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Abstract 

Inflammatory bowel disease (IBD) remains a challenging disease to treat due to its complex 

pathophysiology. It encompasses Crohn’s Disease and ulcerative colitis, both characterized 

by chronic inflammation. Exaggerated inflammatory responses in IBD are thought to be 

partly mediated by over-reactive immune cells. In particular, dendritic cells (DCs) have been 

shown to be over-recruited and hyper-responsive in clinical and experimental IBD tissue. 

DCs require trafficking through mucosal and mesenteric lymphatic vessels to drain into 

mesenteric lymph nodes (MLNs). Remodeling of these vessels during inflammation could 

have dire effects on DC effector function and immune responses in the inflamed intestine. 

Lymphatic vessel plasticity is also an important concept during acute intestinal injury for 

proper resolution of inflammation. Human and animal studies demonstrate pathological 

remodeling of mucosal lymphatic changes during IBD, including lymphangiogenesis and 

lymphatic vessel dilation.  However, no studies have addressed the role of mesenteric 

lymphatic remodeling in replicable models of acute or chronic ileitis. These objectives were 

investigated using both the acute, dextran sodium sulphate (DSS) mouse model of ileitis and 

the chronic, transgenic TNFΔARE mouse model of ileitis. Plasticity of this remodeling was 

further assessed in recovery DSS mice.   

Our research findings demonstrate that chronic CD-like ileitis in TNFΔARE mouse model 

displays many lymphatic abnormalities. These include intestinal lymphangiectasia and 

MLN lymphadenopathy, reminiscent of human CD. TNFΔARE vessels have increased lipid 

transport, lymphangiogenesis and critically the development of mesenteric tertiary 

lymphoid organs (TLOs), actively involved in immune modulation; all of which we believe 
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cause altered DC trafficking in these mice. Many of these changes were replicated in the 

acute DSS ileitis mouse model, albeit at a lesser extent. However, decreased lymph flow 

was observed during acute injury. Despite having recovered from DSS-induced intestinal 

inflammation, mice continued to display marked mesenteric lymphatic dysfunctions, such 

as lymphadenopathy and lymphangiogenesis. Lamina propria (LP), lymphatic vessels and 

mesenteric lymph nodes (MLNs) also continued to exhibit enhanced DC populations.  

This study contributes intriguing findings on remodeling of the lymphatic system within the 

context of small intestinal inflammation, commonly found in CD patients. Modulating 

lymphatic function during inflammation might offer new therapeutic avenues for IBD.   
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Epigraph 

 

 

 

"The biology of the lymphatic system is positioned at a unique locus where the working of 

the immune system, its pivotal role in defending against cancer and infectious diseases, and 

its potential role in the treatment of autoimmunity uniquely align themselves. Many diseases 

will benefit from the advancement of lymphatic research."  

- Robert Burns, PhD, Director, Office of Technology Licensing 

Ludwig Institute for Cancer Research  
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CHAPTER 1: INTRODUCTION 

This dissertation encompasses three main research areas, inflammatory bowel disease (IBD), 

the mesenteric lymphatic system and intestinally-trafficking dendritic cells. We begin with 

a literature review on inflammatory bowel disease. We then provide a review on the 

mesenteric lymphatic system and dendritic cells and how they are implicated in and can be 

modulated during IBD.  

 

1.1 Inflammatory Bowel Disease: Crohn’s Disease 

Small Intestinal Physiology: 

The small intestine is a complex tissue, a multi-organ system that orchestrates itself to 

efficiently absorb nutrients from the food we eat, barricade us from harmful antigens, and 

allow beneficial microbes to inhabit our intestine. These functions rely on intestinal 

immunity (both innate and adaptive), motility of the small intestine, absorptive and 

antimicrobial functions of intestinal epithelium, mucus production and neurohormonal 

secretions from enteroendocrine cells. The small intestine has arranged itself in an elegant 

manner, with heterogeneous layers of many cell types involved in its physiological 

functions. As shown in Figure 1.1, the innermost layer of the small intestine, exposed to the 

external milieu is the intestinal epithelium, consisting of finger like protrusions known as 

the villi. This mucosal layer is coated with mucus, enriched with antimicrobial activities. 

These vessels make a component of the lamina propria. The lamina propria is highly 

vascularized, and consists mostly of connective tissue and immune cells 2, 3. Underneath the 

lamina propria is the submucosa, containing many secretory and endocrine glands. The 
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next layers of the intestine consist of circular and longitudinal muscle, making up the 

muscular portion of the small intestine. These muscle layers are innervated by the 

submucosal and myenteric plexus allowing for proper intestinal motor function 2, 3. The 

outermost layer is a thin epithelial layer of connective tissue that secretes serous fluid, 

known as the serosa, which aids in the peristaltic activity of the intestine 2, 3. Finally, the 

intestine is attached to the abdominal wall via the mesentery, another highly vascularized 

tissue composed of mesothelium and connective tissue. Importantly, the blood and 

lymphatic vessels originating from underneath the villus that penetrate each of the intestinal 

layers emerge in the mesenteric bed, carrying all their contents towards the center of the 

body.  

 

Figure 1.1 The Layers of the Small Intestine. 
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Inflammatory Bowel Disease: 

Overview: 

Inflammatory bowel disease (IBD) is a group of inflammatory disorders that clinically 

present themselves as chronic and relapsing, with bouts of intestinal inflammation that are 

associated with abdominal pain, weight loss, intestinal bleeding, vomiting, diarrhea, and 

psychosocial difficulties 4. IBD is diagnosed using a variety of methods, including blood 

tests, endoscopies, and imaging procedures such as ultrasound and magnetic resonance 

imaging (MRI). It comprises of two diseases: Crohn’s disease (CD) and ulcerative colitis 

(UC), both having discerning features and diagnoses. What makes IBD particularly 

challenging is its complex pathophysiology. 

IBD is thought to have a multi-factorial pathogenesis, involving abnormal cross talk between 

environmental and genetic factors, impaired immune responses to normal gut microbiota, 

compromised epithelial barrier integrity and abnormal vascular remodeling 5, 6 (see Figure 

1.2). IBD therefore, is thought to manifest itself in a genetically susceptible individual with 

a chronic inflammatory response to luminal antigens. Unfortunately, the incidence of IBD 

is growing worldwide with Canadian statistics indicating 1/150 individuals affected by this 

disease, according to the 2012 report released by the Crohn’s and Colitis Foundation of 

Canada (CCFC). Furthermore, the economic burden of this disease is enormous, with a 

current figure of approximately $2.8B/year. These statistics clearly indicate the need for new 

diagnostic, preventative and therapeutic options for IBD.  
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Figure 1.2 Underlying pathogenesis in IBD (Modified from 7) 

 

 

Crohn’s Disease vs. Ulcerative Colitis  

These two diseases share many symptoms, such as diarrhea and abdominal pain, but in fact 

have quite distinct pathologies 8. Both conditions exhibit peaks in activity of the disease, 

with the presence of severe inflammation considered as the active stage, and periods in 

which the patient is asymptomatic, also known as remission 8. In terms of abdominal pain, 

UC patients commonly complain of pain in the lower left part of the abdomen, whereas CD 

patients exhibit pain often in the lower right of the abdomen 5. Bleeding from the rectum, 

also known as hematochezia, is frequently seen in UC patients, but is much less common 

in CD patients.   
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The pattern of inflammation in these diseases is perhaps the best way to distinguish CD from 

UC. In CD, inflammation can be present anywhere from the mouth to anus, though most 

cases affect the terminal ileum and proximal colon, and presents itself as a deep transmural 

injury of the mucosal wall 5. An active CD colon may have a thickened appearance due to 

submucosal edema, as well as appear to have a ‘cobblestone’ appearance 5. Moreover, 

granulomas, which are masses of entrapped immune cells, can often be found in intestinal 

samples taken from CD patients 9. Other complications that are not uncommon in CD 

include strictures, fissures and fistulas 9. Ulcerative colitis, consistent with its name, presents 

mostly in the colon or rectum, with a more superficial inflammation of the gut wall, usually 

appearing as a thinner and continuous inflammation 9. Often, the inflammation can move 

upwards and lead to ulcerations in the mucus lining of the large intestine 9. The small 

intestine is almost never involved in UC, except in the cases of backwash ileitis, where the 

distal terminal ileum can be affected in a superficial manner. In UC, there is a clear 

segregation between inflamed and non-inflamed regions 9. A summary of the main 

comparisons between CD and UC are highlighted in Table 1.1.  
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 Crohn’s Disease Ulcerative Colitis 

Common Sites  

 

Terminal ileum, proximal 
colon 

Colon, rectum 

Pattern of Inflammation 

 

“cobblestone”, skip lesions Smooth, contiguous 

Thickness of Inflammation 

 

Transmural Mucosal 

Complications Granulomas, strictures, 
fistulas, fissures 

Hemorrhage, toxic 

megacolon 

 

Table 1.1 Comparisons between Crohn’s Disease and Ulcerative Colitis. 

 

Genetics 

Many genome-wide association studies (GWAS) have highlighted the genetic component 

of IBD 10, 11. These studies have identified many variants associated with IBD. Many of these 

have been shown to be shared by both CD and UC, although certain variants are 

differentially expressed 10, 11. To date, 163 genetic loci of interest have been identified, of 

which 110 are associated with both CD and UC, 30 specific to CD and 23 specific to UC 

12. Many of these genes are involved in pathways regulating immune sensing, lymphocyte 

function and cytokine production 12.  

Noteworthy gene variants will now be discussed. A member of the NOD-like receptor (NLR) 

family, NOD2 is the receptor for muramyl dipeptide (MDP), a protein found on all bacteria 

13. Due to its function, NOD2 is critical in the recognition of bacteria, essentially modulating 

the innate immune response to pathogenic/commensal microbiota 13. A loss of NOD2 
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function therefore leads to impaired bacterial recognition and clearance, and has  been 

shown to suppress transcription of IL-10, an anti-inflammatory cytokine 13. GWAS studies 

have identified two gene variants in autophagy genes, ATG16L1 and IRGM 14. These variants 

have been associated with CD pathology. Autophagy appears to play important roles in 

both innate and adaptive immunity, modulating events such as intracellular bacterial killing, 

Paneth cell antimicrobial peptide secretion and production of proinflammatory cytokines 

14. Other noteworthy genes differentially expressed in IBD include the genes encoding 

multidrug resistance 1 (MDR1), toll-like receptor 4 (TLR4) and XBP1, a transcription factor 

involved in the ER stress response 15.  

 

Microbiota  

Exaggerated response to the intestinal microbiota is a well-known pathogenic event in IBD. 

Serum from patients with CD contains reactive antibodies against many commensal 

antigens, suggesting that autoimmunity plays a role in diseases processes15. Furthermore, 

relapse in CD symptoms can occur from exposure to luminal contents following resection-

type surgeries 15. Both CD and UC have also been associated with differential bacterial 

populations (phyla) as well as decreased bacterial diversity 16. NOD2 sensing of MDP 

induces the secretion of alpha defensins by Paneth cells and it has been shown that there is 

a decreased expression of these defensins in the context of CD, leading to increases in 

microbial loads 15.  
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Innate Immunity  

Innate immune responses involve the first set of events initiated to clear an intestinal insult 

of any kind. Cells mediating innate immunity include immune cells such as neutrophils, 

monocytes, macrophages, DCs and non-immune cells such as epithelial and endothelial 

cells 15. Although neutrophils are essential in providing innate immunity against an 

inflammatory insult, their persistent tissue residency, such as in IBD, can cause a lot of tissue 

injury, through oxidative and proteolytic damage and also epithelial barrier dysfunction 15.  

Macrophages, large phagocytic cells are also recruited to tissue during innate immune 

responses. During innate immunity, inflammatory macrophages function largely to 

phagocytose foreign antigens and produce radical oxygen species and nitrogen species. 

Macrophages from healthy human gut mucosa portray an inactive phenotype, in that they 

fail to secrete proinflammatory cytokines while retaining phagocytic and bactericidal 

activity 17. In contrast, macrophages from CD patients produce large amounts of pro-

inflammatory IL-6, IL-23, tumor necrosis factor alpha (TNF-α) and interferon gamma (IFNγ) 

17. Alternatively, another study showed that macrophages from CD tissue were hypo-

responsive to E. coli and produced lower levels of TNF-α 18. These latter observations are 

compatible with the reduced bacterial clearance and granuloma formation in CD.  

Intestinal and epithelial integrity provides an essential barrier to harmful agents. First and 

foremost, the mucus layer exists at the surface of the intestine, and provides many protective 

benefits to mucosal health. Produced by goblet cells, the mucus layer comprises an outer 

layer that interacts with luminal microbes. Muc2 null (gene encoding Mucin-2, a prominent 

mucin in the gut) mice have impaired mucus production and develop colitis 19. Furthermore, 
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inflamed human tissue has been associated with decreased levels of other mucin genes, 

such as MUC1, MUC3, MUC4 and MUC5B mRNA 20. The intestinal epithelium also 

contains Paneth cells that produce antimicrobial peptides at baseline levels in non-inflamed 

intestine and whose production is increased in response to bacteria 15. Maintenance of 

intestinal permeability is critical in providing an orchestrated absorption of water, solutes, 

nutrients and microbial products. Its disruption can have dire effects on intestinal 

homeostasis and can elicit unnecessary inflammatory responses. It is well known that CD 

tissue exhibits increased intestinal permeability that is well correlated with risk of relapse 21. 

However, intestinal permeability can be modulated by many pathogenic events in the 

intestine, making it a poor diagnostic marker for CD specifically.  

 

Adaptive Immunity 

Many studies in IBD have outlined roles for adaptive immunity, both humoral and cell-

mediated, in disease pathogenesis.  The general consensus is that the humoral responses in 

CD and UC are hyper-responsive, producing large, and differential amounts of 

immunoglobulins 15. Autoantibodies against cells such as colonic epithelial cells, 

tropomyosin, glycans and cytoplasmic antibodies have also been described to be present in 

serum of IBD patients 15. Humoral responses to these antigens, therefore, could contribute 

to IBD disease progression as well as extra-intestinal manifestations.  

T lymphocytes exhibit broad plasticity responses, adapting to a variety of pro- and anti-

inflammatory environments. This is possible through the various cytokines produced by T 

cells, effectively creating distinct T-cell responses such as Th1, Th2, Th17 and Treg responses 
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15. In fact, experimental models of IBD have revealed an important role for IL-23 dependent, 

IL-17 producing T cells (Th17) 22. Furthermore, enhanced IFNγ producing Th1 populations 

can also be found in IBD tissue 22, resulting in mixed lymphocyte populations in affected 

tissue. Th17 lymphocytes classically produce cytokines such as IL-21 and IL-22, that further 

enhance effector T cell function and both have been shown to be increased in intestinal 

tissues from patients with CD 23. IL-22 levels appear to be decreased in active UC 24. Treg 

cells, defined by their expression of the transcription factor, FOXP3 and CD25, expand in 

numbers during inflammation and can decrease Th1 mediated colitis 15. Overall, Treg 

numbers appear to be reduced in peripheral blood of IBD patients, though analysis of other 

tissues shows conflicting data 15. Stimulating Treg function is a possible therapeutic avenue, 

and interestingly, anti-TNF-α administration increases Treg cell counts and inhibits their 

apoptosis in mucosa of patients with active IBD 25, 26.   

DCs play an important role in adaptive immunity. Known as the professional antigen-

presenting cells (APCs), DCs survey the microenvironment, sampling and processing 

antigens that are then relayed to T and B lymphocytes for adaptive immune responses. DC 

ontogeny and involvement in IBD will be discussed in a stand-alone section (see below).   

Alongside T lymphocyte counts, the production of cytokines is also differential in IBD tissue. 

Increased IL-2 production has been observed in CD mucosa (not in UC), enhancing 

lymphocyte proliferation and cytotoxicity 15. CD mucosa also has differentially elevated 

levels of IL-12, IL-18 and IFNγ compared to UC.  UC, on the other hand is associated with 

increases in IL-5. Both diseases share increased IL-6, TNF-α and interleukin 1 beta (IL-1β) 

levels 15. Furthermore, chemokines, responsible for intestinal homing of immune cells, 
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appear to be generally increased in their production during IBD. Chemokines that are 

increased in IBD include IL-8, RANTES, MIP-1α, MIP-1β, MCP-1, MCP-3, CXCL10, CXCL5 

and fractalkine 15. Due to the nature of this thesis and it’s use of the TNFΔARE mouse model 

of CD-like ileitis, in which systemic levels of TNF-α are significantly elevated, we will further 

elaborate on the role of TNF-α in IBD.  

TNF-α is both a membrane bound protein (transmembrane) and a soluble protein. Soluble 

protein is formed from the proteolytic cleavage of membrane bound TNF-α by the 

metalloproteinase TNF-converting enzyme (TACE) 27. It is well known that mononuclear 

cells such as macrophages and adipocytes, fibroblasts and T-lymphocytes from IBD mucosa 

have enhanced production of both forms of TNF-α 28-30. TNF-α is thought to mediate its pro-

inflammatory effects via its receptors, TNFR1 and TNFR2. Receptor mediated signaling 

activates nuclear factor kappa-light chain enhancer of activated B cells (NF-κB) and cell 

death via activation of caspase 3 proteins. Furthermore, TNF-α mediates angiogenesis, 

enhances Paneth cell death, increases secretion of matrix metalloproteinases by 

myofibroblasts, activation of macrophages and T lymphocytes and acts directly to damage 

intestinal epithelial cells. These pro-inflammatory effects of TNF-α are summarized in Figure 

1.3. Both human and mouse studies suggest that membrane bound TNF-α drives the 

biological activity of TNF-α during IBD. Anti-TNF-α biologics efficacy seems to depend on 

the neutralization of both forms of TNF-α however, as TNF-α neutralizing antibodies 

targeting specifically soluble TNF-α have little therapeutic effect in IBD 28-30. Furthermore 

TNFR2 appears to be the more relevant receptor, as activation of its activity in T cells, via 

membrane bound TNF-α, was found to worsen colitis 31, 32.  
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Figure 1. 3 Role of TNF-α in IBD pathogenesis (Adapted from 25) 

 

Angiogenesis and Lymphangiogenesis 

The proliferation of blood vessels (angiogenesis) and lymphatic vessels (lymphangiogenesis) 

has been observed in inflamed intestinal tissue from humans and animal models, though 

the latter has received little attention 33, 34. Angiogenesis facilitates the inflammatory 

response, as there is an increased demand for nutrient and oxygen exchange in the injured 

tissue, as well as increased need for chemotaxis of immune cells for proper resolution of 

inflammation. Importantly, this vessel proliferation that can be seen during acute 

inflammation should regress once the inflammation is resolved to regain tissue homeostasis. 

However in cases of chronic inflammation, such as IBD, there is indication that 

angiogenesis persists 35. Angiogenesis during chronic inflammation relies heavily on the 

interaction between vascular endothelial growth factor A and D (VEGF-A, VEGF-D) and 
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their receptor, VEGFR-2. Their signaling induces the sprouting of blood vessels in the 

intestinal mucosa of UC and CD patients 34. These new vessels are thought to emerge from 

existing endothelial cells in the intestinal mucosa, involving many remodeling steps in order 

to form new microvessels 35. Molecules involved in angiogenesis other than VEGF signaling 

includes angiopoietins, platelet-derived growth factor (PDGF), transforming growth factor 

beta (TGF-β) and hepatocyte growth factor (HGF).  In both serum and at the local site of 

intestinal inflammation, levels of VEGF-A and VEGF-D in both CD and UC patients are 

elevated 36. Furthermore, increased levels of VEGFR-2 have also been reported in IBD 

mucosal samples as well as in colitis mouse models 36. Finally, it has been observed, that in 

active UC and CD, submucosal arteries display abnormal phenotypes, such as dilation, 

increases in permeability, congestion, and a rapid venous return, though late fibrosing CD 

correlates with decreased colonic blood flow 37-39.  

Lymphangiogenesis in IBD has received less attention, however recent studies have 

emerged showing an important connection between the inflamed intestinal mucosa and 

increases in lymphatic vessel density. Lymphangiogenesis within the context of IBD will be 

discussed later on in more depth.  

 

Animal Models of CD: 

Among the animal models that depict many classical signs of CD are TNBS ileitis in the rat 

and guinea pig, SAMP1/YitFc and TNFΔARE mice. A less well-used model, a parasitic model 

of ileitis has also been characterized: The toxoplasmosis gondii intraperitoneal (i.p.) ileitis 

model in mice 40. Oral or i.p. infection with the parasite in C57/BL6 mice leads to ileitis, 
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mainly through the destruction of small intestinal villi. Ileitis induction using TNBS involves 

the surgical injection of TNBS, in a volume of ethanol and saline, into the distal region of 

the small intestine 41-43. Maximum macroscopic damage in the ileum can be seen at day 3, 

scored for the observations of erythema, hemorrhage, mucus, ulcerations, adhesions and 

strictures 31.  Ileitis has also been shown in the TNBS enema mouse model 44. Samp1/YitFc 

mice are a transgenic model of spontaneous ileitis. These mice have been generated from a 

substrain of AKR/J mice through selective breeding. After many generations of sibling 

breeding, these mice developed certain pathologies. Litters with skin lesions and ileitis were 

selected for further breeding and were found to consistenly exhibit terminal ileitis 45.   

Commercially available Samp1/YitFc mice display an ileitis phenotype as early as 10 weeks 

of age, with progressive damage to the epithelium, tissue atrophy and crypt elongation 45.  

These mice show visible signs of mucosal healing upon administration of anti-TNF-α 

therapy 45.  Due to the inbreeding nature of this model, unpredictable pathologies, such as 

leukemia have been shown to arise in both Samp/YitFc and their control littermates (AKRJ 

mice) 45.  

The TNFΔARE mouse model of spontaneous ileitis was originally described by the Kollias 

group in 1999 46. The group exploited the observation that many immunoregulatory genes 

contain an AU-rich element (ARE) region that promotes mRNA stability and repressional 

control of protein translation 46.  Like NF-κB and nuclear factor of activated T-cells (NFAT), 

TNF-α is also under translational control by AU rich elements at the 3’-UTR of its mRNA 

sequence. Subsequently, a 69 bp deletion within the AU-rich elements (ARE) was generated 

and flanked by loxP sites. Exposure to Cre recombinase allowed for the excision of the 
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specific deletion sequence and the generation of TNFΔARE mouse lines. Homozygous mice 

for this mutation exhibit strikingly reduced lifespans, and therefore the TNFΔARE 

homozygous was bred to TNF-/- mice to create TNFΔARE hemizgyotes that exhibited a 

normal lifespan. TNFΔARE hemizygous mice can be further propagated by breeding with 

C57/Bl6 mice (background strain) to generate litters that are 50% TNFΔARE hemizygotes 

and 50% WT. TNFΔARE mice exhibit chronic overproduction of TNF-α (measured in 

serum), increased sensitivity to LPS (50% mortality rate compared to 0% mortality rate in 

WT mice) 46. More importantly TNFΔARE mice display two main phenotypes: inflammatory 

arthritis and CD. Polyarthritis in these mice occurs at 6-8 weeks, producing features such as 

hyperplasia of the synovial membrane, neutrophil infiltrates, fibrous tissue formation, bone 

erosion and cartilage destruction 46. IBD, specifically a CD like phenotype was observed in 

these mice. The earliest time points where CD-like ileitis was detected was 2-4 weeks of 

age, with severity of disease increasing with age there on. In aged TNFΔARE mice (4-

7months old), histological signs of disease are evident, such as complete loss of villous 

morphology, granulomas, and transmural inflammatory infiltrate. Again, anti-TNF-α 

biologics can reverse disease signs in TNFΔARE mice 47. The involvement of enhanced TNF-

α immune responses in CD pathology has been long known 28-30, 48-50, as well as the efficacy 

of anti-TNF-α biological therapy, making the TNFΔARE mouse model of CD-like ileitis a 

relevant model for studying human disease.  
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1.2 The Lymphatic System: Development and Functional Overview 

 
 
Functional Overview: 

The lymphatic system consists of primary lymphoid structures such as the bone marrow and 

thymus and secondary lymphoid organs (SLOs) such as the spleen and lymph nodes, which 

are connected by lymphatic vessels.  Lymphatic vessels carry lymph from the periphery to 

draining lymph nodes, which eventually reintegrates with the circulatory system by pooling 

into the right side of the heart.  

Lymph constitutes the residual interstitial fluid that is left behind by the circulatory system. 

It forms a volume of about 2-5 liters every day in humans 51. It is similar in composition to 

blood plasma, however it contains a large pool of immune cells such as phagocytes and 

antigen presenting cells (APCs), contributing to its immune relevance 52, 53. A comparison of 

blood and lymph contents is shown in Table 1.2. The ability of the lymphatic system to 

transport lymph is critical therefore, to maintain adequate tissue fluid homeostasis and allow 

proper immune responses. Furthermore, the lymphatic system is also responsible for 

digestive functions, which will be described in further detail later in the chapter.  
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Table 1.2 Comparison between blood and lymph constituents. 

 

 

As mentioned previously, lymph forms mainly from the excess interstitial fluid in peripheral 

tissue and is carried away towards the center of the body by different vessel types (See Figure 

1.4).  
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Figure 1.4 Hierarchy of Lymphatic Vessels in Peripheral Tissue. 

 

In the peripheral tissue, lymph enters into initial lymphatic vessels by way of hydrostatic 

and oncotic pressures. Initial lymphatics are blind-ended tubes, lined by a flattened 

endothelium with a discontinuous basement membrane, allowing the passage of fluid, 

immune cells and other molecules 54-56. These lymphatic endothelial cells are tethered to 

the basement membrane by anchoring filaments which allow individual endothelial cells 

to extend their flaps during increases in tissue fluid pressures. This gives rise to a primitive 

valve system allowing for the movement of fluid and molecules (max diameter – 150 nm) 

into the initial lymphatic vessel when tissue fluid pressures rise 57. Functional absence of 

these anchoring filaments has been shown to lead to edematous tissue states 58.  

As lymph progresses, it enters collecting lymphatic vessels, which possess intrinsic 

contractile activity allowing the lymph to be propelled forward, and to eventually enter into 

draining lymph nodes. Lymphatic collecting vessels are made of similar endothelial and 
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smooth muscle layers to those found in arteries or veins 54. The lymphatic muscle has the 

ability to rhythmically contract and subsequently propel lymph forward from the initials to 

their draining lymph nodes. Furthermore, collecting vessels have characteristic 

unidirectional valves, dividing them into individual lymphatic chambers (or 

lymphangions)54, preventing retrograde backflow when lymph is propelled forward.  

These afferent collecting vessels penetrate lymph nodes through the subcapsular sinus, 

delivering lymph and its contents. Lymph nodes behave as filters for lymph, just as kidneys 

act as filters for blood. A lymph node contains characteristic zones, or sinuses made of 

distinct cell types. This morphology allows for an orchestrated adaptive immune response 

to occur. A schematic of a typical lymph node is shown in Figure 1.5. At this stage, free 

flowing antigens, APCs and other leukocytes can initiate immune responses in the lymph 

node. Afferent vessels first deliver lymph to the subcapsular sinus compartment, which is 

composed of reticular fibers, macrophages and dendritic cells that can initiate local immune 

responses. Lymph then flows through the outer cortex, which contains germinal centers 

(also known as the cortex zone), consisting of B lymphocytes, initiating humoral immune 

responses. Lymph continues onto the T-cell zone (also known as the paracortex), where T-

lymphocytes can be activated by APCs. It finally enters the medulla, a sinus rich in B-cells 

and plasma cells, surrounded by reticular cells that help incorporate antibodies into the 

lymph. Lymph can now exit through the efferent lymphatic vessels located in the hilum of 

the lymph node. At the hilum, the main artery and vein, which supply the lymph node with 

nutrients and remove waste products, enter and exit as well. Particularly important to lymph 
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nodes are the high endothelial venules (HEVs), composed of thicker endothelial cells, which 

allow for transmigration of lymphocytes and resident immune cells into the lymph node.  

 

 

 

 

 

Figure 1.5 Lymph Node Structure. 
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Development:  

The lymphatic system is a unidirectional fluid drainage system running alongside and 

intimately connected with the circulatory system. Lymphatic development has mostly been 

studied in the mouse and begins at embryonic day 9 (E9.0), a few days later than the 

initiation of the blood vasculature 59-61. In fact, the current understanding is that the 

lymphatic system buds off the cardinal vein in the developing embryo. Developmental 

studies into the lymphatic system have identified key steps necessary in determining a 

proper functioning lymphatic system in the mouse (as reviewed in 61). A schematic of 

lymphatic embryogenesis is shown in Figure 1.6.  

 

 

 

Figure 1.6 Schematic of lymphatic embryogenesis (Adapted from 62) 
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Prospero Homeobox 1 (PROX-1) is a lymphatic specific transcription factor, which has been 

shown to be specifically expressed in mouse and human lymphatic endothelial cells (LECs) 

63, 64. Also known as the ‘master regulator’ of lymphatic development, PROX-1 seals the fate 

of cardinal vein endothelial cells to become LECs. Haploinsufficiency in the PROX-1 gene 

leads to lymphatic vascular defects and obesity, while total depletion is embryonic lethal 65.  

PROX-1 positive LECs form primitive lymph sacs, which undergo further developmental and 

maturation steps to develop all the necessary cell types for the lymphatic vessels to function. 

The markers that define lymphatic vasculature further on in development include 

podoplanin, lymphatic vessel endothelial hyaluronan receptor (LYVE-1), vascular 

endothelial growth factor receptor 3 (VEGFR3), Forkhead boxprotein C2 (FOXC2) and alpha 

smooth muscle cell actin (SMA). A summary of these lymphatic markers and their continued 

expression in adult lymphatic capillaries, vessels or lymph nodes are shown in Table 1.3.  
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Marker Function Expressing Cells Lymphatic 
Capillaries 

Collecting 
Lymphatic 
Vessels 

Lymph 
Nodes 

PROX-1 Transcription 
factor for 
lymphatic fate 
determination  
 

Nuclei of LECs              YES59, 66    YES59, 66    YES59, 66 

LYVE-1 Hyaluronan 
receptor (CD44) 
Analog) in 
lymphatic 
vessels 
 

LECs, BVs 
macrophages 

             YES67-71 NO67, 68, 70, 71     YES72 

Podoplanin Lymphatic/blood 
vessel 
separation, 
development 
 

LECs, 
podocytes 

             YES67, 68    YES69     YES67 

VEGFR-3 VEGF Receptor, 
involved in 
maturation of 
lymphatic vessel 
 

LVs, BVs (only 
during 
embryogenesis), 
stem cells 

             YES73, 74    YES73, 75     N/A 

FOXC2 Transcription 
factor for 
lymphatic 
maturation 
(valves) 
 

Nuclei of LECs              NO    YES73, 76, 77     NO 

CCL21 Ligand for 
CCR7, immune 
cell trafficking 

LECs, HEVs, 
BVs 
 

             YES78, 79    N/A     YES80 

 

Table 1.3 Lymphatic markers: function, expressing cells and adult mouse expression in 
lymphatic capillaries, lymphatic collecting vessels and lymph nodes. 

LECs, lymphatic endothelial cells; LVs, lymphatic vessels; BV, blood vessels; HEVs, high 
endothelial venules. N/A, not reported. 
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The Mesenteric Lymphatic System 

Lymph originating from the gastrointestinal tract accounts for 60-90% of total lymph formed 

in the body. This highlights the vital role of the mesenteric lymphatics in the uptake of large 

volumes of interstitial fluid, that would otherwise lead to unsurmountable edema 56, 81. The 

mesentery, generally described in the small intestine, is a membranous, translucent tissue 

that attaches to the small intestinal tract. It encompasses arteries, veins and collecting 

lymphatic vessels known as mesenteric arcades. These collecting lymphatic vessels receive 

lymph arising from initial lymphatic vessels within the intestinal villi, termed lacteals. These 

lacteals pick up interstitial fluids, proteins, antigens and lipids. Lipid absorption across the 

intestinal border occurs through the re-esterification of triglycerides into chylomicrons that 

can easily pass into the lacteal lumen (See Figure 1.7).  

 

 

Figure 1.7 Lipid absorption across intestinal lumen. (Adapted from 62) 
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Lymph continues to travel into the collecting lymphatics that protrude out of the surface of 

the small intestine onto the mesentery. As mentioned before, these collecting lymphatic 

vessels will now, thanks to their muscular intrinsic contractile activity, propel lymph in a 

more active manner 56. It is important to note here that mouse mesenteric collecting 

lymphatic vessels do not appear to contract. This is most likely due to the sufficient extrinsic 

force (by surrounding muscles) to propel lymph forward in combination with a general lack 

of hydrostatic pressures due to gravity. Finally, lymph from the intestine reaches the MLNs, 

which collects lymph from the ileum and proximal large intestine 82. The MLNs appear as a 

discrete number of 3-4 lobule structures located close to the branching out of the superior 

mesenteric artery (ileum), and attached to the mesenteric side of the colon. MLNs have a 

discernible lymph node capsule that upon puncture starts leaking a milky fluid. The 

anatomical positions of MLNs are depicted in Figure 1.8.  

 

 

Figure 1.8 Illustration of the mouse small intestinal mesentery and associated MLNs.  
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Lymphatic Involvement in IBD 

Inflammation is classically characterized by swelling. In fact, submucosal edema in IBD has 

been a longstanding observation 83-85. Vascular congestion and increases in permeability 

during IBD lead to marked increases in downstream transcapillary fluid movement and 

subsequent interstitial edema that cannot be completely handled by the venous system. The 

lymphatic system thus becomes critical at maintaining tissue fluid homeostasis, and any 

fundamental abnormalities in lymph flow could lead to drastic tissue fluid burden. Indeed, 

histopathology in IBD gut tissue sections reveals edema, extensive dilation of lacteals and 

lymphangiogenesis, underscoring lymphatic abnormalities in these diseases 86-93. 

Experimental models of intestinal inflammation have also shown lymphatic abnormalities 

such as lymphatic dilation, mesenteric lymphatic contractile dysfunction, lymphatic 

obstruction and lymphangiogenesis 90, 94-99.  

Mesenteric lymphatic vessel dilation has been reported in biopsies of IBD patients 100 and 

implicated in reduced lymphatic contractile function in experimental models of intestinal 

inflammation 94, 101. Lymphatic dilation indicates a loss in vascular tone of the vessel, 

possibly due to the mechanomodulatory effects of many proinflammatory cytokines 

released during inflammation, such as prostaglandins, nitric oxide (NO), TNF-α and IL-1β 

102. Increased lymphatic diameter could also simply reflect the increased fluid load within 

the lumen of these vessels during edematous stress, as commonly seen in inflammation. 

Furthermore, reports of obstructed mucosal lymphatics in CD patients 87, 103 may contribute 

to upstream increased fluid load and mesenteric lymphatic vessel dilation. Interestingly, 

obstruction of mesenteric lymphatics or lymph node in animals, using sclerotic agents, 
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recapitulates many CD-like signs 90, 95, 104, suggesting the implication of patent lymphatics in 

the disease.  

Lymphangiogenesis and lymphatic remodelling have been shown in both CD and UC tissue, 

with substantial invasion of lymphatic vessels throughout all layers of the intestinal mucosa 

91-93, 105. Experimental models of colitis have also reported lymphangiogenesis 96-99. It is 

thought to occur in compensation to either increased fluid, inflammatory or antigen loads. 

New lymph vessels that emerge usually sprout from existing lymphatic vessels and can also 

originate from nearby veins, since lymphatic endothelial cells are venous in origin. Whether 

these new vessels are ‘functional’ or not, has not been clearly established although newly 

formed vessels have been described as tortuous and dilated, indicating maladapted 

lymphatics 99, 106.  It is important to note that these studies focused on intestinal 

lymphangiogenesis and that lymphangiogenesis in the mesentery, which contain the 

collecting lymphatic vessels that drain lymph to MLNs, has so far not been assessed.  

Lymphatic vessels themselves can show signs of inflammation, known as lymphangitis, as 

they become entrapped within the uncleared intestinal mucosa inflammatory milieu. Often, 

ectopic lymphoid aggregates can form in CD tissue, creating granulomas that can initiate 

local immune responses and modulate initial lymphatic phenotype and architecture 107. 

Furthermore, a study by Sura et al. has demonstrated a close association between CD and 

the formation of granulomas, tertiary lymphoid follicles/organs and lymphocytic 

perilymphangitis in the inflamed gut 103.  
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Tertiary lymphoid organs & IBD 

Tertiary lymphoid organs (TLOs) are lymphoid tissues that develop postnatally in response 

to persistent inflammation/infection 108. TLOs appear in many chronic inflammatory diseases 

such as atherosclerosis, rheumatoid arthritis, Sjogren’s syndrome and IBD (as reviewed in 

108). TLOs resemble secondary lymphoid organs though more loosely organized, and their 

induction depends on unique genetic signatures108. Experimental models using transgenic 

mice or inhibitors have identified a critical role for lymphotoxin-α1β2 (LTα1β2) and its 

receptors, lymphotoxin beta receptor (LTβR) and TNF receptors (TNFR) in the development 

of TLOs 109. Chronic inflammation produces tissue with large accumulations of activated 

lymphocytes, a rich source for LTα1β2. These activated immune cells and pro-inflammatory 

cytokines in the inflammatory milieu enrich the inflamed tissue with chemokines and 

adhesion molecules. Resident stromal cells subsequently start producing LTβR, and its 

interaction with LTα1β2 released by haematopoietic cells and lymphocytes, drives the 

formation of new lymphoid organs108. Stromal cells also mediate the development of TLOs 

by inducing other molecules such as vascular and addressin cell adhesion molecules 

(ICAM-1, VCAM-1 and MADCAM-1, respectively), chemokines such as CCL19, CCL21 and 

peripheral node addressin (PNAd).  

 

Lymphatic Endothelial Cells and Intestinal Inflammation 

In vitro studies have also suggested an active role for the lymphatic endothelial cells (LECs) 

in the inflammatory process. TNF-treated lymphatic endothelium results in an overall 

suppression of DC maturation via decreased costimulatory molecule expression. 
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Furthermore, this effect was dependent on lymphatic ICAM-1 expression  110. Consistently, 

a recent study has demonstrated that LEC-conditioned media can suppress DC maturation 

by reducing the expression of MHCII, CD40 and IL-6 111. Different inflammatory cytokines 

and agents have the capacity to induce lymphatic endothelial barrier dysfunction, such as 

IL-6, TNF-α, IL-1β, IFN-γ and LPS. This may lead to lymph leakage, promoting edema and 

exposure of the mesentery to inflammatory infiltrates and the release of intra-lymphatic fat 

to surround mesentery/gut. Interesting to note, the pathology of CD has been associated 

with the specific accumulation of fat on the surface of the intestinal wall, also known as 

creeping fat. Indeed, experimental evidence shows that lymph stasis and/or fluid leakage 

can promote fat accumulation 112. Finally, PROX-1-deficient mice (with mis-patterned 

lymphatic vessels) have an obese phenotype with enrichment of fat around lymph nodes 

and areas of the mesentery 65, features observed in CD 113.  

 

1.3 Dendritic Cells: Ontogeny and Intestinal Immunity  

Ontogeny 

Dendritic cells (DCs) arise from a pool of hematopoietic stem cell precursors within the 

bone marrow. These precursors are known as the common dendritic cell precursor (CDP).  

The growth factors and transcription factors involved in DC commitment are numerous and 

often overlap with other immune cell development. Most importantly, colony-stimulating 

factor (CSF) and fms-like tyrosine kinase 3 (Flt3) signaling is involved in CDP production 114. 

Transcriptional regulation of CDP development is driven by the purine rich DNA sequence 

(PU.1) expressed on bone marrow hematopoietic cells and stimulates other transcription 
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factors such as Relb, interferon regulator factor-4 and 8 (IRF-4/8), BatF3 and Zbtb46. Many 

knockout mice in these transcriptional factors have shown deficits in DC subsets and overall 

abundance 114.  

DCs can be mainly divided into three main subsets: Langherhans cells, classical and 

plasmacytoid dendritic cells. All DCs constitutively express CD45, major histocompatibility 

complex class II (MHC-II), Cd11c and Flt3 115, 116. Their differential characterization from 

macrophages can be difficult, since the latter express CD11c and MHCII as well. Each subset 

is described in the following sections and summarized in Figure 1.9.  

Langerhans Dendritic Cells:  Skin DCs, also known as Langerhans cells, were the first DCs 

to be described. These cells display classical dendrite extensions and remain exclusive to 

the dermis 115.   

Plasmacytoid Dendritic Cells: Representing a small proportion of total DCs, plasmacytoid 

dendritic cells (pDCs) are predominantly designed to respond to viral infection, and mediate 

the immune response by producing large amounts of interferon gamma (IFN-Υ) 115, 116. Steady 

state pDCs have low expression of MHCII, costimulatory molecules and the integrin CD11c 

115, 116.  

Classical DCs: Classical DCs (cDCs), comprising 1-5% of tissue cells, have superior antigen 

presentation abilities and can mainly be categorized into lymphoid cDCs and non-lymphoid 

cDCs 115, 116. cDCs robustly induce adaptive immune responses, to prime naïve T 

lymphocytes, as well as regulate tolerance to self-antigens. Their anatomical locations 

provide both lymphoid and non-lymphoid immune surveillance functions.  



46 

Lymphoid cDCs reside exclusively in lymphoid tissues for the duration of their life span. 

The spleen is solely populated by lymphoid cDCs. Other tissues with large populations of 

lymphoid cDCs include peripheral lymph nodes, Peyer’s patches and intestinal lymphoid 

follicles 117. Lymphoid cDCs can be differentiated by their expression of either CD8 or 

CD11b integrins 118. CD8+ lymphoid cDCs express high levels of Flt3, CD205 and low 

levels of CD11b. CD8+ lymphoid cDCs make up about 20-40% of spleen and lymph node 

cDCs 118. In contrast CD11b lymphoid cDCs lack CD8 and dominate splenic and lymph 

node cDC populations. CD11b+ lymphoid cDCs also proliferate in response to Flt3 ligand 

(Flt3L) similar to CD8+ lymphoid cDCs 118.  

Non-lymphoid cDCs robustly express CCR7, a chemokine receptor that responds to 

lymphoid chemokine ligands, CCL19 and CCL21 important  for the movement of DCs from 

the periphery to draining lymph nodes. Non-lymphoid cDCs can also be differentiated by 

cell surface expression of CD103 and Cd11b 118. CD103+Cd11b- cDCs are CD8+ and 

MHC-II+ and lack F4/80, and primarily act as tissue resident cells 119. These cells are found 

in most connective tissue and are enriched in the intestinal Peyer’s patches 119. Furthermore, 

CD103+ cDCs respond strongly to Flt3L. In contrast, Cd11b+ non-lymphoid cells are a 

heterogeneous mix of both cDCs and macrophages and often lack expression of CD103 115, 

116. These cells often express the fractalkine receptor, CX3CR1. In response to CX3CL1, 

secreted by inflamed lymphatic endothelium, it facilitates DC migration into draining lymph 

nodes as well as transmigration 120. In the lamina propria, CX3CR1+ DCs are responsible for 

extending dendrites out of the intestinal epithelium for luminal sampling 121. Finally, a 
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subpopulation of Cd11b+CD103+ double positive cDCs exists within the lamina propria 

119, though their functional relevance is unknown.  

 

 

 

 

Figure 1. 9 Dendritic Cell Subsets, and their markers in the Mouse. 
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DCs and Activation of Adaptive Immunity 

 
DCs are unique cells of the immune response strategically placed within many mucosal 

tissues, such as the gastrointestinal (GI) mucosa, to initiate adaptive immunity. DCs are 

crucial for T lymphocyte activation, which cannot recognize antigen on their own. 

Therefore, T cells require antigen to be processed, packaged into major histocompatibility 

proteins, and presented to their T cell receptors (TCRs) 122 by antigen presenting cells. DCs, 

regardless of subset, present as either immature or mature phenotype, each having unique 

functions to perform. Immature DCs are uniquely adapted to process external antigens or 

danger signals, that they take up mainly through phagocytosis and macropinocytosis 123, 124. 

Antigen uptake is further facilitated through the binding of pathogen associated molecular 

patterns (PAMPs) with toll-like receptors (TLRs) and nucleotide-binding oligomerization 

domain (NOD)-like receptors (NLRs). Upon antigen entry into DCs, their ability to capture 

further antigen rapidly declines to accommodate the assemblage of antigen-MHC class I or 

II complexes. For maturation to occur, DC phagolysosomes degrade the antigen to smaller 

fragments, which are subsequently loaded onto MHC class molecules 125. Loaded MHC 

complexes are then required to migrate from the lysosome to the cell surface via 

endolysomal tubules 125, one of the key transitions initiating the maturation process of DCs.  

One important event in the maturation process is the upregulation of CCR7 expression, 

which is necessary for DC migration. CCR7 responds to the chemokine ligands, CCL19 and 

CCL21, expressed on lymphatic endothelium. DCs use lymphatic vessels to travel and enter 

into draining lymph nodes, where they are positioned to interact with T lymphocytes. To 

produce a particular effector T cell, 3 signals are critical. Firstly, antigen-loaded MHCII 



49 

complexes interact with the T-cell receptor (TCR) 126. This match is further solidified with a 

second signal, the presentation of co-stimulatory molecules, CD80 and CD86, or OX40 on 

the DC surface to CD28 and OX40 ligand (OX40L) on the bound T-cell, respectively 126. 

These co-stimulatory molecules are also upregulated during the DC maturation process. The 

third signal required for T cell activation is the release of inflammation-specific cytokines 

by DCs that can bias T-cell differentiation into Th1 (IFN, IL-12), Th2 (IL-4), Th17 (IL-21, IL-

23, TGFβ, IL-6) and Treg (Retinoic acid, TGFβ). A schematic illustration highlighting these 

interactions is shown in Figure 1.10. 

Steady state intestine is thought to be mostly populated by CD103+ DCs, as they are 

involved in inducing Treg responses  127. Furthermore, DCs during steady state promote the 

intestinal homing of T cells via induction of T-cell-CCR9 interaction 127, 128. Finally DCs in 

the non-inflamed gut have been shown to produce low levels of IFNγ 127, 128. This hypo-

responsive production of pro-inflammatory cytokines acts to keep unwanted immune 

responses at bay during steady state conditions.  
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Figure 1.10 DC and T cell interactions. 

Schematic representation of the interactions between DCs and T cells. The main 3 signals 
characterizing DC-T cell stimulation include: 1 – Antigen presentation via MHCII to the T 
cell receptor (TCR), 2 – Costimulatory signals via CD80/86 and CD28 and 3 – DC produced 
cytokines (not shown). DC, dendritic cell.  
 

 

Intestinal DCs and IBD 

The small intestine is uniquely designed to face the incredible load of bacteria and antigens, 

to which it is constantly exposed. Dendritic cells are found extensively throughout the small 

intestine, primarily residing in the lamina propria (LP), mesenteric lymph nodes (MLNs) and 

Peyer’s patches 117, 128. In the non-inflamed gut, DCs continually migrate to MLNs via 

lymphatic vessels. As described earlier, these vessels originate from the mucosal bed, 

passing through the intestinal layers and exit into the mesentery. This migration of DCs via 

Cd11c 
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lymphatic vessels is dependent on the interaction between CCR7 and CCL19/21 117, 128. As 

previously mentioned, intestinal DC subsets mostly include non-lymphoid DCs 

(CD103+/CD11b+, CD103-/CD11b+, CD103+/Cd11b-), some lymphoid DCs (CD8+, 

CD11b+) and few pDCs. All these DC subsets are normally trafficking to lymphoid and 

peripheral tissue during steady state. 

During inflammation, the numbers of the above DCs in peripheral blood are thought to 

increase. Patients with active CD appear to have increased DCs in affected mucosa along 

with a decrease in DC numbers in peripheral blood 128. These changes could be due to 

increased intestinal homing of DCs via CCR6 and chemokine ligands CCL20 and mucosal 

cell adhesion molecule-1 (MAdCAM-1) interactions 129. Animal experiments using 

diphtheria toxin receptor (DTR)-mediated depletion of CD11c (ablation of all DCs) show a 

protective effect of this ablation on the outcome of DSS colitis 130, 131. Consistently, adoptive 

transfer of DCs worsened histological damage in colitic mice 130. Another subset of DCs that 

becomes physiologically relevant during inflammation is made of DCs positive for the 

fractalkine receptor, CX3CR1, that are enriched in Peyer’s patches in the small intestine 132. 

These CX3CR1+ DCs are able to physically sample the intestinal lumen for antigens by 

extending their dendrites without disrupting the surrounding epithelium. They are thought 

to not travel in significant numbers during steady state, but are rapidly recruited and migrate 

in intestinal lymph in inflammatory situations 132. Mice with enriched populations of this 

subset of DCs develop more severe colitis 133, in a TNF-α-dependent manner, highlighting 

the role of CD103-/CD11b+/CX3CR1+ DC in producing a pro-inflammatory response.  
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During intestinal inflammation, DCs are also shown to display a more stimulatory 

phenotype towards naïve T cells.  Colitic DCs have been shown to have increased cell 

surface expression of activation markers (CD80, CD86) 134. Blocking the interaction of 

costimulatory molecules, as well as treatment with TNF-α neutralizing antibodies has been 

shown to prevent the development of colitis 135-137. CD and UC affected colon have 

increased populations of TLR2- and TLR4-producing DCs compared to healthy controls 137, 

providing increased phagocytic ability. Additionally, another study showed an increase in 

the production of pro-inflammatory cytokines by DCs, specifically IL-12 and IL-6 128. 

Similarly, experimental colitis has been correlated with a decrease in CD103+ DCs, 

indicating a lack of tolerogenic immune responses 127, 136.  Overall, these data suggest that 

DCs have a heightened activity and response to normal luminal antigens.  
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1.4 Dissertation Preamble 

The provided literature review builds the foundation for my dissertation, outlined in Figure 

1.11. Within the context of inflammatory bowel disease, we evaluated the possible 

connection between small intestinal inflammation associated lymphatic remodeling and 

altered DC trafficking within the context of small intestinal inflammation.  

 

 

 

Figure 1.11 Dissertation Research Preamble.  

The interplay between Inflammatory Bowel Disease, dendritic cell trafficking and altered 
lymphatic morphology is the focus of this thesis. 
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Hypothesis 

Inflammation to the intestine induces structural and functional changes in the mesenteric 

lymphatic system, altering the trafficking of dendritic cells to mesenteric lymph nodes. 

Furthermore, these changes alter with the chronicity of disease and persist after 

inflammation resolution.  

 

Aims 

 

1. To assess the structural and functional changes in the mesenteric lymphatic system, 

and associated changes in dendritic cell trafficking to MLNs in a chronic model of 

ileitis. 

2. To assess the structural and functional changes in the mesenteric lymphatic system, 

and associated changes in MLN dendritic cell trafficking in an acute model of ileitis. 

3. To assess whether structural and functional changes in the mesenteric lymphatic 

system, and associated changes in MLN dendritic cell trafficking persist after 

resolution of inflammation in an acute model of CD ileitis. 
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CHAPTER 2: MATERIALS & METHODS 

 

2.1 Mouse Models  

All mice used were housed at constant temperature (22°C) on a 12:12-h light-dark cycle, 

with food and water ad libitum. The animal handling and experiments were approved by 

the University of Calgary Animal Care and Ethics Committee and conformed to the 

guidelines established by the Canadian Council on Animal Care. Animals were sacrificed 

by exsanguination under isofluorane anesthesia and cervical dislocation.  

TNFΔARE Mice 

Heterozygous TNFΔARE mice breeding pairs were kindly provided by Dr. Frank Jirik 

(University of Calgary). Mutant mice were bred with C57/BL6 animals to produce 

heterozygous TNFΔARE and WT mice (at a chi-square distribution of 50%). These mice 

were originally developed and characterized by Kontoyiannis et al.  46. Briefly, AU-rich 

elements (ARE) of the TNF gene involved in mRNA destabilization and translational 

repression were ablated via a point mutation using the Cre-Lox system. Consequently, TNF 

expression was expressed at high levels in naïve mice in both hematopoietic and stromal 

cells 46. Unless otherwise stated, TNFΔARE mice were used at 24-28 weeks of age for all 

experiments. 

Heterozygous mice were identified via genotyping and agarose gel electrophoresis of PCR 

product to identify the mutated ARE mRNA. Mouse ear notches were collected and DNA 

was extracted using the Extract-N-Amp Tissue PCR Kit (Sigma-Aldrich, MO, USA). PCR was 

performed with the following primers to detect the mutated and WT ARE cDNA – under the 
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following thermal cycler conditions: 95°C, 4 min, [95°C, 1 min, 65°C, 1 min, 72°C] x 35 

cycles, 72°C, 5 min and final resting temperature of 4°C. Primer sequences used to detect 

both WT and TNFARE bands were the following:  ARE-F: CTTCCTCACAGAGCCAGC, ARE-

R: GATGCAGACTTCATCCCAAGAC. 10 μL of PCR product was loaded onto a 4% agarose 

gel (using SYBR Safe DNA Gel Stain (Thermo Fisher Scientific, MA, USA)) with 2 μL DNA 

Gel Loading Dye (Thermo Fisher Scientific). DNA was visualized on the gel using the 

ChemiDoc MP imaging system (Bio-Rad, CA, USA).  Mice heterozygous for the mutated 

ARE cDNA had 2 bands, at 412bp (WT) and 474 bp (TNF∆ARE). A typical gel picture is 

shown below in Figure 2.1: 

 

 

 

Figure 2.1 Genotyping PCR. 

Bands were visualized on 4% agarose gel for TNFΔARE heterozygous mice (mice with both 
bands). 
 

 

412bp (WT) 
474bp (TNF∆ARE	) 
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DSS Mice 

Acute DSS: Six-week-old WT C57BL/6 mice were obtained from Charles River Laboratories 

(Montreal, Quebec, Canada). Terminal ileum inflammation was induced in these mice by 

administration of 2.5% dextran sulphate sodium (DSS; Affymetrix, Ohio, USA) in drinking 

water for 7 days. Sham mice were given normal drinking water.  Mice were euthanized after 

7 days of DSS/Sham treatment. 

DSS Recovery: Mice received an acute dose of DSS as described above. After 7 days, DSS 

water was withdrawn and replaced with normal drinking water for 14 days to recover. Mice 

were euthanized after 14 days of withdrawal from DSS. 

 

2.2 Assessment of Inflammation 

 

Macroscopic Damage 

To assess the severity of inflammation in the terminal ileum, a criteria scoring table (Table 

2.1) was adapted from previously published work 138. A score of either 0, 1 or 2 was given 

for the following damage: ulcers, adhesions, hyperemia and bleeding. A score of 0, 1 or 2 

was given for absent, localized or spread-out damage, respectively, with a total maximum 

score of 8 for all criteria.  
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Table 2.1 Scoring criteria for assessing severity of inflammation in terminal ileum. 

 

Weight Loss 

Differences in weight were measured as percent weight loss pre-and post DSS/Sham 

treatment for DSS ileitis, whereas TNFΔARE/WT mice were assessed for absolute body 

weight at 24-28 weeks of age. 

 

Myeloperoxidase Assay 

Myeloperoxidase (MPO) is an enzyme found in the intracellular granules of neutrophils and 

other granulocytes (eosinophils). The release of this enzyme can therefore be used as a 

marker for tissue granulocyte infiltration. In this assay MPO (being a peroxidase enzyme) 

oxidizes o-dianosidine diyhydrochloride in the presence of hydrogen peroxide, changing it 

from a colourless to a brown compound that can be measured spectrophotometrically. 

Therefore, we can indirectly measure tissue granulocyte content through absorbance values 

read from the colored compound. MPO was performed on both inflamed and sham ileum 
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samples. Ileal samples, weighing 50-100 mg were rinsed in saline solution and immediately 

frozen at -80°C for a maximum of 4 days until analyzed. Ileum was dabbed with Kimwipes 

to dry and homogenized in 40x Hexadecyltrimethylammonium bromide (HTAB) buffer in a 

Bullet blender (Next Advance, NY, USA) using 0.2 µm beads and centrifuged to discard 

pellet. Buffer composition is as follows: 5g hexadecyltrimethylammonium bromide (Sigma-

Aldrich) in 1 L potassium phosphate buffer, heated gently to dissolve and upon use, stored 

at 4°C. Potassium phosphate buffer was constituted with 2 solutions, solution A: 6.8 g 

monobasic potassium phosphate in 1 L ddH2O and solution B: 8.7 g dibasic potassium 

phosphate in 1 L ddH2O, and pH was set to 6.0, long term storage was at 4°C. A standard 

curve was produced by diluting reconstituted MPO enzyme (VWR, ON, Canada) to different 

concentrations. Enzyme was initially reconstituted to a 0.1 U/μL stock solution, and stored 

as 10 μL aliquots at -80°C. A 10 μL aliquot was dissolved in 990 μL of water to prepare a 

standard curve. 14 μL of sample or standard were plated in triplicates to which O-

dianisidine, potassium phosphate buffer and hydrogen peroxide were added to initiate a 

colored enzymatic by-product, which was read on a spectrophotometer (Molecular 

Devices, Sunnyvale, CA, USA) at an absorbance of 450nm for 90s intervals, read on SoftMax 

Pro software (Molecular Devices). Absorbance readings for inflamed and sham ileum were 

normalized to protein content in the original sample. Protein quantification was performed 

using the Precision Red Advanced Protein Reagent Assay (Cytoskeleton, CO, USA). 10 μL 

of HTAB-homogenized samples were incubated with 300 μL of advanced protein reagent 

and incubated for up to 30 min.  All samples were read using the above spectrophotometer 

at 595nm. Protein concentration was calculated based on the following equation: 1.00 
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OD595nm = 100 μg protein/mL reagent x 100 to extrapolate μg/mL protein concentration 

of sample.  

 

2.3 Paraffin Embedding/Sectioning & Histology 

 

Paraffin Embedding & Sectioning  

Tissue samples to be embedded were isolated, cleaned of surrounding adipose tissue and 

placed in tissue embedding cassettes (Thermo Fischer). Smaller tissues that might slip out of 

cassette pores were sandwiched between 2 tissue biopsy sponges (Thermo Fischer) before 

being placed in the cassette. Samples were then processed in a Tissue Processor (Leica, 

Wetzlar, Germany). Steps involved in tissue processing are specified in Table 2.2.  Tissue 

were subsequently embedded into wax molds using an embedding machine (Leica, Wezlar, 

Germany). Finally, wax blocks were cut into sections using a microtome (Leica) into 5-7 μm 

slices. Blocks and Sections were stored in the fridge until further use. 
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Table 2.2 Steps in tissue processing using Tissue Processor (Leica). 

 

Histology 

Staining was performed using Gill II Hematoxylin and Eosin (Sigma-Aldrich) on paraffin-

embedded, small intestine Swiss roll sections and MLNs.  The protocol is detailed in Table 

2.3. Slides were mounted with a coverslip and imaged using an inverted fluorescent 

microscope (Nikon Eclipse Ti, ON, Canada) and acquired using NIS Imaging Software 

(Nikon, ON, Canada).  

 

 

Station Reagent Duration
1 - 0
2 Formalin 0
3 70%	EtOH 1	hr
4 95%	EtOH 1	hr
5 100%	EtOH 1	hr
6 100%	EtOH 1	hr
7 100%	EtOH 2	hrs
8 Neoclear 1	hr
9 Neoclear 1	hr
10 Neoclear 2	hrs
11 Wax 2	hrs
12 Wax 3	hrs
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Table 2.3 Histology staining protocol for paraffin-embedded slides. 

 

Step Reagent Duration
1 Neoclear 3	min
2 Neoclear 3	min
3 100%	EtOH 3	min
4 100%	EtOH 3	min
5 95%	EtOH 3	min
6 90%	EtOH 3	min
7 70%	EtOH 3	min
8 Water 1	min
9 Gill	II	Hamatoxylin 7	min
10 Water	 15	sec
11 Acid	Alcohol 30	sec
12 Water 15	sec
13 Scott's	Blue	Solution 30	sec
14 Water 1	min
15 Eosin 2.5	min
16 Water 10	sec
17 70%	EtOH 1	min
18 90%	EtOH 1	min
19 95%	EtOH 1	min
20 100%	EtOH 1	min
21 100%	EtOH 1	min
22 Neoclear 2	min
23 Neoclear 4	min
Exit Neoclear -
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2.4 Lymphatic Indices of Dysfunction 

 

Lymphangiectasia (Lymphatic Vessel Dilation) 

We used the quantification of lymphatic dilation as a sign of lymphatic dysfunction since 

many earlier studies have confirmed the correlation between lymphatic contractile 

dysfunction and increases in luminal diameter102, 139-141. Diameters of lymphatic vessels, 

within pinned mesentery tissue (See Figure 2.2) were measured at 3 sites randomly chosen 

along their length and were averaged. 

 

 

Figure 2.2 Representative image of the mouse mesentery. A representative lymphatic vessel 
is defined by dotted lines. 
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Lymphadenopathy 

MLNs were dissected out, cleaned of surrounding adipose tissue and assessed for their wet 

weight, as well as size under a dissecting stereomicroscope (Olympus, ON, Canada) with a 

ruler in the background (refer to figure 3.2.2). Furthermore, histology was performed on 

paraffin embedded sections with haematoxylin and eosin. Finally, sections were also 

assessed for proliferation using the antibody marker Ki67 and the T lymphocyte marker, 

CD3. Antibody concentrations and details are listed in ‘Antibodies’ section in this chapter.  

 

Bodipy-Extrapolated Lipid Transport 

Bodipy (ThermoFischer Scientific, MA, USA) was resuspended (1mg/200 μL) in DMSO and 

mixed with olive oil (20 μL/180 μL) for administration by oral gavage. Animals were 

sacrificed one hour after gavage and tissues (feces, terminal ileum, MLN) were collected out 

in phosphate buffered saline (PBS). Blood (>0.5 mL) was also collected using cardiac 

puncture, with heparinized needles and immediately centrifuged at 8000g for 5 min to 

pellet off RBCs. Tissue was homogenized in 1 mL of PBS (Sigma-Aldrich) with 0.2 µm beads 

in a bullet blender (Next Advance, ON, Canada). Samples were then centrifuged at 10,000 

RPM for 5 min and supernatant used for further assay. Homogenized tissue lysates and blood 

were read, in triplicate, on a fluorescent spectrophotometer (Perkin Elmer, MA, USA) at FITC 

emission wavelength (525nm). Supernatants were also analyzed for protein content 

(Precision Red Advanced Protein Reagent, CO, USA).  
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Ex-Vivo Lymphatic Vessel Function Assay 

To assess lymphatic vessel permeability and morphology, bodipy was administered by oral 

gavage as described above. One hour after gavage, mice were sacrificed, and placed onto 

a microscope viewing stage (Leica fluorescent stereomicroscope, EL6000). A mid-

abdominal incision was made, and the terminal small intestinal loop was exposed onto 

gauze that was kept wet with PBS (Sigma). A viewing window of the mesenteric arcade was 

made and visualized for fluorescence. Pictures of bodipy-filled mesenteric lymphatic vessels 

were identified and imaged.  

 

2.5 Polymerase Chain Reaction 

 

Total RNA was isolated from the terminal ileum, mesenteric lymphatic vessels and lymph 

nodes, and cDNA generated. Mesenteric lymphatic vessels and lymph nodes were 

microdissected in PBS and a piece of terminal ileum was also collected. Upon collection, 

all tissues were placed in RNAlater (Qiagen, Mississauga, ON, Canada). RNAlater stabilized 

tissues were kept at 4°C overnight or at -20°C for long-term storage. RNA-stabilized, 

microdissected tissues underwent RNA extraction using the Qiagen Mini RNeasy Kit. cDNA 

was reverse transcribed from isolated RNA using Superscript II Reverse Transcriptase 

enzyme (Invitrogen, Burlington, ON, Canada) with oligo (dT) primers (Qiagen). Real-time 

amplification of target genes was performed using Quanti Tect Syber Green (Qiagen) in an 

iCycler iQ Real-Time PCR Instrument (Bio-Rad). Gene expression were normalized to β-

actin expression. All reactions were performed at an annealing temperature of 55°C at 40 
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cycles of amplification. RT-PCR results were analysed using the ΔΔCT method 142. PCR 

primers were designed and listed in Table 2.4.  

 

 

Table 2.4 PCR primer sequences for Real-time PCR. 

 

 
 

2.6 Flow Cytometry 

 

Cells from MLNs and lymphatic vessels 

MLNs and lymphatic vessels (pooled from 2-4 mice) were placed in c-tubes (Miltenyl Biotec, 

San Diego, CA, USA) with dissociation buffer (HBSS, 1% EDTA (0.5M), 10% FCS, 1% 

Penicillin/Streptomycin). Samples were dissociated in a gentleMACS dissociator (Miltenyl 

Biotec). Dissociated tissues were filtered through a 40 μm strainer and washed with more 

dissociation buffer. Cells were centrifuged for 10 min at 2000 RPM (4°C) and the pellet was 

Gene Forward	Primer Reverse	Primer Product	Size	(bp)
β-actin GCTACAGCTTCACCACCACA TCTCCAGGGGAGGAAGAGGAT 115
CCR7 AACGGGCTGGTGATACTGAC TAGGCCCAGAAGGGAAGAAT 103
CD103 TGGCTCCAGAAAGAAAGCAT CACAACACCCTGCATCTTTG 98
CX3CR1 CCATGTGCAAGCTCACGACT ACTGTCCGGTTGTTCATGGA 121
pDCA-1 ACATGGCGCCCTCTTTCTATCACT TGACGGCGAAGTAGATTGTCAGGA 138
LTβR TGGTGCTCATCCCTACCTTC CACACCTCCTCTCAAACCCT 127

VEGFR-3 CTGGCAAATGGTTACTCCATGA ACAACCCGTGTGTCTTCACTG 103
PROX-1 TACCAGGTCTACGACAGCACCG GTCTTCAGACAGGTCGCCATC 108
LYVE-1 CAGCACACTAGCCTGGTGTTA CGCCCATGATTCTGCATGTAGA 111
CCL19 GATCGCATCATCCGAAGACT TTCTGGTCCTTGGTTTCCTG 123
CCL21 ATGTGCAAACCCTGAGGAAG TTAGAGGTTCCCCGGTTCTT 113
COX-2 GGCCATGGAGTGGACTTAAA ACCTCTCCACCAATGACCTG 127
MHCII ACCCAGCCAAGATCAAAGTG ATCTCCAGCATGACCAGGAC 108
Cd11c AGCCAGAGTGGGAAGTGAGA TAAACTGGTCATGGCTGCTG 123
CD86 TCAGTGATCGCCAACTTCAG TTAGGTTTCGGGTGACCTTG 126
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resuspended in FACS buffer (PBS, 1% BSA, 0.1% Sodium Azide). Appropriate antibody 

volumes were added to cells and incubated for 1 h at room temperature. Cells were 

subsequently washed with FACS buffer and centrifuged at 300g for 10 min (repeated twice). 

The cells were analyzed using Attune Acoustic Focusing Cytometer (Life Technologies) and 

data generated using FlowJo (Tree Star, Ashland, OR, USA). 

 

Cells from Small Intestine 

Small intestines (pooled from 2-4 mice) were flushed of contents and cut into 1 cm pieces 

and incubated at 37°C with EDTA Buffer (HBSS, 1% EDTA (0.5M), 3% DTT) for 15 min for 

4 cycles, collecting through a 100 μm strainer between each incubation. Tissue was 

subsequently incubated with the digestion solution (HBSS, 200 U/mL Collagenase type II, 

50 μg/mL Dnase I) for 30 min at 37°C. Digested tissue was then run on the gentleMACS 

dissociator (Miltenyl Biotec). Cells were decanted over a 100 μm strainer, washed with 

additional dissociation buffer and supernatant was centrifuged at 2000 RPM for 10 min. Cell 

pellets were re-suspended in 100 μL FACS buffer (PBS, 1% BSA, 0.1% sodium azide). 

Appropriate volumes of antibody containing FACS buffer were added to cells and incubated 

for 1 h at room temperature. Cells were subsequently washed with FACS buffer and 

centrifuged at 2000 RPM for 10 min (repeated twice). The cells were analyzed using Attune 

Acoustic Focusing Cytometer (Life Technologies) and data generated using FlowJo (Tree 

Star). 
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Peripheral Blood Mononuclear Cells (PBMCs) 

Blood was collected using heparinized needles and diluted 1:1 with PBS in a 15 mL falcon 

tube. Diluted blood was carefully layered over an equivalent volume of Ficoll (Sigma-

Aldrich) medium. This was achieved by gently pipetting onto the separation medium with 

the tubes held at an angle. Gradient was spun at 300g for 20 min at 20°C, acceleration 9, 

no brake. Buffy PBMC layer in between blood and Ficoll was carefully removed and 

collected in a new 15 mL falcon tube and washed with PBS at 180g for 10 min, at 4°C, 

acceleration 9, deceleration 9. Cells were washed again and finally re-suspended in FACS 

buffer. Cell pellets were re-suspended in 100 μL FACS buffer. Appropriate antibody volumes 

were added to cells and incubated for 1 h at room temperature. Cells were subsequently 

washed with FACS buffer and centrifuged at 300g for 10 min (repeated twice). The cells 

were analyzed using Attune Acoustic Focusing Cytometer (Life Technologies) and data 

generated using FlowJo (Tree Star). 
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2.7 Immunofluorescence 

 

Whole mount immunofluorescence (IF) 

Mesenteries were pinned on sylgard (Dow Corning, MI, USA) coated dishes and fixed with 

10% formalin for 2 h at room temperature. Alternatively, for long term storage, formalin was 

replaced with PBS/0.1% sodium azide. Tissues were then washed with DPBS (2x 30 min 

washes) and permeabilized for 2 h with 0.3% Triton X-100/PBS (PBST) and subsequently 

blocked with PBST, with 5% mouse serum (Sigma-Aldrich) and 1% BSA for 2 h. Primary 

antibody incubation took place overnight at 4°C in PBST. Primary antibodies were used at 

a concentration of 1:100. Samples were washed (2x 30 min washes) and incubated with 

secondary antibodies for 2 h. Secondary antibodies were used at a concentration of 1:250. 

Samples were washed once more (2x 30 min washes) and mesenteries were spread on to 

cover slides/coverslip with mounting media, Fluorsave (VWR, Pennsylvania, USA), and 

imaged within 24 h (Leica TCS SP8 Confocal Microscope, Leica). 

 

Optical Clearing 

Tissue clearing was performed on antibody-stained tissues, washed well from residual 

antibodies. After last wash of staining protocol, tissue was gradually dehydrated using 5 min 

incubations with 50%, 70%, 90% and 100% washes (100% wash performed twice). After 

dehydration, tissue was immersed in methyl salicylate (MeS, Sigma-Aldrich) and closely 

monitored as it occurs quickly after application (1-2 min), depending on tissue thickness). 

Once, cleared, tissues were immediately mounted using MeS as the mounting media and 
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covered with a coverslip for imaging, which was completed within two hours of clearing. 

Representative images before and after clearing are shown in Figure 2.3. 

 

 

Figure 2.3 Representative images of mesentery from small intestine before and after optical 
clearing with MeS. 

 

 

 

 

 

 

 

Before	Clearing After	Clearing
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Paraffin-embedded immunofluorescence 

IF was performed on paraffin sections. Sections were deparaffinized with the following 

steps: Xylene: 2 x 3 min, Xylene 1:1 with 100% ethanol: 3 min, 100% ethanol: 2 x 3 min, 

95% ethanol: 3 min, 70 % ethanol: 3 min, 50 % ethanol: 3 min, Sections were then rinsed 

in cold tap water and antigen retrieval was performed using sodium citrate buffer (tri-sodium 

citrate, 2.94 g, 0.5 mL of Tween-20, 1 L ddH2O, pH 6.0) and a vegetable steamer for 20 

min. Slides were rinsed with cold water for 10 min, and with 0.025% Triton X-100/PBS 

(PBST) for 2 x 5 min with gentle agitation. Slides were blocked in 10% mouse serum (Sigma) 

with 1% BSA/PBS for 2 h at room temperature and incubated with primary antibody in 1% 

BSA/PBS overnight at 4°C. Primary antibody incubation took place overnight at 4°C in PBST. 

Primary antibodies were used at a concentration of 1:100. Samples were rinsed in 2 x 5 min 

PBST, and secondary incubation was performed for 2 h in 1% BSA/PBS for 1 h at room 

temperature. Secondary antibodies were used at a concentration of 1:250. Slides were 

washed 2 x 5 min with PBS and stained for the nucleus using 4',6-diamidino-2-phenylindole 

(DAPI) (Sigma-Aldrich). DAPI solution was constituted by adding 4 μL of DAPI stock solution 

in 2 mL of PBS. Slides were finally rinsed 3 x 5 min with PBS and mounted using Fluorsave 

(VWR) and covered with a coverslip.  
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OCT-embedded immunofluorescence 

MLNs and swiss rolls were fixed in paraformaldehyde for a minimum of 1 h and embedded 

in OCT compound (EMS, PA, USA) in cryomolds (EMS) and snap frozen at -80°C. Samples 

were cut at 10 µm thickness and fixed in ice cold acetone and air dried. Samples were then 

either used immediately or stored at -80°C till further use. Sections were blocked with 5% 

mouse serum (Sigma-Aldrich) for 2 hours and subsequently incubated with primary 

antibodies (in 5% serum) overnight at 4°C. Slides were then washed with PBS for 3, 10 min 

washes and secondary antibodies (in 5% serum) were applied and incubated for 45 min at 

room temperature. Slides were washed again for 3, 10 min washes with PBS. Samples were 

mounted using Fluorsave (VWR) and covered with a coverslip. 

 

 

2.8 Cell Labeling Experiments 

 

Isolation of Bone-marrow derived DCs 

Bone marrow was isolated from C57/Bl6 mice and CCR7 KO mice (kindly provided by Dr. 

Paul Kubes).  Femurs and tibias were cleaned away from surrounding muscle, with joints 

intact. Bones were sprayed with 70% ethanol and cut at joints, to have two pieces of bone, 

open ended at both ends. Both bones were flushed out of marrow with 10 mL of conditioned 

media (RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% FBS, 20 mM HEPES, 

2% Pen/Strep, 1% GlutaMAX™, 51% sodium pyruvate (all Gibco, Grand Island, NY), using 

a 30G needle. Bone marrow was centrifuged at 1350 RPM for 5 min and the supernatant 
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decanted. RBCs in supernatant were lysed using 2 mL ammonium chloride potassium (ACK) 

buffer (Thermo Fischer) for 1 min and neutralized with 5 mL of conditioned media. Cells 

were centrifuged again at 1350 RPM for 5 min and the pellet was re-suspended in 10 mL 

conditioned media. Cells were counted (10 μL of cells, 10 μL trypan blue, applied to a cell 

counter slide (Thermo Fischer) on a Countess automated cell counter (Thermo Fischer), and 

plated at 5-10 x 106 cells/10 mL conditioned media with 20 ng/mL GM-CSF (Peprotech, NJ, 

USA) /petri dish. Cells were re-fed with 20 ng/mL GM-CSF/10mL conditioned media on 

days 3 and 6 and at day 8 cells were pooled and collected (floating cells only) in a 50 mL 

falcon tubes. Cells were centrifuged at 150g for 5 min and resuspended in 90% FBS and 

10% DMSO (at a density of 5 x 106 cells/mL) and stored in liquid nitrogen.  

 

Fluorescent Cell Labeling 

For cell labeling experiments, cells were subsequently thawed, washed in conditioned 

media and resuspended and labelled with either CFSE (Thermo Fischer) for WT DCs or Deep 

Red (Thermo Fischer) for CCR7 KO DCs. Conditioned media was removed, and respective 

dyes were added at a dilution of 1:1000 in conditioned media. Cells were incubated at 37°C 

for 30 min. Staining solution was replaced with fresh media and used subsequently for in 

vivo cell transfer.  
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In-vivo Cell Transfer 

For cell transfer, 1 × 106 cells of each WT and CCR7 KO DCs were washed three times in 

sterile PBS, re-suspended in 500 μL PBS, and administered via intra-peritoneal injection 

using a 26-gauge needle.  

 

Intestinal DC Trafficking 

For intestinal DC trafficking, mice were orally gavaged with 100 µg of ovalbumin, 

conjugated to Alexa Fluor 647 (Thermo Fischer) 6 h prior to further antibody incubation or 

flow cytometry.  

 

2.9 Antibodies 

 

Immunofluorescence 

Antibodies against Podoplanin, CCL21, and PNAd-1 were obtained from ebioscience (CA, 

USA).  Other primary antibodies used: VEGFR3 (Lifespan, WA, USA), SMA (Sigma-Aldrich), 

PROX-1 (Abcam, Toronto, ON, Canada), LTβR (Biolegend, WA, USA), CD3 (BD 

Biosciences, ON, Canada) and Ki67 (Abcam). Isotype control antibodies were purchased as 

recommended by the respective antibody provider. Analysis of immunolabeled images was 

performed using Fiji Software 143. 
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Flow Cytometry 

Anti-Mouse Cd11c eFluor 625, Anti-Mouse MHCII eFluor 450, Anti-Mouse CD103 PE, Anti-

Mouse pDCA-1 APC, Anti-Human CX3CR1 PECy7, and recommended isotype controls were 

all obtained from ebioscience.  

 

2.10 Statistics 

Data are expressed as means ± one standard error of the mean (SEM). Sample size varied 

from n=3-12. Statistical significance was assessed using a two-tailed unpaired Student's t-

test.  For statistical tests with more than 2 groups, one-way ANOVA was used with the 

Bonferonni post-hoc test. P values below 0.05 were considered significant. All statistical 

analyses were performed using Prism Software (GraphPad, San Diego, CA, USA).  
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CHAPTER 3: CHRONIC ILEITIS IN TNFΔARE MICE INDUCES LYMPHATICS 
ABNORMALITIES AND TERTIARY LYMPHOID ORGAN DEVELOPMENT IN THE 
MESENTERY. 
 

Rationale 

Many animal models recapitulating some aspects of UC are available for experimental 

studies: chemically-induced models, genetic transgenic and knockout models, infectious 

models, and spontaneous colitis models 144. When it comes to the lymphatic system, only 

colonic lymphatic vessels have been studied at the level of the intestinal mucosa. Lymphatic 

vessels emerge from the colon onto the attached mesocolon (mesothelium anchoring colon 

to back of body, analogous to mesentery in small intestine). Mesocolonic vessels have not 

been well characterized and are largely ignored2. Their function in the colon with respect 

to water absorption or immune responses has also not been studied. Furthermore, 

mesocolon lymphatic vessels are much shorter in length and heavily embedded in 

surrounding adipose tissue. Conversely, mesenteric lymphatic vessels are longer, more well 

defined and less embedded in fat than their mesocolon counterparts.  

We therefore aimed to study lymphatic vessels in the context of small intestinal 

inflammation, i.e. ileitis. Ileitis in the terminal ileum being a common anatomical location 

for CD145, we specifically chose a mouse model of CD that featured terminal ileitis. Current 

mouse models for CD-like ileitis include the SAMP1/YitFc, the toxoplasmosis ileitis model 

and the TNFΔARE model. Due to their chronic overproduction of TNF and spontaneous 

emergence of terminal ileitis (and other extra-intestinal manifestations), we thought the 

TNFΔARE mouse model would be a favorable, clinically relevant model for CD. 

Spontaneous ileitis peaks in aged TNFΔARE mice, with affected mucosa showing overt signs 
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of disease such as villous erosion, granulomas and transmural inflammation. We therefore 

used aged (24-28 week old) TNFΔARE mice for our studies 46. TNFΔARE mice are not 

commercially available but we were fortunate enough to have them available at our health 

science animal research centre (HSARC) through the laboratory of Dr. Frank Jirik.  TNFΔARE 

mice have revealed important immune dysfunctions relevant to CD disease process 146-149 

but relatively little is known about mucosal and mesenteric lymphatics in this model.  

 

Specific Aims 

Using 24-28 week old TNFΔARE mice we set the following aims: 

1. To characterize inflammation in the terminal ileum  

2. To determine the extent of mucosal and mesenteric lymphatic abnormalities    

3. To evaluate transport function and integrity of mesenteric lymphatic vessels  

4. Quantify DC infiltration in mucosal and lymphatic tissues  

5. Determine the role of CCR7 in the DC infiltration in mucosal and lymphatic tissues  
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3.1 Confirmation of Inflammation in the Terminal Ileum of TNFΔARE mice 

 

Severity of inflammation in the terminal ileum in 24-28 week old TNFΔARE mice was 

ascertained by macroscopic damage scores, weight loss, MPO activity and histological 

examination. As previously described, a modified scoring criteria was established to define 

inflammation in the terminal ileum. TNFΔARE ileum generally revealed hyperemia and 

ulcerations, with occasional occurrences of adhesions or bleeding. Damage scores were 

substantially greater in TNFΔARE mice than WT mice, where inflammation was absent 

(Figure 3.1A).  Measurement of body weights revealed a significant reduction in body weight 

in TNFΔARE mice compared to WT counterparts (Figure 3.1B). MPO activity of terminal 

ileum samples also was significantly higher in TNFΔARE mice, confirming an elevated level 

of inflammation (Figure 3.1C).  
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Figure 3.1.1 Inflammation assessments in 24-28 week old WT and TNFΔARE mice. 

A, Macroscopic damage scoring of excised terminal ileum. B, Body weights measured as 
absolute weights. C, MPO activity measured in terminal ileum. n=8-10, *p <0.05, ***p < 
0.001. 
  
 
 
 

WT
TNFΔARE
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Histology of terminal ileum revealed substantial changes in morphology in TNFΔARE mice 

(Figure 3.1.2). WT ileum appeared normal with intact and properly formed villi structures 

and well defined muscle layers. In contrast, TNFΔARE ileum revealed gross mucosal injury, 

with almost complete erosion of villous structures and large lymphoid aggregates (arrow) 

progressing deep into the entire gut wall, suggestive of a transmural inflammation. 

Furthermore, edema in TNFΔARE ileum was very pronounced, extending through mucosal 

and submucosal layers. 

 

 

 

Figure 3.1.2 Histology of small intestine in 24-28 week old WT and TNFΔARE mice. 

Hematoxylin and Eosin staining of sections of ileal swiss roll to identify nuclear bodies and 
cytoplasmic/extracellular structures. Immune cell aggregates (white arrow) were frequently 
observed in TNFΔARE tissue. Representative images of n=5-6 
 
 
 

 

WT TNFΔARE	 
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In addition, we examined the expression of COX-2, a gene representing a pan-inflammatory 

response, in WT and TNFΔARE lymphatics, MLNs and ileum (Figure 3.1.3). This was to 

further verify that there was indeed an inflammatory environment in the tissues being 

investigated. COX-2 mRNA was substantially upregulated in all TNFΔARE tissues 

investigated, with undetectable message being recorded from WT tissues.  

 

 

  

Figure 3.1.3 COX-2 mRNA expression, as assessed by qPCR in 24-28 week old WT and 
TNFΔARE lymphatic vessels, MLN and ileum. 

COX-2 mRNA expression was examined in lymphatic vessels, MLN and ileum using 
quantitative PCR. All samples were assayed in triplicate and expression of COX-2 mRNA 
was normalized to the housekeeping gene β-actin. n=4, **p <0.01, ***p < 0.001. MLN, 
mesenteric lymph nodes. 
 

 

 

 

 

Lymphatic MLN Ileum
0.00000
0.00001
0.00002
0.00003
0.00004
0.00005

0.0005
0.0010
0.0015 **

***

Fo
ld

 C
ha

ng
e/
β-

ac
tin WT
TNFΔARE



82 

3. 2 Lymphangiectasia, Lymphadenopathy, Lymphangiogenesis and Novel Mesenteric 
Tertiary Lymphoid Organ (TLO) Formation in TNFΔARE mice. 
 

Lymphangiectasia 

Lymphangiectasia, defined by a dilation of lymphatic vessel diameter, was one of the first 

assessments made to determine lymphatic abnormalities in affected tissue. Mesenteric 

vessel dilation has been previously associated with contractile dysfunction and possible 

dysregulated lymph flow 94. Quantification of these diameters revealed a significant 

enlargement of lymphatic vessels originating from TNFΔARE mesenteries (Figure 3.2.1).  
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Figure 3.2.1 Quantification of Lymphatic Vessel Diameters. 

A and B, Representative images of mesenteries from 24-28 week old WT and TNFΔARE 
mice, respectively, and quantification of lymphatic vessel diameters. Whole intestine was 
dissected out and placed in PBS. An arcade from the terminal ileum was disconnected from 
attached intestine and pinned onto a sylgard dish tautly. C, Lymphatic vessels were 
identified and quantified for diameter using a stereomicroscope. Mesenteric lymphatic 
vessels arising from TNFΔARE ileum had very large diameters, averaging about 150 µm, 
comparable to diameters of vascular arteries.  Representative images of n=4-6, **p <0.01.  
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Lymphadenopathy 

Lymphadenopathy is a hallmark sign of many inflammatory diseases such as acute infection, 

mononucleosis, and lymphomas 150. It is defined as an abnormal enlargement of peripheral 

lymph nodes. Lymphadenopathy was assessed with quantification of overall size and wet 

weights. A striking enlargement of MLNs were observed in TNFΔARE mice, along with an 

overall increase in wet weight (Figure 3.2.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.2 Assessment of Lymphadenopathy in TNFΔARE mice. 

A and B, Representative images of WT and TNFΔARE MLNs respectively, and their wet 
weight, measured in mg, in 24-28 week old mice. MLNs were identified and cleaned of 
associated adipose tissue in PBS. C, Quantification revealed TNFΔARE mice had remarkably 
larger MLNs compared to their WT age matched counterparts. Representative images of 
n=8, ***p < 0.001. PBS, phosphate buffered saline. 
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Furthermore, we investigated whether the lymphadenopathy observed in TNFΔARE mice 

was due to a proliferation in T-lymphocytes. Lymphadenopathy is commonly associated 

with a clonal expansion of T-lymphocytes (as reviewed in 151). We immunolabeled MLN 

paraffin fixed sections for antibodies against the pan proliferation marker Ki67 (highly 

expressed during interphase) and CD3 (T-lymphocyte marker) to ascertain whether 

increased MLN size was due to increase in fluid content, or T-cell or stromal cell 

proliferation. As evident in Figure 3.2.3, CD3 positive staining was observed to be higher in 

TNFΔARE MLNs, suggesting an expansion of T-lymphocytes in the overall 

lymphadenopathy observed.  
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Figure 3.2.3 MLN Lymphadenopathy in TNFΔARE Mice. 

A and B, Immunofluorescent images of MLNs from WT and TNFΔARE mice using antibodies 
for proliferation, Ki67 and T-cell lymphocytes, CD3. Paraffin-fixed MLNs were sectioned at 
5µm thickness for immunolabelling. Representative images of n=3, **p <0.01. MLNs, 
mesenteric lymph nodes. 
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Lymphangiogenesis 

The expansion of the lymphatic vascular network, i.e. lymphangiogenesis, was evaluated at 

the level of the small intestinal mucosa as well as the mesenteric bed. As previously stated, 

biopsy tissue from IBD patients exhibit a lymphangiogenic response in the mucosa 91, 93, 105. 

We first assessed the expression of various transcribed genes involved in the 

lymphangiogenesis pathway. VEGFR-3, PROX-1 and LYVE-1 mRNA quantification is shown 

in Figure 3.2.4 for both WT and TNFΔARE tissues. Ileum and lymph nodes from TNFΔARE 

mice have significantly increased expression of VEGFR3 mRNA, whereas affected 

mesentery reveals an upregulation of PROX-1 (compared to WT tissue).  

 

 

 

Figure 3.2.4 qPCR for VEGFR3, PROX-1 and LYVE-1 in WT and TNFΔARE ileum, lymph 
node and mesentery. 

All samples were assayed in triplicate and expression of target genes was normalized to the 
housekeeping gene β-actin. n=7, *p <0.05, **p < 0.01. VEGFR-3, vascular endothelial 
growth factor receptor-3; PROX-1, prospero homeobox 1; LYVE-1, lymphatic vessel 
endothelial hyaluronan receptor. 
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We further proceeded with assessing lymphangiogenesis using immunolabeling techniques. 

Previous human studies on intestinal mucosa have used antibodies against podoplanin to 

assess lymphangiogenesis 93, 103, 105, 152, 153. Therefore, we used podoplanin to evaluate 

mucosal lymphangiogenesis. Figure 3.2.5 shows representative swiss roll terminal ileum 

stained with podoplanin and counterstained with the nuclear stain DAPI. Evident from these 

images is the remarkable expansion of podoplanin positive staining in TNFΔARE tissue as 

compared to WT lymphatics. WT tissue reveals phenotypically normal lacteals within the 

villi that converge into the lamina propria. However, podoplanin positive staining of 

possible lymphatic vessels in TNFΔARE tissue appear to be numerous and tortuous. 

Furthermore, DAPI staining allowed us to appreciate large aggregates of cells collecting 

underneath the intestinal villi, already described in a previous study 149 and affected mucosa 

of IBD patients (as reviewed in 7).  
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Figure 3.2.5 Immunofluorescent images of 24-28 week old WT and TNFΔARE ileum stained 
podoplanin and DAPI. 

Images represent z-stack composites using confocal microscopy. Representative images of 
n=5. DAPI, 4',6-diamidino-2-phenylindole. 
 

Lymphangiogenesis in the mesentery has never been documented before in intestinal 

inflammation. We therefore examined the mesentery for lymphangiogenesis in 24-28 week 

old WT and TNFΔARE mice. When deciding which specific antibody to use to immunolabel 

collecting lymphatic vessels in the mesentery, we had two options: podoplanin or PROX-1. 

Both antibodies successfully gave specific staining patterns for collecting lymphatic vessels 

(See appendix for Positive and Isotype Control Images). We also used a second antibody, 

smooth muscle actin (SMA), which allowed us to easily differentiate blood vessels from 

lymphatic vessels. Figure 3.2.6 shows mesenteries from both WT and TNFΔARE mice 

stained with PROX-1 and SMA. In WT mice, lymphatic vessels run parallel to blood vessels, 

with phenotypical lattice-type staining with SMA. In contrast, blood vessel smooth muscles 

100µm 100µm 
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appear more circular and densely stained with SMA antibody. PROX-1 staining is limited to 

the lymphatic vessel. TNFΔARE mesentery depicts a different picture than WT. Firstly, 

lymphatic vessels show a proliferative response, i.e. lymphangiogenesis. Secondly, valve 

sites within lymphatic vessels appear engorged, possibly swollen with lymph fluid. PROX-

1 and SMA staining also highlighted lymphoid follicles appearing along the length of the 

lymphatic vessels. As SMA coverage of a lymphatic vessel characterizes a mature collecting 

lymphatic vessel, we can conclude that the expanded vessels in the TNFΔARE mesentery 

are able to express proteins associated with mature phenotype, albeit not morphologically 

normal.  

 

 

Figure 3.2.6 Representative images of 24-28 week old WT and TNFΔARE mesentery, 
stained with PROX-1 and SMA antibodies. 

Mesenteric whole mounts were immunolabelled with the lymphatic endothelial marker, 
PROX-1 and smooth muscle actin. WT image shows smooth muscle actin staining of 
lymphatic vessel (LV) and blood vessel (BV). Lymphoid follicles, staining positive for both 
SMA and PROX-1 (circled) were shown in TNFΔARE mesentery and varied in size. 
Representative images of n=7-9. PROX-1, prospero homeobox 1; SMA, smooth muscle 
actin. 

100µm 100µm
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Novel Characterization of Mesenteric Tertiary Lymphoid Organs (TLOs) 

As we continued our investigations examining the TNFΔARE mouse mesentery, we made a 

striking observation. TNFΔARE mesentery consistently had these small organs that looked 

very much like small lymph nodes (Figure 3.2.7). Previous studies using these mice had not 

mentioned nor characterized these mesenteric follicles. Moreover, these structures were 

easily spotted because the TNFΔARE mesentery lacked adiposity seen in WT. Imaging of 

WT mesentery even after fat-clearing revealed no such structures (Figure 3.4.1B), therefore 

we were convinced these structures were strictly associated with TNFΔARE mesentery. 

Furthermore, these follicles were not observed in mesenteries from mice younger than 20 

weeks of age. We suspected these follicles to be tertiary lymphoid organs (TLOs), described 

in other chronic inflammatory disorders and continued to further characterize them. 
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Figure 3.2.7 Representative images of WT and TNFΔARE mesentery showing tertiary 
lymphoid organs from 24-28 week old mice. 

A, and B, TNFΔARE mesentery revealing small follicles (yellow arrows), believed to be 
tertiary lymphoid organs. Notice the loss of adiposity covering lymphatic and blood vessels 
and significantly enlarged MLNs in TNFΔARE mesentery. C, and D, WT mesentery without 
optical clearing, shows the substantial fat surrounding mesenteric lymphatic and blood 
vessels and even after optical clearing (using MeS), WT mesentery still appears to have no 
follicles or extra-intestinal structures. Representative images of n=7-9. MLNs, mesenteric 
lymph nodes; MeS, methyl salicylate. 
 

 

 

A B

C D
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TLO development critically relies on the upregulation of lymphotoxin beta receptor (LTβR) 

154, 155, therefore this was one of the mRNAs assessed for upregulation in TNFΔARE tissues. 

We also assessed the mRNA expression of VEGFR-3, PROX-1 and LYVE-1, all of which are 

classical molecules mediating lymphangiogenesis, which is important in forming the 

lymphatic structures within the TLO. Figure 3.2.8 shows that the mRNA level of LTβR in 

TNFΔARE TLOs was significantly upregulated when compared to WT MLNs. In fact, its 

expression in TLOs was almost at the level of that seen in TNFΔARE MLNs. Moreover, 

TNFΔARE TLOs expressed all lymphangiogenesis genes, further solidifying their identity as 

lymphoid follicles. These PCR data also show upregulation of LTβR and VEGFR-3 in 

TNFΔARE MLNs, confirming their lymphadenopathic phenotype.   
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Figure 3.2.8 Expression of LTβR, VEGFR-3, PROX-1 and LYVE-1 in WT MLNs, TNFΔARE 
MLNs and TNFΔARE TLOs. 

Expression of target genes was assessed by quantitative PCR. All samples were assayed in 
triplicate and normalized to the housekeeping gene β-actin. LTβR, lymphotoxin beta 
receptor; VEGFR-3, vascular endothelial growth factor receptor-3; PROX-1, prospero 
homeobox 1; LYVE-1, lymphatic vessel endothelial hyaluronan receptor; MLNs, mesenteric 
lymph nodes; TLOs, tertiary lymphoid organs. n=6, *p <0.05, **p<0.01, ***p <0.001. 
 

Our investigations of mesenteric TLOs were further continued using 

immunostaining/imaging techniques. We selected antibodies against TLO-specific 

structures, such as LTβR-expressing cells, lymphatic vessels, B-lymphocytes and high 

endothelial venules (HEVs).  

We first verified in the WT mesentery, the efficacy of our selected antibodies to detect and 

stain mesenteric lymphatic vessels (Figure 3.4.3). Antibodies tested were the following: 

CD31, Smooth muscle actin (SMA), podoplanin, VEGFR-3, PROX-1 and CCL21. CD31 and 

SMA stain were also used to stain all blood vessels but have been commonly used to 
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visualize lymphatic vessels, as a complimentary stain, due to their distinct staining pattern 

156-158. Podoplanin and VEGFR-3 have previously been shown to stain adult collecting 

lymphatic vessels of the skin 159-161. Finally, though no reports of CCL21 expression have 

been made in mesenteric lymphatic vessels we deemed it necessary to look for its expression 

in mesenteric lymphatic vessels due to its critical role in dendritic cell trafficking. Whole 

mount immunolabeling of WT mesentery with CD31, SMA, podoplanin, VEGFR-3 and 

PROX-1 reveals linear lymphatic vessels (Figure 3.2.9). Furthermore, CCL21 expression on 

lymphatic vessels appears to be punctate in nature, lining the entire length of the lymphatic 

vessels. Representative images of these immunostainings are shown in Figure 3.2.9.  
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Figure 3.2.9 Representative images of WT mesentery. 

  
A, WT mesentery stained with CD31 antibodies. Note the strong staining of lymphatic vessel 
valves (yellow arrows). B, WT mesentery stained with SMA antibodies. C, WT mesentery 
stained with CCL21 and podoplanin antibodies. D, WT mesentery stained with VEGFR-3 
and CCL21 antibodies (punctate expression). E, WT mesentery stained with SMA and PROX-
1 antibodies. SMA, smooth muscle actin; VEGFR-3, vascular endothelial growth factor 
receptor 3; PROX-1, prospero homeobox 1; Representative images of n=4-5. 
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TNFΔARE mesentery displays abnormal lymphatic vessel patterning and morphology (Figure 

3.2.10). Firstly, vessels appear more numerous (as previously shown in Figure 3.2.6). 

Secondly, TNFΔARE vessels appear tortuous and dilated as shown in Figure 3.2.10; C, D 

and F. Interestingly, in areas of the mesentery containing TLOs, associated lymphatic vessels 

appear atrophied (Figure 3.2.10; A, B and E). Figure 3.1.10; A, B and E reveals LTβR-positive 

TLOs lining along CCL21-stained lymphatic vessels like ‘beads on strings’ in the TNFΔARE 

mesentery. As illustrated in the magnified image, TLOs are wrapped by CCL21 positive 

lymphatic vessels. SMA staining often showed SMA-positive proliferating cells outside the 

lymphatic vessel area (within the mesentery), as represented in Figure 3.2.10; C, E and F. 

This is reminiscent of SMA proliferation seen in Lymphangioleiomyomatosis (LAM) 162, 

which will be discussed later on. Moreover, CCL21 punctate expression appears to be 

conserved in TNFΔARE mesentery (Figure 3.2.10; D).  
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Figure 3.2.10 Representative imaging of TNFΔARE mesentery. 

A, B, Fixed, whole mount mesentery immunolabeled with CCL21 and LTβR antibodies, 
showing the ‘beads on strings’ phenotype of mesenteric TLOs. C, whole mount mesentery 
stained for SMA. Note the distinct patterning of lymphatic vessels with SMA and appearance 
of SMA positive cells in the vicinity of the vessel. D, CCL21 staining of lymphatic vessels, 
exhibiting the numerous and tortuous vessel phenotype in TNFΔARE mesentery. E, LTβR 
positive TLOs connected by SMA positive lymphatic vessels. F, Mesentery stained with 
PROX-1 and SMA. Again, there is a substantial proliferation of SMA positive cells outside 
the vessel area. A TLO is marked by a yellow arrow. TLO, tertiary lymphoid organ; SMA, 
smooth muscle actin; LTβR, lymphotoxin beta receptor, PROX-1, prospero homeobox 1. 
Optical clarity was not used for TNFΔARE mesentery. Representative images of n=6. 
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To assess mesenteric TLOs in more detail, we used whole mount preparations. Mesenteric 

TLOs were observed to express PNAd, a selective marker for high endothelial venules 

(HEVs), which is critical in lymphoid organ function108 (Figure 3.2.11; A,B). Mesenteric TLOs 

stain densely for CCL21 positive lymphatic vessels, as well as populations of B220 and CD3 

positive cells, B and T-lymphocytes, respectively (Figure 3.2.11; C and D). B220 largely 

stains the cortical region, while CD3 stains the inner areas of the TLOs more densely (Figure 

3.2.11, D). TLOs were also assessed for the presence of a lymph node capsule. In fact, 

mesenteric TLOs develop a collagen-based capsule-like structure similar to secondary 

lymph nodes (SLO) as revealed using second harmonic generation microscopy (Figure 

3.2.11; E). 
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Figure 3.2.11 Representative imaging of isolated TLOs. 

A, B, Paraffin-embedded section of a mesenteric TLO stained with podoplanin and PNAd-
1. C, CCL21 staining of a whole mount mesenteric TLO exhibits a dense network of CCL21 
positive lymphatic vessels. D, Whole mount mesenteric TLO stained for B220 and CD3, 
markers for B- and T-lymphocytes, respectively. E, Second harmonic generation of TLO 
surface, revealing outer surface collagen deposition, as compared to a popliteal lymph node 
serving as a secondary lymph node (SLO). Representative images of n=3. TLO, tertiary 
lymphoid organ; PNAd-1, post nodal addressin 1. 
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3.3 Evaluate the Transport Function and Integrity of Mesenteric Lymphatic Vessels 

Increased vascular permeability is a hallmark sign of inflammation and has been 

documented in CD 37, 39. Though mesenteric lymphatic permeability has not been studied 

within CD, lymphatic leakage has been suggested to contribute to obesity in PROX-1 

deficient mice 65, exacerbate UVB-induced edema formation 163, human lymphedema 164-166 

and intestinal lymphangiectasia-induced pathologies (as reviewed in 167). Most of these 

studies have exploited the injection of blue dyes, such as Evan’s blue or Indian ink to 

visualize leakage from lymphatic vessels. We performed similar experiments, using the 

same dyes, along with Patent blue to visualize mouse mesenteric lymphatic vessels. All dyes 

were injected in comparable volume/concentration to published literature and injected into 

the subserosal layer of the intestine. Unfortunately, none of the injections allowed us to 

successfully highlight mesenteric lymphatic vessels. An example of the dye injections we 

performed, using Evan’s Blue is shown in Figure 3.3.1. Interestingly, these dyes are used to 

guide surgeons on the extent of tissue to excise during colon resection surgery 168, 169. The 

dye is injected at the subserosal surface and travels along the lymphatic vessels and 

eventually colors the MLNs (usually within 15 minutes), allowing them to remove associated 

MLNs with affected tissue for better surgical outcome (sentinel lymph node mapping).  
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Figure 3.3.1 Blue dye injection into ileum for collecting lymphatic vessel visualization. 

A, Image showing Evan’s Blue stained ileum 1 h after injection into the subserosa of an 
anesthetized WT, C57/BL6 mouse. B, No blue dye could be seen entering lymphatic vessels 
(marked by white arrows). C, As a positive control, the same dye and the same volume and 
concentration, injected into the footpad clearly filled the popliteal lymph node and afferent 
lymphatic vessels. Representative images of n=4 
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Due to the above negative data, we used alternative approaches to assess lymph vessel 

patency as well as clearance. Previous studies showed success at visualizing mesenteric 

lymphatic vessels, in specific using the fatty acid Bodipy FL C16 170-172. Bodipy is a 

fluorescent conjugate that behaves very similarly to fluorescein isothiocyanate in 

emission/excitation characteristics, however it has the advantage of being environmentally 

inert, thereby having minimal effects on the environment in which it is in. Visualizing 

vessels, one hour after gavage, revealed phenotypical WT vessels with valves, which appear 

alongside mesenteric blood vessels (Figure 3.3.2). In contrast, vessels from TNFΔARE 

mesentery revealed dilated and leaky lymphatic vessels. Moreover, tertiary lymphoid organs 

(TLOs) were frequently observed between lymphatic vessels. 
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Figure 3.3.2 Patency of mesenteric lymphatic vessels in 24-28 week old WT and TNFΔARE 
mice. 

A, Bodipy distribution along ileum to MLNs (marked) via lymphatic vessels in WT mice, 1 
h after gavage. WT mesenteric lymphatic vessels appear normal, with no unusual branching 
and display phenotypical valves (white arrows). B, Panels representing bodipy filled vessels 
in TNFΔARE mice. TNFΔARE vessels appear dilated and leaky, and TLOs (circled) are 
frequently observed along the length of lymphatic vessels. C, Quantification of the 
lymphatic vessel leakiness, measured by the number of bodipy droplets present in a given 
field of view (FOV). Images, all 7100x5300 microns, were assigned a threshold value for 
the largest and smallest droplet in the image and subsequently quantified. Representative 
images of n=4. *p <0.05. TLOs, tertiary lymphoid organs; MLNs, mesenteric lymph nodes. 
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We further exploited bodipy as a sentinel dye to measure lymphatic transport function in 

WT and TNFΔARE mice. Tissue fluorescence, normalized to protein content was quantified 

from bodipy-gavaged WT and TNFΔARE mice. This technique allowed us to evaluate the 

accumulation of the bodipy in the tissues investigated (feces, intestine, MLNs and blood). 

At a given time, increased or decreased bodipy clearance then gave us an estimate measure 

of transport function. Figure 3.3.3 shows lymph transport quantification in both WT and 

TNFΔARE mice. What can be appreciated is that bodipy fluorescence in TNFΔARE tissue is 

decreased in feces and ileum with enhanced signal in MLN and blood, suggesting enhanced 

lipid transport in TNFΔARE mice.  
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Figure 3.3.3 Evaluation of Lymphatic Transport function by measuring clearance of 
gavaged bodipy from feces, ileum, MLN and blood in WT and TNFΔARE mice. 

Values shown are normalized fluorescence for protein content for feces, ileum and MLN, 
while blood fluorescence is measured as fluorescence per unit volume. n=4-6, *p <0.05, 
***p <0.001. 
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3.4 Quantification of DC Infiltration in Mucosal and Lymphatic Tissues and Mesenteric 

TLOs 

To investigate dendritic cell (DC) trafficking from the intestinal mucosa to lymphatic tissues 

was our next objective. As previously described, DCs are taken up by afferent lymphatic 

vessels at the intestinal side to travel to the mesenteric lymph nodes, where they interact 

with lymphocytes to maintain adaptive immune responses.  This trafficking is critical to 

mount proper immunity and can be potentially regulated by lymph flow velocity. Studies 

into DC trafficking in initial lymphatic capillaries have shown that the process is dependent 

on DC-CCR7 and LEC-CCL19/CCL21 79, 173, 174, though little is known about their dynamics 

in collecting lymphatic vessels during inflammation (current studies have been performed 

with skin models of inflammation). Therefore, we sought to determine DC trafficking from 

mesenteric lymphatic vessels to MLNs.  

PCR was initially used to assess whether key molecules expressed on the cell surface of DCs 

could be differentially expressed between WT and TNFΔARE tissues. Ileum, MLN and 

collecting lymphatic vessels were examined for mRNA expression of CD11c, MHCII, CCR7, 

CD86, CD103 and CX3CR1. Cd11c and MHCII are both constitutively expressed on DCs, 

therefore we wanted to see if their expressions were different in WT and TNFΔARE tissues. 

CCR7 and CD86 are both cell surface markers indicating the maturation of DCs, allowing 

us to see any possible changes in DC maturation between WT and TNFΔARE tissues. Finally, 

we investigated cell surface expression of CD103 and CX3CR1 to assess possible subset 

changes in WT and TNFΔARE tissues. Figure 3.4.1. summarizes the qPCR results. Collecting 

lymphatic vessels from TNFΔARE mice revealed increased expression of CX3CR1 alone, with 
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no changes observed in any of the other mRNAs tested. TNFΔARE MLNs show an increased 

expression of CD11c, CCR7 and CX3CR1 and a reduced expression of CD86. Finally, 

inflamed ileum exhibits a decreased CD103 expression compared to WT.   
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Figure 3.4.1 Expression of DC marker mRNAs in WT and TNFΔARE lymphatic vessels, 
MLNs and Ileum. 

Expression of CD11c, MHCII, CD86, CCR7, CD103 and CX3CR1 mRNAs was quantified 
using PCR in WT and TNFΔARE lymphatic vessels, MLNs and ileum. All samples were 
assayed in triplicate and expression of target genes was normalized to the housekeeping 
gene β-actin. n=5-6. MLNs, mesenteric lymph nodes. *p <0.05, **p<0.01, ***p <0.001. 
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Since we observed differential changes in mRNA expression in TNFΔARE tissues, we 

proceeded to use flow cytometry analysis to further determine differences in DC 

infiltration and their subsets in the intestine, mesenteric lymphatic vessels and MLNs in 

WT and TNFΔARE mice. The gating strategy used to identify DCs was to sort double 

positive CD11c/MHCII positive cells for surface expression of CD103, CX3CR1 and pDCA-

1 to identify distinct DC subsets (Figure 3.4.2).   

 

Figure 3.4.2 Gating Strategy for DC Subsets 

Example shown is a MLN stained with Cd11c and MHCII and IgGs for pDCA-1, CX3CR1 
and CD103. A, Gate drawn on FSC/SSC cell scatter. B, Quadrants drawn on MHCII and 
Cd11c populations. Top right, Q2 population represents double positive population. C, 
MHCII/Cd11c double positive populations further sorted for their cell surface expression of 
pDCA-1, CX3CR1 and CD103. MLN, mesenteric lymph node; FSC, forward scatter; SSC, side 
scatter. 
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When overall DC burden in the tissues was analyzed, we saw an overall increase in all 

TNFΔARE tissues. More importantly, TLOs have a significant DC population as well. 

Collection of enough cells for proper DC identification proved technically challenging for 

collecting lymphatic vessels. Healthy, single cell suspensions are absolutely necessary for a 

good flow cytometry experiment. It was a great challenge to dissecting enough collecting 

lymphatic vessels from the mouse mesentery. As can be seen from Figure 3.4.3, the cell 

yield for lymphatic vessels was much less than that of MLNs. Due to this technical challenge 

we did not further pursue DC subsets in lymphatic vessels. 
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Figure 3.4.3 DC populations in Lamina Propria, Collecting Lymphatic Vessels and MLNs 
and TLOs. 

A, Representative cell populations for lamina propria, collecting lymphatic vessels MLNs 
from both WT and TNFΔARE mice and TNFΔARE TLOs are quadrant gated for CD11c and 
MHCII. B, Q2 populations represent our defined DC populations. These DC populations 
were quantified in WT and TNFΔARE tissues. n=8-9. MLNs, mesenteric lymph nodes. 
*p <0.05, **p<0.01. MLNs, mesenteric lymph nodes; TLOs, tertiary lymphoid organs. 
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Subset analysis was further performed on the selected DC populations in MLNs and lamina 

propria from both WT and TNFΔARE mice and are shown in figure 3.4.4. From the overlaid 

histograms, we can appreciate that there was an increase in CD103 and pDCA-1 expression 

in TNFΔARE MLNs. In contrast, analysis of lamina propria from TNFΔARE mice reveals 

decreased expression of CD103 and CX3CR1 although they experienced an overall increase 

in DC number (Figure 3.5.4). Furthermore, TNFΔARE TLOs show a significant amount of 

CX3CR1+ DCs, which is larger in number than what we seen in WT or TNFΔARE MLNs 

(Figure 3.4.5).  

 

 

 



114 

 

 

MLNMLNs
No

rm
al
ize

d	
to
	M
od

e

No
rm

al
ize

d	
to
	M
od

e

No
rm

al
ize

d	
to
	M
od

e

CD103 pDCA-1 CX3CR1

A

B



115 

 

 

Figure 3.4.4 Histograms of pDCA-1, CD103 and CX3CR1 in MLNs and Lamina Propria in 
WT and TNFΔARE mice. 

A & C, Representative histograms showing DCs gated using the strategy shown in Figure 
3.4.2, stained for pDCA-1, CD103 and CX3CR1 in MLNs and lamina propria. The shaded 
histogram represents Isotype control. Solid line represents WT tissue histograms and dotted 
line represents TNFΔARE tissue histograms. B & D, Quantification of total percentage of 
DCs positive pDCA-1, CD103 and CX3CR1 in MLNs and lamina propria. n=4-5. *p <0.05. 
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Figure 3.4.5 Histogram of pDCA-1, CD103 and CX3CR1 in TLOs from TNFΔARE mice. 

A, Representative histograms of DCs gated using the strategy shown in Figure 3.4.2, stained 
for pDCA-1, CD103 and CX3CR1. The shaded histogram represents Isotype control. Solid 
line represents WT MLN histograms and dotted line represents TNFΔARE TLO tissue 
histograms. B, Quantification of total percentage of DCs positive pDCA-1, CD103 and 
CX3CR1 in TNFΔARE TLOs. n=4-5. *p <0.05. 
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We further investigated whether the source of DCs being detected by flow cytometry were 

of intestinal origin. To address this, we orally gavaged fluorescently tagged ovalbumin, and 

looked at the uptake/recovery of these fluorescent cells in MLNs via flow cytometry. We 

first did a time-lapse study to assess the time point at which the most OVA-647 (our 

fluorescent tag) positive cells could be collected. We gavaged 2,4 and 6 hours before MLN 

collection and showed 6 hours to have the highest density of OVA cells in the MLN (Figure 

3.4.6).  

 

 

 

 

Figure 3.4.6 Time Point Study for Recovery of Gavaged OVA-647. 

Animals were gavaged with OVA-647 (100µg in PBS) 2, 4 and 6 hours before collection of 
MLNs and assessed for flow cytometry. Y axis represents fluorescent events. n=1. MLNs, 
mesenteric lymph nodes; TLOs, tertiary lymphoid organs; OVA, ovalbumin. 
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We used this time point for further experiments, where OVA-647 positive cells were 

quantified and compared in MLNs from WT and TNFΔARE mice as well as TNFΔARE TLOs. 

Figure 3.4.7 shows that similar to what we saw in Figure 3.4.3, DCs are increased in 

TNFΔARE MLNs when compared to WT MLNs and that TLOs have a significant DC 

population (comparable to WT MLNs). We further examined expression of DC markers, 

CCR7, CD103, CX3CR1 and pDCA-1 in these OVA-positive DCs by qPCR. Figure 3.4.7 

shows that DCs in TNFΔARE TLOs were found to be significantly enriched in their 

expression of CD103.  
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Figure 3.4.7 Intestinally-trafficking DCs in MLNs and TLOs. 

A, WT MLNs, TNFΔARE MLNs and TNFΔARE TLOs were sorted for OVA-647 positive DCs 
6 h after oral gavage of OVA-647. These OVA-647 positive cells were quantified in the 
different tissues. B, qPCR of OVA-647 positive cells for CCR7, CD103, CX3CR1 and pDCA-
1 was performed in WT MLNs, TNFΔARE MLNs and TNFΔARE TLOs. n=3. *p <0.05, 
***p <0.001. MLNs, mesenteric lymph nodes; TLOs, tertiary lymphoid organs.  
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3.5 Novel Demonstration of Chemokine Ligand Expression by Mesenteric Lymphatic 

Endothelial Cells and the role of CCR7 in the DC Infiltration in Mucosal and Lymphatic 

Tissues and Mesenteric TLOs 

 

CCR7 functionality depends on the expression of the chemokine ligands expressed on 

lymphatic endothelium, CCL19 and CCL21. Examination of mRNA expression of these two 

ligands, as shown in Figure 3.5.1, revealed the significant upregulation of CCL19 in 

TNFΔARE ileum and a downregulation in TNFΔARE lymphatics. CCL21 mRNA was 

upregulated in TNFΔARE ileum and also in lymphatics and MLNs from TNFΔARE mice. 

Furthermore, TNFΔARE TLOs expressed significant amounts of CCL19 and CCL21 

expression, comparable to the level seen in WT MLNs.  
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Figure 3.5.1  CCL19 and CCL21 mRNA expression in WT and TNFΔARE tissues. 

Expression of chemokine ligands, CCL19 and CCL21 mRNA assessed by qPCR in WT and 
TNFΔARE ileum, lymphatic vessels, MLNs and TLOs. All samples were assayed in triplicate 
and expression of target genes was normalized to the housekeeping gene β-actin. n=6, 
*p <0.05, **p<0.01, ***p <0.001. MLNs, mesenteric lymph nodes; TLOs, tertiary lymphoid 
organs. 
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We further pursued if the DC-CCR7 and LEC-CCL19/21 is truly necessary for DC trafficking 

along the mesenteric lymphatic system. A homing experiment was designed to assess firstly, 

the overall DC numbers trafficking in our tissues, and secondly, the CCR7-dependent 

component to this DC trafficking. This experiment involved the injection of equal 

populations of both WT and CCR7 KO DCs into a recipient WT or TNFΔARE mouse. Their 

homing to WT MLNs, TNFΔARE MLNs and TNFΔARE TLOs was then assessed. Our 

experiments first evaluated the appropriate number of cells to inject for a significant cell 

yield for flow cytometric analysis. Therefore, we injected WT DCs at different cell numbers 

and looked for their recovery in WT MLNs. We injected 1, 2 and 5 million DCs 

intraperitoneally (i.p.) and determined the overall MLN recovery to be the highest in our 2 

million DC injection (Figure 3.5.2). Furthermore, this experiment assessed recovery of 

injected cells in blood, which was very minimal.  
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Figure 3.5.2 Injected DC Recovery in MLNs and Blood. 

A, Gating on 1, 2 and 5 x 106 cells that were injected intraperitoneally. B, Quantification of 
recovered cells in MLNs and blood by flow cytometry. All experiments were gated on at 
least 40K cells. n=1. 
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Therefore, we injected i.p. 2 million each of WT and CCR7 KO DCs into recipient WT and 

TNFΔARE mice and quantified their homing in lymphoid tissues. Figure 3.5.3. shows a larger 

population of WT DCs homing to TNFΔARE MLNs and TNFΔARE TLOs than WT MLNs. 

Furthermore, TNFΔARE MLNs contained increased numbers CCR7 KO DCs (compared to 

WT MLNs), indicating a portion of trafficking to TNFΔARE MLNs to be CCR7-independent.  

 

 

Figure 3.5.3 Homing of WT and CCR7 KO DCs to WT MLNs, TNFΔARE MLNs and 
TNFΔARE TLOs. 

Bone marrow derived DCs from WT and CCR7 KO mice were injected in 1:1 ratio i.p 48 h 
prior to flow analysis. A, Gating strategy used to identify positive populations of WT DCs 
(FITC) and CCR7 KO DCs (APC) in tissue. B, Accumulation of WT and CCR7 KO DCs in 
WT MLNs, TNFΔARE MLNs and TNFΔARE mesenteric TLOs. n=3 *P < 0.05, **P < 0.01, 
***P < 0.001. 
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3.6 Discussion  

 

Reflections on the TNFΔARE Mouse Model 

The TNFΔARE mouse model is still not commercially available despite its reliable 

replication of many CD features. Due to the significant pathological role of TNF in CD 

pathology and the clinical efficacy of blocking its activity during disease, this model is very 

relevant in studying disease mechanisms in human IBD 175-177. Table 3.1 summarizes the 

main similarities and differences of the TNFΔARE mouse model to human CD. 

Currently, less than 30 original research articles have used this mouse model to study ileitis. 

This research has offered key insights into the pathology of ileitis in these mice. Specifically, 

the role of CCR9 in the T-cell mediated injury has been highlighted as well as the role for 

inflammatory mediators such as CXCL16 and CD44 148, 178.  Studies of this model have also 

shed light on the modulation of intestinal inflammation through diet alterations 147, 179. These 

mice have been classically associated with chronic polyarthritis and ileitis. These relatively 

specific locations for disease are curious since TNF-# is ubiquitously overexpressed in all 

cells 46. The original paper describing this model observed no other location for overt 

phenotype changes in these mice, except for unfrequent and mild inflammation of the lungs 

and liver with no apparent histopathology 46. Apart from the profound ileitis (maximum 

damage reported at 16 weeks and onwards), other sections of the gastrointestinal tract of 

TNFΔARE mice remain normal and uninflamed. This was very interesting indeed, indicating 

a specific vulnerability of the ileum to TNF-# protein overexpression. Ileitis pathology is 

largely driven in these mice by activation of the TNFR1 receptor46. Perhaps the observed 
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exclusivity of inflammation to the ileum could be due to its differential expression of TNF 

receptors. Moreover, T and B cells have been shown to play a major role in ileitis of 

TNFΔARE mice, as shown by lack of disease when these mice are crossed with RAG1-

deficient mice 46. Therefore, it would be a useful to investigate whether ileum tissue has 

unique biological footprints in terms of production of these inflammatory immune cells and 

their receptors.  

In our hands, TNFΔARE mice produced a consistent inflammation closely resembling 

human CD (granulomas, transmural inflammation, mucous and hemorrhaging). Apart from 

observing polyarthritis in the joints of these animals, we also noted frequently the presence 

of skin rashes, very similar to dermatitis. Indeed, dermatitis and related skin disorders, like 

psoriasis have been strongly linked to a TNF-# pathogenesis 180. Furthermore, attempts at 

anesthetizing TNFΔARE mice with standard doses of ketamine/xylazine lead to frequent 

death, indicating a possible change in hemodynamics in these mice.  
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 Cause of 

Increased 

TNF# 

Source of 

Increased 

TNF# 

Extra-Intestinal 

Manifestations 

Responsive to 

anti-TNF biologics 

TNFΔARE Mouse Increased TNF 

mRNA stability 

Hematopoietic 

and Non-

Hematopoietic 

Cells 46 

- Polyarthritis 

- Liver & Lung 

Inflammation 46 

Yes 

Human CD Increased TNF 

protein 

(genetic, 

environmental) 

Hematopoietic 

and Non-

Hematopoietic 

Cells 15 

- Arthritis 

- Primary 

Sclerosing 

Cholangitis 

- Lung, ocular 

and skin 

disorders 181 

Yes 

 

Table 3.1 Similarities and Differences in TNFΔARE mice and Human CD. 
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Lymphatic System Defects and the Emergence of TLOs 

In this chapter, we reported profound mesenteric lymphatic abnormalities associated with 

chronic ileitis in the TNFΔARE mouse model. One of the abnormalities, lymphatic vessel 

dilation is strongly associated with decreased contractile activity 94, 102, 182. Unfortunately, 

due to the fact that mesenteric lymphatic vessels in the mouse do not pump, our observed 

increases in lymphatic vessel diameter have limited functional relevance to human disease. 

At the very least, dilation definitely reflects an abnormal tone of the smooth muscle layers 

of the lymphatic vessel wall, suggesting vascular pathology. Furthermore, consistent 

observations of engorgement of vessels indicate lymph volume increases. These ideas are 

in parallel with the loss of vascular tone and increased permeability observed in blood 

vessels during inflammation. Vasodilation at the site of inflammation facilitates the 

movement of immune cells and metabolites to be easily exchanged within peripheral tissue 

183, 184. This process, though facilitating the inflammatory response, can lead to deleterious 

effects if sustained after inflammation, leading to complications such as profound edema 

and arterial/venous insufficiencies (as reviewed in 9). Vascular insufficiencies can lead to 

decompensated disease states such as cardiovascular disease, thrombosis and peripheral 

edema. Similarly, we can extend these concepts to dilated lymphatic vessels, in that, if not 

restored to physiological tone, could lead to altered permeability and compromised lymph 

flow.  

Indeed, we did observe increased permeability and changes in the ability of lymphatic 

vessels to transport lipids. Increased leakiness of lymphatic vessels to the fluorescent lipid, 

bodipy, suggests compromised lymphatic function in the TNFΔARE mouse. Specifically, our 
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lipid transport assay suggests that overall lymph flow is increased in these chronically 

inflamed mice. The significant submucosal edema and granulomas within the TNFΔARE 

lamina propria may also contribute to increased lymph production. Moreover, intestinal 

lacteals and submucosal lymphatics undergo robust expansion in TNFΔARE mice, possibly 

to compensate for the inflammation-driven increased interstitial fluid and antigen load. 

These newly established vessels may be dysfunctional, as they appear tortuous and 

disorganized, a feature mimicking clinical immunohistochemical observations associated 

with inflammation-driven lymphangiogenesis 93, 152, 185. Examining the functionality of newly 

formed vessels is challenging. Firstly, differentiating newly formed vessels from old vessels 

will require a specific biomarker, which has yet to be discovered. Secondly, assessments of 

patency (using dyes such as bodipy) cannot specifically address the function of newly 

formed lymphatics.  Studies could try to work around these limitations to address the 

question by using agents that are believed to inhibit lymphangiogenesis. In fact, inhibitors 

of lymphangiogenesis, specifically VEGFR-3 antagonists, have been shown to worsen 

inflammation in models of colitis 186-189. These studies have shown that VEGFR-3 inhibition 

specifically targets lymphangiogenesis as compared to angiogenesis. Therefore, an 

interesting follow up study in TNFΔARE mice would be to treat them with VEGFR-3 

blockade to dissect the functional relevance of lymphangiogenesis in this model.  

Another way to explore the functionality of newly formed vessels is to determine whether 

they contribute to overall lymph flow. Lymph flow assessments prove to be tedious in small 

rodents, especially mice. To circumvent this difficulty, we measured clearance of bodipy 

from intestinal and lymphoid tissues to extrapolate lymph flow changes. However, it 
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appears that we ended up measuring lipid transport function of the mesenteric lymphatic 

system. We attempted to further assess flow and explored other options such as mesenteric 

lymph duct cannulation, thoracic duct cannulation and pseudo-afferent lymph, which 

proved to be extremely difficult to achieve in mice, yielding very little or no lymph.  

 

For Better or for Worse: The Role of TLOs in Chronic Inflammation 

The lymphatic vessel abnormalities we observed reflect a maladapted system to perform 

appropriate fluid and immune cell transport functions. These dysfunctions, along with the 

chronic nature of ileitis in TNFΔARE mice might be the perfect environment for the 

development of the mesenteric TLOs we characterized. Our study presents a detailed 

examination of the morphology of mesenteric TLOs in TNFΔARE mice, which are 

geographically distinct from mucosal TLOs previously described in this model190, and offer 

key insights into their function. TLOs have been identified in other experimental models of 

intestinal inflammation, but only within the mucosa and with limited characterization 149, 

191-193. Whether or not the structures found in these studies are truly TLOs or gut-associated 

lymphoid follicles (GALT) remains to be clarified.  

Our study suggests that mesenteric TLOs appear with disease progression, as these structures 

are non-detectable in mesenteries from mice younger than 16 weeks of age. However more 

detailed studies need to be performed to confirm their developmental time course. As 

previously stated, it would be a worthwhile effort to assess lymphatic abnormalities and the 

presence of TLOs in the mesentery at different time points in ileitis progression.  
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Formation of TLOs in the mesentery suggests a persistent inflammation in intestinal tissue 

extending to the mesentery, which has not been examined before. In this regard, the 

observation that TLOs not only appear where the main mesenteric collecting vessels 

normally lie, but also in the nearby mesothelium normally devoid of such vessels is of 

interest. It suggests that immunoreactive cells/antigens are somehow reaching the 

mesothelium, dictating the formation of these local immune centres. Consistent with this 

theory is our finding that collecting lymphatic vessels, normally able to restrict lymph-borne 

antigens to their lumen, are leaky in TNFΔARE mice, thereby potentially spilling their lymph 

content into nearby tissue.  

Mesenteric TLOs revealed a morphology very similar to that of a lymph node. We showed 

expression of PNad (staining HEVs) and B220 (staining B cells), which have been classically 

used to define tertiary lymphoid organs 154, 194, 195. Mesenteric TLOs were shown to also 

contain T-cells, CCL21 and podoplanin positive lymphatic vessels, SMA and collagen. A 

schematic of a mesenteric TLO’s morphology is shown in Figure 3.7.1. 

 

Figure 3.6. 1 TLO Morphology in the Mesentery of TNFΔARE mice 

T-cells
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A follow up experiment that would be particularly useful in our investigations would be to 

inhibit TLO formation and observe whether their absence ameliorates or exacerbates ileitis 

in TNFΔARE mice. This can be achieved by using antibodies against LT"R, the dominant 

signaling molecule involved in TLO formation. We could also breed our TNFΔARE mice 

with LT"R knockout mice, but this could also have some unexpected phenotypes and alter 

ileitis outcome. Ig-LT"R has indeed been used in various studies to modulate TLO formation 

with contrasting results. In models of microbial infection, TLOs appear to act as reservoirs 

of pathogens, preventing them from systemically spreading196, 197. TLOs may also provide an 

additional location for B-cell proliferation, potentiating the immune response during 

inflammation198, 199. A recent study has also proposed the idea of TLOs as a proresolving 

mechanism during inflammation that facilitates lymphocyte egress 200. Arterial TLOs prove 

to be beneficial against atherosclerosis by mediating aorta immunity 201.  

Another emerging consideration is that lymphoid neogenesis is a response to defective 

lymphatic drainage and persistent antigen exposure107. This theory proposes that TLOs 

provide a detour for antigens, further adding to the immune burden in the inflamed tissue.  

In contrast, we observe an enhanced lipid transport function in TNFΔARE mice, concomitant 

with leaky collecting lymphatic vessels. We hypothesize that the lymph, leaking from 

lymphatic vessels, is the source of the many signaling molecules involved in TLO 

neogenesis, and possible lymphangiogenesis. However this needs to be further examined. 

Importantly, a newly published study is reporting the development of lymphoid aggregates 

in the mesentery of CD-affected intestine202. This study also indicates that TLOs in CD 

mesentery align themselves to impact delivery of lymph to LNs, possibly altering DC access 
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to draining lymph nodes202. This fits well with our data showing increased DC numbers in 

inflamed MLNs, a finding that has been associated with CD pathogenesis127, 203, 204.  

 

DC Trafficking: A Shift in Chemokine Paradigms 

Mechanistically, we examined the ability of i.p.-injected and intestinally-derived DCs to 

traffic to mesenteric TLOs, and revealed an important role for CCL21/CCR7 in this process. 

Increases in CCL21 expression (shown via qPCR) along the route from the gut to the MLN 

were seen in inflamed tissues, indicating a gradient formed from the periphery to draining 

lymph node. Examination by confocal microscopy of whole mount mesenteric preparations 

for CCL21 allowed us to demonstrate its expression along mesenteric collecting vessels. 

This observation has not been previously reported, and would substantiate the idea that a 

gradient formed by the chemokine is established and would facilitate DC migration to 

draining lymph nodes as recently suggested205. Previous literature has commonly conveyed 

that the chemokine gradient of CCL21 was formed actively only at the level of the periphery 

and entry into the lymph node, with passive flow facilitating DC movement in collecting 

lymphatic vessels. Our data suggest otherwise, with an active role of mesenteric collecting 

lymphatic vessels in DC movement.  

Overall DC burden is shown to be increased in TNFΔARE affected lymphatic vessels, MLNs 

and lamina propria. These data were not particularly surprising, considering that IBD-

affected tissue has previously been associated with enrichment of DC content (as reviewed 

in 116).   Furthermore, we observe a decrease in CD103+ DCs in inflamed lamina propria, 

which has been documented in other animal models of inflammation 127, 136. Concomitantly, 
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we see an increase in CD103+ DCs in inflamed MLNs, suggesting a possible flux of these 

cells from the lamina propria to MLNs during inflammation, however this needs to be further 

evaluated. Finally, DCs arriving to TLOs had increased surface expression of CX3CR1, which 

was contrasted with PCR data indicating that intestinally trafficking DCs in TLOs have 

increased mRNA for CD103. These conflicting results could be due to discrepancies in 

mRNA and protein expression.  

We were interested in the CCR7 dependency of DCs trafficking through the lymphatic 

system during inflammation. We showed that inflammation enhances DC migration mainly 

via a CCR7-dependent process, although we do observe a significant CCR7-independent 

DC trafficking from periphery to TNFΔARE MLNs. The same observation was made in a 

model of skin and blood inflammation 174, 206. More importantly, our results show that DCs 

actively home to mesenteric TLOs in a CCR7-dependent process. These data highlight the 

important functional relevance to these TLOs in local immune responses. Further studies to 

determine the dominant T-lymphocyte responses produced by mesenteric TLOs will be of 

great interest. Indeed, a possible inflammatory response could be differentially induced by 

mesenteric TLOs, since our data reveal an enrichment of CX3CR1+ DCs in mesenteric TLOs, 

compared to MLNs, implicating a differential role of DCs within these organs. CX3CR1+ DCs 

have been associated with the induction of CD4+ proinflammatory T lymphocytes 207, 208. If 

CD4+ T cells are in fact induced in mesenteric TLOs, their function then would be to 

perpetuate inflammation within the local tissue. Again, the use of Ig-LT"R antibodies before 

the emergence of TLOs to assess the role of these organs in the progression of chronic ileitis 

would be a critical experiment to perform.  
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CHAPTER 4: ACUTE ILEITIS CAUSES IRREVERSIBLE CHANGES TO THE MESENTERIC 
LYMPHATIC SYSTEM AND PERSISTENT TISSUE DC RETENTION 
 

Rationale 

Expansion of lymphatic and blood vessel networks is a common response in inflamed tissue 

(as reviewed in 209). This occurs to facilitate the increased influx and egress of immune cells 

and increased blood perfusion to the inflamed tissue. Furthermore, increased vasodilation 

leads to the exudation of significant fluid (and plasma proteins), enabling better immune 

cell movement within tissue layers. However, though favorable for the inflammatory 

process, regression of these expanded vessel networks is crucial for proper resolution. Vessel 

regression limits the inflammatory reactions in the affected tissue and brings it back to 

homeostasis. Mechanisms involved in the regression of blood vessels include apoptosis of 

pericytes, reduction in tissue vascular endothelial growth factor (VEGFC), relapse of 

endothelial tubes and appears to be facilitated by tissue macrophages (as reviewed in 210). 

In contrast, very little is known of the signaling pathways involved in the dissolution of 

expanded lymphatic networks. However, it appears that the process does involve the tissue 

expression of VEGFR-3 211. 

Studies using a variety of inflammatory animal models have shown persistent 

lymphangiogenesis, well beyond the inflammatory insult 210, 212-215. This is when 

angiogenesis has fully regressed and there is complete resolution of inflammation. For 

example, in virally induced corneal inflammation, lymphatic vessel expansion persisted 

well past infection and was implicated in increased susceptibility to corneal graft rejection 

and blindness 212. In the lung, recovery from mycoplasma pulmonis infection is associated 
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with vascular atrophy, however lymphatic hyperplasia persists after infection is cleared 215. 

Furthermore, epidemiological studies have shown an increased incidence of childhood 

infections in CD patients, implicating a role for acute intestinal damage in causing 

susceptibility to CD (as reviewed in 216, 217). Taking this into consideration, we were 

interested in investigating whether lymphangiogenesis, and other lymphatic pathologies 

could be induced and subsequently reversed upon withdrawal of acute inflammatory insult. 

The better known animal model for acute ileitis is the surgical TNBS instillation in to the 

terminal ileum. Though this procedure has been successfully performed in rats and guinea 

pigs 139, 218, it is quite invasive, involving recovery from surgery (anesthesia, stitches etc.). 

Although mostly known as a colitis model, dextran sodium sulphate (DSS) administration in 

drinking water can affect the whole gastrointestinal tract. Due to the nature of administration 

of this inflammatory agent, there exists a pan-gastroenteritis, affecting tissues other than the 

colon. In fact, inflammation of the ileum as assessed by macroscopic damage and tissue 

MPO content, has been previously demonstrated 138. Histology on jejunal tissue further 

confirmed inflammation in the small intestine. Finally, studies involving withdrawal from 

DSS to normal drinking water have been well documented as a model for recovery from 

acute intestinal inflammation 219-224.  
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Specific Aims 

Using acute DSS and DSS recovery mice, we addressed the following aims: 

1. Evaluate these mouse models as appropriate models to study acute ileitis and 

recovery 

2. Determine the extent of lymphangiectasia, lymphadenopathy and 

lymphangiogenesis  

3. Evaluate the transport function and integrity of mesenteric lymphatic vessels  

4. Quantify DC infiltration in mucosal and lymphatic tissues (lymphatic vessels and 

MLNs)  
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4.1 Characterization of DSS Ileitis and Recovery: Assessment of Inflammation 

First, we wanted to make sure we were using the right DSS concentration in the drinking 

water to induce adequate small intestinal inflammation. Prior studies have demonstrated 

increased COX-2 expression in colon and jejunum, though not in the ileum 138. After 

administration with 2.5% DSS, we assessed COX-2 mRNA expression and showed it to be 

increased in both lymphatics and ileum from DSS mice (Figure 4.1.1). Therefore, we 

continued using 2.5% DSS in drinking water for further inflammation assessments.  

 

Figure 4.1.1 COX-2 mRNA Expression in Lymphatic vessels, MLNs and Ileum in Sham and 
DSS mice. 

Expression of COX-2 mRNA was assessed by qPCR in sham and DSS lymphatic vessels, 
MLNs and ileum. All samples were assayed in triplicate and expression of COX-2 mRNA 
was normalized to the housekeeping gene β-actin. n=4, *p <0.05, **p < 0.01. MLN, 
mesenteric lymph nodes. 
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As seen in Figure 4.1.2A, macroscopic damage scores revealed significant increases in ileal 

damage in acute DSS mice compared to sham counterparts. Though ileum in DSS recovery 

mice was more damaged than in sham mice, it was significantly less than DSS mice. When 

looking at weight loss (Figure 4.1.2B), Both DSS and DSS recovery mice experience 

signficant and similar weight loss when compared to sham counterparts. MPO activity in 

the ileum was shown to be signficantly elevated in DSS ileum which decreased down to 

almost sham level in DSS recovery mice (Figure 4.1.2C). 
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Figure 4.1.2 Inflammation Assessment in DSS and DSS Recovery Mice 

A, Macroscopic Damage Score (according to indices presented in table 2.1) in sham, DSS 
and DSS recovery (DSS-R) mice. B, Total body weight loss, measured in grams, in sham, 
DSS and DSS-R mice. Mice were euthanized before weighing. Measured weights were 
rounded up. C, MPO activity measured in terminal ileum tissue in sham, DSS and DSS-R 
mice. MPO tissue activity was normalized to tissue protein content to give us MPO units/µg 
tissue.. n=6-8, *p < 0.05, ***p < 0.001. MPO, myeloperoxidase. 
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Histological assessment of DSS ileum revealed visible edema formation, abnormal villus 

morphology and villus destruction (Figure 4.1.3B). This was in contrast to the normal 

morphology found in sham ileum (Figure 4.1.3A). Furthermore, DSS intestine frequently 

exhibited large aggregates of immune cells.  Recovery from DSS shows a significant healing 

of the intestine (Figure 4.1.3C), with the absence of large immune cell infiltrates, as well as 

a reduction in overall edema of the tissue.  
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Figure 4.1.3 Histological assessment of Intestinal Inflammation in Sham, DSS and DSS 
Recovery (DSS-R) Mice. 

Histology of paraffinized, swiss-rolled ileum sections stained with hematoxylin and eosin 
from Sham (A), DSS (B) and DSS-R (C) mice. Large immune cell aggregates (arrow) were 
commonly seen in DSS tissue. Representative images of n=7. 
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4.2 Determination of Lymphangiectasia, Lymphadenopathy and Lymphangiogenesis 

Lymphangiogenesis & Lymphangiectasia  

Previous studies have shown increased lymphangiogenesis in the colon during DSS, solely 

assessing initial lymphatic vessel proliferation 225. Initial lymphatic vessel proliferation in 

DSS-affected ileum has not been investigated and there are no reports of mesenteric 

lymphatic vessel lymphangiogenesis in any model of intestinal inflammation.   

Therefore, we first assessed the extent of lymphangiogenesis in the terminal ileum of DSS 

and DSS recovery mice. Figure 4.2.1 shows wax-embedded sections of swiss rolls that were 

stained with podoplanin antibody and DAPI for nuclear staining. Sections of DSS terminal 

ileum display an increase in lymphatic density compared to Sham tissue (Figure 4.2.1 A,B). 

Furthermore, DSS-R tissue does not regress back to sham status (Figure 4.2.1C), i.e. there is 

a persistent lymphangiogenesis occurring in DSS-R ileum.  
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Figure 4.2.1 Lymphangiogenesis in DSS and DSS Recovery Small Intestine. 

Images were taken of Sham, DSS and DSS-R swiss rolls stained against podoplanin and 
counterstained with DAPI for nuclear staining.. A, B, C, sections of Sham, DSS and DSS-R, 
respectively. D, Lymphangiogenesis was quantified, as a fluorescence intensity ration of 
podoplanin over DAPI for all three groups. Representative images of n=4-6. *p < 0.05. 
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When investigating lymphangiogenesis in the mesentery, we struggled with the amount of 

fat investiture on the surface of collecting lymphatic vessels. Therefore, we combined our 

standard immunofluorescence staining protocol with optical clearing (commonly used to 

clear brain specimens for IHC) to enhance visualization of lymphatic vessels. Though 

collecting lymphatic vessels in the mesentery stained positive for both CCL21 and 

podoplanin (Figure 4.2.2), we measured lymphangiogenesis using CCL21 staining, due to 

its clearer staining of vessels. We then assessed the extent of lymphangiogenesis occurring 

in the mesentery of DSS and DSS recovery mice.  

 

 

 

Figure 4.2.2 Mesenteric Lymphatic Vessels Stained for both Podoplanin and CCL21. 

Podoplanin and CCL21 staining in Sham mesentery, highlighting lymphatic vessel 
morphology. Image representative of 6 experiments.  
 

Podoplanin
CCL21
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Figure 4.2.3 shows representative immunofluorescent images of whole mount mesentery 

from sham, DSS and DSS recovery mice, stained with anti-CCL21 antibody. Sham 

mesentery stains phenotypically normal collecting lymphatic vessels that run in parallel 

orientation with blood vessels (negative for CCL21 staining). In comparison, DSS mice 

display a significant increase in CCL21 positive lymphatic vessels in the mesentery, which 

was further enhanced in DSS recovery mice (quantified in Figure 4.2.4).  

As previously stated, dilation of lymphatic vessels is an indication of maladapted lymphatic 

function, leading to possible alteration to lymph flow. Our investigations into lymphatic 

vessel diameter warranted a quantification protocol that would provide accurate 

measurements. Immunofluorescent images (rather than brightfield images) more clearly 

defined the vessel wall, allowing us to make precise quantifications on lymphatic vessel 

diameter. Lymphatic vessel diameters were significantly increased in DSS mesentery when 

compared to sham tissue (Figure 4.2.4). Furthermore, the observed increased lymphatic 

diameter was absent in DSS recovery mice, suggesting a recovery to normal lymphatic 

diameters.  
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Figure 4.2. 3 Whole Mount Mesenteric Preparations Stained with CCL21. 

Representative images of whole mount A) Sham mesentery B) DSS mesentery and C) DSS-
R mesentery, immunolabled for lymphatic endothelium using CCL21 antibody. n=5 
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Figure 4.2.4 Quantification of Lymphatic Vessel Density and Diameter Assessment of 
Mesenteric Lymphatic Vessels in Sham, DSS and DSS Recovery (DSS-R) Mice. 

A) Quantification of lymphatic vessel proliferation, i.e. lymphangiogenesis was performed 
by counting CCL21+ vessels per image acquired (all images acquired at 10x magnification). 
B) Diameters were measured at 3 random lengths along CCL21+ stained lymphatic vessels 
in the mesentery. n=5-6.  *p < 0.05, **p < 0.01, ***p< 0.001. 
 
 
Lymphadenopathy 

Enlarged lymph nodes, i.e lymphadenopathy, is associated with the inflammatory process, 

as lymph nodes accommodate large numbers of lymphocytes and other immune cells to 

mount a proper immune response to an invading pathogen. DSS mice had visibly enlarged 

MLNs compared to sham counterparts. Moreover, MLNs remained significantly larger than 

sham counterparts even after recovery from DSS insult (Figure 4.2.5A).  We further analyzed 

MLN histological sections stained with hematoxylin and eosin and showed increased 

cellularity in DSS MLNs, with recovery observed in DSS-R mice, although cell numbers 

were still significantly higher than sham MLN cell count (Figure 4.2.5B). We further 

demonstrated that this increase is due to the expansion of B-cells, as visualized with B220 

antibody staining (Figure 4.2.5C). 

A	 B	
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Figure 4.2.5 Lymphadenopathy Associated with Increased Cellularity and B-cell expansion 
in DSS and DSS Recovery (DSS-R) MLNs. 

A) Representative images of MLN size from sham, DSS and DSS-R mice, and their wet 
weight quantificaation. B) Representative hematoxylin and eosin staining of MLNs from 
sham, DSS and DSS-R mice, 20x magnification, and their corresponding cell count analysis. 
C) Sham, DSS and DSS-R MLNs stained with antibody against B-cells, B220 and cellular 
quantification expressed as fluorescence intensity per field of view. Representative images 
of n=4-5. **p < 0.01 
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4.3 Collecting Lymphatic Vessel Permeability and Lipid Clearance 
 
Collecting lymphatic vessel integrity was investigated using bodipy. Our ex vivo setup 

allowed us to visualize potential leakage of bodipy, therefore assessing vessel integrity, from 

mesenteric lymphatic vessels. Mesenteric ileal preparations from sham, DSS and DSS-R 

mice are shown in Figure 4.3.1. While integrity of bodipy-filled sham lymphatic vessels 

appeared intact (4.3.1A), DSS vessels showed visible signs of leakage (Figure 4.3.1B), 

particularly from branched and numerous vessels absent in sham preparations. Recovery 

intestine showed to apparent regression in lymphatic expansion, though little leakiness was 

observed (Figure 4.3.1C).  
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Figure 4.3.1 Imaging of Bodipy-Filled Lymphatic Vessels in the Mesentery. 

A, B and C, Sham, DSS and DSS-R mesentery, respectively. Bodipy was gavaged 1 hour 
before preparing mouse for ex vivo imaging. All images were taken at 4x magnification. 
Representative images of n=4. 
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We next investigated the clearance of bodipy to extrapolate defective lipid transport in 

intestinal and lymphoid tissues (Figure 4.3.2). We observed a decrease in bodipy content in 

MLNs and blood, suggesting a decrease in lymphatic transport functions. The observed 

decrease in blood fluorescence is returned to baseline during recovery and further enhanced 

in MLNs, suggesting a slight increase in lymphatic transport functions in DSS-R mice.  

 
Figure 4.3.2 Changes in Lymphatic Lipid Transport in Intestinal and Lymphoid Tissues 

Fluorescent lipid quantification in feces, small intestine, MLN and blood from sham, DSS 
and DSS recovery (DSS-R) mice. n=6-13, *Sham vs DSS, *p <0.05, **p <0.01; #Sham vs 
DSS-R, #p <0.05, ##p <0.01; +DSS vs DSS-R, +p <0.05, ++p <0.01, +++p<0.001. 
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4.4 Quantify DC Infiltration in Mucosal and Lymphatic Tissues 

 
We further sought to assess the immunological consequences of the structural and 

functional changes in lymphatic structures in DSS and DSS-R mice and examined DC MLN 

trafficking. We defined DCs as cells with surface expression of both Cd11c and MHCII. 

Figure 4.4.1 shows the gating of our MHCII/CD11c double positive DC populations and 

their quantification in ileum lamina propria (LP), collecting lymphatic vessels and MLNs of 

sham, DSS and DSS-R mice. Quantification revealed an overall increase in DC content in 

lamina propria, collecting lymphatic vessels and MLNs of DSS mice when compared to 

sham tissue (Figure 4.4.1B). Surprisingly, DC numbers were further enhanced in numbers 

in all DSS recovery tissues. DCs express the CCR7 receptor to interact with CCL21 (and 

CCL19) and respond to these chemokines to move from the periphery to lymph nodes. We 

assessed mRNA expression for CCL21 and show a significant increase in its expression in 

DSS LP, which did not persist in DSS-R LP (Figure 4.4.2). In MLNs however, CCL21 

expression was increased in DSS and remained high in recovery MLNs.  
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Figure 4.4.1 DC Populations in Ileum Lamina Propria, Collecting Lymphatic Vessels and 
MLNs from Sham, DSS and DSS Recovery (DSS-R) Mice. 

A) Gating strategy used to identify double positive population for CD11c and MHCII in all 
our cell suspensions. B) Quantification of DCs is shown for lamina propria, collecting 
lymphatic vessels and MLNs from sham, DSS and DSS-R mice. n=4. *p <0.05, **p <0.01, 
***p <0.001 

SS
C-
A

FSC-A
Cd11c

M
HC

II

A

B



155 

 
Figure 4.4.2 CCL21 mRNA expression in Ileum Lamina Propria, Collecting Lymphatic 
Vessels and MLNs from ham, DSS and DSS Recovery (DSS-R) Mice. 

mRNA expression of the chemokine ligand, CCL21 was assessed in ileum (lamina propria), 
collecting lymphatic vessels and MLNs from sham, DSS and DSS Recovery (DSS-R) mice. 
All samples were assayed in triplicate and normalized to the housekeeping gene β-actin. 
n=4 *p <0.05, ***p <0.001. 

 
 
 
 
 

Finally, we investigated CD103+ DCs in MLNs and LP of sham, DSS and DSS-R mice (Figure 

4.4.3). DSS LP reveals a decreased CD103+ DC population, while DSS-R LP has an 

enhanced number of these cells compared to Sham tissue (Figure 4.4.3D). Similarly, DSS-R 

MLNs have enriched CD103+ DC populations (Figure 4.4.3B).   
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Figure 4.4.3 Histograms of pDCA-1, CD103 and CX3CR1 in MLNs and Lamina Propria 
(LP) in Sham, DSS and DSS Recovery (DSS-R) mice. 

A) & C) Representative histograms showing DCs gated using the strategy shown in Figure 
4.4.1, stained for pDCA-1, CD103 and CX3CR1 in MLNs and LP, respectively. The shaded 
histogram represents Isotype control. Solid line represents Sham tissue histograms, dotted 
line represents DSS tissue histograms and dashed line represents DSS-R histograms. B) & D) 
Quantification of total percentage of DCs positive pDCA-1, CD103 and CX3CR1 in MLNs 
and LP respectively. n=4. *p <0.05, **p<0.01. 
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4.5 Chapter Discussion  

 

In this study, we used dextran sodium sulphate (DSS) in drinking water to induce acute 

intestinal injury. Due to the nature of the administration of this inflammatory agent, there 

exists a pan-gastroenteritis, which affects tissues other than the colon. In fact, inflammation 

severity in the ileum via macroscopic damage and tissue MPO content, has been previously 

confirmed in the small intestine of DSS mice 138. Furthermore, studies involving withdrawal 

from DSS to normal drinking water have been well documented as a model for recovery 

from acute intestinal inflammation 219-224. 

DSS is a direct toxin to intestinal epithelium (as reviewed in 226), and induced significant 

inflammation in the terminal ileum. We found COX-2 expression to be significantly 

upregulated in lymphatic vessels, MLNs and ileum 7 days after DSS administration via 

drinking water, suggesting pan-inflammatory tissue states. Macroscopic damage, along with 

MPO activity regressed in tissue from DSS-R mice but weight loss was sustained. Moreover, 

histological damage was largely reversed in recovery ileum confirming as already 

demonstrated 227-231, that inflammation has resolved. Similar to previous observations with 

other models of ileitis, a thickened mesentery adjacent to the terminal ileum was commonly 

seen. The inflamed mesentery displayed blood and lymphatic vessel dilation. These indices, 

as well, were noticed to reverse upon DSS withdrawal in recovery tissue. Our recovery 

protocol was 14 days of regular drinking water following 7 days of 2.5% DSS administration. 

We believe this time was sufficient to achieve recovery (though it would be interesting to 
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study mice for a longer duration, to see recovery of body weights and other indices of 

inflammation).  

Lymphatic proliferation, or lymphangiogenesis was assessed in ileum-affected mucosa 

(though similar studies have been performed in the colon 97, 99, 225, 232) and mesentery, both 

of which have not been previously studied. Unresolved lymphangiogenesis was observed 

in both the small intestinal mucosa as well as adjacent mesentery, in which a further 

enhanced pro-lymphangiogenic response was observed. On the other hand, the dilation of 

mesenteric lymphatic vessel diameter was mostly reversed in recovery tissue. This persistent 

lymphangiogenesis after the removal of the injurious substance has been characterized in 

other models of inflammation 210, 212-215. These studies highlight the reduced ability of the 

mesenteric lymphatic system to regress back to homeostatic levels. There could be many 

possible reasons for this. Firstly, while cells producing pro-angiogenic factors might clear 

out during recovery, lymphangiogenic-factor producing cells might still persist. The nature 

of these cells must then be exclusive to promoting lymphangiogenesis and populate un-

inflamed tissue. Potential candidates include resident tissue macrophages and lymphatic 

endothelial cells, which could have permanently altered cell signatures that prevent 

regression of lymphatic vessels. The literature for regression of lymphangiogenesis is almost 

non-existent though a recent paper has suggested that regression of lymphangiogenesis (in 

a model of organ transplantation-induced lymphangiogenesis) occurs 3 weeks post-surgery 

233. It is plausible therefore that the dynamics of the two regression phases angiogenesis and 

lymphangiogenesis are different with the former happening earlier. Although we did not 

observe or study angiogenesis, it is a well-established phenomenon 225, 234-236.  
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Mesenteric lymphadenopathy is a common finding during the inflammatory process (as 

reviewed in 237). It is due to the activation and clonal expansion of T and B lymphocytes or 

lymph node shutdown. Lymph node shutdown significantly decreases lymph flow output 

and has been shown to occur during acute inflammation 238. We observed both 

lymphadenopathy, associated with increased cellularity as well as decreased fluorescent 

lipid clearance as suggested by the above study. Lymphadenopathy and cellularity persisted 

even after recovery, suggesting a pathological process in the MLNs. Furthermore, the 

observed decrease in transport function of the mesenteric lymphatic system, using bodipy 

extrapolation could be due to both the lymph node shutdown phenomenon as well as lymph 

leakage as suggested by our bodipy studies showing significant leakage of lymph fluid in 

the surrounding mesentery of DSS mice. Similar compromised lymphatic barrier integrity 

has been frequently shown in studies using a variety of inflammatory animal models 239-242, 

therefore our DSS-ileitis model is particularly useful to replicate inflammation-associated 

increases in lymphatic permeability.  

Lymphatic dysfunctions, such as lymphangiogenesis, lymphangiectasia, lymphadenopathy 

and altered lymphatic vessel permeability could all potentially alter the delivery of intestinal 

DCs to MLNs. Our investigation revealed an overall increase in DC burden in LP, lymphatic 

vessels and MLNs from DSS mice. These data are further supported by the CCL21 mRNA 

upregulation of DSS LP, which is brought down to basal levels in recovery LP, though CCL21 

mRNA remains to be elevated in recovery MLNs. Our data also reveal that collecting 

lymphatic vessels express CCL21, which has not been previously reported. Increased DC 

numbers were not surprising since colonic inflammation using a variety of mouse models 
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(both chemical and transgenic) has been shown to induce changes in DC tissue content and 

subsets, including decreased LP CD103+ DCs, DCs with increased cell surface expression 

of activation markers (CD80, CD86, CD40) 134, 136, 243. Our study showed a decrease in LP 

CD103+ DCs in DSS mice, whose levels are recovered and further enhanced in DSS 

recovery LP and MLNs, indicating regulatory T cell responses in local tissues after resolution 

of inflammation.  

What was more intriguing to us was the further enhancement of DC burden in DSS recovery 

tissues. It led us to hypothesize that immune homeostasis was changed after DSS insult. 

Persistent lymphangiogenesis, could therefore become an enabling agent in increasing DC 

tissue numbers, that continues to persist after the insult is removed. During inflammation 

resolution, macrophages and DCs, which would otherwise apoptose in local tissue, would 

now have multiple lymphatic conduits (persistent lymphangiogenesis) to traffic to MLNs to 

elicit possible immune cell responses. Indeed, persistent DC activation after resolution of 

inflammation has been documented in models of airway inflammation 244 and intestinal 

infection 170. There is also the possibility that DCs and other mononuclear phagocytes 

remain in the tissue in part to induce regression of lymphangiogenesis, though the secreted 

mediators of this are currently unknown.  

This reduced plasticity in the mesenteric lymphatic system, to return to homeostasis, could 

have potential complications such as increased future risk to gastrointestinal disease, such 

as IBD. Epidemiological studies have shown an increased incidence of childhood infections 

in CD patients, creating a possible link between permanently altered lymphatic status, 

secondary to acute infection as an aggravating cause in IBD manifestation. Infections 
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correlated with increased IBD incidence include inflammation with H. pylori, 

Campylobacter or Salmonella. Less specific to infection, gastroenteritis has also been shown 

to enhance IBD risk 245-248. Our study then is the first to implicate persistent lymphatic 

abnormalities associated with acute small intestinal inflammation. This continued change 

in lymphatic functioning could possibly modulate susceptibility to chronic gastrointestinal 

problems.  
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CHAPTER 5: OVERARCHING DISCUSSION & SIGNIFICANCE 

 

This thesis has outlined important differences in mesenteric lymphatic remodeling and 

function during acute, recovery phase and chronic small intestinal inflammation. These 

changes, obtained with spontaneous, cytokine driven and chemically induced mouse 

models, highlight the profound ability of the lymphatic system to adapt to different 

inflammatory stimulants and environments. It would be interesting to pursue these 

investigations with other models of intestinal inflammation, such as Toxoplasmosis gondii, 

campylobacter and Clostridium difficile infection models. 

As already discussed, inflammation-induced changes in lymphatic vessel structure/function 

are distinct from changes in blood vasculature in that they might not necessarily regress 

back to homeostasis unlike the latter. Indeed, we observed reduced plasticity of the 

mesenteric lymphatic system to recover from acute injury of the small intestine, particularly 

with the persistence of lymphangiogenesis and lymphadenopathy. These chronic changes 

could be reflective of the unique functions the mesenteric lymphatic system plays in 

gastrointestinal homeostasis. First, the mesenteric lymphatic system is critically involved in 

the resolution of inflammation-associated edema, and therefore its expansion might be 

required for a longer period of time to allow tissue fluid homeostasis to be re-established. 

Second, lymphatic vessels provide the transportation route for mature and activated 

dendritic cells.  Given the inflammation-induced increased DC trafficking, continued 

lymphatic expansion might thus be required for return to steady state immunity. Moreover, 

expansion of new lymphatic vessels might replace older inflamed mesenteric lymphatic 
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vessels that are damaged beyond repair. However, it appears that chronic inflammation 

facilitates continued leakiness of these newly formed vessels, contributing to possible 

generation of TLOs.  

Though indirectly assessed, the direct measurement of afferent lymph flow has not been 

resolved. Current experimental studies are able to measure efferent lymph flow (flow exiting 

the lymph node). Specific to the intestine, this is performed by cannulation of the mesenteric 

lymphatic duct and collection of lymph over a period of time 249. Though the data generated 

through these studies are useful, the contribution of the inflamed intestine to overall lymph 

production by the gastrointestinal tract will be significantly diluted; making it difficult to 

draw any conclusion about inflammation-associated lymph flow changes. To directly assess 

afferent lymph flow, one would have to directly cannulate afferent mesenteric lymphatic 

vessels, a feat that proves to be technically challenging, and the amounts recovered might 

not be sufficient to accurately assess changes in lymph flow. Our lab is currently acquiring 

nanoprobes that specifically traffic through lymphatic conduits, thereby allowing the 

visualization and tracking of these molecules in lymphatic vessels in an intravital 

microscopy experiment. These experiments are also not free from technical challenges due 

to fat content covering vessels, making visualization and tracking of these molecules 

difficult. This could be overcome by the use of guinea pig mesentery, where visualization 

of large diameter mesenteric lymphatic vessels is not obstructed by fat, making intravital 

studies more feasible. However, working with the guinea pig will be limiting due to antibody 

specificities, which are typically designed for murine or human proteins.  
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Mesenteric Lymphatic System Plasticity in Response to Inflammatory Environments: 
Lessons from the Heart 
 

We observed many dynamic changes occurring in the mesenteric lymphatic vessels in 

response to inflammation. I have attempted to explain the changes in the system according 

to the chronicity of inflammation using an analogy to cardiac inflammation, as in essence, 

because of the intrinsic contractile activity of collecting lymphatic vessels, and the presence 

of valves that avoid lymph reflux, these lymphangions essentially act as mini hearts.  Figure 

5.1 provides the schematic basis for the analogy.  

 

Acute Ileitis ≈ Compensated Hypertrophy 

During acute hemodynamic stress injury (an acute model of cardiac inflammation), the heart 

responds by increasing muscle tone, mainly via neurohormonal-mediated cardiac muscle 

hyperplasia as well as enhanced contractile activity of cardiomyocytes 250. Many 

proinflammatory cytokines, such as TNF-# appear to be involved in this process. As a 

consequence, hydrodynamic pressures are increased to tightly regulate blood flow. 

Cardiologists term this response ‘compensatory hypertrophy’ (Figure 5.1A, ii). Importantly, 

for the acute definition to stand, the hypertrophic/hyperplastic response that is induced in 

the inflamed cardiac tissue must regress to homeostasis after inflammation has resolved.  

Similarly, acute ileitis directly induces pro-inflammatory changes in the mesenteric 

lymphatic system. This is illustrated in Figure 5.1B, where compared to steady state tissue 

(uninflamed), lymphangiogenesis (red line) and lymphatic diameter (green line) are both 

increased, with a concomitant decrease in transport function (blue line). Lymphangiogenesis 
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during acute DSS injury may not reflect an increase in overall functional vessels, as the 

integrity of these vessels appears to be compromised, as suggested by the increased 

lymphatic vessel bodipy leakage. Lipid transport and overall transport function is also 

reduced during DSS injury to maintain normal lymph volumes delivery to the thoracic duct 

in an attempt to maintain homeostasis. This decrease in transport may lead to a backup of 

lymph, leading to the engorged and dilated afferent lymphatics we observed.  Moreover, 

lymphangiogenesis was not reversed upon recovery from inflammation. This observation is 

similar to some clinical cardiac pathologies involving acute injury, such as myocardial 

infarction-induced cardiac hypertrophy 251, 252 and implicates a long-lasting remodeling 

response in the mesenteric lymphatic system after acute injury in the intestine.  

 

Chronic Ileitis ≈ Decompensated Hypertrophy 

Pathological heart failure occurs as a consequence of prolonged inflammatory mediators 

exposure. These inflammatory mediators could be produced in situations such as chronic 

hypertension, or myocardial infarction 250. Pathological heart failure, also termed 

decompensated heart failure (Figure 5A, ii) is associated with maladaptive cardiac 

remodeling and persistent increases in cardiac blood volume, leading to heart failure. 

Pathological heart failure is also associated with fibrosis and decreased cardiomyocyte 

contractile functions 250. At this stage pharmaceutical intervention includes lessening the 

fluid load to the heart (using diuretics), increase heart pump function (inotropes) and 

decreasing the heart’s workload (using angiotensin-converting enzyme (ACE) inhibitors). 
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Similarly, we believe that during chronic ileitis, mesenteric lymphatic function is severely 

compromised, leading to decompensated lymphatic failure. Compared to steady state tissue 

(uninflamed) and acute ileitis, lymphangiogenesis (red) and lymphatic diameter (green) are 

both further increased in chronic ileitis. Furthermore, lymph flow (blue) is enhanced from 

steady state levels. These changes reflect a maladapted response of the system to persistent 

inflammatory stress (increased DC trafficking, increased submucosal edema). Once again, 

though lymphangiogenesis of mesenteric lymphatic vessels is remarkable, the function of 

these new vessels is likely compromised because of their significant increase in permeability 

(bodipy leakage assay). It could be beneficial, then to stimulate lymphatic function, with 

agents such as VEGFC, which have shown some efficacy in a model of colitis 232. The latter 

study suggests, an improvement in tissue damage with the use of these agents. However, 

VEGFC can induce further lymphangiogenesis and there are conflicting data on whether it 

really does improve lymphatic function.  

The large increases in lymphatic vessel diameter observed in the TNFΔARE mouse suggest 

a loss in vascular tone, though changes in expression/activity of contractile proteins would 

be very useful to confirm this assumption. We believe that this loss in lymphatic vessel tone, 

leads to inability of the vessels to respond to increased fluid pressures, essentially making 

them a high-pressure conduit, unable to control lymph delivery to the thoracic duct. This 

idea is supported by reports of increased diameter and lack of contractile activity in 

mesenteric lymphatic vessels during inflammation 94, 141, 253, 254. However, we must take into 

consideration that mouse mesenteric lymphatic vessels might be modulated differently than 

other mammals during inflammation, as they innately do not pump.  
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Figure 5.1 Lymphatic Changes During Inflammation: Analogy to the Heart.  

A, Cardiac responses to inflammation, adapted from 255. i, ii and iii represent the normal, 
compensated and decompensated heart, respectively. B, schematic of changes in 
lymphatic transport, lymphatic vessel density (lymphangiogenesis) and lymphatic diameter 
during uninflamed, acute and chronic inflammation states. 
 

 
 
Lymphatic Pathology in IBD: Where are we at? 

Research delving into lymphatic vessel involvement in IBD pathogenesis suffered a gap in 

research from the initial lymphatic studies characterizing lymphatic abnormalities in IBD 

tissue 85, 87, 88, 100, 256. These studies were done before the 1980s and are summarized in a 

review by von der Weid et al. 257. In fact, the first edition of Gastroenterology by Henry L. 

Bockus, M.D. has an exclusive section dedicated to lymphatic involvement in IBD 1. An 
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excerpt from the chapter section titled “Significance of the Lymphatic Involvement” is 

shown in Figure 5.3.  

 

 

 

Figure 5.2 Early Evidence for Lymphatic Involvement in Regional Enteritis 

 

While it was clear then that IBD-affected tissue displayed marked abnormalities in 

lymphatic morphology, including edema, extensive dilation of lacteals and 

lymphangiogenesis 86-93, it is only until very recently that the role of lymphatics in IBD and 

CD pathogenesis regained some attention. Recent studies using models of colitis have 

indeed complemented these earlier observations 97-99, 188, 225, 232, 258. However, few studies 

Excerpt from Gasto-Enterology, Volume II; The small and large intestine and peritoneum by 
Henry L. Bockus, 1946 1. 
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have tried to replicate clinical findings in relevant experimental models of ileitis, or CD. 

Our lab has pioneered these studies, showing altered lymphatic vessel contractile activity, 

lymphatic-derived pro-inflammatory mediator production and lymphatic vessel dilation in 

rat and guinea-pig models of ileitis 94, 139, 218, 259. These studies along with this dissertation, 

provide crucial evidence to support human tissue studies and we are now in an exciting 

position to be able to modulate inflammation-induced lymphatic changes using 

pharmaceutical strategies. As discussed in the individual chapter discussions, these include 

interfering with TLO formation with LT"R-Ig, and modulating/improving function of 

lymphangiogenesis. Currently, VEGFC/VEGFR-3 blockade has been used experimentally 

with contrasting results, with both amelioration and worsening of colitis 99, 232. siRNA 

targeting PROX-1 has also shown inhibition of lymphangiogenesis though it also blocked 

angiogenesis, which is puzzling since PROX-1 is lymphatic specific 260. Therefore, we have 

quite a bit of progress to make in terms of developing targeted agents able to inhibit or 

promote lymphatic function. The development of these agents will likely benefit from being 

conjugated with molecules that favor lymphatic-specific homing, allowing for more 

selective targeting of lymphatic function.  

 

 Significance  

New treatments for IBD include biologics/antibodies for targeted proteins such as TNF-# 

(Infliximab, Adalimumab, Golimumab) and the #4"7 integrin blockers (Natalizumab, 

Vedolizumab). These drugs are often associated with significant side effects, including 

increased risk of infection 261. Other molecular targets considered for CD therapy include 
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anti-interleukins, anti-cytokines (IL-6, 21, 23, IFN-!) and anti-adhesion molecules 261. These 

agents will effectively block inflammatory cell infiltration into inflamed tissue, either by 

directly blocking their homing to the inflamed gut or indirectly by suppressing the 

production of pro-inflammatory mediators. Optimistically, some of these agents will make 

it to the market, but the nature of these therapeutics may bear potential side effects similar 

to the above drugs. Furthermore, these approaches will still have variability in efficacy in 

the clinical setting, as genetic and environmental susceptibilities will alter drug outcome.  

If lymphatic alterations are indeed universally present in all IBD patients, altering lymphatic 

function will combine the benefits of many of the current treatments. Detailed studies need 

to be performed to clinically assess changes in lymph flow during IBD. If in fact lymph flow 

is altered in the context of disease, modulation of lymph flow might provide new tools to 

target the immunological aspect of the disease.  Assuming lymph flow is enhanced during 

chronic inflammation, this would account for persistent and enhanced adaptive immune 

responses and extra-intestinal manifestations seen in IBD. Therefore, by dampening lymph 

flow in affected patients, propagation of DCs from the peripheral tissue to draining lymph 

nodes could be limited, thereby inhibiting lymphocyte activities. If modulating lymph flow 

is not a possibility, one could effectively create targets for DC propagation to MLNs via 

CCL19/CCL21 inhibition. Studies using microarray on human IBD tissue have shown an 

upregulation of CCL21 compared to healthy controls 262. CCL21, in our hands is expressed 

selectively on lymphatic vasculature, therefore, these tools could inhibit lymphatic-

dependent DC trafficking. Using anti CCL19/21 antibodies in experimental disease models 

will be critical to establish a foundation for possible clinical applications.  
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APPENDIX 

Isotype and Negative Controls for Immunofluorescence and IHC Stainings 

 

 

Isotype Test
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Isotype Test
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