM, and ICAM2 at desired concentrations 

in PBS containing 10% goat serum and 0.05% Tween 20 for 1 h at RT. Secondary staining for 

EpCAM (Goat anti-rabbit antibody conjugated with AF647) was conducted in PBS containing 

10% goat serum and 0.05% Tween 20 for ½ h at RT. DAPI was performed for 30 min at room 

temperature. Matched isotype control antibodies were used to indicate the background staining. 

Immunofluorescence images were obtained using an Olympus IX81 inverted fluorescence 

microscope with a 20X/0.75 UplanSApo objective lens.  Images were analyzed using Volocity 

software 6.3 (PerkinElmer, Waltham, MA). 

4.5 Blocking TNF- and ICAM2 in vivo 

When indicated, mice received intra-peritoneal (i.p.) injections of anti-TNF- antibodies 

(clone: TN3-19.12, eBioscience; 100g/mouse, Day 0 and Day 3 of DSS colitis) were 

administered [263]. Control mice received Armenian Hamster IgG Isotype control antibodies 
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(clone: eBio299Arm, eBioscience) as the same dosages and schedules as anti-TNF-treated 

mice. 

For blocking ICAM-2, an ICAM2 antibody (clone: 3C4, eBioscience) was injected i.p. at 

Day 3 of DSS-induced colitis with a dose of 3 mg/kg [264]. Control mice received an isotype 

control antibody (Rat IgG2a K Isotype Control Functional Grade Purified, clone: eBR2a, 

eBioscience) at the same schedule and dose.  

4.6 Myeloperoxidase activity 

Myeloperoxidase (MPO) activity was measured in longitudinal halves of colons. Colon 

tissue was homogenized in 50mM potassium phosphate buffer (pH=6.0) containing 0.5% 

hexadecyltrimethylammonium bromide. MPO levels were quantified by the measurement of  

H2O2-dependent colorimetric oxidation of o-dianisidene detected at 450 nm. As described 

previously [265], 1 U of MPO is defined as the amount of MPO required to degrade 1 µM H2O2 

per minute. Data were normalized to the amount of total protein in the corresponding colon 

samples, which was assessed by the Lowry assay [266]. The levels of MPO are presented as 

U/mg protein. 

4.7 Spinning disk confocal intravital microscopy 

The dynamic process of circulating neutrophils accumulating into the colon was imaged by 

intravital microscopy following a modification of a method published previously [267].  Briefly, 

mice treated with DSS were anesthetized by subcutaneous administration of a mixture of 

ketamine hydrochloride (200mg/kg) and xylazine hydrochloride (10mg/kg). When anesthesia 

was successfully introduced, the right jugular vein was exposed and cannulated for 

administration of fluorescence-conjugated antibodies or additional anesthetic.  
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An abdominal midline incision was made. The proximal colon was removed from the 

abdominal cavity carefully to avoid any injury to the intestine and the corresponding mesentery. 

The animals were placed in the right lateral position on the pedestal of a custom-made stage. The 

exposed tissue was protected by saline-soaked gauze. An Olympus IX81 inverted microscope 

was used to capture images. The microscope has a confocal light path (WaveFx, Quorum, 

Guelph, ON, Canada) on a modified Yokogawa CSU-10 head (Yokogawa Electric Corporation, 

Tokyo, Japan).  Volocity software 6.3 (Improvision, MA) was used to control the microscope 

and capture images. Neutrophils were labeled with anti- Ly6G antibody.  Total circulating 

leukocytes were labeled using anti-CD45 antibodies. The choice of fluorescence conjugated 

antibodies were made based on the lab inventory when experiments were performed. Endothelial 

cells were imaged by using AF647-labelled anti-CD31 antibody or AF488-conjugated anti-

CD144 antibodies. Antibodies were injected intravenously at a dosage of 5 µl (2.5µg)/animal for 

each antibody. Rolling neutrophils are defined as those that are slower than the blood stream 

velocity. The number of rolling neutrophils passing a given point of vasculature in a certain time 

period was referred to as the neutrophil flux. Rolling speeds of neutrophils were calculated by 

the time taken to travel a distance of 100 m. Adherent neutrophils were defined as those that 

remained stationary for at least 30 seconds [267]. The number of adhered neutrophils was 

normalized to 100 m of vasculature.  All measurements were conducted on venules 10-30 μm 

in size, in sections without any branching, and a minimum of four fields of view were counted 

for each animal.   

4.8 Flow cytometry 

Colons were harvested from animals at designated time points of experiments. After 

washing, colons were cut into pieces (5mm×5mm) and washed twice in Hanks Balanced Salt 
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Solution (HBSS) containing 5 mM ethylenediaminetetraacetic acid (EDTA) and 1mM 1,4-

dithiothreitol (DTT) to remove epithelial cells and mucus. Then remaining tissues were digested 

by a commercial Lamina Propria Dissociation Kit and mechanically dissected by a gentleMACS 

Dissociator (Miltenyi Biotec, Auburn, CA, USA) to extract single cell suspensions according to 

the manufacturer’s instructions.  

After obtaining single cell suspensions, cells were washed in PBS, and stained with 

Fixable Viability Dye eFluor 780 for 30 min at 4C in the dark. Then cells were incubated with 

anti-CD16/CD32 antibodies for 10 min at 4C. For surface marker staining, 2×105 cells were 

incubated with fluorescence-conjugated antibodies. Endothelial cells were labeled as CD45-

CD144+ cells. To label these endothelial cells, anti-mouse CD45-APC and anti-mouse CD144-

AF488 were incubated with cells for 30 min at 4C in the dark. After washing, cells were fixed 

in 1% formalin for 30 min at 4C in the dark. Finally, cells were stained with anti-mouse TLR4-

PE antibody for 30 min at 4C in the dark.  

For measurement of neutrophils, cells were stained with viability dye as mentioned above. 

Then cells were stained with anti-mouse Ly6G-PE and anti-mouse CD45-APC antibodies. After 

thorough washes, cells were fixed in 1% formalin for 30 min at 4C in the dark. Neutrophils are 

defined as CD45+Ly6G+ cells in this project. 

For the assessment of expression of ICAM2 in endothelial cells, cells were stained with the 

viability dye as described above. Next, cells were stained with anti-mouse CD45-PerCP-Cy5.5, 

anti-mouse CD144-APC, and anti-mouse ICAM2-AF488 for 30 mins at 4C in the dark. Then 

washed cells were fixed in 1% formalin for 30 min at 4C in the dark. 
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Cells were analyzed by a flow cytometer (Attune Acoustic Focusing Flow Cytometer, Life 

Technologies, Burlington, ON). The data were analyzed and visualized by the software Kaluza 

1.2 (Beckman Coulter, Mississauga, ON). The relative MFI of each individual sample was 

calculated using the MFI divided that of untreated cells in the same round of experiment, 

according to a published method [268]. 

4.9 Isolation and culture of endothelial cells 

Single cell suspensions from mouse lungs were obtained by using a mouse lung 

dissociation kit (Miltenyi Biotec), according to the manufacturer’s protocol. Cells were seeded in 

flasks pre-coated with 0.2% gelatin with the complete culture medium (MCDB131 containing 

20% heat-inactivated fetal bovine serum (FBS), 2.5% penicillin-streptomycin-fungizone, and 1× 

Endothelial Cell Growth Supplement (ScienCell, Carlsbad, CA, USA)) in an incubator at 37C 

with 5% CO2. After 72 h of culture, cells were washed and medium was replaced. After another 

3-day culture, cells were planted into a 6-well plates pre-coated with 0.2% gelatin at the density 

of 10,000 cells in 2 ml of complete medium for each well.  

Prior to treatment, cells were placed in serum-free MCDB131 medium (without 

Endothelial Cell Growth Supplement) for 24 h, and subsequently stimulated with mouse 

recombinant TNF- (Sigma-Aldrich Canada, Oakville, ON, Canada) at the concentration of 

20ng/ml or PBS (vehicle) for 24 h. Cells then were fixed by 1% formalin in situ for 30 min at 

RT. Single cell suspensions from each well were gained by scraping cells gently from the 

bottoms. Cells were stained with anti-TLR4-PE or anti-ICAM1-PE antibodies. The surface 

expression of TLR4 or ICAM1 was measured by flow cytometry. 

For the stimulation of cells with LPS, cultured cells were treated as mentioned above. 

After a period of 24 h serum starving, cells were stimulated with 500ng/ml LPS or vehicle for 24 
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h. Culture medium was removed, and cells were washed gently with HBSS. Cells were removed 

from the bottom of the plate by the incubation with HBSS containing 5mM EDTA at 37C. For 

these experiments, cells were incubated with anti-mouse ICAM2-AF488 antibodies for 30 min at 

4C in the dark. The expression of ICAM2 in cultured cells was analyzed by flow cytometry. 

4.10 Isolation of endothelial cells from human colonoscopy biopsy samples 

The Conjoint Health Research Ethics Board (CHREB) of the University of Calgary 

approved the proposal involving human samples. Informed consent was obtained from patients 

before colonoscopy. Two double biopsies were obtained from each individual. The cohort 

included three healthy volunteers with a normal colonoscopy manifestation during screening for 

colon cancer, and six patients with Crohn disease (three contributed biopsy samples from 

inflamed mucosa, and three donated samples from non-inflamed mucosa).  In the three samples 

from non-inflamed tissue, the endoscopy was macroscopically normal.  Data regarding therapies, 

as well as age and sex of the patients were not available. 

Biopsy samples were washed twice in HBSS solution containing 5mM EDTA and 1mM 

DTT for 20 min. Samples then washed in HBSS for 20 min. Samples were digested by a Lamina 

Propria Dissociation Kit and mechanically dissociated. A single cell suspension was achieved. 

Cells were stained with Fixable Viability Dye eFluor® 780 for 30 min at 4°C in the dark. Cells 

were subsequently incubated with anti-human CD16/CD32 antibodies, and then anti-human 

CD45-APC and anti-human CD144-AF488 antibodies. Cells then were fixed in 1% formalin for 

30 min, and stained with anti-human TLR4-PE antibodies as above. The expression of TLR4 in 

endothelial cells was analyzed by flow cytometry. 
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4.11 Culture of Human Umbilical Vein Endothelial Cells (HUVEC) 

   For the set of experiments, HUVEC were generously provided by Dr. Kamala Patel at the 

University of Calgary. HUVEC were cultured in the complete culture medium as mentioned 

above. After 2 cycles of 72-hour culture, cells were seeded in a 6-well plate with a density of 

10,000 cells/well. The medium was switched to serum-free medium (without Endothelial Growth 

Supplement). Twenty-four hours later, cells were stimulated with recombinant human TNF-α 

(20ng/ml) for 24 h. By the end of stimulation, cells were fixed in situ by 1% formalin for 30 min. 

Then fixed cells were stained with anti-human TLR4-PE antibodies for 30 min at 4°C in dark. 

The expression of TLR4 in HUVEC was checked by flow cytometry.  

4.12 Bead-selection of endothelial cells from colons of TLR4loxpCre-/- and TLR4ΔEndo mice 
treated with 4% DSS for 5 days 

Endothelial cells in the colon were selected by CD146+ magnetic beads (CD146 

MicroBeads, Miltenyi Biotec). TLR4loxpCre-/- and TLR4ΔEndo mice were treated with 4% DSS in 

drinking water for 5 days. At the end of treatment, mice were sacrificed by cervical dislocation 

under anesthesia. The entire colon was obtained, and fat tissues were thoroughly removed. The 

colon was cut open along the anti-mesenteric edge, and washed thoroughly with HBSS. Then the 

colon was cut into small pieces (0.5mm×0.5mm). Tissue then were washed twice in HBSS 

containing 5mM EDTA and 1mM DTT for 20 min twice at 37°C. After one more wash with 

HBSS, colon tissues were placed in a gentleMACS C tube containing the enzyme combination 

provided by a commercial lamina propria cell dissociation kit (Miltenyi Biotec). The 

gentleMACS C tube was then attached to a dissociator to mechanically disrupt the tissue 

(Miltenyi Biotec). And tissues then were digested for 30 min at 37°C and mechanically 

dissociated again to yield a single-cell suspension.  
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Endothelial cells were positively selected by CD146+ magnetic MicroBeads. Cells were 

resuspended in 90 µl of a selection buffer (PBS containing 0.5%BSA and 2mM EDTA). Ten 

microliters of CD146 MicroBeads were added and incubated with cells for 15 min at 4°C. After 

washing and centrifuge with the selection buffer, cells were resuspended in 500 µl of the 

selection buffer. MACS LS positive selection columns (Miltenyi Biotec) were used to isolate 

CD146+ endothelial cells. A MACS LS column was placed to a MACS Separator (Miltenyi 

Biotec). The column then was prewetted by 3 ml of the selection buffer. Cells were applied to 

the column. Subsequently, the column was washed by 3 ml of the selection buffer for 3 times. 

Lastly, after removing the column from the MACS Separator, a bolus of 5 ml of the selection 

buffer was used to flush the column. The beads-selected endothelial cells were collected in a 

tube. 

4.13 Isolation of total mRNA from purified endothelial cells 

Purified endothelial cells were used for isolation of total mRNA by a commercial RNA 

purification kit (Qiagen RNeasy mini kit). The cell pellet was obtained by centrifuging for 5 min 

at 300 ×g. Three hundred and fifty µl of Buffer RLT (provided by the kit) was added to the cell 

pellet and mixed well. The solution then was homogenized by repeatedly pipetting. Three 

hundred and fifty µl of 70% ethanol was added to the lysate and mixed well. Next, the solution 

was transferred to an RNeasy spin column provided by the kit. The column and attached tube 

were centrifuged for 15 s at ≥8000 ×g. Buffer RW1 (700 µl) supplied by the kit was added to the 

column. The column was washed by centrifuging at 15 s at 8000 ×g. The column was washed 

again by 500 µl of Buffer RPE provided by the kit by centrifuging for 15 s at 8000 ×g. The 

column then was washed another time by 500 µl of Buffer RPE by centrifuging for 2 min at 

8000 ×g. Last, 30 µl of RNase-free water was added to the column, which subsequently was 
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centrifuged for 1 min at 8000 ×g to collect RNA solution. The concentrations and quantities of 

RNA samples were checked by a NanoDrop 2000c spectrophotometer.   

4.14 Gene-expression analysis 

The nCounter Analysis System was utilized to analyze the expression of genes in colonic 

endothelial cells from TLR4loxpCre-/- and TLR4ΔEndo mice treated with 4% DSS in drinking water 

for 5 days. An nCounter CodeSet mouse Pancancer Immune Profiling Panel was used to analyze 

the difference in expression between the two lines of mice. Ten mice (4 TLR4loxpCre-/- and 6 

TLR4ΔEndo mice) treated with 4% DSS for 5 days were involved in this assay. The process of 

gene-expression analysis was performed according to the manufacturer’s instructions and a 

published paper [269]. A total of 50 ng of RNA (in 5 µl) from each animal was used. A master 

mix was (96 µl) created by adding 70 µl of hybridization buffer to the tube containing the 

Reporter Codeset probes (26 µl), both of which were provided with the kit. Next, 8 µl of the 

master mix was added to each of 12 tubes. Then, 5 µl of samples mentioned above was added to 

each tube. Last, 2 µl of Capture ProbeSet supplied with the kit was added to each tube to make 

the final reaction solution (the total volume is 15 µl) immediately before placing tubes at 65°C. 

Tubes were placed in the pre-heated 65°C thermal cycler. The reaction of hybridization was 

performed by leaving the tubes at 65°C for 18 h. After the reaction, samples were transferred to 

the nCounter Analysis System for detection of the unique color combinations for each single 

probes. Each sample was performed in triplicate and scanned three times. The results of scanning 

were stored to a USB thumb drive provided by the kit.  

The data were transferred to the software nSolver (Windows edition 3.0, x64) for analysis. 

Raw data were firstly checked for the quality using the functions provided by the software 

nSolver. Second, the data were normalized to the average readout of all the housekeeping genes 
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(14 genes are used as housekeeping genes in the kit). Last, the readout of each individual gene 

was summarized by the software nSolver.  

4.15 Statistical Analysis 

Measurable data were presented as mean ± the standard error of the mean (SEM). The 

number of mice used in the experiments will be shown as n. Measurable variables were 

compared with 2-tailed Student’s t test or analysis of variance (ANOVA) with Bonferroni post 

hoc tests when comparisons were required. Ranked variables were analyzed with Mann-Whitney 

U tests. A z-score (which indicates how many standard deviations an element is from the 

population mean) was calculated according to the following formula: z=(X-μ)/σ (X: the value of 

the element; μ: the population mean; σ: standard deviation). The percentage of certain clinical 

manifestations were shown by Kaplan-Meier curves and compared by Log-rank (Mantel-Cox). 

All statistical analysis was performed by the software GraphPad Prism 5.0 (GraphPad Software 

Inc. CA). Statistical significance was considered to be p<0.05.  
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Table 3:  Reagents used in the proposal. 

Reagent Manufacturer 
Concentration for IF and 

flow cytometry 

DSS (molecular weight: 36.0 -55.0 kDa) 
MP Biomedicals, Santa Ana, CA, 

USA 
 

Lamina Propria Dissociation Kit Miltenyi Biotec, Auburn, CA, USA  

Lung Dissociation Kit Miltenyi Biotec, Auburn, CA, USA  

Anti-mouse-CD31(390)-FITC eBioscience, San Diego, CA, USA 5μg/ml 

Anti-mouse-CD31(390)-PE eBioscience, San Diego, CA, USA 5μ/ml 

Anti-mouse-CD31(390) eBioscience, San Diego, CA, USA 5μg/ml 

Anti-mouse-TLR4/MD-2 complex 

(MTS510)-PE 
eBioscience, San Diego, CA, USA 2μg/ml 

Goat anti-rabbit AF-647 Invitrogen, Burlington, ON, Canada 2μg/ml 

Anti-mouse-Ly6G(1A8)-PE Biolegend, San Diego, CA, USA 2μg/ml 

Anti-mouse-CD45(30-F11)-APC eBioscience, San Diego, CA, USA 2μg/ml 

Anti-mouse-CD45(30-F11)-FITC eBioscience, San Diego, CA, USA 2μg/ml 

Anti-EpCAM (E144) Abcam, Toronto, ON, Canada 1:100 

DAPI ThermoFisher, Waltham, MA, USA 1:1000 

Anti-mouse-ICAM2 (3C4)-AF488 eBioscience, San Diego, CA, USA 5μg/ml 

Anti-mouse-TNF-α(TN3-19.12) eBioscience, San Diego, CA, USA  

Fixable Viability Dye eFluor®780 eBioscience, San Diego, CA, USA 1:1000 

Anti-mouse CD16/CD32 eBioscience, San Diego, CA, USA 5μg/ml 

Anti-mouse-ICAM2 (3C4) eBioscience, San Diego, CA, USA  

Anti-mouse-CD144 (eBioBV13)-AF488 eBioscience, San Diego, CA, USA 5μg/ml 

Anti-mouse-CD144 (eBioBV13)-APC eBioscience, San Diego, CA, USA 5μg/ml 

Endothelial Cell Growth Supplement ScienCell, Carlsbad, CA, USA  
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Table 3 (continued) 

Reagent Manufacturer 
Concentration for IF and 

flow cytometry 

anti-mouse ICAM1(eBioKAT-1)-PE  eBioscience, San Diego, CA, USA 2μg/ml 

Anti-mouse-CD45 (30-F11)-PerCP-

Cy5.5 
eBioscience, San Diego, CA, USA 2μg/ml 

Tamoxifen Sigma-Aldrich, Oakville, ON, Canada  

Recombinant mouse TNF-α Sigma-Aldrich, Oakville, ON, Canada  

Recombinant human TNF-α Sigma-Aldrich, Oakville, ON, Canada  

LPS (from E. coli 0111:B4) Sigma-Aldrich, Oakville, ON, Canada  

Human FC blocker eBioscience, San Diego, CA, USA  

Anti-human CD144(16B1)-APC eBioscience, San Diego, CA, USA 2.5μg/ml 

Anti-human-TLR4 (HTA125)-PE eBioscience, San Diego, CA, USA 10μg/ml 

Anti-human-CD45 (2D1)-PerCP-Cy5.5 eBioscience, San Diego, CA, USA 1.25μg/ml 

CD146 selection beads MP Biomedicals, Santa Ana, CA, USA  

RNeasy Kit QIAGEN, Valencia, CA, USA  

nCounter CodeSet mouse Pancancer 

Immune Profiling Panel 
nanoString, Seattle, WA, USA  

Rat IgG2a K Isotype Control Functional 

Grade Purified (eBR2a) 
eBioscience, San Diego, CA, USA  
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Table 3 (continued)  

Reagent Manufacturer 
Concentration for IF and 

flow cytometry 

Armenian Hamster IgG Isotype Control 

Purified (eBio299Arm) 
eBioscience, San Diego, CA, USA  

 

 The fluorescence-matched isotype control antibody of each antibody used in flow cytometry or 

IF staining was purchased from the same supplier, and used the same concentration of each 

individual antibody. 
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Table 4: Histological Score for Colons Prepared as Cross Sections [243] 

Parameter Score Assigned 

Destruction of mucosal architecture None: 0 

Mild: 1 

Moderate: 2 

Severe: 3 

Degree of cellular infiltrate Normal: 0 

Mild: 1 

Moderate: 2 

Severe/ transmural: 3 

Muscle thickening Normal: 0 

Mild-Moderate: 1 

Extensive: 2 

Crypt abscesses Absent: 0 

Present:1 

Ulceration Absent: 0 

 Present: 1 

Edema Absent: 0 

 Present: 1 

Global cell depletion Absent: 0 

Present: 1 
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Table 5: Histological Score for Colons Prepared as Swiss-rolls [262] 

Parameter Score Assigned 

Total area affected None: 0 

<25%: 1 

25%-50%: 2 

50%-75%: 3 

>75%: 4 

Destruction of mucosal architecture None: 0 

Mild: 1 

Moderate: 2 

Severe: 3 

% Severe destruction None: 0 

<25%: 1 

25%-50%: 2 

50%-75%: 3 

>75%: 4 

Degree of cellular infiltrate Normal: 0 

Mild: 1 

Moderate: 2 

Severe/ transmural: 3 

% Severely affected None: 0 

<25%: 1 

25%-50%: 2 

50%-75%: 3 

>75%: 4 
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Table 5 (continued)  

Parameter Score Assigned 

Muscle thickening Normal: 0 

Mild: 1 

Moderate: 2 

Extensive: 3 

Crypt abscesses Absent: 0 

Present:1 

Global cell depletion Absent: 0 

Present: 1 
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It is in doing things and not reading about them that results come about. 
  
 --Stephen Richards  
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Chapter Five: Results 

5.1 Endothelial TLR4 is upregulated in DSS-induced colitis via a TNF-α-dependent 
manner 

5.1.1 Endothelial TLR4 in upregulated in DSS-induced colitis 

 In order to assess whether endothelial TLR4 might be involved in experimental colitis, 

we first measured endothelial TLR4 expression during DSS colitis. We induced colitis in WT 

C57BL/6 mice with 4% DSS in drinking water. The day when DSS treatment started was 

referred as to Day 0. At Day 3 and 5 of colitis, colons were collected for histology studies (the 

proximal 0.5 cm of colon) and isolating lamina propria cells (the remaining tissue of colons). 

Frozen sections were used for H&E staining and IF staining. The histological damage was 

assessed by using slices with H&E staining according to the score system listed in Table 4. IF 

microscopy was used to identify endothelial cells (CD31+), epithelial cells (EpCAM+) and TLR4. 

Single cell suspensions were utilized to analyze endothelial cell TLR4 expression by flow 

cytometry. Endothelial cells were defined as CD45-CD144+ cells.  

DSS-treated mice manifested clinical signs of colitis including loss of body weight, 

shortened colons and histological damage in the colon. As shown in Figure 4, at Day 3 of 

treatment, DSS-treated mice did not show weight loss compared to mice receiving regular water. 

Significant weight loss started at Day 4, and continued on Day 5. Colonic shortening, another 

sign of inflammation in the DSS model, was evident by Day 5 as well (Figure 5).  

As shown in Figure 6, on Day 3, histological damage was not observed. However, 

upregulation of endothelial TLR4 was evident as assessed by IF staining. Bright staining of 

TLR4 colocalized with the endothelial cell marker CD31was seen at both Day 3 and Day 5. As it 

was difficult to objectively quantify the expression of TLR4 in CD31+ cells in IF staining slices, 

we utilized flow cytometry to measure the percentage of TLR4-expressing endothelial cells. 
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Lamina propria cells were pre-gated on CD45-CD144+ endothelial cells. The percentage of 

TLR4-expressing endothelial cells in entire endothelial cells was calculated (gating strategies are 

shown in Figure 7). As observed in our IF staining, colons of DSS-treated C57/BL6 mice had a 

higher percentage of TLR4-expressing endothelial cells at Day 3 and 5 of colitis by flow 

cytometry (Figure 8, both p<0.05). We also measured the relative MFI at different time points of 

DSS-induced colitis, to estimate the amount of antigen expression on positive cells [268]. The 

MFI of TLR4 in endothelial cells from colons of untreated mice was used as the base line value. 

Although at Day 3 more endothelial cells in lamina propria of colons expressed TLR4, the 

relative MFI did not change significantly compared to Day 0. However, the relative MFI 

increased dramatically at Day 5 (Figure 9, p<0.01). These data suggest more endothelial cells 

expressed TLR4 with a relative low level at an early stage of gut inflammation (Day 3); between 

Day 3 and Day 5, the levels of TLR4 expression increased per cell. In summary, both the 

proportion of TLR4-expressing endothelial cells and the amount of TLR4 in endothelial cells 

were increased in DSS-induced colitis.  

5.1.2 The increase of TLR4-expressing-non-leukocytes occurs earlier than that of TLR4+ 
leukocytes 

Given that TLR4 can be expressed in bone-marrow-derived and non-bone barrow-derived 

cells in the intestine, we asked whether the population of TLR4-expressing-non-leukocytes in the 

colonic lamina propria is altered during DSS-induced colitis. We assessed the expression of 

TLR4 in non-leukocytes and leukocytes in colon lamina propria at the different time points of 

DSS-induced colitis.  

At Day 3 of DSS colitis, the proportion of CD45- TLR4+ (TLR4-expressing non-

leukocytes) in the whole lamina propria cell population was increased compared to un-treated 

mice (p<0.01), although a corresponding increase in TLR4 expression was not seen in CD45+ 
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cells (Figure 10). On Day 5, the number of CD45- cells expressing TLR4 increased further, 

compared to control mice. An increase in CD45+ cell number was also observed, mainly a 

population that expressed TLR4. Taken together, these data indicate TLR4 from non-leukocytes 

in colonic lamina propria is upregulated earlier than that from leukocytes, suggesting a possible 

role of TLR4 from non-bone marrow derived resident cells to initiate and promote inflammation.  

5.1.3 The upregulation of endothelial TLR4 occurs prior to neutrophil recruitment 

Next, we hypothesized that the upregulation of endothelial TLR4 might be an early event, 

prior to neutrophil recruitment. Lamina propria mononuclear cells were isolated as described in 

Chapter 4, and the proportion of CD45+Ly6G+ neutrophils in the entire colonic lamina propria 

cell population were measured by flow cytometry. Compared to untreated mice, DSS-challenged 

mice showed an increased proportion of TLR4-expressing endothelial cells (Figure 8) and TLR4-

expressing non-leukocytes (Figure 10) at Day 3, meanwhile the proportion of CD45+Ly6G+ 

neutrophils was not significantly different at this time point (Figure 11).  However, mice treated 

with DSS for 5 days showed an increase in CD45+Ly6G+ neutrophils (Figure 11, p<0.01).  In 

addition to neutrophil infiltration, CD45+ leukocyte recruitment was only observed at Day 5 

(Figure 10). Taken together, these results indicate the increase of endothelial TLR4 occurs at an 

earlier time point (Day 3), preceding the subsequent neutrophil recruitment and other leukocyte 

transmigration at the later time point (Day 5).  

5.1.4 Upregulation of Endothelial TLR4 is Partly Mediated by TNF-α 

Next, we questioned how the upregulation of TLR4 in endothelial cells was mediated. 

Based on previous publications, TNF-α is upregulated in IBD patients and in experimental colitis 

[42]. TNF-α increases the expression of TLR4 in colonic epithelial cells [44], and TNF-α induces 

the activation of endothelial cells [43]. We hypothesized that the expression of TLR4 in 

endothelial cells is controlled by TNF-α. To test this hypothesis, we administered anti-mouse 
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TNF-α neutralizing antibody and the corresponding isotype control antibody to DSS-treated mice 

at Day 0 and Day 3 of colitis [263]. At Day 5 of colitis, colons were collected for analysis by 

histology, IF staining, and flow cytometry.  

In agreement with previous publications, anti-TNF-α treatment improved the 

macroscopic appearance of colons from DSS-induced colitis. As shown in Figure 12, DSS-

challenged mice receiving anti-TNF-α antibodies demonstrated longer colons compared to those 

receiving the isotype control antibody (p<0.001). Also, anti-TNF-α treatment improved the 

histological scores of DSS-induced colitis mice (Figure 13, p<0.001), with improved intestinal 

architecture and less immune cell infiltration. We also stained CD31-FITC, TLR4-PE and 

EpCam-AF647 to demonstrate the expression of TLR4 in endothelial cells. As shown in Figure 

13, the expression of TLR4 in endothelial cells was decreased in DSS colitis mice treated with 

anti-TNF-α antibody compared to isotype control antibody. 

To quantify the expression of TLR4 in endothelial cells, we utilized flow cytometry to 

calculate the proportion of TLR4-expressing endothelial cells and MFI of TLR4 in endothelial 

cells. At Day 5 of DSS colitis, the increased percentage of TLR4-expressing endothelial cells 

was decreased to the level observed in non-treated mice by the anti-TNF-α treatment (Figure 14). 

In addition to the percentage of TLR4-expressing endothelial cells, the relative MFI of 

endothelial cells in DSS-challenged mice was also reduced by treatment with anti-TNF-α 

antibody. These results suggest that TLR4 expressed by endothelial cells is mediated by TNF-α 

in DSS-induced colitis. 

We also observed the effects of anti-TNF-α treatment on the leukocyte recruitment in 

DSS-induced colitis by flow cytometry. In agreement with previous reports [270], anti-TNF-α 

antibody treatment decreased the percentages of neutrophil and overall leukocytes in DSS colitis 
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(Figure 15).  Taken together, anti-TNF-α administration attenuates DSS-induced colitis and 

inhibits neutrophil infiltration. Anti-TNF-α therapy also ameliorated increased TLR4 expression 

by the endothelium in vivo.  

5.1.5 TNF- increases the expression of TLR4 in cultured endothelial cells in vitro 

Next, we questioned whether TNF- has direct effects on TLR4 expression in cultured 

endothelial cells. For these experiments, we initially attempted colic endothelial cell collection, 

but were unsuccessful, likely because of a relatively low density of endothelial cells. We then 

turned to the lung—another mucosal organ, rich in endothelium. Primary endothelial cells were 

prepared from mouse lungs as described, and endothelial cells were then stimulated with 

20ng/ml of TNF- in serum-free medium for 24 h. The surface expression of TLR4 was stained 

with anti-TLR4-PE antibodies, and measured by flow cytometry. 

In agreement with the published literature [271], TNF- treatment increased surface 

expression of ICAM1, confirming the effectiveness of TNF-α in our system (Figure 16). By flow 

cytometry, both the proportion of TLR4-expressing endothelial cells (Figure 17 A and B, 

p<0.01) and the amount of TLR4 (MFI) expressed on cell surface were elevated by the end of 

TNF- challenge (Figure 17 C, p<0.05). These data suggest that TNF- is a positive regulator of 

TLR4 expression in cultured endothelial cells in vitro.  

5.1.6 Endothelial TLR4 is upregulated in CD 

In order to determine whether endothelial TLR4 expression is increased in human IBD, 

we collected colon biopsy samples from healthy volunteers, patients with CD in endoscopic 

remission, and patients with active CD. Samples were analyzed by flow cytometry to quantify 

endothelial TLR4 expression. 
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The gating strategy for flow cytometry on human biopsy samples is illustrated in Figure 

18. Only live single cells were utilized for analysis. As shown in Figure 19, endothelial cells 

from biopsy samples of healthy volunteers had low levels of TLR4 expression, whereas 

endothelial cells from both quiescent and active CD showed increased number of TLR4-

expressing endothelial cells (p<0.05). There was no significant difference in the percentage of 

TLR4+ endothelial cells between quiescent and active IBD patients.  

5.1.7 TNF-α increases TLR4 expression in culture HUVEC 

Cultured HUVEC were stimulated with 20ng/ml of TNF-α for 24 h in serum-free 

medium. The expression of TLR4 was measured by flow cytometry. The representative overlay 

images of TLR4 expression in HUVEC stimulated with vehicle or TNF-α is illustrated in Figure 

20. TNF-α treatment increased the proportion of TLR4-expressing cells and MFI in cultured 

HUVEC (p<0.05, respectively), indicating that TNF-α is a positive regulator of TLR4 in human 

endothelial cells in vitro.  
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5.2 Endothelial TLR4 enhances neutrophil adhesion and histological damage in DSS-
induced colitis 

5.2.1 TLR4loxpCre-/- and TLR4ΔEndo mice develop normally 

To test the hypothesis that endothelial TLR4 plays a role in DSS colitis, we utilized a 

mouse model system that allowed conditional knockout of endothelial TLR4. 

As shown in Figure 21, after activation of Cre activity by tamoxifen injection the 

expression of TLR4 in endothelial cells was deleted effectively. By IF, expression of TLR4 in 

endothelial cells from DSS-treated TLR4ΔEndo mice was decreased. To more precisely quantify 

this, colonic cells were isolated by the methods described above, and endothelial TLR4 

expression was measured by flow cytometry (Figure 22). TLR4ΔEndo mice express a significantly 

lower percentage of TLR4 in CD45-CD144+ endothelial cells (n=3, p<0.01). These data indicate 

colonic endothelial TLR4 is deleted effectively in TLR4ΔEndo mice. 

TLR4loxpCre-/- and TLR4ΔEndo mice develop normally (Figure 23), and neither showed 

any symptoms of spontaneous colitis including diarrhea, prolapse, rectal bleeding, or weight loss. 

No histological damage was observed in colons of untreated TLR4loxpCre-/- and TLR4ΔEndo mice.  

The representative pictures of macroscopic and microscopic manifestation of colons from 

TLR4loxpCre-/- and TLR4ΔEndo mice are illustrated in Figure 24. 

5.2.2 TLR4ΔEndo mice had improved clinical manifestation and histological damage in DSS-
induced acute colitis 

 To measure the effect of endothelial TLR4 in DSS colitis, TLR4loxpCre-/- and TLR4ΔEndo 

mice were administered 4% DSS in drinking water for 5 days. At Day 5 of colitis, mice were 

sacrificed, and colon tissues were harvested for histology and MPO assays. 

 As illustrated in Figure 25, there was no significant difference of body weight change 

observed between TLR4loxpCre-/- mice and TLR4ΔEndo mice upon DSS treatment. However, 
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TLR4ΔEndo mice showed a lower incidence of bloody diarrhea compared to TLR4loxpCre-/- mice 

(Figure 26; Log-rank (Mantel-Cox) test; p<0.01). TLR4ΔEndo mice had longer colons compared 

to TLR4loxpCre-/- mice when treated with 4% DSS in drinking water for 5 days (Figure 27, 

p<0.05), indicating endothelial TLR4 worsens macroscopic changes in the colon during DSS-

induced acute colitis.  

5.2.3 Endothelial TLR4 mediates histological damage in DSS-induced acute colitis 

 Histological scores of Swiss-rolls of colons from TLR4loxpCre-/- and TLR4ΔEndo were 

measured according to a published paper [262] in a blind manner. As illustrated in Figure 28, 

TLR4ΔEndo mice showed less severe histological damage compared to TLR4loxpCre-/- mice. 

Specifically, TLR4ΔEndo mice had decreased submucosal edema, a more preserved epithelial 

structure, less affected area, and less immune cell infiltration.  TLR4ΔEndo mice had a 

significantly lower total histological score compared to TLR4loxpCre-/- mice at Day 5 of DSS-

induced colitis (n=5-7/group, p<0.05). These results demonstrate that endothelial TLR4 signaling 

mediates tissue damage in the colon of mice receiving DSS for 5 days.  

5.2.4 Endothelial TLR4 mediates neutrophil recruitment in DSS-induced acute colitis 

 As mentioned above, the infiltration of neutrophils is a hallmark of IBD and experimental 

colitis, and the abundance of infiltrated neutrophils is positively related to the disease severity. 

We used two assays to measure neutrophil infiltration—MPO assay and flow cytometry. As 

above, colonic neutrophils were defined as CD45+Ly6G+ cells.  

 Results of MPO assays are illustrated in Figure 29. TLR4loxpCre-/- and TLR4ΔEndo mice all 

received intraperitoneal tamoxifen injection to activate the activity of Cre recombinase.  

TLR4loxpCre-/- and TLR4ΔEndo mice receiving regular water showed similar levels of MPO in the 

colon (p>0.05). However, at Day 5 of DSS-induced colitis, TLR4ΔEndo mice had significantly 
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decreased levels of MPO compared to TLR4loxpCre-/- mice (p<0.05), suggesting that loss of 

endothelial TLR4 may reduce neutrophil recruitment in DSS colitis. 

 Similar to the results of the MPO assay, untreated TLR4loxpCre-/- mice and TLR4ΔEndo 

showed no difference in the proportion of colonic CD45+Ly6G+ neutrophils (Figure 30). 

However, upon DSS treatment for 5 days, a decreased proportion of CD45+Ly6G+ neutrophils 

was observed in the colon of TLR4ΔEndo mice compared to TLR4loxpCre-/- mice, measured by 

flow cytometry (Figure 30, p<0.01). Looking at all leukocytes (CD45+ cells) by flow cytometry, 

loss of endothelial TLR4 reduced leukocyte recruitment markedly in DSS colitis. (Figure 31, 

p<0.05).  

 In short, these data indicate fewer neutrophils and leukocytes were present in the colon of 

TLR4ΔEndo mice during DSS-induced colitis. 

5.2.5 Endothelial TLR4 mediates neutrophil adhesion in DSS-induced acute colitis 

The endothelium is the interface that allows recruitment of leukocytes from peripheral 

blood. As such, we considered that loss of endothelial TLR4 may have a direct role on 

endothelial activation and subsequent neutrophil recruitment. To visualize the interaction 

between the endothelial cells and neutrophils, the technique of intravital microscopy was applied. 

At Day 5 of DSS-induced colitis, fluorescence-conjugated antibodies were injected intravenously 

to label neutrophils (anti-Ly6G antibodies) and the endothelium (anti-CD31 antibodies), and the 

colonic submucosal venules were directly imaged by intravital microscopy. Neutrophil rolling 

flux, neutrophil rolling speed, and neutrophil adhesion, were recorded.  

As shown in Figure 32, the interaction between endothelial cells and neutrophils was 

observed by intravital microscopy. No differences were shown between TLR4loxpCre-/- and 

TLR4ΔEndo mice in terms of the number of rolling neutrophils (neutrophil flux) or neutrophil 
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rolling speed (Figure 33 and Figure 34, respectively). However, TLR4ΔEndo mice had a 

significantly decreased number of adherent neutrophils in the colonic microvasulature compared 

to TLR4loxpCre-/- mice at Day 5 of DSS colitis (Figure 35, p<0.05). These data suggest that 

endothelial TLR4 may play a role in neutrophil recruitment by modulating cell adhesion to the 

endothelium during colitis.  
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5.3 ICAM2 mediates neutrophil adhesion under the control of endothelial TLR4 in DSS-
induced acute colitis 

 Our data indicated a role for endothelial-specific TLR4 in DSS colitis, presumably by 

upregulating a molecule that contributes to neutrophil adhesion in vivo. With myriad possibilities 

for potential candidate genes, a hypothesis-free approach was utilized to identify possible 

candidate genes, expressed in TLR4loxpCre-/- mice endothelium, but not TLR4ΔEndo mice 

endothelial cells, during DSS colitis. In order to identify the different gene-expression profiles in 

endothelial cells between TLR4loxpCre-/- and TLR4ΔEndo mice treated with 4% DSS, endothelial 

cells were purified by CD146+ magnetic positive selection beads. Total RNA was purified from 

endothelial cells. A total of 50 ng of RNA from each sample was used for gene-expression 

analysis by an nCounter CodeSet mouse Pancancer Immune Profiling Panel chip.  

5.3.1 Purified endothelial cells express CD31 

In order to check the quality of purified endothelial cells, cells were stained with anti-

mouse CD31-FITC antibody, a marker for endothelial cells distinct from the one used for the 

bead selection. As shown in Figure 36, CD31+ cells were enriched following positive selection.  

5.3.2 Gene-expression analysis 

Endothelial cells were selected by CD146+ magnetic beads from 10 mice (4  

TLR4loxpCre-/- mice and 6 TLR4ΔEndo mice treated with 4%DSS for 5 days). Total RNA was 

isolated, and 50 ng of RNA from each sample was used for nCounter CodeSet mouse Pancancer 

Immune Profiling Panel analysis. The genes involved in the panel were listed in the Chapter 

Appendix. The fold change (FC) of each gene was calculated using the average readout of the 

gene in colonic endothelial cells of TLR4loxpCre-/- mice divided to that of TLR4ΔEndo mice.  

As the main focus of this project was on neutrophil recruitment, we concentrated on 

candidate genes that might play a role in this process. The genes of interest were illustrated as a 
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heat map in Figure 37. Based on these candidates, we chose ICAM2 as a candidate, because: (1) 

ICAM2 is important for neutrophil recruitment [264]; (2) it has been reported that endothelial 

ICAM2 is upregulated in ileal and colonic CD disease [272]; and (3) the results of gene 

expression profiles showed lower levels of Icam2 mRNA expression in TLR4ΔEndo mice. 

5.3.3 Endothelial ICAM2 is upregulated in TLR4loxpCre-/- mice compared to TLR4ΔEndo mice 
treated with 4% DSS for 5 days 

To measure ICAM2 expression in the colon of DSS challenged mice, we treated 

TLR4loxpCre-/- mice and TLR4ΔEndo mice with 4% DSS in drinking water for 5 days, and 

collected the whole colon for IF staining of ICAM2.  

As demonstrated in Figure 38, the representative images of IF staining showed 

TLR4loxpCre-/- mice treated with 4% DSS for 5 days had stronger expression of ICAM2 (arrows) 

in endothelial cells (CD31+ cells) compared to TLR4ΔEndo mice. To quantify this, we utilized 

flow cytometry as described (Figure 39). These data confirmed that endothelial ICAM2 was 

expressed on over 50% fewer endothelial cells in TLR4ΔEndo mice, and the MFI was reduced by 

over 50% as well. This suggests that TLR4 may play a role in regulating ICAM2 expression.  

5.3.4 Endothelial ICAM2 is upregulated in DSS-induced colitis  

 To confirm that ICAM2 was upregulated as a result of DSS-induced colitis, C57BL/6 

mice were treated with 4% DSS in drinking water for 5 days, or maintained on regular water. At 

Day 5, mice were sacrificed, and the colon tissue was obtained for IF staining or flow cytometry. 

For IF staining, slices were stained with anti-mouse-CD31-AF647 and anti-mouse-ICAM2-

AF488, and DAPI was also utilized to illustrate tissue architecture. For flow cytometry, single 

cell suspensions were stained with viability dye eFluor® 780, anti-CD144-APC, anti-CD45-

PerCP-Cy5.5, and anti-ICAM2-AF488.  
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 As shown in Figure 40, ICAM2 was strongly expressed by the endothelium in mice 

treated with 4% DSS for 5 days, whereas the expression of ICAM2 was weak in non-treated 

mice. Quantification of this by flow cytometry confirmed an increased proportion of ICAM2-

expressing cells with increased MFI for colonic endothelial cells during DSS colitis compared to 

untreated mice (Figure 41). These data confirm that endothelial ICAM2 is indeed upregulated in 

DSS colitis. 

5.3.5 LPS increases the expression of ICAM2 in cultured endothelial cells 

 Next we hypothesized that LPS stimulation directly upregulates the expression of ICAM2 

in cultured endothelial cells. Endothelial cells were isolated from mouse lung and cultured as 

described. Endothelial cells were stimulated with 500ng/ml LPS for 24h in serum-free medium. 

Cells then were stained with anti-ICAM2-AF488 antibody, and the expression of ICAM2 was 

analyzed by flow cytometry.µ 

 As illustrated in Figure 42, LPS treatment increased the percentage of ICAM2-expressing 

endothelial cells and MFI of ICAM2 in vitro measured by flow cytometry, indicating LPS is a 

positive regulator for ICAM 2 expression in cultured endothelial cells. 

5.3.6 ICAM2 blockade in vivo inhibits neutrophil recruitment in DSS colitis.   

The results detailed above support a model where endothelial cell-specific TLR4 

increases expression of ICAM2 on the surface of the endothelium, thus providing a potential 

ligand for increased neutrophil adhesion in DSS colitis.  To test whether increased ICAM2 was 

indeed responsible for promoting neutrophil recruitment, we induced colitis in two groups of 

wild type mice using 4% DSS; one group was treated with anti-ICAM2 (3mg/kg I.P.) [264] on 

day 3 of colitis, and the other with isotype control antibody at an equivalent concentration.  
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Neutrophil-endothelial interactions in the colonic microvasculature were then directly visualized 

using intravital microscopy on day 4 of colitis. 

As shown in Figure 43, increased numbers of adherent cells were seen associated with 

the endothelium in the colonic microvasculature of mice treated with isotype control antibody; 

this was markedly reduced in animals treated with anti-ICAM2 antibody.  Quantification of 

neutrophil-endothelial interactions confirmed that antibody treatment had no effect on either 

neutrophil flux (Figure 44) or rolling speed (Figure 45).  However, administration of anti-

ICAM2 antibody significantly reduced neutrophil adhesion during colitis (Figure 46; p < 0.001).  

Taken together, this supports the hypothesis that endothelial TLR4 leads to increased expression 

of ICAM2 by the endothelium, thus providing a scaffold for increased neutrophil recruitment 

early in DSS colitis. 
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Figure 4 Mice receiving 4% DSS in drinking water start to lose body weight at Day4. 

C57BL/6 mice were treated with 4% DSS in drinking water or regular water (no treatment) for 5 

consecutive days. Body weight loss was observed at Day 4 and Day 5. ***, p<0.001 by 

ANOVA. n=6-9 mice per group. 
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Figure 5 DSS-treated mice showed significantly shortened colons at Day 5 rather than Day 
3.  

C57BL6 mice received 4% DSS in drinking water or regular water for 5 days. At Days 3 and 5, 

mice were sacrificed, and the entire colon was collected and measured. Upper panel:  

No treatment 
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1 cm 



83 

Representative photos of colons from mice on individual days. Lower panel: At Day 5 of colitis, 

DSS-treated mice have significantly shorter colons compared to untreated mice or mice receiving 

DSS for 3 days.  n=6-9 mice per group. n.s.: no significance. ***, p<0.001 by ANOVA.
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Figure 6 The expression of TLR4 in endothelial cells is upregulated at Day 3 and Day 5 of DSS-induced colitis. 

Mice receiving 4% DSS in drinking water or regular water were sacrificed at designated time points. Frozen sections of the proximal 

end of colons were stained with anti-EpCam-AF647 (epithelial cells), anti-CD31-FITC (endothelial cells), and anti-TLR4-PE. Images 

were obtained by a 20× objective lens. Mice receiving 4% DSS for 3 or 5 days have upregulated TLR4 colocalized with endothelial 

cells. Arrows: TLR4 expressed by endothelial cells; Triangles: TLR4 expressed by non-endothelial cells.  
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Figure 7 The gating strategies for flow cytometry analysis. 

Single cell suspensions were obtained from colons of mice receiving regular water or 4% 

DSS in drinking water, as described in Chapter 4. After staining with a viability dye 

(eFluor® 780), cells were incubated with anti-CD16/CD32 antibodies to block Fc 

receptors, and then stained with anti-CD45-APC and anti-CD144-AF488. Cells were 

subsequently fixed with 1% formalin for 30 min at RT. Lastly, cells were incubated with 

anti-TLR4-PE. Only live single cells were used for flow cytometry analysis. Endothelial 

cells were defined as CD45-CD144+ cells. The expression of TLR4 in endothelial cells 

was measured in CD45-CD144+ cells. 
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Figure 8 The proportion of TLR4-expressing endothelial cells is increased at Day 3 
and Day 5 of DSS-induced colitis. 

Colons from mice treated with 4% DSS or drinking water (no treatment) were collected 

at the designated time points. Expression of TLR4 in endothelial cells from colons was 

analyzed by flow cytometry. n=3 mice per group. n.s.: not significant. *, p<0.05 by 

ANOVA. 
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Figure 9 Endothelial cells express increased median fluorescence intensity (MFI) of 
TLR4 at Day 5 of DSS-induced colitis. 

Colons from mice treated with 4% DSS or drinking water (no treatment) were collected 

at the designed time points, and single cell suspensions were analyzed by flow cytometry.  

The relative MFI of TLR4 in endothelial cells from each sample was normalized to the 

florescence intensity of endothelial cells from untreated mice.  n=3 per group. n.s.: not 

significant. **, p<0.01 by ANOVA. 
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Figure 10 The increased proportion of TLR4-expressing-non-leukocytes occurred 
earlier than that of TLR4+ leukocytes.  

The expression of TLR4 in leukocytes (CD45+ cells) and non-leukocytes (CD45- cells) 

were analyzed by flow cytometry using the strategy mentioned above. A. Representative 

images of flow cytometry analysis for colonic lamina propria cells from mice treated with 

4% DSS in drinking water for different time periods or regular water. B. At Day 3 of 

DSS-induced colitis, the proportion of TLR4-expressing non-leukocytes (CD45-TLR4+ 

cells) in the whole lamina propria cell population was higher than that from untreated 

mice (n=3-5 mice per group, p<0.01 by ANOVA). C. The proportion of TLR4-
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expressing leukocytes (CD45-TLR4+ cells) at Day 3 of colitis was not significantly 

different compared to mice receiving regular water; whereas at Day 5 the proportion of 

TLR4-expressing leukocytes is significantly higher (n=3-5 mice per group, p<0.001 by 

ANOVA). n.s.: no significance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



90 

  

 

 

 

 

 

  

  

  

 

 

 

 

 

Figure 11 The upregulation of TLR4 in endothelial cells occurs prior to neutrophil 
recruitment.  

 

A. Representative images of flow cytometry analysis of the proportion of CD45+Ly6G+ 

neutrophils in lamina propria cells. B. CD45+Ly6G+ neutrophil recruitment occurred at 

Day 5. The proportion of CD45+Ly6G+ neutrophils in lamina propria of colons increased 

at Day 5 compared to Day 3 or control mice, respectively (p<0.05 by ANOVA). 

However, there was no difference of the proportion of neutrophils in colonic lamina 

propria between Day 3 and control mice. C. Similar to CD45+Ly6G+ neutrophils, overall 
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infiltration of CD45+ leukocytes occurred at Day 5 assessed by flow cytometry. n=3-6 

mice per group. ***, p<0.001 by ANOVA. 
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Figure 12 Anti-TNF-α treatment improved the macroscopic appearance of colons.  

C57BL/6 mice receiving DSS in drinking water were injected with anti-TNF-α 

neutralizing antibodies or the corresponding isotype control antibodies by i.p. at Day 0 

and Day 3 of DSS treatment with the dosage of 100 μg/mouse/injection. DSS-induced 

colitis mice receiving anti-TNF-α antibody treatment had longer colons comparing with 
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mice receiving the corresponding isotype control antibodies. n=3 mice per group. ***, 

p<0.001 by ANOVA. n.s.: no significance. 
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Figure 13 Anti-TNF-α antibodies treatment improves histological damage induced 
by DSS, and decreases the expression of TLR4 in endothelial cells. 

C57BL/6 mice receiving DSS in drinking water were injected with anti-TNF-α 

neutralizing antibodies or the corresponding isotype control antibodies by i.p. at Day 0 

and Day 3 of DSS treatment (100μg/mouse/injection). A. Representative images of HE 

staining and IF staining of DSS colitis mice treated with anti-TNF-α antibodies or the 
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corresponding isotype control antibodies. Arrows: TLR4-expressing endothelial cells. B. 

The histological score of cross-sections from the proximal colons of DSS-induced colitis 

mice treated with anti-TNF-α antibodies and the corresponding isotype control 

antibodies. n=3 mice per group. ***, p<0.001 by ANOVA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



96 

 
 

 

 

 

 

 

 

  

No Treatment Isotype Anti-TNF
0

10

20

30

40

4%DSS for 5 days

**

ns

Treatment

%
 T

L
R

4-
ex

p
re

ss
in

g
en

d
o

th
el

ia
l c

el
ls

                

No Treatment Isotype Anti-TNF
0.0

0.5

1.0

1.5

2.0

4%DSS for 5 days

**

ns

Treatment

R
el

at
iv

e 
M

F
I

 

Figure 14 Anti-TNF-α treatment prevented the increased expression of TLR4 in 
endothelial cells. 

C57BL/6 mice receiving DSS in drinking water were injected with anti-TNF-α 

neutralizing antibodies or the corresponding isotype control antibodies as described, and 

isolated lamina propria cells were analyzed by flow cytometry. A. Representative overlay 

histograms of endothelial TLR4 in mice with different treatments. B. DSS-induced mice 

with anti-TNF-α treatment had decreased TLR4-expressing endothelial cells compared to 

isotype control antibody-treated DSS colitis mice. C.  DSS-induced mice with anti-TNF-

α treatment had decreased endothelial TLR4 MFI compared to DSS colitis mice receiving 
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isotype control antibody. n=5 mice per group. n.s.: no significance. *, p<0.05 by 

ANOVA. 
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Figure 15 Anti-TNF-α antibodies treatment decreased the proportion of neutrophils 
and leukocytes infiltrated in the colons of DSS-induced colitis mice. 

C57/BL6 mice treated with 4% DSS in drinking water were injected with anti-TNF-α 

antibodies or isotype control antibodies (100μg/mouse/injection) at Day 0 and 3 of 

colitis. The infiltration of neutrophils and leukocytes in colons was analyzed by flow 

cytometry as described. A. Representative images of flow cytometry for lamina propria 

cells. Only live single cells were applied for analysis. B. DSS colitis mice receiving anti-

TNF-α antibodies had a lower percentage of CD45+Ly6G+ neutrophils in the colons 

compared to isotype control antibody-administered DSS colitis mice. C. Anti-TNF-α-

treated, DSS colitis mice had a decreased percentage of CD45+ leukocytes in the colon 

with the respect to DSS-treated mice with isotype control antibodies. n=3 mice per group. 

n.s.: no significance. *, p<0.05 by ANOVA. **, p<0.01 by ANOVA. 
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Figure 16 TNF-α treatment increases the expression of ICAM1 in cultured 
endothelial cells, indicating the activated functions of TNF-α in endothelial cells. 

Endothelial cells were collected from lungs of C57BL/6 mice as described, and 

stimulated with 20 ng/ml of recombinant mouse TNF-α for 24 h. The expression of 

ICAM1 was analyzed by flow cytometry.  
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Figure 17 TNF-α treatment increases the expression of TLR4 in cultured cells. 

Lung endothelial cells from C57/BL6 mice were cultured as described, and stimulated 

with 20 ng/ml of recombinant mouse TNF-α for 24 h. The expression of TLR4 was 

measured by flow cytometry. A. Representative overlay histograms of TLR4 expression 

in cultured cells with or without TNF-α stimulation from one of three repeated 

experiments. B. TNF-α stimulation increased the percentage of TLR4-expressing cells in 

cultured endothelial cells. C. TNF-α challenge upregulated the fluorescence intensity of 

TLR4 in cultured endothelial cells. Average of 3 experiments is shown, 3 wells per 

treatment n=3. **, p<0.01 by Student’s t test. *, p<0.05 by Student’s t test. 
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Figure 18 The gating strategies for human colonoscopy biopsy samples. 

Biopsy samples obtained from colonoscopy procedures were enzymatically digested and 

mechanically isolated to single cell suspensions.  Cells were stained with viability 

staining dye eFluor® 780, and then incubated with anti-human-CD45-PerCP-Cy5.5 and 

anti-CD144-APC.  After fixing in 1% formalin, cells were stained with anti-TLR4-PE. 

Live single cells were used for further analysis. Cells were sorted based on the expression 

of CD144 and CD45. TLR4 expression in CD144+CD45- endothelial cells was assessed.  
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Figure 19 The expression of TLR4 in endothelial cells from colonoscopy biopsy 
samples is upregulated in CD. 

The expression of endothelial TLR4 was analyzed by flow cytometry. A. Representative 

image of overlaid histograms. Both non-inflamed and inflamed mucosa from IBD 

patients had increased expression of TLR4 in endothelial cells. B. Non-inflamed mucosa 

and inflamed mucosa in CD showed an elevated proportion of TLR4-expressing 

endothelial cells. No significance was observed between samples from non-inflamed 

mucosa and inflamed mucosa. n=3 cases per group. *, p<0.05 by ANOVA. n.s.: no 

significance. 
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Figure 20 TNF-α increases the expression of TLR4 in cultured HUVEC. 

 
HUVEC were stimulated with recombinant human TNF-α (20 ng/ml) for 24 h. The 

expression of TLR4 was analyzed by flow cytometry. A. Representative overlay 

histograms of TLR4 expression in cultured HUVEC cells with or without TNF-α 

stimulation from one of three repeated experiments. B. TNF-α stimulation increased the 

percentage of TLR4-expressing cells in vitro. C. TNF-α treatment upregulated the 

relative MFI of TLR4 in cultured cells. Average of 3 experiments is shown, 3 

wells/treatment. *, p<0.05 by Student’s t test. 
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Figure 21 Endothelial TLR4 is deleted effectively in TLR4ΔEndo mice. 

TLR4loxpCre-/- and TLR4ΔEndo mice were treated with 4% DSS in drinking water for 5 

days, and endothelial TLR4 was measured by IF. Triangles: TLR4-expressing endothelial 

cells; Arrows: TLR4-negative endothelial cells. 
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Figure 22 TLR4ΔEndo mice expressed significantly decreased percentage of TLR4-
expressing endothelial cells, measured by flow cytometry. 

TLR4loxpCre-/- and TLR4ΔEndo mice were treated with 4% DSS in drinking water for 5 

days, and single cell suspensions were used for measuring TLR4 expression in CD45-

CD144+ endothelial cells. A. Representative overlay histograms of TLR4 expression in 

endothelial cells from TLR4loxpCre-/- and TLR4ΔEndo mice treated with 4% DSS. B. 

TLR4ΔEndo mice had significantly lower percentage of TLR4-expressing endothelial cells. 

n=3 mice per group, **, p<0.01 by Student’s t test. 
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Figure 23 Age-matched littermates (8 weeks old) of TLR4loxpCre-/- and TLR4ΔEndo 
mice have similar size and body weight when used for experiments.  
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Figure 24 TLR4loxpCre-/- and TLR4ΔEndo mice showed no evidence of spontaneous 
colitis.  

TLR4loxpCre-/- and TLR4ΔEndo mice received tamoxifen i.p. injection to activate the 

activity of Cre recombinase. The colons were collected for macroscopic observation and 

H.E. staining. A. The representative pictures of colons from TLR4loxpCre-/- and 

TLR4ΔEndo mice. No signs of inflammation were observed. B. H.E. staining of sections of 

colons from TLR4loxpCre-/- and TLR4ΔEndo mice. No inflammation or histological damage 

was seen. 
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Figure 25 No difference in body weight change was observed between TLR4loxpCre-/- 
and TLR4ΔEndo mice upon DSS challenge for 5 days. 

TLR4loxpCre-/- and TLR4ΔEndo mice were treated with 4% DSS for 5 days. Body weight of 

each individual animal was measured daily. The percentage of body weight normalized to 

that of Day 0 was calculated and compared. n=12-15 mice per group. 
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Figure 26 TLR4ΔEndo mice showed delayed presentation of bloody diarrhea 
compared to TLR4loxpCre-/- mice upon DSS challenge.  

TLR4loxpCre-/- and TLR4ΔEndo mice were treated with 4% DSS in drinking water. Animals 

were monitored daily for the presence of bloody diarrhea. Curves were compared by the 

Log-rank (Mantel-Cox) test, p<0.01. n=12-15 mice per group. 
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Figure 27 TLR4ΔEndo mice showed longer colons compared to TLR4loxpCre-/- mice 
upon DSS challenge.  

TLR4loxpCre-/- and TLR4ΔEndo mice were treated with 4% DSS in drinking water for 5 

days. At the end of challenge, mice were sacrificed and the entire colon was removed for 

the length measurement. n=12-15 mice per group, p<0.05 by Student’s t test. 
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Figure 28 TLR4ΔEndo mice had improved histological damage upon DSS treatment 
for 5 days. 

TLR4loxpCre-/- and TLR4ΔEndo mice were treated with 4% DSS in drinking water for 5 

days. Mice were then sacrificed and the entire colon was removed for the preparation of 

Swiss rolls for histological examination. A: the representative microscopic images of 

colons from TLR4loxpCre-/- and TLR4ΔEndo mice treated with 4% DSS for 5 days. B and 

C:  TLR4ΔEndo mice had lower histological scores compared to TLR4loxpCre-/- challenged 

with 4% DSS for 5 days. B: Each score item. C: Total score. These results indicate 

endothelial TLR4 is involved in the process of histological damage induced by DSS. 

n=5-7 mice per group, *, p<0.05 and **, p<0.01 by Mann-Whitney U test.  
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Figure 29 TLR4ΔEndo mice have decreased levels of MPO in the colon in DSS-
induced acute colitis. 

TLR4loxpCre-/- and TLR4ΔEndo mice were treated with 4% DSS in drinking water for 5 

days. At the end of challenge, mice were sacrificed and the entire colon was removed for 

the preparation of Swiss rolls. The rolls were then cut into halves along the longitudinal 

axis of the colon. One half of the colon was used for MPO assay to measure neutrophil 

recruitment. n=5-7 mice per group. n.s.: no significance. *, p<0.05; ***, p<0.0001 by 

ANOVA.  
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Figure 30 TLR4ΔEndo mice had fewer CD45+Ly6G+ neutrophils in DSS-induced acute colitis.  
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TLR4loxpCre-/- and TLR4ΔEndo mice were treated with 4% DSS in drinking water for 5 days. At the end of challenge, mice were 

sacrificed and the entire colon was removed for flow cytometry. Neutrophils are defined as CD45+Ly6G+ cells.  A. Representative 

images of flow cytometry. B. TLR4loxpCre-/- and TLR4ΔEndo mice had similar levels of CD45+Ly6G+ cells in the colon when left 

untreated (p>0.05). When treated with 4% DSS for 5 days, TLR4ΔEndo mice had significantly lower levels of CD45+Ly6G+ cells in the 

colon with the respect to TLR4loxpCre-/- mice.  n.s.: no significance. n=3-6 mice per group. **, p<0.01;***, p<0.001 by ANOVA. 
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Figure 31 TLR4ΔEndo mice demonstrated a reduction in leukocyte recruitment. 

TLR4loxpCre-/- and TLR4ΔEndo mice were treated with 4% DSS in drinking water for 5 

days. Colons were prepared for flow cytometry as described. n.s.: no significance. n=3-6 

mice per group. *, p<0.05; ***, p<0.0001 by ANOVA. 
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Figure 32 The interaction between endothelial cells and neutrophils in the colon of 
mice treated with DSS for 5 days was observed by intravital microscopy. 

At Day 5 of DSS-induced colitis, TLR4loxpCre-/- and TLR4ΔEndo mice underwent intravital 

microscopy to measure neutrophil-endothelial cell interactions. Representative images 

are shown. 
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Figure 33 No difference of neutrophil rolling flux was observed between 
TLR4lxopCre-/- and TLR4ΔEndo mice treated with 4% DSS for 5 days. 

The number of rolling neutrophils passing a given point in the vasculature per min 

(neutrophil rolling flux) was measured. There was no difference in terms of neutrophil 

rolling flux was observed between TLR4loxpCre-/- and TLR4ΔEndo mice (p>0.05).   n=3 

mice per group. 
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Figure 34 No difference of neutrophil rolling speed between TLR4lxopCre-/- and 
TLR4ΔEndo mice treated with 4% DSS for 5 days. 

The time taken for neutrophils to travel 100μm within a vessel was measured as 

neutrophil rolling speed (μm/s).  There was no difference in neutrophil speeds observed 

between TLR4loxpCre-/- and TLR4ΔEndo mice (p>0.05).   n=3 mice per group. 
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Figure 35 TLR4ΔEndo mice had a significantly decreased number of adherent 
neutrophils in the vasculature of the colon compared to TLR4loxpCre-/- mice. 

Adherent neutrophils were defined as those that remained still in the vessel for at least 30 

seconds. The number of adhered neutrophils was normalized to per 100 m of 

vasculature. TLR4ΔEndo mice had significantly a decreased number of adherent 

neutrophils with the respect to TLR4loxpCre-/-, when treated with 4% DSS for 5 days. n=3 

mice per group, p<0.05 by Student’s t test. 
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Figure 36 Purified endothelial cells have a good expression of CD31. 

TLR4loxpCre-/- and TLR4ΔEndo treated with 4% DSS were sacrificed at Day 5 of colitis. 

Endothelial cells were purified by magnetic CD146 selecting beads. Bead-selected cells 

were stained with anti-CD31-FITC. The purity of bead-selected cells was measured by 

flow cytometry.  
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Figure 37 The heat map of different expression of interesting genes in colonic 
endothelial cells from TLR4loxpCre-/- mice and TLR4ΔEndo mice treated with 4% DSS 
in drinking water for 5 days.  

TLR4loxpCre-/- and TLR4ΔEndo treated with 4% DSS were sacrificed at Day 5 of colitis. 

The entire colon was collected for isolating single cell suspensions by enzyme digestion 

and mechanical dissociation. Endothelial cells were purified by magnetic CD146 

selecting beads. Total mRNAs were isolated by a commercial kit. The gene expression 

profiles were analyzed by the NanoString nCounter system, as described in Chapter 4. 

The selected genes are shown as a heat map. 
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Figure 38 TLR4loxpCre-/- treated with 4% DSS for 5 days have stronger expression of ICAM2 in colonic endothelial cells 
compared to TLR4ΔEndo mice.  

TLR4loxpCre-/- and TLR4ΔEndo mice were treated with 4% DSS for 5 days, and colonic tissue sections were stained with anti-CD31-PE, 

anti-ICAM2-AF488 antibodies, and DAPI.  Arrows: ICAM2-expressing endothelial cells. Triangles: ICAM2-negative endothelial 

cells. 
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Figure 39 TLR4loxpCre-/- mice treated with 4% DSS for 5 days expressed higher 
fluorescence intensity in endothelium areas compared to TLR4ΔEndo mice.  

At Day 5 of 4% DSS treatment, single cell suspensions from TLR4loxpCre-/- and 

TLR4ΔEndo mice were stained with a viability dye (eFluor® 780), and then incubated with 

anti-CD45-PerCP-Cy5.5, anti-CD144-APC, and anti-ICAM2-AF488. The expression of 

ICAM2 in CD45-CD144+ endothelial cells was assessed by flow cytometry. A. The 

representative overlay histograms of ICAM2 expression in different species of mice. B. 

TLR4ΔEndo mice had a decreased percentage of ICAM2-expressing endothelial cells with 

the comparison to TLR4loxpCre-/- mice upon DSS treatment. C. Endothelial cells from 

TLR4ΔEndo mice showed lower relative MFI compared to cells from TLR4loxpCre-/- in 

DSS-induced colitis. n=3 mice per group. ***, p<0.001 by Student’s t test. 
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Figure 40 Endothelial ICAM2 is upregulated in C57BL/6 mice treated with 4% DSS for 5 days.  

C57BL/6 mice were treated with regular water or 4% DSS in drinking water for 5 days. The colon was collected for frozen sections. 

Sections were stained with anti-CD31-PE, anti-ICAM2-AF488, and DAPI. The expression of ICAM2 in endothelial cells was 

upregulated in DSS-treated mice. Arrows: ICAM2-expressing endothelial cells. 
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Figure 41 Endothelial ICAM2 is upregulated in the colon of mice treated with 4% 
DSS for 5 days. 

Single cell suspensions of isolated colonic cells from regular water or DSS-treated mice 

were stained with viability dye (eFluor® 780), anti-CD45-PerCP-Cy5.5, anti-CD144-

APC, and anti-ICAM2-AF488. The expression of ICMA2 in CD45-CD144+ endothelial 

cells was assessed by flow cytometry. A. The representative overlay histograms of 

ICAM2 expression in mice receiving regular water or DSS.  B. DSS-treated mice had an 

Regular Water 

Isotype 

DSS 

Gated on CD45-CD144+ cells 

ICAM2 

Co
un

t 

A 

B C



 

127 

increased percentage of ICAM2-expressing endothelial cells. C. The relative MFI of 

ICAM2 was significantly elevated in endothelial cells of DSS-treated mice. n=3 mice per 

group. **, p<0.01 by Student’s t test. 
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Figure 42 LPS increases the expression of ICAM2 in cultured endothelial cells in 
vitro. 

Mouse lung endothelial cells were cultured as described. Cells were treated with 500 

ng/ml of LPS or vehicle for 24 h in serum-free medium. The expression of ICAM-2 was 

analyzed by flow cytometry. A. The representative overlay histograms of ICAM2 

expression in cultured endothelial cells with different treatments. B. LPS stimulation 

increased the percentage of ICAM2-expressing cells. C. LPS treatment increased the 

relative MFI for ICAM2 in cultured endothelial cells. Average of 3 experiments was 

shown, 3 well/treatment. *, p<0.05 by Student’s t test. 
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Figure 43 Anti-ICAM2 antibody reduces neutrophil adherence in the colonic 
microvasculature during DSS colitis.    

Neutrophil-endothelial interactions were measured on day 4 of colitis (following 

administration of 3 mg/kg isotype control antibody (top panel) or anti-ICAM2 (bottom 

panel).  Representative images are shown.  Arrows indicate adherent neutrophils within 

the venule.  
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Figure 44 DSS colitis mice receiving anti-ICAM2 antibodies had a similar 
neutrophil rolling flux in the colonic vessel compared to isotype control-treated 
mice. 

The number of rolling neutrophils passing a given point in the vasculature per min 

(neutrophil rolling flux) was measured. There was no difference in terms of neutrophil 

rolling flux was observed between DSS colitis mice treated with isotype control antibody  

and anti-ICAM2 antibody (p>0.05).   n=5 mice per group. 
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Figure 45 DSS colitis mice receiving anti-ICAM2 antibodies had a similar 
neutrophil rolling speed in the colonic vessel compared to isotype control-treated 
mice. 

The time taken for neutrophils to travel 100μm within a vessel was measured as 

neutrophil rolling speed (μm/s).  There was no difference in neutrophil speeds observed 

between TLR4loxpCre-/- and TLR4ΔEndo mice (p>0.05).   n=5 mice per group. 
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Figure 46 DSS colitis mice treated with anti-ICAM2 antibody had a significantly 
decreased number of adherent neutrophils in the vasculature of the colon compared 
to mice received isotype control antibody. 

Adherent neutrophils were defined as those that remained still in the vessel for at least 30 

seconds. The number of adhered neutrophils was normalized to per 100 m of 

vasculature. DSS colitis mice receiving anti-ICAM2 antibody had significantly a 

decreased number of adherent neutrophils compared to mice treated with isotype control 

antibody. n=5 mice per group, p<0.01 by Student’s t test. 

 

 

 

 

 

 

 



 

133 

 
 
 
 
 
 
 
 
 
 
 
Research is what I’m doing when I don’t know what I’m doing. 
 --Wernher von Braun 
 
  



 

134 

Chapter Six: Discussion 

In this project, we demonstrated the importance of endothelial TLR4 in neutrophil 

recruitment during DSS-induced colitis in mice. The results showed: (1) endothelial 

TLR4 is upregulated in the colon of mice with DSS-induced colitis by a (at least partly) 

TNF-α-dependent manner, and the colonic biopsy samples from IBD patients; (2) 

conditional knockout of endothelial TLR4 suppresses the infiltration of neutrophils 

during DSS-induced colitis by inhibiting neutrophil adhesion; (3) ICAM2 is up-regulated 

by endothelial TLR4 signaling in DSS colitis, and (4) blockade of ICAM2 in vivo inhibits 

neutrophil recruitment early in colitis. Together, these data highlight a novel, cell specific 

role for TLR4 in colitis, and reinforce the complexity of PRR signaling in the GI tract 

during intestinal diseases. 

TLR4 is an important pathogen detector to initiate pro-inflammatory responses in 

infectious and inflammatory diseases, including IBD. TLRs are a core group of PRRs. To 

date, there are 11 human TLRs (TLR1-10. TLR11 in human is not functional, as a stop 

codon is present in the gene.) and 12 mice TLRs (TLR1-9, and TLR11-13) that have been 

discovered [273]. Although the activation of TLRs is essential for the clearance of 

pathogens and damaged tissue, prolonged and excessive activation of TLR signaling is 

detrimental. It has been reported that TLR4 mediates pathophysiological roles in many 

inflammatory diseases, including hepatic fibrosis [274], kidney ischemia/reperfusion 

injury [275], Alzheimer’s disease [276], cardiovascular diseases [277], Type 2 diabetes 

[278], and other inflammatory diseases. It has been reported that TLR4 expression in 

epithelial cells is upregulated in IBD [29, 279], suggesting that over-activation of 

epithelial TLR4 leads to uncontrolled inflammation in the intestine of IBD patients. In 



 

135 

another study, mice with over-expressed epithelial TLR4 (Villin-TLR4 mice) 

demonstrated an increased susceptibility to DSS-induced colitis [59], providing 

corroborating evidence for the pathophysiologic effects of epithelial TLR4 in 

experimental colitis and human IBD. This is not to say, however, that there is no role for 

TLR4 on other non-hematopoietic cell types in colitis.  Our data provide strong evidence 

that endothelial TLR4 plays a key role in neutrophil recruitment early in disease. 

A growing body of evidence has shown roles of endothelial TLR4 in driving 

neutrophil emigration in inflammatory and infectious diseases. In studies using mice with 

exclusive expression of TLR4 in endothelial cells [37, 39], the results confirmed that 

even with restriction to this cell type, TLR4 stimulation supports neutrophil recruitment 

to the tissue.  It would be intriguing to use this mouse model in the DSS colitis model as 

well; if increased ICAM2 expression and neutrophil recruitment were to occur with 

endothelial-specific TLR4 expression alone, it would provide strong corroborating 

evidence for our own findings.  In a NEC model [40], mice with conditional knockout of 

endothelial TLR4 showed less severe disease, with increased levels of endothelial NO 

synthase (eNOS) and improved intestinal blood perfusion.  While we did not measure 

intestinal blood flow directly, we observed no changes in neutrophil flux or rolling speed, 

which might be expected if the endothelial TLR4 effects we observed were related to 

blood flow. 

To test the hypothesis that endothelial TLR4 is involved in neutrophil recruitment 

during DSS-induced colitis, the expression of endothelial TLR4 was checked by 

immunofluorescence and flow cytometry. Others have reported difficulties detecting 
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TLR4 by flow cytometry [280], although by pre-fixing cells with 1% formalin prior to 

staining, we were able to reproducibly measure TLR4 on the cell surface, as reported 

previously [281].  In doing so, we were able to conclusively demonstrate an upregulation 

on endothelial TLR4 prior to neutrophil recruitment, supporting a model where 

endothelial TLR4 serves as a sentinel for LPS, triggering cell adhesion and recruitment as 

a consequence. 

Although we only examined intestinal tissue from a limited number of patients 

with Crohn’s disease, we were able to show increased endothelial TLR4 in disease which 

remained elevated, in patients with what appeared to be endoscopic remission.  It is worth 

noting that these patients with endoscopic remission might still have microscopic 

evidence of colitis, as we did not perform histological examinations. Broader testing with 

a larger sample will help determine whether this observation is, in fact, reproducible.  

Moreover, the observation that TNF-α increases endothelial TLR4 might indicate that 

IBD-specific therapies targeting TNF-α may work, in part, by downregulating 

endothelial-specific signals that increase responsiveness to bacterial LPS.  A translational 

study, using tissues obtained from patients treated with anti-TNF-α (before and after 

treatment) may provide data to support this hypothesis.  

One question regarding the upregulation of endothelial TLR4 is the mechanism 

controlling the TLR4 expression in endothelial cells. Based on published literature,   

TNF-, which is upregulated in colitis and IBD [42], is a positive regulator for TLR4 

expression in colonic epithelial cells [44]. Additionally, TNF- has been shown to be an 

activator for endothelial cells as a pro-inflammatory cytokine [43]. To test whether   
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TNF-α blockade downregulates TLR4 in the context of experimental colitis, we utilized 

an anti-TNF- neutralizing antibody and its corresponding isotype control antibody as 

described before [263]. In agreement with previous publications, the anti-TNF- 

antibody alleviated the disease severity, and inhibited neutrophil and leukocyte 

recruitment, compared to mice treated with isotype control antibodies.  More importantly, 

anti-TNF- administration decreased the upregulation of colonic endothelial TLR4 (both 

the percentage of TLR4-expressing endothelial cells and MFI of TLR4 in endothelial 

cells) at Day 5 of DSS-induced colitis to the similar levels as untreated mice. These data 

indicate that TNF- is involved in the increase of colonic endothelial TLR4 in DSS-

induced colitis. Given the complexity of the pro-inflammatory milieu in colitis, TNF-α 

may not be the only mediator responsible for upregulation of endothelial TLR4. For 

instance, it is possible that TNF- works with other pro-inflammatory cytokines and 

interferons to induce the upregulation of endothelial TLR4. However, our data support 

the conclusion that upregulation of endothelial TLR4 in DSS-induced acute colitis is 

TNF--dependent. 

We then utilized cultured endothelial cells to demonstrate the direct effects of 

TNF- in vitro. Because of difficulties culturing endothelial cells from the small and 

large intestine, we utilized lung tissue as a rich source of endothelium.  While it is 

possible that intestinal endothelial cells may differ from those in the lung in terms of 

activation, we chose this site since it is an important interface for mucosal immunity.  

Considering endothelial TLR4 is essential for neutrophil recruitment to the lung upon 

LPS stimulation [282], endothelial cells from the lung and colon should share some 
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common features in terms of TLR4 activation and neutrophil recruitment. HUVEC cells 

are widely used to investigate human endothelial cell biology in vitro, we used this line of 

cell to perform our in vitro studies for the duplicability in the future studies and 

comparisons with other publications. The fact that both mouse lung and HUVEC cells 

responded to TNF-α with increased TLR4 expression supports the idea that this effect 

may not be limited to the intestinal endothelium alone. Future studies focusing on 

intestinal endothelial cells will clarify whether their behavior in vitro is different from 

endothelial cells from other tissue.  

The molecular mechanisms underlying TNF-α-induced endothelial TLR4 

expression warrant further investigation.  In data not presented here, earlier time points 

(prior to 24h) did not show increased TLR4 on endothelial cells in vitro, leading to the 

possibility that endothelial TLR4 may be indirectly expressed following TNF-α 

stimulation, possibly by induction of another mediator that subsequently acts in a 

paracrine or autocrine fashion.  It is known that upregulation of ICAM1 by TNF-α in 

endothelial cells is caused by reactive oxygen species generated by TNF-α.  Given the 

labour intensive nature of using primary cells in our model, we did not intensively 

investigate earlier time points to clarify the time course of TLR4 expression in vitro.  

Future studies addressing this possibility will provide more clarity around the 

mechanisms of TNF-α induced endothelial TLR4. 

           Although the upregulation of endothelial TLR4 is observed in DSS-induced 

colitis, endothelial TLR4 can be a perpetuator to mediate tissue damage or an active 

participant involved in tissue repair in responses to damage. Additionally, we also found 
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that the upregulation of endothelial TLR4 occurs prior to neutrophil recruitment in DSS-

induced acute colitis, so we hypothesized endothelial TLR4 might facilitate neutrophil 

recruitment. To test the roles of endothelial TLR4 in experimental colitis, we utilized the 

Cre-flox system to generate mice with conditional deletion of endothelial TLR4, as 

described in Chapter 4. The mice used in this part of the project had tamoxifen-inducible 

Cre recombinase activity, which has several advantages: (1) the timing of deleting 

endothelial TLR4 can be controlled, as a long-term loss of endothelial TLR4 might 

increase other PRRs expression, which has been suggested in patients bearing NOD2 

mutations; (2) deleting endothelial TLR4 immediately before experiments avoids any 

possible long-term alteration of endothelial TLR4-induced changes in host response, or 

the microbiota, and (3) a tissue-specific deletion of TLR4 limits the loss of TLR4 to 

endothelial cells, leaving TLR4 expression by other cell types in the tissue intact. 

However, a disadvantage of the model is that the induction of Cre activity depends on 

intraperitoneal injection of tamoxifen for 5 consecutive days.  To control for this, all mice 

(TLR4loxpCre-/- and TLR4ΔEndo mice) received tamoxifen injection prior to DSS treatment.  

While we cannot exclude an effect of tamoxifen on our model conclusively, the 

agreement between tamoxifen treated and untreated mice in our experiments would argue 

this is not the case. 

Endothelial TLR4 mediates histological damage and neutrophil recruitment in 

DSS-induced colitis. TLR4ΔEndo mice showed attenuated features of colitis compared to 

TLR4loxpCre-/- mice treated with 4% DSS in drinking water for 5 days. TLR4ΔEndo mice 

also showed alleviated histological damage upon DSS challenge. One possible 

explanation for this is that inhibition of neutrophil recruitment was sufficient to reduce 
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disease severity.  This would be supported by the data above, as well as the MPO data 

and intravital microscopy findings in mice lacking endothelial TLR4.  It is worth noting, 

however, that leukocyte recruitment in general was inhibited by loss of endothelial TLR4.  

Decreased disease severity, then, may be related to global inhibition of leukocyte 

recruitment.  Of note, we focused only on neutrophil recruitment in our study.  Further 

investigation should provide insight into how recruitment of other specific leukocyte 

populations are affected by endothelial TLR4.  It is tempting to speculate the TLR4 

signaling in the endothelium may result in recruitment of different leukocyte populations 

using different final pathways, but all initiated by a common initial signal (TLR4 

activation).   

In our flow cytometry experiments, we noted a population of cells that were 

CD45 negative but Ly6G positive, based on reactivity with the 1A8 antibody that 

recognizes Ly6G.  This suggests that there may be a degree of non-specific binding 

associated with this antibody in the intestine during colitis.  The original characterization 

of the 1A8 antibody showed that the antibody did not cross react with Ly6C transfected 

cells, but did show some weak cross reaction with Ly6E transfected cells in vitro [283].  

This was not observed in vivo, however, making the finding of uncertain significance.  

The authors also showed that 1A8 did not bind to Ly6B based on serological analysis.  

They speculated that binding to Ly6D did not occur based on tissue distribution of Ly6D 

compared to Ly6G, but did not test this directly.  Although the 1A8 antibody is known 

not to cross-react to Ly6C (thus making it a more specific marker of neutrophils than Gr1 

– an antibody that binds to both Ly6C and Ly6G), the possibility does exist that it may 

bind to other Ly6 family members expressed by cell types other than leukocytes.  Ly6I, 
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for instance, is expressed by leukocytes but also by the mouse fibroblast cell line NIH-

3T3, and expression of Ly6I is inducible with IFN γ [284].  Ly6I shows 70% similarity at 

the amino acid level with Ly6G, and to our knowledge, it has never been tested whether 

the 1A8 antibody will bind to this protein.  It is therefore possible that the 1A8 staining 

observed in the CD45 negative cell population may represent specific binding to a 

different Ly6 family member in a non-leukocyte population.  It should be noted, 

however, that the CD45 positive Ly6G positive cell population does increase during 

colitis, consistent with our MPO assays and observations using this antibody during 

intravital microscopy.  As such, we feel confident that the increase in the CD45+Ly6G+ 

cell population does reflect neutrophil infiltration into the colon.  More work is required 

to define the specific protein being bound by the 1A8 antibody in the CD45 negative 

population, however.  

In order to reveal the downstream molecules under the control of endothelial 

TLR4, we initially tried measuring candidate proteins by flow cytometry.  In preliminary 

experiments not presented herein, the adhesion molecules ICAM1 and VCAM1, and the 

chemokines KC and MIP2 did not show significant differences between the two lines of 

mice.  Then, we decided to use a hypothesis-free method with more broaden spectrum of 

targets—an mRNA microarray. A NanoString nCounter CodeSet mouse Pancancer 

Immune Profiling Panel was used to analyze the gene-expression profiles of the two lines 

of mice in response to DSS.  

This NanoString nCounter CodeSet system has several advantages. First, a 

NanoString panel can detect over four hundred genes simultaneously. Second, levels of 

each mRNA in samples are measured directly without amplification. Therefore, levels of 
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each target mRNA can be assessed by counting the number of a certain reporter probe, 

which avoids gene-specific and 3’ biases. Third, the reaction is done in solution rather 

than on a surface like microarrays, which allows a higher sensitivity. Last, the analysis 

software nSolver provides the internal quality control and normalization, which makes 

the analysis process much easier. In short, the NanoString nCounter CodeSet system is a 

novel and effective technique to measure the transcriptome. 

By the assessment of the NanoString nCounter CodeSet system, we identified the 

different gene expression profiles in colonic endothelial cells between TLR4loxpCre-/- and 

TLR4ΔEndo treated with 4% DSS for 5 days. According to published literature, ICAM2 is 

upregulated in IBD patients [272], and it is related to neutrophil recruitment [48], we 

decided to investigate the expression of endothelial TLR4loxpCre-/- and TLR4ΔEndo mice 

treated with 4% DSS for 5 days.  Many other endothelial genes are regulated in colitis by 

TLR4 according to the dataset.  It is worth nothing that while CD31 positive cells were 

greatly enriched by the bead selection prior to this technique. CD31- cells were also 

present in the cell population as well. We validated the obscured increase in ICAM2 by 

the endothelium at the protein level, but we did not do this for other identified genes of 

interest. Therefore, some of the changes identified by the NanoString CodeSet may be in 

cell types other than the endothelium. These data provide an excellent framework for 

future studies focusing on the role of endothelial TLR4 in disease, and may yield other 

insights into cell-specific roles for TLR4 in the intestine, although validation would need 

to be performed for any gene of interest to confirm that any changes in expression for a 

target gene are not artefactual.  
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Assessed by IF and flow cytometry, endothelial ICAM2 is significantly increased 

in TLR4loxpCre-/- mice compared to TLR4ΔEndo. Additionally, C57BL/6 mice treated with 

4% DSS for 5 days also have elevated levels of endothelial ICAM2 in the colon with 

respect to untreated mice. In vitro cultured endothelial cells respond to LPS treatment to 

increase the surface expression of ICAM2. These data indicate that ICAM2 is a 

downstream molecule controlled by endothelial TLR4 in experimental colitis. 

This is corroborated by the fact that inhibition of ICAM2 has a profound effect on 

neutrophil adhesion in vivo, as assessed by intravital microscopy.  Neutrophil rolling is 

the condition for the consequent neutrophil adhesion. As no difference in terms of 

neutrophil rolling flux and rolling speed was observed between anti-ICAM2 antibody- 

and isotype control antibody-treated DSS colitis mice, ICAM2 seems to have specific 

functions in neutrophil adhesion during DSS colitis. While antibody blockade of ICAM2 

does not directly prove that endothelial ICAM2 is responsible for the increased 

recruitment observed, the data provide strong evidence that this may indeed be the case.  

Future experiments using endothelial specific ICAM-2 deletion will more directly 

address this possibility, and exclude any role for ICAM2 on other cell types in this model 

system. 

To the best of our knowledge, our project is the first one to describe the role of 

ICAM2 in neutrophil adhesion during experimental colitis. Although the functions of 

ICAM2 in neutrophil recruitment has been studied before, the literature addressing the 

role of ICAM2-mediated neutrophil-endothelium interactions is relatively small, and 

most of these studies were done in vitro or in in vivo models involving the cremaster 
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muscle [285]. Results from these pioneering studies demonstrate that ICAM2 is involved 

in each step of neutrophil recruitment, and the permeability of endothelium. In our 

project, we observed that blocking ICAM2 by the neutralizing antibodies inhibited 

neutrophil adhesion in DSS colitis, indicating ICAM2 is more involved in neutrophil 

arrest in the colonic circulation during DSS colitis. This raises several questions: 1) Does 

the role of ICAM2-mediated neutrophil adhesion have an organ specificity? 2) Why does 

ICAM2 have a specific role in neutrophil adhesion under the control of endothelial TLR4 

during DSS colitis? And 3) how does ICAM2 use different mechanisms to interact with 

endothelium in DSS colitis? To answer the first question, other infectious and 

inflammatory models using ICAM2-defecient mice or anti-ICAM2 antibodies should be 

studied in the future. Based on results of further studies, ICAM2 could be a therapeutic 

target in inflammatory diseases, including multiple sclerosis, rheumatoid arthritis and 

other inflammatory diseases. For the second question, our data suggest endothelial 

ICAM2 expression is controlled by endothelial TLR4 in vitro and in vivo. However, 

whether ICAM2 is exclusively regulated by TLR4, or the activation of TLR4 is one of 

the steps involved in the upregulation of ICAM2, still needs further investigations. 

Considering our in vitro data, in which endothelial ICAM2 is upregulated at the time 

point of 24 h after LPS stimulation, the upregulation of ICAM2 may be an indirect effect 

after TLR4 activation. Further investigations are required to determine possible 

intermediate molecules in the pathways leading to ICAM2 expression by TLR4. For the 

last question, it has been indicated that both ICAM1 and ICAM2 use the same ligands—

Mac1 and LFA1 [285], but whether this is a universal interaction, or organ-specific, or 

context-dependent remains unknown. According to our data in the assay of ICAM2 
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blockade, ICAM2 seems to have more important roles in mediating neutrophil adhesion 

than ICAM1 in the early stage of DSS colitis. In support of this, Soriano et al showed that 

blockade of ICAM1 had no effect on leukocyte adhesion in DSS colitis [286], suggesting 

the possibility that ICAM2 may be a more important molecule at this early time point in 

colitis.  

Based on our findings, the role of endothelial TLR4 in experimental colitis might 

be a two-hit model. In the normal state, endothelial cells are not activated, and the levels 

of endothelial TLR4 are very low. The first hit happens in the early stage of experimental 

colitis. TNF-α activates local endothelial cells and upregulates the expression of 

endothelial TLR4. Recognition of LPS then provides a “second hit”, and endothelial 

TLR4 results in increased expression of ICAM2 (Figure 47), which subsequently 

enhances neutrophil adhesion. According to the results that endothelial TLR4 is 

upregulated in non-inflamed mucosal biopsy samples, endothelial TLR4 might be 

important for either initiating or perpetuating intestinal inflammation in human IBD, as 

well. 

In our experimental system, we did not prove the activation of TLR4 is mediated 

by LPS. Since in addition to LPS, TLR4 has other ligands including heat shock proteins 

and high mobility group box 1 protein (HMGB1), which are released by damaged or 

stressed tissue [287], it is possible that the activation of TLR4 might be mediated by other 

ligands rather than LPS. It has been shown that mice treated with broad spectrum 

antibiotics to deplete the gut microbiota do not survive DSS challenge, while adding LPS 

in drinking water containing DSS rescues mice from the high mortality [57]. Testing the 
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effect of endothelial TLR4 in leukocyte recruitment either with concomitant antibiotic 

therapy, or under germ-free conditions, should help clarify whether endogenous ligands 

play any role in this model system. 

As well, we have only confirmed the effect of endothelial TLR4 in DSS colitis.  

Further experiments in other model systems (such as the IL-10 gene deficient mouse, or 

the Citrobacter rodentium model of colitis) should give important insights into the 

generalizability of this phenomenon to other models of disease. 

While some of our experiments had a limited sample size in terms of number of 

mice, (for instance, showing that TNFα blockade inhibited endothelial TLR4 expression), 

these mice were not all treated concurrently (eg. The data shown in this case are from 

three experiments), and preliminary data supporting the effect observed during 

optimization of the experimental conditions were not included in the final analysis given 

that the specific experimental details were not identical to those shown.  Given that 

consistent results were seen each time, we feel confident in the effect seen.  This is also 

supported by the fact that TNFα treatment in vitro increased TLR4 expression, suggesting 

that this cytokine acts directly on the endothelium during colitis to upregulate TLR4.   

While blockade of TLR4 may be unwise in human disease as TLR4 is essential 

for epithelium homeostasis and host defence against infection by recruiting leukocytes, 

blocking downstream effects of cell-specific TLR4 activation may well be effective for 

treating IBD.  Adhesion molecules are now well accepted as a therapeutic target in IBD, 

and other inflammatory diseases as well.  Using ICAM2 as a representative target, it may 

be possible to inhibit TLR4-induced cell recruitment in IBD while allowing other 
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beneficial effects of TLR4 in other cell types (such as epithelial proliferation and repair) 

to proceed unhindered.  Further studies into the proinflammatory role of endothelial 

TLR4 should provide additional therapeutic targets specific to endothelial activation, and 

may ultimately lead to a broader arsenal of treatments for both Crohn disease and 

ulcerative colitis.  
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Figure 47 The two-hit model of roles of endothelial TLR4 in the gut inflammation. 

A. The expression of TLR4 in endothelial cells is upregulated by TNF-α. B. Activation of 

TLR4 induces the overexpression of ICAM2 on the surface of endothelial cells. 

 



 

149 

 

 

 

 

Everything is theoretically impossible, until it is done. 

 --Robert A. Heinlein 
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Chapter Seven: Conclusion 

Endothelial TLR4 mediates neutrophil adhesion to provoke neutrophil recruitment 

by increasing ICAM2 in endothelial cells in DSS-induced acute colitis. 
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Human behaviours flow from three main sources: desire, emotion, and knowledge. 

 --Plato 
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Success consists of going from failure to failure without loss of enthusiasm. 
              --Sir Winston Churchill  
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Appendix: Genes of interest in colonic endothelial cells from DSS-induced colitis 
(TLR4loxpCre-/- v.s. TLR4ΔEndo mice) 

Genes Official Full Name Fold Change p 

Abcb10 ATP-binding cassette, sub-family B 
(MDR/TAP), member 10 

1.331641791 0.1140 

Abcb1a ATP-binding cassette, sub-family B 
(MDR/TAP), member 1A 

1.337077971 0.3020 

Abcf1 ATP-binding cassette, sub-family F 
(GCN20), member 1 

1.320571429 0.1417 

Abl1 c-abl oncogene 1 1.037714286 0.8826 

Adal adenosine deaminase-like 1.1496 0.5738 

Ahr aryl-hydrocarbon receptor 1.530793651 0.0696 

Aicda activation-induced cytidine deaminase 1 1.0000 

Aire autoimmune regulator (autoimmune 
polyendocrinopathy candidiasis 
ectodermal dystrophy) 

2.1 1.0000 

App amyloid beta (A4) precursor protein 1.377237736 0.0553 

Arhgdib Rho, GDP dissociation inhibitor (GDI) 
beta 

1.689940828 0.0218* 

Atg16l1 autophagy related 16-like 1 1.33204461 0.0823 

Atm ataxia telangiectasia mutated 1.44 0.1917 

B2m beta-2 microglobulin  1.037447801 0.8029 

Batf basic leucine zipper transcription factor 1.44 0.2940 

Batf3 basic leucine zipper transcription factor, 
ATF-like 3 

1.2816 0.5212 

Bax BCL2-associated X protein 1.337475728 0.1770 

Bcap31 B cell receptor associated protein 31 1.479543509 0.0257* 

Bcl2 B-cell CLL/lymphoma 2 1.196504854 0.3373 

 



 

171 

 

Continued 

Genes Official Full Name Fold Change p 

Bcl3 B-cell CLL/lymphoma 3 1.123636364 0.5142 

Bcl6 B-cell CLL/lymphoma 6 1.11255814 0.4664 

Bid BH3 interacting domain death agonist 1.146666667 0.6248 

Blnk B-cell linker 1.211020408 0.6213 

Bst1 bone marrow stromal cell antigen 1 1.578387097 0.0119* 

Bst2 bone marrow stromal cell antigen 2 1.345714286 0.1310 

Btk Bruton agammaglobulinemia tyrosine 
kinase 

1.44 0.2856 

Btla B and T lymphocyte associated 2.382857143 0.0405 

Btnl1 butyrophilin-like 1 1.342222222 0.6243 

Btnl2 butyrophilin-like 2 1.836 0.1952 

C1qa complement component 1, q 
subcomponent, A chain 

3.97 0.0303* 

C1qb complement component 1, q 
subcomponent, B chain 

2.012 0.0526 

C1qbp complement component 1, q 
subcomponent binding protein 

1.148210526 0.4376 

C1ra complement component 1, r 
subcomponent A 

1.115635674 0.3989 

C1s complement component 1, s 
subcomponent 

1.219805137 0.1092 

C2 complement component 2 0.914444444 0.7302 

C3 complement component 3 1.131011236 0.6594 

C4a complement component 4A 0.97442735 0.8685 
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Continued 

Genes Official Full Name Fold Change p 

C4bp complement component 4bp 0.685714286 0.4803 

C6 complement component 6 1.062857143 0.8260 

C7 complement component 7 1.5225 0.3391 

C8a complement component 8, alpha 
polypeptide 

0.874285714 0.4534 

C8b complement component 8, beta 
polypeptide 

1 1.0000 

C8g complement component 8, gamma 
polypeptide 

1.44 0.2429 

C9 complement component 9 1.251428571 0.3122 

Camp cathelicidin antimicrobial peptide 1.44 0.3805 

Card9 caspase recruitment domain family, 
member 9 

1.44 0.3662 

Casp1 caspase 1, apoptosis-related cysteine 
peptidase 

1.892394366 0.0493* 

Casp2 caspase 2, apoptosis-related cysteine 
peptidase 

1.493513514 0.1756 

Casp3 caspase 3, apoptosis-related cysteine 
peptidase 

1.275437666 0.2091 

Casp8 caspase 8, apoptosis-related cysteine 
peptidase 

1.656120907 0.0353* 

Ccbp2 atypical chemokine receptor 2 0.978 0.9371 

Ccl11 chemokine (C-C motif) ligand 11 0.90907994 0.7374 

Ccl12 chemokine (C-C motif) ligand 12 1.033846154 0.9419 

Ccl19 chemokine (C-C motif) ligand 19 1.484 0.1357 

Ccl2 chemokine (C-C motif) ligand 2 0.642491803 0.2019 
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Continued 

Genes Official Full Name Fold Change p 

Ccl20 chemokine (C-C motif) ligand 20 2.54 0.0866 

Ccl22 chemokine (C-C motif) ligand 22 1.301052632 0.4722 

Ccl25 chemokine (C-C motif) ligand 25 1 1.0000 

Ccl26 chemokine (C-C motif) ligand 26 0.945 0.8611 

Ccl3 chemokine (C-C motif) ligand 3 1.865806452 0.2521 

Ccl4 chemokine (C-C motif) ligand 4 1.905882353 0.1364 

Ccl5 chemokine (C-C motif) ligand 5 0.668307692 0.2773 

Ccl6 chemokine (C-C motif) ligand 6 1.290566038 0.4009 

Ccl7 chemokine (C-C motif) ligand 7 0.927631579 0.7117 

Ccl8 chemokine (C-C motif) ligand 8 1.019340659 0.9402 

Ccl9 chemokine (C-C motif) ligand 9 0.78 0.5382 

Ccr10 chemokine (C-C motif) receptor 10 0.937142857 0.8930 

Ccr2 chemokine (C-C motif) receptor 2 1.704 0.1146 

Ccr3 chemokine (C-C motif) receptor 3 1.88 0.0599 

Ccr4 chemokine (C-C motif) receptor 4 0.945 0.8611 

Ccr5 chemokine (C-C motif) receptor 5 1.717894737 0.2508 

Ccr6 chemokine (C-C motif) receptor 6 2.76 0.0003 

Ccr7 chemokine (C-C motif) receptor 7 1.5225 0.4550 
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Continued 

Genes Official Full Name Fold Change p 

Ccr8 chemokine (C-C motif) receptor 8 1.251428571 0.4770 

Ccr9 chemokine (C-C motif) receptor 9 0.814736842 0.4838 

Ccrl1 chemokine (C-C motif) receptor-like 1 1.88 0.0473* 

Ccrl2 chemokine (C-C motif) receptor-like 2 1.253097345 0.2794 

Cd109 CD109 antigen 1.263380282 0.2770 

Cd14 CD14 antigen 1.408446215 0.3105 

Cd160 CD160 antigen 0.78 0.2418 

Cd163 CD163 antigen 2.005714286 0.0419* 

Cd164 CD164 antigen 1.233317811 0.2232 

Cd19 CD19 antigen 1.22 0.5603 

Cd1d1 CD1D1 antigen 1.232571429 0.3251 

Cd2 CD2 antigen 0.968571429 0.9517 

Cd209g CD209G antigen 1.605 0.3157 

Cd22 CD22 antigen 1.744615385 0.2334 

Cd226 CD206 antigen 1.293333333 0.1114 

Cd244 CD204 antigen 1.44 0.3662 

Cd247 CD247 antigen 1.502857143 0.1393 

Cd24a CD24a antigen 1.006330935 0.9749 
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Continued 

Genes Official Full Name Fold Change p 

Cd27 CD27 antigen 0.67 0.2988 

Cd274 CD274 antigen 0.888674699 0.5335 

Cd28 CD28 antigen 1.11 0.6884 

Cd34 CD34 antigen 1.552412035 0.0207* 

Cd36 CD36 antigen 1.409262053 0.1763 

Cd3d CD3 antigen, delta polypeptide 1.157142857 0.6337 

Cd3e CD3 antigen, epsilon polypeptide 0.912 0.8295 

Cd3eap CD3E antigen, epsilon polypeptide 
associated protein 

1.490769231 0.0896 

Cd4 CD4 antigen 0.741176471 0.1354 

Cd40 CD40 antigen 1.214634146 0.4979 

Cd40lg CD40 ligand 0.8625 0.6790 

Cd44 CD44 antigen 1.020054695 0.9067 

Cd46 CD46 antigen, complement regulatory 
protein 

1.77 0.1145 

Cd48 CD48 antigen 0.6975 0.2812 

Cd5 CD5 antigen 1.55 0.4046 

Cd53 CD53 antigen 0.874285714 0.6043 

Cd55 CD55 antigen 1.707920792 0.0513 

Cd59b CD59b antigen 0.853333333 0.6096 
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Continued 

Genes Description Fold Change p 

Cd6 CD6 antigen 1.062857143 0.7791 

Cd69 CD69 antigen 2.049230769 0.0338* 

Cd74 CD74 antigen 1.0598679 0.7879 

Cd79a CD79A antigen (immunoglobulin-
associated alpha) 

0.853333333 0.7128 

Cd79b CD79B antigen 2.1 0.1353 

Cd80 CD80 antigen 0.84 0.6538 

Cd81 CD81 antigen 1.463067293 0.0260* 

Cd82 CD82 antigen 1.602397476 0.0393* 

Cd83 CD83 antigen 1.897959184 0.1023 

Cd86 CD86 antigen 1.846153846 0.0611 

Cd8a CD8 antigen, alpha chain 0.78 0.5644 

Cd8b1 CD8 antigen, beta chain 1 1.251428571 0.3122 

Cd9 CD9 antigen 1.327945671 0.0913 

Cd96 CD96 antigen 2.571428571 0.0185* 

Cd97 CD97 antigen 1.319513185 0.0749 

Cd99 CD99 antigen 1.179363057 0.3061 

Cdh5 cadherin 5 1.299384846 0.1797 

Cdkn1a cyclin-dependent kinase inhibitor 1A 
(P21) 

1.016135103 0.9459 
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Genes Official Full Name Fold Change p 

Ceacam1 carcinoembryonic antigen-related cell 
adhesion molecule 1 

1.769443508 0.1937 

Cebpb CCAAT/enhancer binding protein 
(C/EBP), beta 

1.166341463 0.4088 

Cfb complement factor B 1.279459459 0.3058 

Cfd complement factor D (adipsin) 0.437142857 0.3703 

Cfh complement component factor h 1.350469565 0.1541 

Cfi complement component factor i 1.22 0.2415 

Cfp complement factor properdin 1.675714286 0.1329 

Chuk conserved helix-loop-helix ubiquitous 
kinase 

1.329703504 0.0899 

Ciita class II transactivator 0.585882353 0.1279 

Cish cytokine inducible SH2-containing 
protein 

1.233134328 0.3459 

Clec4a4 C-type lectin domain family 4, member 
a4 

0.853333333 0.4860 

Clec4e C-type lectin domain family 4, member e 1.301052632 0.4623 

Clec5a C-type lectin domain family 5, member a 0.84 0.7231 

Clu clusterin 1.568346804 0.0200* 

Cmklr1 chemokine-like receptor 1 1.682201835 0.0087* 

Cr2 complement receptor 2 1.11 0.7348 

Cradd CASP2 and RIPK1 domain containing 
adaptor with death domain 

1.41 0.1329 

Crlf2 cytokine receptor-like factor 2 1.187865169 0.2896 
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Csf1 colony stimulating factor 1 
(macrophage) 

1.032919708 0.8524 

Csf1r colony stimulating factor 1 receptor 2.288571429 0.0415* 

Csf2 colony stimulating factor 2 (granulocyte-
macrophage) 

1 1.0000 

Csf2rb colony stimulating factor 2 receptor, 
beta, low-affinity (granulocyte-
macrophage) 

1.274469453 
0.2920 

Csf3r colony stimulating factor 3 receptor 
(granulocyte) 

0.835 0.6742 

Ctla4 cytotoxic T-lymphocyte-associated 
protein 4 

1.125714286 0.7587 

Ctnnb1 catenin (cadherin associated protein), 
beta 1 

1.487922204 0.0225 

Ctsc cathepsin C 1.296666667 0.0475 

Ctsg cathepsin G 0.84 0.5621 

Ctss cathepsin S 2.057338403 0.0771 

Cul9 cullin 9 1.275 0.3926 

Cx3cl1 chemokine (C-X3-C motif) ligand 1 1.455903614 0.0857 

Cx3cr1 chemokine (C-X3-C motif) receptor 1 0.96 0.9286 

Cxcl1 chemokine (C-X-C motif) ligand 1 0.945983567 0.7714 

Cxcl10 chemokine (C-X-C motif) ligand 10 0.877875752 0.5360 

Cxcl11 chemokine (C-X-C motif) ligand 11 1.64 0.1154 

Cxcl12 chemokine (C-X-C motif) ligand 12 1.262041661 0.1327 

Cxcl13 chemokine (C-X-C motif) ligand 13 1.042058824 0.9048 
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Genes Official Full Name Fold Change p 

Cxcl15 chemokine (C-X-C motif) ligand 15 1.293333333 0.4974 

Cxcl3 chemokine (C-X-C motif) ligand 3 1.616 0.2848 

Cxcl9 chemokine (C-X-C motif) ligand 9 0.969444444 0.8898 

Cxcr1 chemokine (C-X-C motif) receptor 1 1.11 0.6454 

Cxcr2 chemokine (C-X-C motif) receptor 2 0.896470588 0.8023 

Cxcr3 chemokine (C-X-C motif) receptor 3 1.044 0.9010 

Cxcr4 chemokine (C-X-C motif) receptor 4 1.658181818 0.1070 

Cxcr5 chemokine (C-X-C motif) receptor 5 2.1 0.0362* 

Cxcr6 chemokine (C-X-C motif) receptor 6 0.729230769 0.4205 

Cybb cytochrome b-245, beta polypeptide 1.8624 0.1015 

Ddx58 DEAD (Asp-Glu-Ala-Asp) box polypeptide 
58 

1.321382488 0.1054 

Defb1 defensin beta 1 1.2 0.5260 

Defb14 defensin beta 14 0.633333333 0.4366 

Dpp4 dipeptidylpeptidase 4 1.68 0.1056 

Ebi3 Epstein-Barr virus induced gene 3 0.78 0.5621 

Emr1 Epstein-Barr virus induced gene 3 1.168235294 0.5696 

Entpd1 ectonucleoside triphosphate 
diphosphohydrolase 1 

1.490470588 0.0359* 

Eomes eomesodermin homolog (Xenopus 
laevis) 

1.935 0.0605 
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Ets1 E26 avian leukemia oncogene 1, 5' 
domain 

1.284833006 0.1348 

Fadd Fas (TNFRSF6)-associated via death 
domain 

1.382608696 0.1309 

Fas Fas (TNF receptor superfamily member 
6) 

1.216193772 0.4576 

Fasl Fas ligand (TNF superfamily, member 6) 1.146666667 0.6096 

Fcamr Fc receptor, IgA, IgM, high affinity 0.8592 0.5661 

Fcer1a Fc receptor, IgE, high affinity I, alpha 
polypeptide 

1.146666667 0.6728 

Fcer1g Fc receptor, IgE, high affinity I, gamma 
polypeptide 

1.062857143 0.8754 

Fcgr1 Fc receptor, IgG, high affinity I 1.176 0.6996 

Fcgr4 Fc receptor, IgG, low affinity IV 1.44 0.2636 

Fcgrt Fc receptor, IgG, alpha chain  1.534412955 0.0191* 

Fkbp5 FK506 binding protein 5 0.902222222 0.8471 

Fn1 fibronectin 1 1.368810916 0.0294 

Folr4 IZUMO1 receptor, JUNO 1.66 0.0828* 

Foxp3 forkhead box P3 1.22 0.5603 

Frmpd4 FERM and PDZ domain containing 4 1 1.0000 

Fyn Fyn proto-oncogene 1.296521739 0.1433 

Gata3 GATA binding protein 3 1.56 0.3159 

Gfi1 growth factor independent 1 1.22 0.2415 
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Gm10499 predicted gene 10499 1.310588235 0.1858 

Gp1bb glycoprotein Ib, beta polypeptide 0.974117647 0.9551 

cxcl15  chemokine (C-X-C motif) ligand 15 1.150243902 0.6139 

Gpr183 G protein-coupled receptor 183 1.22 0.5871 

Gpr44 G protein-coupled receptor 44 1 1.0000 

Gzma granzyme A 0.667317073 0.6133 

Gzmb granzyme B 2.21 0.0482* 

H2-Aa histocompatibility 2, class II antigen A, 
alpha 

1.164854881 0.5149 

H2-Ab1 histocompatibility 2, class II antigen A, 
beta 1 

1.154285714 0.4136 

H2-DMa histocompatibility 2, class II, locus DMa 0.792941176 0.1628 

H2-DMb2 histocompatibility 2, class II, locus Mb2 0.912 0.7348 

H2-Ea-ps histocompatibility 2, class II antigen E 
alpha, pseudogene 

0.78 0.4468 

H2-Eb1 histocompatibility 2, class II antigen E 
beta 

1.2156 0.3029 

H2-K1 histocompatibility 2, K1, K region 1.053748258 0.7531 

H2-Ob histocompatibility 2, O region beta locus 0.732857143 0.2752 

H2-Q10 histocompatibility 2, Q region locus 10 1.19027027 0.6712 

H60a histocompatibility 60a 1.062857143 0.7791 

Hamp hepcidin antimicrobial peptide 1.251428571 0.4770 
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Hc hemolytic complement 0.945 0.8067 

Hcst hematopoietic cell signal transducer 0.84 0.6538 

Hfe hemochromatosis 1.455667656 0.0332* 

Hif1a hypoxia inducible factor 1, alpha subunit 1.335414166 0.1051 

Hlx H2.0-like homeobox 1.717391304 0.0532 

Icam1 intercellular adhesion molecule 1 1.274069059 0.2507 

Icam2 intercellular adhesion molecule 2 1.743207921 0.0127* 

Icam4 intercellular adhesion molecule 4 0.739591837 0.1933 

Icam5 intercellular adhesion molecule 5 0.585882353 0.3700 

Icos inducible T cell co-stimulator 1.44 0.2667 

Icosl icos ligand 1.291050584 0.1875 

Ifi204 interferon activated gene 204 1.66 0.0854 

Ifi35 interferon-induced protein 35 1.532735426 0.0077* 

Ifih1 interferon induced with helicase C 
domain 1 

1.275 0.1687 

Ifit2 interferon-induced protein with 
tetratricopeptide repeats 1 

1.092426036 0.6233 

Ifitm1 interferon induced transmembrane 
protein 1 

1.221755986 0.2220 

Ifna1 interferon alpha 1 1.11 0.7348 

Ifna2 interferon alpha 2 0.78 0.4468 
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Ifnar1 interferon (alpha and beta) receptor 1 1.341879383 0.0846 

Ifnar2 interferon (alpha and beta) receptor 2 1.369550562 0.0448* 

Ifnb1 interferon beta 1, fibroblast 0.945 0.8067 

Ifng interferon gamma 1.44 0.2139 

Ifngr1 interferon gamma receptor 1 1.31407155 0.1779 

Ifngr2 interferon gamma receptor 2 1.354413965 0.1385 

Igf2r insulin-like growth factor 2 receptor 1.302197802 0.1810 

Ikbkap inhibitor of kappa light polypeptide 
enhancer in B cells, kinase complex-
associated protein 

1.190666667 
0.3659 

Ikbkb inhibitor of kappaB kinase beta 1.273613445 0.1840 

Ikbke inhibitor of kappaB kinase epsilon 1.236923077 0.3173 

Ikbkg inhibitor of kappaB kinase gamma 1.612857143 0.0594 

Ikzf1 IKAROS family zinc finger 1 1.062857143 0.7791 

Ikzf2 IKAROS family zinc finger 2 1.2 0.6466 

Ikzf3 IKAROS family zinc finger 3 0.78 0.2415 

Ikzf4 IKAROS family zinc finger 4 1.11 0.7039 

Il10 interleukin 10 2.005714286 0.0995 

Il10ra interleukin 10 receptor, alpha 1.118918919 0.7929 

Il10rb interleukin 10 receptor, beta 1.517 0.0267* 

 



 

184 

Continued 
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Il11ra1 interleukin 11 receptor, alpha chain 1 1.236923077 0.5794 

Il12a interleukin 12a 1.062857143 0.8904 

Il12b interleukin 12b 1.32 0.5303 

Il12rb1 interleukin 12 receptor, beta 1 0.89 0.7469 

Il12rb2 interleukin 12 receptor, beta 2 0.78 0.2415 

Il13 interleukin 13 1.44 0.0578 

Il13ra1 interleukin 13 receptor, alpha 1 1.332211055 0.0585 

Il15 interleukin 15 1.378604651 0.4440 

Il15ra interleukin 15 receptor, alpha chain 1.506 0.0731 

Il16 interleukin 16 0.848275862 0.4246 

Il17a interleukin 17A 1.293333333 0.5931 

Il17b interleukin 17B 1.44 0.2139 

Il17f interleukin 17F 1.308 0.4441 

Il17ra interleukin 17 receptor A 0.879354839 0.6111 

Il17rb interleukin 17 receptor B 2.76 0.0003* 

Il17re interleukin 17 receptor E 1.11 0.8376 

Il18 interleukin 18 2.927462687 0.0107* 

Il18r1 interleukin 18 receptor 1 0.978 0.9297 
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Il18rap interleukin 18 receptor accessory 
protein 

0.5325 0.3187 

Il19 interleukin 19 0.648 0.1483 

Il1a interleukin 1 alpha 2.131428571 0.0706 

Il1b interleukin 1 beta 1.564864865 0.3279 

Il1r1 interleukin 1 receptor, type I 1.282459313 0.2030 

Il1r2 interleukin 1 receptor, type II 1.301052632 0.4871 

Il1rap interleukin 1 receptor accessory protein 1.104761905 0.5645 

Il1rl1 interleukin 1 receptor-like 1 1.257230769 0.5429 

Il1rl2 interleukin 1 receptor-like 2 1.091320755 0.7184 

Il1rn interleukin 1 receptor antagonist 1.971219512 0.0600 

Il2 interleukin 2 0.945 0.8067 

Il20 interleukin 20 2.173333333 0.0630 

Il21 interleukin 21 1.44 0.2415 

Il21r interleukin 21 receptor 1 1.0000 

Il22 interleukin 22 1.22 0.2415 

Il22ra2 interleukin 22 receptor, alpha 2 0.980869565 0.9675 

Il23a interleukin 23, alpha subunit p19 1.44 0.3527 

Il23r interleukin 23 receptor 1.308 0.5150 
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Il25 interleukin 25 0.78 0.2415 

Il27 interleukin 27 1.146666667 0.6728 

Il27ra interleukin 27 receptor, alpha  1.64 0.1122 

Il28a interferon lambda 2 1.275 0.3926 

Il2ra interleukin 2 receptor, alpha chain 0.830769231 0.3630 

Il2rb interleukin 2 receptor, beta chain 1.04 0.8810 

Il2rg interleukin 2 receptor, gamma chain 1.493225806 0.1206 

Il3 interleukin 3 1.044 0.9113 

Il33 interleukin 33 1.963809524 0.0340* 

Il4 interleukin 4 1 1.0000 

Il4ra interleukin 4 receptor, alpha 1.046097037 0.8630 

Il5 interleukin 5 2.1 0.0002* 

Il6 interleukin 6 1.103201268 0.6144 

Il6ra interleukin 6 receptor, alpha 1.014 0.9591 

Il6st interleukin 6 signal transducer 1.413937282 0.0187* 

Il7 interleukin 7 1.308 0.2667 

Il9 interleukin 9 2.005714286 0.1279 

Ilf3 interleukin enhancer binding factor 3 1.42952381 0.1135 
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Irak1 interleukin-1 receptor-associated kinase 
1 

1.465466238 0.0214* 

Irak2 interleukin-1 receptor-associated kinase 
2 

1.255813953 0.3747 

Irak3 interleukin-1 receptor-associated kinase 
3 

1.096983759 0.7770 

Irak4 interleukin-1 receptor-associated kinase 
4 

1.641818182 0.0123* 

Irf1 interferon regulatory factor 1 1.133204648 0.4681 

Irf3 interferon regulatory factor 3 0.949714286 0.8472 

Irf4 interferon regulatory factor 4 1.2288 0.6899 

Irf5 interferon regulatory factor 5 1 1.0000 

Irf7 interferon regulatory factor 7 0.90360424 0.7052 

Irf8 interferon regulatory factor 8 1.012394366 0.9588 

Irgm1 immunity-related GTPase family M 
member 1 

0.992118731 0.9586 

Itga2b integrin alpha 2b 0.968571429 0.9400 

Itga4 integrin alpha 4 1.692765957 0.0162* 

Itga5 integrin alpha 5 1.280742459 0.2126 

Itga6 integrin alpha 6 1.434899536 0.0600 

Itgal integrin alpha L 1.44 0.2582 

Itgam integrin alpha M 1.3575 0.5130 

Itgax integrin alpha X 2.138823529 0.0216* 
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Itgb1 integrin beta 1 (fibronectin receptor 
beta) 

1.297653631 0.0487 

Itgb2 integrin beta 2 0.853333333 0.6096 

Itln1 intelectin 1 1.11 0.8067 

Jak1 Janus kinase 1 1.233208255 0.1640 

Jak2 Janus kinase 2 1.343370166 0.0960 

Jak3 Janus kinase 3 1.478987342 0.1032 

Kir3dl1 killer cell immunoglobulin-like receptor, 
three domains, long cytoplasmic tail, 1 

1.062857143 0.7791 

Kir3dl2 killer cell immunoglobulin-like receptor, 
three domains, long cytoplasmic tail, 2 

0.78 0.2415 

Kit kit oncogene 1.32 0.4119 

Klra1 killer cell lectin-like receptor, subfamily 
A, member 1 

2.005714286 0.0995 

Klra21 killer cell lectin-like receptor subfamily 
A, member 21 

1.062857143 0.7791 

Klra4 killer cell lectin-like receptor, subfamily 
A, member 4 

1 1.0000 

Klra5 killer cell lectin-like receptor, subfamily 
A, member 5 

1.293333333 0.3775 

Klra6 killer cell lectin-like receptor, subfamily 
A, member 6 

1.176 0.6043 

Klra7 killer cell lectin-like receptor, subfamily 
A, member 7 

1.062857143 0.7791 

Klra8 killer cell lectin-like receptor, subfamily 
A, member 8 

1.2 0.6560 

Klrb1 killer cell lectin-like receptor subfamily B 
member 1 

1.146666667 0.6728 

Klrc1 killer cell lectin-like receptor subfamily 
C, member 1 

0.874285714 0.4468 
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Klrc2 killer cell lectin-like receptor subfamily 
C, member 2 

1.236923077 0.5972 

Klrc3 killer cell lectin-like receptor subfamily 
C, member 3 

1.11 0.7348 

Klrd1 killer cell lectin-like receptor, subfamily 
D, member 1 

0.884210526 0.8190 

Klrk1 killer cell lectin-like receptor subfamily K, 
member 1 

1.188571429 0.6488 

Lair1 leukocyte-associated Ig-like receptor 1 0.67 0.2988 

Lck lymphocyte protein tyrosine kinase 1.77 0.0439* 

Lcp2 lymphocyte cytosolic protein 2 0.924878049 0.7449 

Lef1 lymphoid enhancer binding factor 1 1.2 0.5260 

Lif leukemia inhibitory factor 0.765333333 0.4322 

Lilra5 leukocyte immunoglobulin-like receptor, 
subfamily A (with TM domain), member 
5 

1.08 
0.8436 

Lilra6 leukocyte immunoglobulin-like receptor, 
subfamily A (with TM domain), member 
6 

0.853333333 
0.6096 

Lilrb3 leukocyte immunoglobulin like receptor 
B3 

1.44 0.2139 

Lilrb4 leukocyte immunoglobulin like receptor 
B4 

2.1 0.1694 

Litaf LPS-induced TN factor 1.073157263 0.6814 

Lta lymphotoxin A 0.582 0.1781 

Ltb lymphotoxin B 2.496 0.0112* 
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Ltbr lymphotoxin B receptor 1.415146444 0.0925 

Ltf lactotransferrin 1.8 0.1220 

Ly86 lymphocyte antigen 86 2.382857143 0.0065* 

Ly96 lymphocyte antigen 96 1.470229008 0.0472* 

Maf avian musculoaponeurotic fibrosarcoma 
(v-maf) AS42 oncogene homolog 

1.947692308 0.0408* 

Map4k1 mitogen-activated protein kinase kinase 
kinase kinase 4 

0.945 0.8611 

Map4k2 mitogen-activated protein kinase kinase 
kinase kinase 2 

1.517647059 0.0790 

Map4k4 mitogen-activated protein kinase kinase 
kinase kinase 4 

1.182491803 0.4025 

Mapk1 mitogen-activated protein kinase 1 1.324089122 0.1190 

Mapk11 mitogen-activated protein kinase 11 1.693846154 0.1370 

Mapk14 mitogen-activated protein kinase 14 1.512711864 0.0230* 

Mapkapk2 MAP kinase-activated protein kinase 2 1.364347826 0.1067 

Marco macrophage receptor with collagenous 
structure 

0.706666667 0.1114 

Masp1 mannan-binding lectin serine peptidase 
1 

1.605 0.0238* 

Masp2 mannan-binding lectin serine peptidase 
2 

1.44 0.0598 

Mbl2 mannose-binding lectin (protein C) 2 1.062857143 0.7791 

Mbp myelin basic protein 0.903050847 0.6651 

Mif macrophage migration inhibitory factor 1.140722892 0.3196 
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Mme membrane metallo endopeptidase 0.78 0.3304 

Mr1 major histocompatibility complex, class 
I-related 

1.578947368 0.0026 

Ms4a1 membrane-spanning 4-domains, 
subfamily A, member 1 

1.643076923 0.1737 

Muc1 mucin 1, transmembrane 1.308 0.2139 

Mx1 myxovirus (influenza virus) resistance 1 0.78 0.4852 

Myd88 myeloid differentiation primary 
response gene 88 

1.020920245 0.9147 

Ncam1 neural cell adhesion molecule 1 1.128283379 0.4353 

Ncf4 neutrophil cytosolic factor 4 1.135384615 0.6823 

Nfatc1 nuclear factor of activated T cells, 
cytoplasmic, calcineurin dependent 1 

1.028256881 0.9311 

Nfatc2 nuclear factor of activated T cells, 
cytoplasmic, calcineurin dependent 2 

0.705283019 0.2191 

Nfatc3 nuclear factor of activated T cells, 
cytoplasmic, calcineurin dependent 3 

1.48 0.0493* 

Nfil3 nuclear factor, interleukin 3, regulated 1.089795918 0.6332 

Nfkb1 nuclear factor of kappa light polypeptide 
gene enhancer in B cells 1, p105 

1.125903614 0.4440 

Nfkb2 nuclear factor of kappa light polypeptide 
gene enhancer in B cells 2, p49/p100 

0.845729877 0.4550 

Nfkbia nuclear factor of kappa light polypeptide 
gene enhancer in B cells inhibitor, alpha 

1.134787557 0.5399 

Nfkbiz nuclear factor of kappa light polypeptide 
gene enhancer in B cells inhibitor, zeta 

1.277884861 0.1788 

Nod2 nucleotide-binding oligomerization 
domain containing 2 

0.943892617 0.8695 

Nos2 nitric oxide synthase 2, inducible 1.245882353 0.3050 
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Notch1 notch 1 1.136645963 0.4778 

Notch2 notch 2 1.144736842 0.4865 

Nox1 NADPH oxidase 1 0.627692308 0.2718 

Nox3 NADPH oxidase 3 0.78 0.2415 

Nox4 NADPH oxidase 4 1.044 0.8792 

Npc1 Niemann-Pick type C1 1.181012658 0.2638 

Nt5e 5' nucleotidase, ecto 1.508275862 0.1582 

Pax5 paired box 5 0.8625 0.7393 

Pdcd1 programmed cell death 1 0.72 0.2139 

Pdcd1lg2 programmed cell death 1 ligand 2 1.44 0.2415 

Pdcd2 programmed cell death 2 1.251428571 0.3650 

Pdgfb platelet derived growth factor beta  
 

1.438724638 0.0223* 

Pdgfrb platelet derived growth factor receptor, 
beta polypeptide 

1.227992352 0.2599 

Pecam1 platelet/endothelial cell adhesion 
molecule 1 

1.609757393 0.0354* 

Phlpp1 PH domain and leucine rich repeat 
protein phosphatase 1 

1.177665615 0.4892 

Phlpp2 PH domain and leucine rich repeat 
protein phosphatase 1 

1.24972973 0.3149 

Pigr polymeric immunoglobulin receptor 1.441939275 0.3686 

Pla2g2a phospholipase A2, group IIA 0.78 0.2415 
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Pla2g2e phospholipase A2, group IIE 0.591428571 0.0467* 

Plau plasminogen activator, urokinase 1.113928571 0.6272 

Plaur plasminogen activator, urokinase 
receptor 

0.886866567 0.6969 

Pml promyelocytic leukemia 1.143114187 0.2417 

Pou2f2 POU domain, class 2, transcription factor 
2 

1 1.0000 

Pparg peroxisome proliferator activated 
receptor gamma 

1.30488189 0.3473 

Ppbp pro-platelet basic protein 0.541512605 0.3977 

Prdm1 PR domain containing 1, with ZNF 
domain 

1.245384615 0.2916 

Prf1 perforin 1 (pore forming protein) 1.11 0.6454 

Prim1 DNA primase, p49 subunit 1.309859155 0.2315 

Prkcd protein kinase C, delta 1.565118483 0.1245 

Psmb10 proteasome (prosome, macropain) 
subunit, beta type 10 

1.634754098 0.0266* 

Psmb11 proteasome (prosome, macropain) 
subunit, beta type 11 

1.704 0.1981 

Psmb5 proteasome (prosome, macropain) 
subunit, beta type 5 

1.515189873 0.0283 

Psmb7 proteasome (prosome, macropain) 
subunit, beta type 7 

1.324379562 0.1380 

Psmb9 proteasome (prosome, macropain) 
subunit, beta type 9 

1.407804878 0.0664 

Psmc2 proteasome (prosome, macropain) 26S 
subunit, ATPase 

1.346493506 0.0892 

Psmd7 proteasome (prosome, macropain) 26S 
subunit, non-ATPase, 7 

1.35553325 0.0700 
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Ptafr platelet-activating factor receptor 1.513333333 0.0703 

Ptger4 prostaglandin E receptor 4 1.245245902 0.2761 

Ptgs2 prostaglandin-endoperoxide synthase 2 0.72860177 0.3516 

Ptk2 PTK2 protein tyrosine kinase 2 1.452165899 0.0182* 

Ptpn2 protein tyrosine phosphatase, non-
receptor type 2 

0.990434783 0.9492 

Ptpn22 protein tyrosine phosphatase, non-
receptor type 22 

0.874285714 0.6454 

Ptpn6 protein tyrosine phosphatase, non-
receptor type 6 

1.031428571 0.9360 

Ptprc protein tyrosine phosphatase, receptor 
type, C 

1.097777778 0.7149 

Rae1 ribonucleic acid export 1 1.148163265 0.5050 

Rag1 recombination activating gene 1 0.78 0.4468 

Rag2 recombination activating gene 2 1 1.0000 

Rela v-rel reticuloendotheliosis viral 
oncogene homolog A (avian) 

1.005202703 0.9745 

Relb avian reticuloendotheliosis viral (v-rel) 
oncogene related  

1.098947368 0.6394 

Rorc RAR-related orphan receptor gamma 1.495 0.3513 

Runx1 runt related transcription factor 1 0.826771654 0.3553 

Runx3 runt related transcription factor 3 1.146666667 0.7410 

S100a8 S100 calcium binding protein A8 
(calgranulin A) 

1.593258427 0.4306 

S100a9 S100 calcium binding protein A9 
(calgranulin A) 

1.463571429 0.5548 
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Continued 

Genes Official Full Name Fold Change p 

Sele selectin, endothelial cell 1.790222841 0.0338* 

Sell selectin, lymphocyte 1.11 0.7827 

Selplg selectin, platelet (p-selectin) ligand 1 1.0000 

Serping1 serine (or cysteine) peptidase inhibitor, 
clade G, member 1 

1.274425087 0.0680 

Sh2d1a SH2 domain protein 1A 0.874285714 0.4468 

Sigirr single immunoglobulin and toll-
interleukin 1 receptor (TIR) domain 

1.56672 0.1206 

Ski ski sarcoma viral oncogene homolo 1.081453287 0.4765 

Slamf1 signaling lymphocytic activation 
molecule family member 1 

1.146666667 0.6728 

Smad3 SMAD family member 3 1.343950104 0.0917 

Smad5 SMAD family member 5 1.55127907 0.0189* 

Socs1 suppressor of cytokine signaling 1 1.103172414 0.6383 

Socs3 suppressor of cytokine signaling 3 1.340353357 0.1145 

Spn sialophorin 1.704 0.1740 

Src Rous sarcoma oncogene 1.084095563 0.5914 

Stat1 signal transducer and activator of 
transcription 1 

1.180465116 0.3183 

Stat2 signal transducer and activator of 
transcription 2 

1.018723404 0.9571 

Stat3 signal transducer and activator of 
transcription 3 

1.09508269 0.5606 

Stat4 signal transducer and activator of 
transcription 4 

1.146666667 0.6096 
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Genes Official Full Name Fold Change p 

Stat5a signal transducer and activator of 
transcription 5A 

1.317209302 0.2263 

Stat5b signal transducer and activator of 
transcription 5B 

1.414333333 0.0602 

Stat6 signal transducer and activator of 
transcription 6 

1.463920923 0.0390* 

Syk spleen tyrosine kinase 1.375609756 0.3085 

Tagap T cell activation Rho GTPase activating 
protein 

1.8 0.1220 

Tal1 T cell acute lymphocytic leukemia 1 1.805 0.0229* 

Tap1 transporter 1, ATP-binding cassette, sub-
family B (MDR/TAP) 

0.944377358 0.7296 

Tapbp TAP binding protein 1.208912467 0.2384 

Tbk1 TANK-binding kinase 1 1.214117647 0.3736 

Tbx21 T-box 21 2.54 0.0079* 

Tcf4 transcription factor 4, T cell specific 1.271020408 0.1423 

Tcf7 transcription factor 7, T cell specific 1.672941176 0.0168* 

Tfrc transferrin receptor 1.03661406 0.9093 

Tgfb1 transforming growth factor, beta 1 1.340963046 0.1343 

Tgfb2 transforming growth factor, beta 2 1.474966887 0.0363* 

Tgfb3 transforming growth factor, beta 3 1.518222222 0.0428* 

Tgfbi transforming growth factor, beta 
induced 

1.378679707 0.0130* 

Tgfbr1 transforming growth factor, beta 
receptor I 

1.264165103 0.2233 
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Genes Official Full Name Fold Change p 

Tgfbr2 transforming growth factor, beta 
receptor II 

1.371314427 0.2012 

Thy1 thymus cell antigen 1, theta 1.196842105 0.4698 

Tigit T cell immunoreceptor with Ig and ITIM 
domains 

0.67 0.2988 

Tirap toll-interleukin 1 receptor (TIR) domain-
containing adaptor protein 

0.967804878 0.8772 

Tlr1 toll-like receptor 1 1.183333333 0.6895 

Tlr2 toll-like receptor 2 1.5192 0.0741 

Tlr3 toll-like receptor 3 0.906666667 0.6355 

Tlr4 toll-like receptor 4 1.634899329 0.0355* 

Tlr5 toll-like receptor 5 2.1 0.0641 

Tlr8 toll-like receptor 8 1.572 0.2092 

Tlr9 toll-like receptor 9 0.78 0.5121 

Tmem173 transmembrane protein 173 1.446769231 0.0909 

Tnf tumor necrosis factor 0.90375 0.8256 

Tnfaip3 tumor necrosis factor, alpha-induced 
protein 3 

1.137010676 0.5620 

Tnfaip6 tumor necrosis factor, alpha-induced 
protein 6 

0.671944658 0.1648 

Tnfrsf11a tumor necrosis factor receptor 
superfamily, member 11a 

1.433265306 0.0741 

Tnfrsf13b tumor necrosis factor receptor 
superfamily, member 13b 

1.628571429 0.1525 

Tnfrsf13c tumor necrosis factor receptor 
superfamily, member 13c 

1.146666667 0.6728 
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Genes Official Full Name Fold Change p 

Tnfrsf14 tumor necrosis factor receptor 
superfamily, member 14  

1.282173913 0.1832 

Tnfrsf17 tumor necrosis factor receptor 
superfamily, member 17 

1.44 0.2139 

Tnfrsf1b tumor necrosis factor receptor 
superfamily, member 1b 

1.50310757 0.0336* 

Tnfrsf4 tumor necrosis factor receptor 
superfamily, member 4 

1.088 0.7410 

Tnfrsf8 tumor necrosis factor receptor 
superfamily, member 8 

1.44 0.4860 

Tnfrsf9 tumor necrosis factor receptor 
superfamily, member 9 

1.44 0.4094 

Tnfsf10 tumor necrosis factor (ligand) 
superfamily, member 10 

1.98 0.0020* 

Tnfsf11 tumor necrosis factor (ligand) 
superfamily, member 11 

0.978 0.9400 

Tnfsf12 tumor necrosis factor (ligand) 
superfamily, member 12 

1.55954717 0.0118* 

Tnfsf13b tumor necrosis factor (ligand) 
superfamily, member 13b 

0.822580645 0.3347 

Tnfsf14 tumor necrosis factor (ligand) 
superfamily, member 14 

2.571428571 0.0383* 

Tnfsf15 tumor necrosis factor (ligand) 
superfamily, member 15 

1.157142857 0.7300 

Tnfsf18 tumor necrosis factor (ligand) 
superfamily, member 18 

1.11 0.8067 

Tnfsf8 tumor necrosis factor (ligand) 
superfamily, member 8 

1.22 0.2415 

Tollip toll interacting protein 1.179742268 0.3976 

Traf1 TNF receptor-associated factor 1 1.11 0.7648 

Traf2 TNF receptor-associated factor 2 1.44 0.1532 

Traf3 TNF receptor-associated factor 3 1.412783505 0.0686 
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Continued 

Genes Official Full Name Fold Change p 

Traf4 TNF receptor-associated factor 4 1.11 0.7827 

Traf5 TNF receptor-associated factor 5 1.564528302 0.0210* 

Traf6 TNF receptor-associated factor 6 1.10440678 0.6397 

Trem1 triggering receptor expressed on 
myeloid cells 1 

1.81125 0.1773 

Trem2 triggering receptor expressed on 
myeloid cells 2 

1.176 0.6043 

Trp53 transformation related protein 53 1.353157895 0.1897 

Tslp thymic stromal lymphopoietin 1.251428571 0.2921 

Tyk2 tyrosine kinase 2 1.348965517 0.1354 

Tyrobp Tyro protein tyrosine kinase binding 
protein 

1.701098901 0.2309 

Ube2l3 ubiquitin-conjugating enzyme E2L 3  1.426496164 0.0323* 

Vcam1 vascular cell adhesion molecule 1 1.106425993 0.6607 

Vtn vitronectin 1.37125 0.2415 

Xbp1 X-box binding protein 1 1.301106252 0.1642 

Xcl1 chemokine (C motif) ligand 1 0.96 0.9154 

Xcr1 chemokine (C motif) receptor 1 1 1.0000 

Zap70 zeta-chain (TCR) associated protein 
kinase 

1.22 0.6599 

Zbtb7b zinc finger and BTB domain containing 
7B 

1.427777778 0.1850 

Zeb1 zinc finger E-box binding homeobox 1 1.301106252 0.0659 
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Fcgr2b Fc receptor, IgG, low affinity IIb 1.02853353 0.8694 

Fcgr3 Fc receptor, IgG, low affinity III 1.44 0.4124 

Il7r interleukin 7 receptor 1.385 0.3040 

Msr1 macrophage scavenger receptor 1 1.836 0.0810 

Slamf7 SLAM family member 7 1.44 0.2415 

Cd7 CD7 antigen 1.056774194 0.9061 

Ctla4 cytotoxic T-lymphocyte-associated 
protein 4 

1.125714286 0.7857 

Csf3r colony stimulating factor 3 receptor 
(granulocyte) 

0.835 0.6742 

Ccl19 chemokine (C-C motif) ligand 19 1.484 0.1357 

Ccl2 chemokine (C-C motif) ligand 2 0.642492 0.2019 

Ccl22 chemokine (C-C motif) ligand 22 1.301053 0.4722 

Ccl24 chemokine (C-C motif) ligand 24 1.66 0.0828 

Ltb4r1 leukotriene B4 receptor 1 1.846153846 0.1318 

Ltb4r2 leukotriene B4 receptor 2 1 1.0000 

 

*. p<0.05. 

 

 

 
 

 


